
 

 

 

CPMV as synthon and 

template in bionanotechnology 

 

By 

 

 

Alaa Ahmed Aljabali 

 

This thesis is submitted in partial fulfilment of the requirements of 
the degree of 

Doctor of Philosophy at the University of East Anglia 
John Innes Centre, Norwich 

September 2011 

 

 

 

 © This copy of the thesis has been supplied on condition that anyone 

who consults it is understood to recognise that its copyright rests with the 

author and that no quotation from the thesis, nor any information derived 

therefrom, may be published without the author's prior, written consent. 



 

ii  

 

Statement 
 

I hereby certify that the work contained within this thesis is my own original 
work, except where due reference is made to other contributing authors. This 
thesis is submitted for the degree of Doctor of Philosophy at the University of 
East Anglia and has not been submitted to this or any other university for any 
other qualification.  
 
 

Alaa A. A. Aljabali 

12/ 09 / 2011 

 

Parts of the research described in this thesis have been published in the scientific literature as 

follows: 

 

1 Shah S. N., Steinmetz N. F., Aljabali A. A. A., Lomonossoff G. P., Evans D. J.(2009) 

Environmentally benign synthesis of virusïtemplated, monodisperse, ironïplatinum 

nanoparticles. Dalton Transactions 40; 8479ï8480 

2 Aljabali A. A. A., Barclay J. E., Butt J. N., Lomonossoff G. P., Evans D. J.(2010) Redoxï

active ferroceneïmodified Cowpea mosaic virus nanoparticles. Dalton Transactions 39 7569ï

7574 

3 Aljabali A. A. A., Sainsbury F., Lomonossoff G., Evans D. J.(2010) Cowpea mosaic virus 

unmodified empty virusïlike particles can be loaded with metal and metal oxide. Small 6 818ï

821 

4 Aljabali A. A. A., Barclay J. E., Lomonossoff G. P., Evans D. J.(2010) Virus templated 

metallic nanoparticles Nanoscale 2 2596ï2600 

5 Aljabali A. A. A., Shah S. N., EvansïGowing R., Lomonossoff G. P., Evans D. J.(2011) 

Chemicallyïcoupledïpeptide promoted virus nanoparticle templated mineralization. 

Integrative Biology 3 119ï125 

6 Aljabali A. A. A., Lomonossoff G. P., Evans D. J.(2011) CPMVïpolyelectrolyteïtemplated 

gold nanoparticles Biomacromolecules 12 2723ï2728 

7 Aljabali A. A. A., Barclay J. E., Cespedes O., Rashid A., Staniland S. S., Lomonossoff G. P., 

and Evans D. J., (2011) Charge modified Cowpea mosaic virus particles for templated 

mineralization. Advanced Functional Materials 21 21 4137-4142 

 



 

iii  

 

 

 

 

òJust as physicists recognize light either as electromagnetic waves or as 

particulate photons, depending on the context, so biologists can profitably 

regard viruses both as exceptionally simple microbes and as exceptionally 

complex chemicalsó 

       R Dulbecco and HS Ginsberg, 1980. Virology (originally published as a section of 

Microbiology, 3rd. Edn., by Davis et al., Harper and Row, Hagerstown); p. 855.  
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Abstract 

Plant viruses are naturally occurring nanoparticles that are fascinating nanoscale 

platforms. The use of plant viruses as multifunctional nanoplatforms and as building blocks for 

nanotechnology provides unique advantages. The versatility of Cowpea mosaic virus (CPMV) 

to template metallic coatings and siteïspecific attachment of desired moieties was explored. 

CPMVôs robustness, monodispersity, largeïscale production, and amenability to chemical and 

genetic modification have enabled 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 metallization of the CPMV exterior. Moreover, CPMVôs exterior was 

chemically modified with specifically designed functionalities (i.e. electroactive moieties, 

enzymes, peptides that favour certain types of mineralization, and therapeutic agents). The 

ability to utilise both the interior and exterior surface of CPMV empty virusïlike particles 

(eVLPs) was explored. The use of eVLPs has broadened the range of potential applications of 

CPMV; for example, it is being investigated as a drug carrier. Most viruses contain 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, which are potentially useful as hyperthermia treatment 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 and localise 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. 

Collectively, this thesis describes covalent coupling of molecules to the exterior of CPMV, 

mineralization and metallization of CPMV exterior and mineralization within eVLPs. 
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1 Literature review  

1.1 Introduction  

The great power of material manipulation at the nano scale lies in the resultant 

properties being unpredictably different from those observed at the macro scale. 

Nanotechnology is often described as a revolutionary new field of development with the 

potential to change lives and holds great promise in many areas. ñNanoò science and technology 

promise and envisage futuristic applications from the ability to construct anything 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 materials and consume less energy. 

To attempt a short introduction to ñnanoò science and technology is an intimidating 

task. The field is incredibly broad and diverse. The SI prefix ñnanoò means a billionth (10
ï9

) 

part, thus a nanometre is a billionth of a metre. A common popular image of the nanometre is 

one eighty thousandth of the width of a human hair. ñNanoò is used to refer to both science and 

technology; where ñnanoscienceò appears within a wide range of scientific fields (physics, 

chemistry, biology, and material science). However, ñnanotechnologyò has potential 

applications in a range of different disciplines (energy, transport, medicine, textiles and 

electronics). 

According to the national nanotechnology initiative (www.nano.gov), an object is 

nanoscale when it is approximately in the 1ï100 nm size range. In this size range, properties 

change because as things become very small, the surface shrinks less than their volumes, 

causing larger surfaceïtoïvolume ratios than for larger objects. A greater surface area can mean 

that nanomaterials have higher reactivity, conductivity and magnetic properties (Mansur, 2010).  

Nanotechnology is not only featured in science fiction books or movies but also offers 

fascinating solutions to a number of practical problems. For example, nanoïcoated 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. 
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Nanoscience is a multidisciplinary research area, which has the ability to tune physical, 

chemical, optical, magnetic and electronic properties on nanoparticles by adjusting the size and 

the shape of the nanoparticles. Nanoscale particles often exhibit properties distinct from those 

exhibited by larger objects of the same material. 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 100 nm) (Sardar et al, 2009) and 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 atomicïlevel 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, catalytic and inhibition properties, has resulted in the production of new 

bionanomaterials with combined properties (Wu & Payne, 2004). The integration of the 

imparted functionalities in a defined arrangement on the bionanomaterials surface while 

preserving its integrity has great potential in the development of novel materials. 

Two methods for the synthesis of miniaturised nanoscale structures and devices have 

been utilised by many research groups across the globe. The traditional method to synthesise 

such structures is a ñtopïdownò approach involving miniaturisation 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 the structures 

could be miniaturised. Alternatively, ñbottomïupò (enlargement strategy) which is starting with 

small scale materials and building something bigger offers better control over the size and shape 

of nanostructures depending on the building blocks available to start with. 

Bionanotechnology does not only offer a unique and ideal way for the synthesis of 

wellïdefined nanostructures from the bottomïup but also adds specific functionalities that are 

positioned at precise locations and in defined distances across all particles. Bionanotechnology 

requires different scientific disciplines to contribute collectively toward the development of new 
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nanosystems to be used in nanomedicine and nanoelectronics. Biomolecules are considered as 

naturally occurring bionanoparticles and offer novel properties for the development of 

diagnostic, analytical and drug delivery systems (Niemeyer & Mirkin, 2004). As well as, 

providing scaffolds, which add structural support, and by their chemical composition, 

biomolecules offer ligandïbinding sites to generate hybrid assemblies with the desired 

properties.  

Physicist and Nobel Prize winner Richard Feynman planted the idea of ñnanoò in 1959. 

Feynman, in his influential speech ñThereôs Plenty of Room at the Bottomò, introduced the 

world to the wonders of ñnanotechnologyò through miniaturisation. The focus of Feynmanôs 

speech was about the field of miniaturization and his belief that man would create increasingly 

smaller and more powerful devices. Eric Drexler in ñEngines of Creationò introduced for the 

first time the term ñnanotechnologyò (Drexler, 1986). Over the past two decades, 

nanotechnology has emerged as one of the most focused fields of research. Researchers are 

focused on exploiting the advances in nanotechnology for biomedical, environmental, and 

industrials applications. 

1.1.1 Bionanoparticles: Bioðinspired nanomaterials 

Bionanoparticles include protein cages, bacteria, DNA, liposomes, virusïlike particles 

(VLPs) and viruses that are naturally occurring programmed selfïassembled nanoparticles. 

They are robust, selfïassembled architectures, less expensive to produce than inorganic 

materials, and can be relatively easily produced in large quantities. In particular, protein cages 

such as ferritin and some plant viruses have been extensively exploited as building blocks, 

templates and scaffolds in bionanotechnology (Douglas & Young, 2006; Fischlechner & 

Donath, 2007; Lee & Wang, 2006b). Figure 1.1 features examples of bionanoparticles, which 

may be used as constrained reaction containers, scaffolds for material synthesis, and multiï

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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interesting properties, which have possible applications in the field of nanoscience. A wide 

library of such particles has been catalogued (Manchester & Steinmetz, 2009).  

 

 

Figure 1.1ð Structural illustration of some protein cages which have been used in 
bionanotechnology or biomedical applications. Reproduced from (Lee & 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. Each 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 mineralization (Chasteen & Harrison, 1999). 

Ferritin comprises 24 subunits, of two types (H and L) that selfïassemble 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 al, 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 
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commercially available and has been used for material encapsulation, Figure 1.2, e.g. the 

formation of Prussian blue in ferritin (DominguezïV & Colacio, 2003). 

 

 

Figure 1.2ð Schematic illustration of the pHðinduced dissociationðreformation process of 
apoferritin to form Prussian blue complex. The protein is dissociated at pH 2.0 and after dialysis at 
pH 8.5 and the addition of Fe(II) Prussian blue is formed with the cavity. Reproduced from 
(DominguezðV & Colacio, 2003). 

 

Encapsulated chemicals within ferritin reported so far include: uranium (Hainfeld, 

1992), copper (Ensign et al, 2004), manganese oxide (Meldrum et al, 1995), vanadium (Grady 

et al, 2000), beryllium (Price & Joshi, 1983), cadmium, zinc, nickel, magnesium (Pead et al, 

1995), cobalt oxyhydroxide (Douglas & Stark, 2000), and iron phosphate, iron arsenate, iron 

vanadate and iron molybdate (Polanams et al, 2005). Other molecules also have been 

encapsulated within ferritin such as desferrioxamine B complex (DomInguezïV. & José M., 

2004), Prussian blue (DominguezïV & Colacio, 2003), and doxorubicin, an anticancer drug 

(Simsek & Kilic, 2005). Moreover, apoïferritin protein is typically used for internal metal 

mineralization such as with cobalt oxide Co3O4 and Co(O)OH (Allen et al, 2003). Mann and 

coïworkers showed formation of Fe3O4 (or ɔïFe2O3) under conditions of elevated temperature 

and pH (Douglas et al, 1995; Mann et al, 1993) 

Heat shock protein (Hsp) forms a hollow spherical 24ïsubunit complex. The complex 

exhibits octahedral symmetry with an outer diameter of 120 Å and an inner diameter of 65 Å. 

Hsp was also used as template for external and internal modification and as a container for iron 

oxide encapsulation (Allen et al, 2003) and drug delivery systems (Flenniken et al, 2006).  

Vaults are another type of selfïassembled naturally occurring cellular protein 

nanocapsule, which are soïnamed as their morphology, with multiple arches, resembles that of 

cathedral ceilings (Kickhoefer et al, 2005). Vaults are found in high copy number in many 
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higher eukaryotes (including humans). Vaults are 13ïMDa ribonucleoprotein particles with an 

internal volume of 5 x 107 Å
3
. Vaults tend to have a hollow, barrelïlike structure with two 

protruding caps and a thicker waist with overall dimensions of 420 x 420 x 750 Å as seen in 

Figure 1.3 (Kong et al, 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). 

 

Figure 1.3ð Cryoðtransmission electron microscopy of vault particles. (A) cryoðEM. (B), half and 
full capsid images representing the inner and outer structure. The scale bar corresponds to 1000 Å. 
Reproduced from (Kong et al, 2000). 

 

1.1.2 Viruses  

The word virus is derived from Latin and means "poison". Viruses are obligate 

intracellular parasites, which only replicate within a host cell. Particles of simple (nonï

enveloped) virus typically consist of two components: one or more capsid proteins and the 

genome. The genome encodes the proteins necessary for the replication of the virus and the 

capsid protein(s), while the capsid is mainly for the protection of the genetic material. Virus 

capsids also have roles in host cell targeting and cell entry (Harrison, 1990). Virus particles 

typically represent very stable structures that have evolved to withstand a broad range of 

environments yet are sensitive enough to release their nucleic acid when they infect a 

susceptible cell (Liepold et al, 2005).  
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1.1.3 Why virus nanoparticles (VNPs) 

Virus nanoparticles are no longer considered only as disease transmitting agents. All 

viruses encode, package, and transport viral nucleic acid. However, many virus coat proteins 

will assemble in vitro naturally or through genetic manipulation into nonïinfectious containers 

called virusïlike particles (VLPs). Viruses can be found in a variety of distinct shapes (most 

commonly icosahedrons, spheres, and rodïshaped) though more complicated structures can be 

formed especially in the case of bacteriophage. 

Material scientists view viruses as nanoscale building blocks and scaffolds. Their 

unique properties; ease of functionalisation, ability to selfïassemble, monodispersity (every 

particle looks virtually identical in size and shape to all other particles), structural symmetry, 

stability over a wide range of pHs and temperatures, amenability to genetic and chemical 

modification, and diversity of sizes and shapes make them ideal workïhorses with a variety of  

possible applications in nanotechnology. Besides, plant viruses are nonïinfectious towards 

organisms other than plants; 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 knowledge, and 

the close collaboration between the fields 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 assembly, disassembly, and their 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 from the creation of new materials to nanomedicine. 

Chemical or genetic manipulation makes it possible to attach new functions to protein cage 

architectures. This provides the possibility of arranging different chemical functionalities with 

nanometric precision. 

Viruses offer three different surfaces that can be exploited: the exterior, the interior, and 

the interface between subunits (Figure 1.4). 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 interior space of 

the empty virus like particles (eVLPs) as nanotemplates 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 architectural interface 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 1.4ð Scheme of the three important interfaces 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 multifunctional viralðcageðbased materials. Reproduced 
from (Douglas & Young, 2006). 

 

1.1.4 Empty virus capsidsðeVLPs  

Virusïlike particles (VLPs) resemble viruses, but are nonïinfections because they do 

not contain any viral genetic material. The expression of the virus structural proteins, can result 

in the selfïassembly of VLPs. Libraries of virus platforms including; (CCMV) (Douglas & 

Young, 1998a), Tobacco mosaic virus (TMV) (Shenton et al, 1999), MS2 bacteriophage 

(Mastico et al, 1993; Wu et al, 1995) and polyoma virusïlike particles (capsoids) (Abbing et al, 

2004) have been used as constrained reaction vessels for packaging and nucleation sites for 
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mineralization (Douglas & Young, 1998a; Douglas & Young, 1999). In addition, intact 

enzymes have been encapsulated within the CCMV capsid (Comellas et al, 2007).  

Therefore, many attempts to generate VLPs have been developed over the past three 

decades. In vitro assembly and reïassembly methods have been exploited for VLPs. Generally, 

particles are exposed to a disassembly buffer followed by dialysis against an assembly buffer. 

These disassembly approaches allow release of the nucleic acid and are used to generate VLPs 

or encapsulating materials of interest in the reassembly technique. VLPs of TMV and CCMV 

have been demonstrated to efficiently selfïassemble in vitro (Miller et al, 2007). Alternatively, 

an alkaline hydrolysis method was developed to extract nucleic acid from T7 to generate ghost 

(empty) T7 particles (Liu et al, 2006a). 

1.1.4.1 Entrapment of small molecules within VLPs 

In many cases, the entrapment of small molecules within VLPs is dependent on the 

structural transitions of, for example, Brome mosaic virus (BMV), CCMV, and Red clover 

necrotic mosaic virus (RCNMV). The material is infused into particles when they are in the 

swollen ñopenò conformation. Dialysis against appropriate buffers allows reversible structural 

conformation to the ñclosedò form, taking with it whatever materials of interest are available in 

solution. 

CCMV has been used as nanobuilding blocks (Wang et al, 2002d), for mineralization of 

iron oxide (Basu et al, 2003b), and as a hostïguest encapsulation model of tungstate and 

vanadate (Douglas & Young, 1998a). The stability of the CCMV capsid is pHïdependent, 

which alters the opening of 60 separate pores of 2 nm each and exposes the interior to the 

surrounding 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 initiates coat protein monomer binding and leads to selfïassembled VLPs with synthetic 
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nanoparticles within has been accomplished in RCNMV. Thiolated artificial OAS was attached 

to gold nanoparticles (Wu et al, 1995). OASïgold nanoparticles were mixed with RCNMV coat 

protein monomers and templated in vitro selfïassembly of VLPs around the gold nanoparticle, 

the process is depicted in Figure 1.5 (Loo et al, 2006). This approach was expanded to include 

encapsulation of QDs with sizes of 5, 10, and 15 nm (Loo et al, 2006; Loo et al, 2007). 

 

Figure 1.5ð Assembly of RCNMV VLPs around a gold nanoparticle via OAS templating.  (A) 
conjugation of nanoparticle with DNAð2; (B) addition of RNAð1, which interacts with DNAð2 to 
form the functional OAS; (C) the artificial OAS templates the assembly of coat protein; and (D) 
formation of virusðlike particle with nanoparticle encapsulated. Reproduced from (Loo et al, 2006). 

 

Alternatively, the nanoparticle is coated with negatively charged polymers to mimic 

RNA an approach, which was pioneered by Dragneaôs group. Although citrateïstabilised gold 

nanoparticles resulted in encapsulated VLPs with preformed gold nanoparticles the process was 

not efficient (Dragnea et al, 2003). Alternatively, covalent functionalisation of nanoparticles 

with carboxylateïterminated polyethylene glycol (PEG) (Chen et al, 2006; Dixit et al, 2006) 

was used to mimic RNA nucleation and promote efficient in vitro selfïassembly (Figure 1.6). 
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Figure 1.6 ð Proposed mechanism of VLP assembly from coat proteins (CP). Electrostatic 
interaction leads to the formation of disordered proteinðgold nanoparticle complexes. The second 
step is a crystallization phase in which the proteinðprotein interactions lead to the formation of a 
regular capsid. (b) Schematic depiction of the encapsidated nanoparticle functionalized with 
carboxylðterminated TEG chains. Right: CryoðEM micrograph of a single VLP. The protein 
structure coating the 12 nm diameter gold nanoparticle (black disk). Reproduced from (Chen et al, 
2006). 

 

1.1.4.3  Encapsulation during selfðassembly 

The selfïassembly 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) polymer to mimic the RNA resulted in two different size 

morphologies: 22 nmïsized particles generated by using PSS with molecular weight below 2 

MDa; 27 nmïsized particles with PSS of 2 MDa or higher was used (Hu et al, 2008). Hibiscus 

chlorotic ringspot virus (HCRSV) particles have also been used to encapsulate negatively 

charged polymers including polystyrenesulfonic acid (PSA) and polyacrylic acid (PAA). Reï

assembly yielded VLPs encapsulating the polymers. However, attempts to encapsulate neutral 

molecules such as fluoresceinïlabelled dextran failed, suggesting the encapsulation is based on 

electrostatic interactions (Ren et al, 2006b). 
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1.1.4.4 Infusion of materials into assembled eVLPs  

Material encapsulation into assembled empty CCMV particles has triggered wide 

research interest. For example, pHïdependent gating of the CCMV pores (Douglas & Young, 

1998a) controls the encapsulation of anionic polyanetholesulfonic acid (PASA) and polydextran 

sulfate (PDS). Small lanthanide molecules have been infused and entrapped into CPMVwt by 

taking advantage of the negatively charged RNA interaction with Gd
3+

 and Tb
3+

 cations 

(Prasuhn et al, 2007b). 80  20 Gd
3+

 or Tb
3+

 ions can be encapsulated within CPMV particles 

(Prasuhn et al, 2007b). Similar approaches for lanthanide entrapment in CCMV have been 

reported (Allen et al, 2005b). In addition, a similar approach has been adopted to infuse 

fluorescent dyes and drugs within RCNMV (Loo et al, 2008). 

1.1.5 Biomineralization on viruses  

Biomineralization is defined as the formation, structure and properties of inorganic 

material intentionally formed in biological systems (Mann, 2001). Familiar examples of such 

structures include sand dollars and shells, as well as the human skeleton and teeth (Mann, 

2001). Recently, interest from material scientists has focused on mimicking the methods that 

nature uses to create such inorganic 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 conditions such as such as 

platinum, gold, and silicon dioxide (Sarikaya, 2003).  

Over the past few decades, biological hard tissues have been 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 into complex highly ordered structures of defined 

functionality (Mann, 1996; Seeman & Belcher, 2002; Tamerler et al, 2010). Although these 

materials provide essential life function for many organisms (Weiner & Traub, 1992), their 
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unique properties and inherently precise control have generated much attention from material 

scientists. Furthermore, biomineralization reactions proceed under aqueous conditions at 

ambient temperature; for example, the organisation of a lipidïbased closed membrane 

incorporating a magnetic nanoparticle that forms within the bacteria Aquaspirillum 

magnetotacticium. The magnetite (Fe3O4) aligns inside the bacteria to create a magnetic field 

large enough to sense the earthôs magnetic field (0.5 Gauss). The Fe3O4 is formed as perfect 

cuboïoctahedral single crystals, about 35ï120 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 mobility (Schuler, 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 has hindered the complete understanding of the 

biomineralization process. The exploitation of the tremendous advantages of biomineralization; 

a rapid method for utilising functional, materialïspecific peptides is needed to be developed for 

applications in semiconductors, conductors and magnetic materials synthesis.  

 

1.1.5.1 Mineralization using natural properties of VNPs   

Almost all of the adopted biological systems for templated mineralization are based 

around the natural properties of the VNPs. The first system to be used was CCMV using its pHï

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 WO4
ï
 and VO3

ï
 anions interact with the interior capsid 

surface via electrostatic interactions (Douglas & Young, 1998b). The same principle was used 

to generate titanium oxide (TiO2) (Klem et al, 2008) and Prussian Blue nanoparticles (de la 

Escosura et al, 2008). Furthermore, the substitution of all the basic residues on the Nïterminus 

of the coat protein with negatively charged amino acid Glu (Brumfield et al, 2004) resulted in 
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the mutant favouring interaction with ferrous and ferric ions leading to the formation of iron 

oxide (Fe2O3) within the capsid. 

Empty T7 ghost particles were filled with metallic cobalt (Liu et al, 2006b). Similarly, 

the high charge density on the interior surface of ferritin leads to the nucleation of soluble 

Fe(II), which is subsequently oxidized, resulting in encapsulated iron oxide (Fe2O3) 

nanoparticles (Uchida 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 predominantly carboxylic acids, 

hence the capsid interior is negatively charged under physiological conditions, whereas the 

exterior surface exhibits positive charge (Namba & Stubbs, 1986). The exterior of TMV was 

coated with PbS, CdS, amorphous iron oxide, silica (Shenton et al, 1999), platinum, gold, and 

silver incorporated inside the central channel (Bromley et al, 2008; Dujardin et al, 2003a). The 

differential nucleation is electrostatically driven and resulted from the difference in surface 

charge. In addition, TMV particles 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 up to 40 nm thick (Royston et al, 2007). 

1.1.6 Mineralization using phage display  

Many biological processes in biosystems rely on specific, proteinïligand interactions. 

Biomineralization is no different in that the inorganic substrate serves as the ligand, and highly 

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 inorganic substrate. The research team led 

by Belcher developed the use of phage display screening and selection to identify peptide 

sequences that bind and nucleate specific inorganic materials (Mao et al, 2004; Seeman & 

Belcher, 2002; Whaley et al, 2000). Insertion of nucleic acid sequences into certain proteins 

(PIII (peptide displayed on the end structure) or PVIII (throughout the body) within a phage 
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genome (M13) (Figure 1.7) generated phage that present the peptides of interest on their 

surfaces (Kwon et al, 2009). PeptideïM13 then binds to the substrate (e.g., gold or platinum). 

Stringent washing steps are used to remove phage lacking surface peptides that strongly interact 

with the inorganic material. The eluted phages are cultured and the cycle repeated until only 

phage with high affinity to the specific inorganic surface remains. 

 

Figure 1.7ð Peptides expressed in phage display and cellðsurface display. This figure is reproduced 
from (Kwon et al, 2009). 

 

A variety of peptides that are specific for binding to different materials are summarised 

in Table 1.1. The peptides are highly selective and the binding motif is small; the selected 

peptides are typically from (7ï11)ïmer libraries. Besides, dual peptides have been engineered 

on PVIII specific for ZnS and CdS. When the M13 was incubated with both Zn(II) and Cd(II) 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 (Mao et al, 2003). 
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Viruses Material Synthesis mechanism Reference 

CPMV (exterior) Silica (SiO2) Peptideïmediated synthesis 

(YSDQPTQSSQRP) 

(Steinmetz et al, 

2009c) 

CPMV (exterior) CoPt, FePt 

and ZnS 

Chemical conjugation of peptideï

mediated synthesis (see chapter 3) 

(Aljabali et al, 2011) 

CPMV (exteriorï 

Chimaera) 

FePt Peptideïmediated synthesis 

(HNKHLPSTQPLA) 

(Shah et al, 2009b) 

M13 (exteriorï 

Chimaera) 

ZnS Peptideïmediated synthesis 

(CNNPMHQNC) 

(Mao et al, 2004) 

M13 

(exterior) 

CdS Peptideïmediated synthesis 

(SLTPLTTSHLRS)  

(Mao et al, 2004) 

M13 

(exterior) 

FePt Peptideïmediated synthesis 

(HNKHLPSTQPLA) 

(Reiss et al, 2004b) 

M13 

(exterior) 

CoPt Peptideïmediated synthesis 

(CNAGDHANC) 

(Mao et al, 2004; 

Reiss et al, 2004b) 

M13 

(exterior) 

Co
2+ 

Peptideïmediated synthesis 

(EPGHDAVP) 

(Lee et al, 2006) 

M13 

(exterior) 

Gold Peptideïmediated synthesis 

(VSGSSPDS) 

(Khalil et al, 2007; 

Nam et al, 2006) 

M13 (exterior) Co3O4 Peptideïmediated synthesis (EEEE) (Khalil et al, 2007; 

Nam et al, 2008) 

M13 (exterior) CoPt Peptideïmediated synthesis 

(CNAGDHANC) 

(Reiss et al, 2004b) 

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

Table 1.1 ð Overview of the inorganic materials generated by peptides using viruses as templates. 

  

1.1.7 Cowpea mosaic virus (CPMV) 

CPMV is a nonïenveloped plant mosaic virus, which is the type member of the 

comovirus genus of the family Comoviridae (Lin & Johnson, 2003). The virus is normally 

propagated in Vigna unguiculata, commonly known as cowpeas or blackïeyed peas or beans. 

The virus is introduced into the plant by means of mechanical inoculation, which results in 

mosaic and yellowing symptoms of the leaves. CPMV is considered one of the best investigated 

viruses and is widely used in bionanotechnology (Evans, 2010; Sainsbury et al, 2010). 

CPMV capsids have pseudo T=3 icosahedral symmetry and a diameter of 

approximately 28 nm. The CPMV capsid structure comprises 60 small coat proteins (S, domain 

A) which folds into one jelly roll ɓïsandwich arranged as 12 pentamers at the 5ïfold axis and 

60 large coat proteins (L, domains B and C) arranged as trimers at the 3ïfold axis and fold into 

two jelly roll ɓïsandwich domains. The three domains form the asymmetric unit (Figure 1.8). 

The crystal structure is known to 2.8 Å resolution (Lin et al, 1999b). CPMV is a single stranded 

positiveïsense bipartite RNA virus. Both of the separately encapsidated RNA segments are 
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required for infection (Bruening & Agrawal, 1967; Liu & Lomonossoff, 2002; van Kammen, 

1967). However, it was later demonstrated that RNAï1 is independently capable of replicating 

CPMV particles in protoplasts (Goldbach et al, 1980). RNAï1 encodes the virus replication 

machinery (Goldbach et al, 1980) as well as the virus proteinase and the viral protein genomeï

linked (VPg), which plays an essential role in initiating RNA synthesis. On the other hand, the 

smaller RNAï2 encodes the movement protein and the twoïcapsid proteins.  

 

Figure 1.8ð The structure of Cowpea mosaic virus (CPMV) capsid and the asymmetric unit. CPMV 
capsid is comprised of small (S) and large (L) protein. The A domain (in blue), B domain (in green) 
and C domain (in yellow). 

 

CPMV particles produced during the infection process can be separated into three 

components on caesium chloride density gradients. These have identical protein compositions, 

but differ in their RNA contents (Bruening & Agrawal, 1967). The three centrifugal components 

are termed top (T), middle (M), and bottom (B) and contain no RNA, RNAï2, and RNAï1, 

respectively as shown in Figure 1.9ïA (Bruening & Agrawal, 1967; Lomonossoff & Johnson, 

1991a; van Kammen, 1967). 

The three components generated during CPMV infection also exist as two 

electrophoretic forms, slow and fast (Figure 1.9ïB) (Semancik, 1966). The slow form can be 

converted to the fast form by proteolytic cleavage at the carboxyl (C)ïterminus of the S protein 

(Kridl & Bruening, 1983; Niblett & Semancik, 1969b). The conversion occurs naturally during 

infection, with the fast (Cïterminally processed) form of the S protein (Sf) predominating at 
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later times (Niblett & Semancik, 1969b). Cleavage of the S protein was shown to occur after 

Leu189 of the S protein resulting in the loss of the carboxylïterminal 24 amino acids (Taylor et 

al, 1999).  

 

Figure 1.9ð Separation of the different components of Cowpea mosaic virus. (A) In a caesium 
chloride gradient by ultracentrifugation, (B) 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 stained, mobility shift from 
the s to the f form is due to carboxyðterminal 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 inactivate or eliminate the 

viral RNA within CPMV capsids have been reported including UV irradiation (254 nm) using a 

dosage of 2.0ï2.5J/cm
2
. The inactivated particles were deemed as nonïinfectious to plants. 

However, particles remained intact and maintained chemical reactivity (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 particles (Ochoa et 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 generally do not actually remove RNA from the particles.  
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1.1.7.1 CPMVwt exploitable surface 

The structure of CPMV is known to near atomic resolution (Lin et al, 1999a). The 

particles have an average diameter of 28 nm diameter as confirmed by Xïray diffraction 

analysis (Lin et al, 1999b) and the capsid protein is 3.9 nm thick. The capsid of CPMV is 

comprised of 60 copies of the L and S coat proteins. As a result, the external surface of a virus 

capsid consists of highly symmetrical and repetitive amino acids such as glutamate, aspartate, 

arginine and lysine. These functional groups have been exploited to serve as a template for 

nanoparticle synthesis. The surfaceïexposed amino acids have served as targets for 

bioconjugation chemistry since 2002 when, for the first time, CPMV was considered as an 

addressable nanobuilding block (Wang et al, 2002d).  

The functional groups (ïNH2 or ïCOOH) 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 coupling (Aljabali et al, 2010a; Evans, 2010; Hermanson, 2008; Laufer 

et al, 2009; Meunier et al, 2004; Pokorski & Steinmetz, 2011; Steinmetz et al, 2011) and by 

ñclickò chemistry (Manchester & Singh, 2006). Both wildïtype and genetic variants of CPMV 

have been used as scaffolds for chemical modification; early investigations of the chemical 

reactivity of CPMVwt was aimed at lysineï and cysteineïselective derivatives (Wang et al, 

2002). The Xïray structure and coordinates of CPMV (VIPER database) indicated the presence 

of five solventïexposed Lys per asymmetric unit, which equates to 300 exposed Lys side chains 

per CPMV particle, (Figure 1.10) (Chatterji et al, 2004). Four of the five solventïexposed Lys 

have been modified with different moieties (Aljabali et al, 2010a; Steinmetz et al, 2006d). In a 

proofïofïconcept study on CPMV, single, double, triple, and quadruple Lysïminus mutants, in 

which the addressable lysines were sequentially replaced with arginines, were generated and 

chemical labelling 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 reactive groups were found to 

be Lys 38 on the S protein and Lys 99 on L (Chatterji et al, 2004).  
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Additionally, carboxylates derived from Asp and Glu have been utilized. Chemical 

attachment of amineïcontaining compounds can be achieved by making use of the coupling 

reagents EDC and NHS. A fundamental problem with this strategy is that interparticle linkage 

can occur; this can be reduced by using short linkers. 180 surface addressable carboxylates per 

virion have been modified with different moieties (Aljabali et al, 2010a; Steinmetz et al, 2006c). 

 

 

Figure 1.10ð Schematic representation of the surface exposed addressable amines and carboxylates 
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 mediated by nickel complex of the GlyïGlyïHis (GGH) tripeptide 

(Manchester & Steinmetz, 2009). Commercial reagents for this reaction are typically not 

available; therefore, the starting materials and coupling reagents must be chemically 

synthesized. The most common reaction utilizing Tyr side chains on viruses is diazonium 

coupling and this has been widely used on MS2 and TMV (Kovacs et al, 2007; Schlick et al, 

2005a). CPMV particles display two accessible Tyr side chains located in the S subunit, which 

are available for chemical modification. In a proofïofïconcept 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 solventïexposed surface of viruses, whereas, Cys side chains have been identified on the 

interior solventïexposed surface of CPMV (Wang et al, 2002c; Wang et al, 2003a). Thiols are 

nevertheless useful groups to use for bioconjugation, therefore a range of viruses have been 

generated via genetic modification to add Cys side chains. Cysïadded versions of CCMV, 

CPMV, FHV, MS2, TMV, and M13, for example, are available (Destito et al, 2009; Khalil et al, 

2007; Klem et al, 2003; Kreppel et al, 2005; Miller et al, 2007; Peabody, 2003; Wang et al, 

2002b(Wu et al, 1995). 

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 nanoparticles. For example, the deposition of Pt
2+

 

ions on the TMV capsid to form nanoparticles with an average diameter of 10 nm (Gorzny et al, 

2008; Tseng et al, 2006). When TMVïPt was placed between two aluminium electrodes, a 

unique memory effect was observed in which the 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 transfer and charge trapped process created a memory device. Similarly, 

another memory device was designed using CPMV with the exterior of the capsid modified 

with quantum dots (QD) (Portney et al, 2007). The ZnS capped layer of the QD acted as a 

charge store while the aromatic residues (tryptophan) on the CPMV capsid acted as a charge 

transport. Ferromagnetic materials play an important role in the development of highïdensity 

storage devices, e.g. a computer disk contains a twoïdimensional (2ïD) ferromagnetic thin film, 

where information is stored. Ferromagnetic nanoparticles like FePt and CoPt (Sun et al, 2004) 

emerged as potential highïdensity storage media. Therefore, the ability to generate highly 

monodisperse FePtï and CoPtïCPMV might be an alternative route to synthesise these particles 

(Aljabali et al, 2011). However, the properties of such particles are yet to be established. 
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Throughout this thesis, many VNPs are used to synthesise magnetic and metallic 

nanoparticles of various shapes. Besides, hollow metallic nanoparticles and nanoshells, which 

can differ in their properties, might hold great potential in nanomaterial development. 

Furthermore, viruses are considered as naturally biocompatible and biodegradable, which is 

particularly important for medical applications. Plant viruses are less likely to interact with 

human receptors and the virus replication or gene expression is not supported in mammalian 

systems (Koudelka & Manchester, 2010; Steinmetz et al, 2011). Although foreign proteins have 

the potential to cause an immune response, there is currently no evidence to assume the 

immunogenicity of plant viruses induced in mice. 

Nanoparticles and VNPs are currently under investigation in the field of nanomedicine 

(broadly defined as the application of nanotechnology to medicine) and with the aim of 

controlling drug delivery and targeting to cancerous cells. Tumours have numerous traits that 

make their treatment daunting. These traits include selfïsufficiency, the ability to evade 

programmed cell death, limitless potential to replicate, and the ability to invade tissues and form 

metastases that can induce the growth of blood vessels to support them (Ptak et al, 2010). 

Therefore, nanotechnology has the capacity to deal with the complexity of cancer, by providing 

tools to diagnose cancer and deliver therapeutics to specific targets whilst sparing normal cells 

by using different targeting agents by using agents that specifically guide molecules to the 

diseased cells.  

VNPs are less likely to interact specifically with the mammalian system and therefore 

are less likely to cause potential side effects (Koudelka et al, 2009). For CPMV it was shown 

that, even up to dosages of 10
16

 CPMV particles/kg body weight, no apparent toxic side effects 

were observed in mice (Singh et 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 immunogenicity (Destito et al, 2007; Lewis et al, 

2006b; Steinmetz & Manchester, 2009).  
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VNPs have been modified with fluorophores, QDs, metallic nanoparticles, and 

gadolinium (Gd) complexes have been developed for in vivo imaging agents (Manchester & 

Steinmetz, 2009; Singh et al, 2006; Steinmetz & Evans, 2007; Steinmetz et al, 2009a). 

Fluorescent
CPMV particles allowed highïresolution imaging of major blood vessels to a depth of 

up to 500 µm in comparison to fluorescentïlabelled nanospheres (Lewis et al, 2006a). 

Furthermore, It has been shown that Gd
3+

 ions can be covalently attached to the exterior or 

interior surface of CPMV or electrostatically interacted with the encapsidated RNA molecules 

(Allen et al, 2005; Anderson et al, 2006; Hooker et al, 2007a; Prasuhn et al, 2007a) indicating 

that VNPs could serve as excellent candidates for magnetic resonance imaging (MRI) contrast 

agents. 

1.2 Summary  

In this chapter, many different examples of proteinïbased nanomaterials have been 

described. The natural, selfïassembling properties of viruses, including monodisperse structure, 

amenable to chemical or genetic modification, as well as ease of 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. As viruses exist in diverse sizes and shapes, this enables the 

formation of a wide range of nanoparticles. Broad ranges of mineralization and metal deposition 

techniques have been discussed. The interior of protein cages has also been used for 

biomineralization 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 synthesis and for biomedical applications. The 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 produce. The following 

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 particles? 

3 Can polyelectrolyte coated CPMV particles template mineralization? 

4 Is it possible to develop 
Ferrocene

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 of 
Ferrocene

CPMV be assembled on an electrode surface? 

7 Is it possible to generate 
Enzyme

CPMV nanoparticles? 

8 Can CPMV eVLPs be used to encapsulate magnetic materials? 

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

2.1 Sodium phosphate buffer 

1 litre of 0.2 M Na2HPO4 (27.0 g) and 1 litre of 0.2 M NaH2PO4 (28.39 g) were 

prepared in MilliïQ water and autoclaved before mixing. To prepare 0.1 M buffer solution; 305 

ml of Na2HPO4 solution and 195 ml of NaH2PO4 solution was added to 500 ml MilliïQ water 

that gave a pH of 7.0.  

2.2 Phosphate buffered saline (PBS) 

To make 1 litre of 1 x PBS mix 140 mM NaCl, 27 mM KCl, 80 mM Na2HPO4 and 15 

mM of KH2PO4. The pH was adjusted to 7.4 with HCl, and the buffer was autoclaved before 

use. 

2.2.1 Acetate buffer solution pH 5.3 

1 litre of 0.1 M acetic acid and 1 litre of 0.1 M sodium acetate (triïhydrate) (13.6 g) 

were prepared in MilliïQ 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 

2.2.2.1 Buffers and solutions  

10X TBE buffer 900 mM trisïbase; 900 mM boric acid; 25 mM 

ethylenediaminetetraacetic acid (EDTA); made 

up with MilliQ water to 1000 ml 

Coomassie staining solution 50 % (v/v) methanol; 10 % (v/v) acetic acid; 

0.25 % (w/v) Coomassie Brilliant Blue Gï250 in 

Milli ïQ water 

Destaining solution for native gel 50 % (v/v) methanol; 10 % (v/v) acetic acid in 

MilliQ water 
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2.2.3 SDSðPAGE Buffers 

Running buffer (RunBlue, Expedeon) 30 ml of 20x SDS RunBlue buffer in 600 ml 

Milli ïQ water  

Coomassie staining solution 20 ml of Instant blue ready to use (Expedeon) 

for ~ 30 minutes. 

Coomassie destaining solution See section 2.4.1 

 

2.3 Virus propagation in V. unguiculata. 

Approximately 10ï12 days after sowing, the plants were infected with CPMV by 

mechanical inoculation as follows. The leaves were treated with Carborundum (silicon carbide 

abrasive). The inoculation of the primary leaves was performed by using 50 ɛl per leaf of 

purified CPMV virions of 0.1 mg ml
ï1

 particles suspended in 10 mM sodium phosphate buffer 

pH 7.0. The leaves were washed with tap water after inoculation of the plants to remove the 

Carborundum. 11ï12 days after infection, the symptomatic leaves were harvested and stored at 

ï20 °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 using a modified protocol 

(http://www.dpvweb.net/dpv/showdpv.php?dpvno=378). Leaf tissue was homogenized, using 

an electrical blender, with 100 mM sodium phosphate buffer pH 7.0, and then squeezed through 

two layers of muslin and centrifuged at 9000 rpm for 20 min in a FASï14C rotor. The 

supernatant fluid was kept and stirred for 5ï10 minutes at 4 °C with 0.7 volumes of 1:1 (v: v) 

chloroform/nïbutanol. After centrifugation at 6000 rpm in FASï14C rotor for 20 min at 4 °C, 

the clear aqueous layer was removed and incubated with 0.25 of the volume with 20% (w/v) 

PEG/1M NaCl overnight at 4° C. The solution was then centrifuged at 15000 rpm for 20 min 

and the pellet was recovered with 9 ml of 10 mM sodium phosphate buffer pH 7.0. The solution 

was spun at 9000 rpm for 20 minutes, the pellet was suspended and the solution was 
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ultracentrifuged for 2.5 hours at 36 000 rpm at 4 °C in a Tï1270 rotor (Beckman, USA). The 

pellet was resuspended in a small volume of 10 mM sodium phosphate buffer. The suspension 

was centrifuged at 14000 rpm for 15 min at ambient temperature, and the supernatants were 

pooled and dialysed against 10 mM sodium phosphate buffer using 100 kDa MWCO cassettes 

(Spectrum laboratories). The clear virus pellet was again suspended in 10 mM sodium 

phosphate buffer and centrifuged at 14000 rpm for 15 min 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 using an extinction coefficient of 8.1 ml mg
ï1

 cm
ï1

 at 260 

nm. The yields obtained were about 1ï1.3 g of virions per kgïinfected leaves.  

2.4.1 Agaroseðgel electrophoresis 

5ï10 µg of CPMV particles suspended in 10 mM sodium phosphate buffer pH 7.0 with 

2 µl of loading dye (Coomassie staining solution or MBI Fermentas dye) were analysed on 1.2 

% (w/v) agarose gels in TBE using an electric field of 1ï5 V cm
ï2

 for 1ï2 hours. For ethidium 

bromide staining (nucleic acid staining) 0.1 µg/ ml ethidium bromide (4ï5 µl) 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 solution overnight. Gel images were recorded using a camera 

or scanner.  

2.4.2 SDSðPAGE  

2.4.2.1 SDSðPAGE procedure 

Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDSïPAGE) was 

performed on 5ï10 ɛg of virus in 10 mM sodium phosphate buffer pH 7.0 mixed with 3 ÕL of 

4x RunBlue LDS Sample Buffer (Expedeon). Samples were heated for 5ï10 minutes at 100 ºC 

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 analysed on 12 
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% TEOïCI SDS RunBlue precast gels (Expedeon) under nonïreducing conditions at 180 V for 

30ï70 minutes using 600ï700 ml of 20:1 dilution of 20x RunBlue SDS Running Buffer 

(Expedeon). The bands when stained with 20 ml of InstantBlue (Expedeon) were visible after a 

few minutes. Gels were washed with MilliïQ water prior to imaging.  

2.5 Transmission electron microscopy (TEM) 

Purified particles were transferred into MilliQ water using 100 kDa cutïoff columns 

(Millipore). 5ï10 µl of 0.1 mg ml
ï1

 particles were allowed to settle briefly (1 minute) onto 

pyroxylin and carbonïcoated copper grids (400 mesh, Agar Scientific), and then blotted dry 

with filter paper; grids were then washed with MilliïQ water. For negative staining 2% (w/v) 

uranyl acetate was used, the excess 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 bottomïmounted AMT XR60 CCD camera 

(Deben UK Ltd, Bury St. Edmunds). 

2.6 UVðVis Spectroscopy 

Virion (CPMV or eVLP) concentration was determined by photometrical measurement 

using either a Perkin Elmer Lambda 25 UVïVIS spectrophotometer with UVWINLab Software 

or a NanoDrop® NDï1000 spectrophotometer and NDï1000 software at room temperature by 

using a 1 cm quartz cuvette (light path: 1 cm). 

CPMV particles have an absorption maximum at a wavelength of ɚ = 260 nm (derived 

from the encapsidated RNA molecules) with molar extinction coefficient of Ů = 8.1 ml mg
ï1

 cm
ï

1
. CPMV eVLPs have an absorption maximum at ɚ = 280 nm with molar extinction coefficient 

of Ů = 1.28 ml mg
ï1

 cm
ï1 

as determined by (van Kammen, 1967). The law of Beer Lambert can 

be used to calculate the concentration: 
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Where; A is the absorbance, c is the concentration of the particles in mg ml
ï1

, d is the length of 

the light path in cm and Ů the molar extinction coefficient in ml mg
ï1

 cm
ï1

. 

2.7 Dynamic light scattering (DLS) 

DLS was measured on a DynaPro Titan, Wyatt Technology Corporation (laser 

wavelength 830 nm, scattering angle 20 º) with Dynamics software Version 6.9.2.11. Particles 

at a concentration of 0.5ï1 mg
ï1

 cm
ï1

 in 10 mM sodium phosphate buffer pH 7.0 were filtered 

through 0.1ï0.4 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 fluid by recording the laser scattering from the particles. The particles undergo 

Brownian motion leading to time-dependent fluctuation. The diameter obtained by this 

technique is that of a sphere that has the same translational diffusion coefficient as the particle 

being measured. The translational diffusion coefficient will depend not only on the size of the 

particle ñcoreò, but also on any surface structure, as well as the concentration and type of ions in 

the medium. This means that the size can be larger than that measured by electron microscopy. 

2.8 Nanoparticle tracking analysis (NTA)  

A NanoSight LM 10 instrument was used for NTA (ca. 80ïmicron wide 640 nm 

wavelength laser beam; cell depth 0.5 mm; cell volume ca. 0.25 ml). Samples for NTA were 

prepared with 300 µl (0.2ï0.5 mg
ï1

 cm
ï1

) of mineralizedïCPMV particles suspended in 10 mM 

sodium phosphate buffer pH 7.0 and analysed by recording a 30ïsecond video of the 

nanoparticlesô motion when illuminated by laser light mounted under the microscope objective 

lens. The particle movement was tracked using conventional CCD camera, operating at 30 

frames per second. NTA is a method for visualizing and analyzing particles in liquids that 

relates the rate of Brownian motion to particle size. The rate of movement is related only to the 
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viscosity and temperature of the liquid, it is not influenced by particle density or refractive 

index. NTA allows the determination of a size distribution profile of small particles (10-

1000nm) in liquid suspension. 

2.9 Energy dispersive Xðray spectroscopy (EDXS) 

An Oxford Instruments INCA Energy 200Premium is attached to a TEM or JEOL JSM 

5900LV scanning electron microscope (SEM). EDXS works by detecting Xïrays that are 

produced by the sample of interest in an electron beam. The electron beam excites the atoms in 

the sample that subsequently produce Xïrays to discharge the excess energy. The energy of the 

Xïrays is characteristic of the atoms that produced them giving a spectral pattern. EDXS is an 

analytical technique used for the elemental analysis or chemical characterization of a sample. It 

relies on the investigation of an interaction of some source of X-ray excitation and a sample. Its 

characterization capabilities are due in large part to the fundamental principle that each element 

has a unique atomic structure allowing X-rays that are characteristic of an element's atomic 

structure to be identified uniquely from one another. 

2.10 Mössbauer analysis 

Mössbauer spectra were recorded in zero magnetic field at 80 or 298 K on an ESï

Technology MSï105 Mössbauer spectrometer with a 100 MBq 
57

Co source in a rhodium matrix 

at ambient temperature. Spectra were referenced against a 25 ɛm iron foil at 298 K and 

spectrum parameters were obtained by fitting with Lorentzian curves (errors < ± 0.02 mms
ï1

; 

halfïwidthïatïhalfïmaxima 0.21ï0.26 mms
ï1

). Samples of iron oxideïCPMV were prepared as 

above except 
57

FeCl3 was used that had been enriched with 
57

Fe (95.4% enriched metal powder, 

Isoflex, Russia) (Oganesyan et al, 2004). Spectra were recorded either as frozen solutions or in 

the solid state. Prof. Dave Evans and Mrs Elaine Barclay conducted experiments. 

Mössbauer spectroscopy probes tiny changes in the gamma energy levels of an atomic 

nucleus in response to its environment. Mössbauer spectroscopy is limited by the need for a 

suitable gamma-ray source. Usually, this consists of a radioactive parent that decays to the 
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desired isotope. For example, the source for 
57

Fe consists of 
57

Co, which decays by electron 

capture to an excited state of 
57

Fe, then subsequently decays to a ground state emitting the 

desired gamma-ray. 

2.11 Vibrating sample magnetometry (VSM) of eVLPiron oxide or iron oxideð

CPMV 

Magnetic measurements were made on 1.65 mg of dried sample of eVLPiron oxide or 2 mg 

of iron oxideïCPMV, 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 moment at low temperatures was of the 

order of 25 memu. VSM was operated at 55 Hz with vibration amplitude of 1.5 mm. The 

temperature was changed with a heating resistor and a needle valve that allows the flow of 

helium from the cryostat into the sample space. The temperature was controlled through a PID 

loop feedback, providing stability better than 10 mK at low temperatures. (The magnetic 

measurements were conducted as a collaborative project with Drs. Oscar Céspedes and Sarah 

Staniland, School of Physics and Astronomy, University of Leeds, United Kingdom). 

A sample is placed inside a uniform magnetic field to magnetize the sample. The 

sample is then physically vibrated sinusoidally, typically through the use of a piezoelectric 

material. The induced voltage in the pickup coil is proportional to the sample's magnetic 

moment, but does not depend on the strength of the applied magnetic field. In a typical setup, 

the induced voltage is measured through the use of a lock-in amplifier using the piezoelectric 

signal as its reference signal. By measuring in the field of an external electromagnet, it is 

possible to obtain the hysteresis curve of a material. 

 

 

 

 

 

http://en.wikipedia.org/wiki/Iron-57
http://en.wikipedia.org/wiki/Cobalt-57
http://en.wikipedia.org/wiki/Electron_capture
http://en.wikipedia.org/wiki/Electron_capture
http://en.wikipedia.org/wiki/Excited_state
http://en.wikipedia.org/wiki/Ground_state
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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 NaCl; 27 mM KCl; 81 mM Na2HPO4; 15 mM KH2PO4 in MilliQ water; 

pH 7.0 

1x PBST 0.05 % (v/v) Tweenï20 (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 or 

overnight at 4 °C 

1
st
 antibody  antiïCPMV antibody/1:1000 in 1x 

PBSTM (20 µl of G49 in 20 ml ) 

freshly prepared 

3 hours at ambient temperature 

while gently shaking 

2
nd

 

antibody 

antiïrabbit IgGïHRP/1:2000 in 1x 

PBSTM (2 µl) 

2 hours at ambient temperature 

while gently shaking 

After each step, the membranes were washed three times for approximately 15 min each run 

with 1x PBST at ambient temperature on a shaker. After the 2
nd

 antibodies addition the 

membranes were washed once with 1x PBST and twice with 1x PBS 

 

2.12.3 Immunological detection (Dot blot): 

For protein detection, 10 µg of intact wildïtype CPMV (positive control) and any 

materials to be tested suspended in 10 mM phosphate buffer, were spotted onto a nitrocellulose 

membrane (Amersham) and air dried for 30 minutes. Nonspecific binding sites were blocked 

using a solution consisting of 5% (w/v) skimïmilk powder in phosphate buffered saline (PBS) 

plus 0.025% (v/v) Tweenï20. The membrane was then probed with a polyclonal antibody 

specific to CPMV (G49) followed by a horseradish peroxdiaseïconjugated antiïrabbit antibody. 

Both antibodies were diluted (1:1000) in blocking solution. Signals were generated by 

chemiluminescence using a SuperSignal West Dura substrate kit (Thermo Scientific) and 

captured on film (HyperfilmTM 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 µg each of eVLP, eVLPcobalt, eVLPiron oxide, Co-CPMV and iron oxideïCPMV 

suspended in 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 1ïnitrosoï2ïnaphthol in 1:1 (v/v) methanol/MilliQ water followed by 

destaining with 10 mM NaOH (Douglas & 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 incubated with the 

membrane. 

2.14 Surface charge measurement 

Zeta potential was measured on a Malvern Instruments ZetasizerïNano ZS where 1 ml 

of 0.5 mg ml
ï1

 particles was suspended in 10 mM sodium phosphate buffer pH 7.0. Zeta cells 

were equilibrated at 21°C before recording three measurements each of 12 runs. The data were 

fitted using the Smoluchowski approximation assuming a Henryôs function f(Ⱦa) of 1.5. The 

electrophoretic mobility is converted to the zeta potential using the Henry equation (Zhang et al, 

2008). Zeta potential determinations were based on the electrophoretic mobility of the 

nanoparticles 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 a velocity proportional to the magnitude of the zeta potential. Zeta 

potential is electric potential in the interfacial double layer (DL) at the location of the slipping 

plane versus a point in the bulk fluid away from the interface. A value of 25 mV (positive or 

negative) can be taken as the arbitrary value that separates low-charged surfaces from highly-

charged surfaces. The significance of zeta potential is that its value can be related to the stability 
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of colloidal dispersions. The zeta potential indicates the degree of repulsion between adjacent, 

similarly charged particles in dispersion (Malvern Instruments catalogue).  

2.15 Carbodiimide method to generate Oðsuccinimide esterified CPMV 

particles 

Carboxylic acid groups were activated by the carbodiimide method using EDC and 

NHS or sulfoïNHS as depicted in Figure 2.1. CPMV particles in either 10 mM or 0.1M sodium 

phosphate buffer pH 7.4 or any other carboxylic acidïcontaining moieties were incubated with a 

freshly prepared MilliïQ water solution of EDC (1 molar equivalent) 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 Oïsuccinimide esterified CPMV particles were purified by any of the methods 

described below. Further information about the carbodiimide method is provided in (Gillitzer et 

al, 2002; Hermanson, 2008). 

 

Figure 2.1ð Derivatives of carboxylic acids can be prepared with EDC to generate active 
intermediates that react with amine containing molecules in the presence of NHS or SulfoðNHS to 
generate peptide bond route (1). Alternatively, thiolated or cysteine containing molecules could be 
used with the active ester intermediate to generate thioester bond. 

2.16 SPDP method  

CPMV particles (10 ï 20 mg ml
ï1

), 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 to 20% (v/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 cutïoff membranes against 10 mM sodium phosphate buffer for 24ï36 hours and then 

concentrated using 100 kDa cutïoff columns. 
3ï(2ïpyridyldithio)propionate

CPMV modified particles 

were incubated overnight at 4 °C with thiolï or cysteineïcontaining molecules (1000 molar 

excess) in either DMSO or DMF; the final concentration of organic solvent was adjusted to 20% 

(v/v). 
Thiolïcontaining molecules

CPMV particles were purified by gel filtration (Sephacryl Sï500 

column) and the eluted fractions were collected and concentrated on 100 kDa cutïoff columns. 

The recovered yield of virions was about 60ï70 % of starting materials. The modified particle 

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 weeks. Gradients were prepared by underlying 

sucrose solutions of decreasing density (175 or 500 µl) in a centrifuge tube of (2.1 ml or 5 ml, 

respectively) and carefully overlaying the sample to fill the tube (normally 300ï500 µl). 

Gradients were ultracentrifuged in a swingïout rotor (AHï650) and centrifuged at 137000 g for 

1.5ï2.5 hours at 4 ºC; 175ï300 ɛl fractions containing modified particles were collected and 

buffer exchanged for 10 mM sodium phosphate buffer pH 7.4.  

 

Figure 2.2ð An example of sucrose gradient profile for modified CPMV particles. Number of 
fractions 5-8 contains the modified particles. 2.1 ml sucrose gradient and 175 µl fractions. 
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2.17.2 Sizeðexclusion chromatography 

Low molecular weight impurities are retarded in the gel filtration matrix, while virus 

particles eluted first from the column. Gel filtration (AKTA Purifierï900) on a Sephacryl Sï500 

column (GE Healthcare) and PDï10 desalting columns (Amersham) were used according to the 

manufacturerôs instruction and were preïequilibrated with 10 mM sodium phosphate buffer 

unless otherwise indicated. 

2.17.3 Ultrafiltration  

Ultrafiltration was used as a method for purification and concentration of virus 

particles. Samples were applied to various volume tubes (500 µl ï 15 ml) of 100, 300, and 

10000 kDa molecularïweight cutïoff 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 particle purification. The semiï

permeable membrane retains the particles within, while small molecules diffuse to the lower 

concentration in the buffer reservoir, and vice versa. SlideïAïLyzer cassettes (Pierce), Floatï

AïLyze tubing, and Snakeskin tubing have been used throughout the research. Specific details 

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

3.1 Introduction  

When a biomolecule inorganic material interaction is accomplished with molecular 

specificity, it leads to the formation of controlled structures and functions. Molecular specificity 

of probeïtarget interactions, e.g., ligandïreceptor, antigenïantibody, is always based on specific 

peptide molecular recognition (Tamerler et al, 2010). The exploitation of peptideïmaterial 

interaction as a tool for novel nanomaterial synthesis has been fuelled 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 effort has been invested by many groups around the globe in understanding 

protein recognition of, and binding to, inorganic materials (Descalzo et al, 2006; Flynn, 2003; 

Merzlyak & Lee, 2006; Tamerler & Sarikaya, 2009). The main challenge remains to establish 

sequenceïreactivity relationships from peptides either isolated from biological sources or 

generated by combinatorial peptide libraries (Tan et al, 2010). In addition, the abundance of 

neutral amino acid (e.g., glycine, alanine, valine, leucine and isoleucine) sequences in the 

peptides is poorly understood and is thought not to be charge related. Despite this, the gained 

insight allowed the making of practical materials using peptides engineered to bionanoparticles 

(Flynn et al, 2003a; Mao et al, 2004; Shah et al, 2009a; Steinmetz. N. F. et al, 2009). Moreover, 

it enhanced the general understanding of the importance of sequence and the composition of the 

peptides on nanoparticle formation. 

The preparation of nanoparticles with controlled size and composition is of major 

fundamental and technological interest (Sun, 2000). For example, mixedïmetal nanoparticles, 

such as those of FePt and CoPt, have been identified as important materials for use in catalysis 

and in ultraïhigh density magnetic storage devices (Hyeon, 2003), and semiconducting zinc 

sulfide nanoparticles promise applications in a range of optoelectronic devices, such as solar 

cells (Chen & Lockwood, 2002; Gao et al, 2004). To be useful, the size and size distribution of 
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the nanoparticle needs to be accurately controlled (Nanda, 2000; Sun, 2006). Further, hollow 

nanospheres may have many applications in, for example, catalysis, where a hollow nanosphere 

has potentially a higher catalytically active surface area than its solid analogue and consumes 

less of the costly and limited metal resources in its synthesis (Liang, 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 resulted in gigantic databases. Displaying random peptides on the 

surface of filamentous phage began with G. P. Smith, who showed that fragments of a target 

protein could be fused to the pIII protein of the filamentous bacteriophageM13 and the resulting 

particles captured by immobilized antibodies against the target protein (Scott & Smith, 1990; 

Smith & Scott, 1993). Peptide libraries expanded by size and included various screening 

approaches. However, peptide affinity toward its binding target remains vital for peptide 

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 materials were first identified by Brown, who isolated 

peptides that selectively adhere to Fe2O3 surfaces (Brown, 1992). This was the first 

demonstration of the selectivity of a peptide, which could bind to Fe2O3 but notCr2O3 or Fe3O4 

(Brown, 1992). Multiple copies of the peptides were expressed on the surface of genetically 

modified E. coli. Belcher and coïworkers further developed Brownôs pioneering work using a 

combinatorial phageïdisplay library to identify peptides with sequences that specifically 

bind/interact with inorganic material (Whaley et al, 2000). After sequential washes to remove 

weak binding or nonïbound sequences, the bacteriophage presenting the remaining peptide 

sequences were amplified in E.coli and the peptides with the highest affinity for the target 

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

substrateïspecific binding peptides and the use of bionanoparticles is no longer restricted to 
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native mineralization conditions. Peptides can also be engineered as scaffolds and templates for 

hybrid structure formation (Tamerler et al, 2010). Peptides with affinity for several inorganic 

materials have been identified using the phageïdisplay method and some examples are shown in 

Table 3.1. For example, Naik and colleagues identified peptides, which possess 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 material has advanced the 

synthesis of new materials (Baeuerlein, 2004). 

Peptide sequences Inorganic materials Salt 

AYSSGAPPMPPF Ag nanoparticles AgNO3 

 Au nanoparticles  HAuCl4 

NPSSLFRYLPSD Ag nanoparticles AgNO3 

AHHAHHAAD  Au nanoparticles ClAuPMe3 

HYPTLPLGSSTY CoPt nanoparticles (NH4)2PtCl6 + 

Co(CH3COO)2 

HNKHLPSTQPLA FePt nanoparticles FeCl2 + H2PtCl6 

VCATCEQIADSQHRSHRQMV ZnS nanoparticles Zinc 2,9,16,23ï

tetrakis(phenylthio)ï29ï

H,31Hïphthalocyanine   + 

Na2S 

NNPMHQN ZnS nanoparticles ZnCl2 + Na2S 

Table 3.1ð Examples of peptides known to direct the mineralization of inorganic nanomaterials. 
The peptide sequences revealed that, in some cases, the same sequence could interact/promote for 
two different materials or two different sequences could interact/promote for the same material. 
The data is adapted from (ChunðLong & Nathaniel, 2010). 

 

3.1.2 Peptides for templated mineralization  

Viruses assemble to givehigh precision architectures of simple symmetry; this allows 

identical subunits to come together with a maximum number of nonïcovalent interactions, 

which in turn form the largest cavity from the least number of subunits (this only applies to 

spherical symmetries). Currently, there is a growing library of virus and protein virus 

architectures, which provide different functionalities for the synthesis of magnetic particles, 

imaging agents, and cell specific targeting agents, and for gene therapy and drug encapsulation 

(Manchester & Steinmetz, 2009). The exploitation of biomaterials for chemical design has 

become an important area of materials science (Evans, 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 materials (Flynn et al, 2003a; Shenton et al, 2001). The 

bacteriophage M13 can template mineralization of several materials (Mao et al, 2004), and has 

been utilised, for example, in the development of lithium ion battery electrodes (Nam et al, 

2006). In addition, the exterior and interior of the rodïshaped plant virus Tobacco mosaic virus 

has been utilised for material synthesis (Kind, 1998; Royston et al, 2006; Royston et al, 2009). 

Although peptides are not complicated molecules, they still encode unique recognition 

properties. Tan et al2010) showedthat the 20 amino 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 mixtureof free amino acids with the same overall 

composition because the amino acid residues acted collectively (Tan et al, 2010).  

Although the origin of peptide specificity toward target 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 such as gold and silver (Brown 

et al, 2000; Naik et al, 2002b), CaCO3 (Li et al, 2002), CdS (Flynn et al, 2003c) and many more. 

Flynn et. al. have also utilised this method to identify peptides which induce synthesis of ZnS. 

Their work demonstrated for the first time that phageïdisplay peptides were essential to both 

bind to and induce the precipitation of inorganic material (Flynn, 2003). Ahmad et. al. 

determined calcium molybdate (CM) peptides (AAPNSPWYAYEY, SWSPAFFMQNMP, 

YESIRIGVAPSQ and DSYSLKSQLPRQ) that induce the precipitation of CaMoO4 from an 

aqueous precursor solution. Any changes in the peptide sequence or even reordering the amino 

acids in these peptides had an impact on the yield of the precipitated CaMoO4 (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 virus particle is 

known to near atomic resolution and its genetic, biological and physical properties are wellï
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characterised (Lin & Johnson, 2003; Lomonossoff & Johnson, 1991b).
 
Functional groups on the 

exterior surface of the virion make CPMV a useful nanoscaffold allowing attachment of a 

multitude of different moieties (Aljabali 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 genetic deletion or insertions of foreign sequences into the coat 

protein sequence; an important advantage over synthetic nanoparticles. Short peptide sequences 

can be introduced into surface loops that alter the particle surface properties. To display the 

insertion of a peptide that selectively promotes mineralization is a very attractive methodology 

for the development of nanomaterials. 

The first approach to displaying inserted peptides on the surface of CPMV involved the 

use of infectious cDNA clones to modify the capsid surface, thereby allow the presentation of 

foreign peptides on the external CPMV surface (Dessens & Lomonossoff, 1993; Lin et al, 1996; 

Lomonossoff, 1996). It has been established that additional amino acids can be inserted into the 

highly surface exposed ɓBïɓC loop of the small subunit of CPMV as shown in (Figure 3.1). 

CPMVïbased chimaeric virus technology was then adapted for the environmentally benign 

synthesis of virusïtemplated monodisperse silica (Steinmetz et al, 2009b) and amorphous ironï

platinum nanoparticles (Shah et al, 2009a).   
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Figure 3.1ð Genetic insertion sites of peptide into the CPMV particle. (Left) Space filling model of 
CPMV, with the insertion site ǠBðǠC of small subunit (red) and ǠEðǠF (purple) on ribbon diagram 
of CPMV asymmetric unit.  

 

Despite success with chimaeric CPMV for mineralization with silica and ironïplatinum, 

the expression, propagation, isolation and purification of chimaeric CPMVs can be problematic. 

The chimaeras can revert to wildïtype as the inserts, in some cases, are not well tolerated (Porta 

et al, 2003). In addition, the genetic stability of chimaeras and there is the potential for reversion 

to wildïtype is another disadvantage; this was found in the case of a chimaera with a peptide 

insert designed to promote mineralization with CoPt. In some cases, the appropriate chimaera 

cannot be produced at all, as was found in the case of a chimaera that presented a peptide 

designed to direct mineralization with ZnS. This was the driving force behind the search for 

seeking alternative routes for the presentation of peptides on the surface of CPMV.  

3.1.4 Chemicallyðcoupledðpeptideðpromoted mineralization 

To avoid the lengthy process of generating chimaeric CPMV particles, and to avoid 

some of the aforementioned disadvantages 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 that the appropriate Nïprotected peptides with the 

shown sequence in, Table 3.2 can be easily chemically coupled to lysine residues on the surface 
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of wildïtype CPMV. The 
Peptide

CPMV conjugate can then template the directed and controlled 

fabrication of monodisperse nanoparticles, of approximately 32 nm diameter, at ambient 

temperature and pressure in aqueous solution. The reaction scheme is depicted in Figure 3.2. 

 

Figure 3.2ð Schematic representation of chemical coupling of peptides to CPMV capsid 
(PeptideCPMV). The red ring on the peptide representation depicts the protected Nðterminus that 
prevents peptide selfðaggregation. The numbers of peptides bound to the virus capsid were 
quantified to be 180 per virus. 

 

Peptide Sequence  Material selectivity  

(Cbz)ïCNAGDHANC PeptideïCoPt 

(Cbz)ïCNAHDGANC peptideôCoPt (reversed sequence) 

(Cbz)ïHNKHLPSTQPLA PeptideïFePt 

(Cbz)ïCNNPMHQNC PeptideïZnS 

Table 3.2ð Peptide sequences used for peptidepromoted mineralization. (Cbz) denotes a 
carboxybenzyl group coupled to the Nð terminus to prevent selfðaggregation. The subscript refers 
to the specific peptide sequence (unðmineralized). PeptideõCoPt refers to the reverse sequence of 
PeptideðCoPt. Peptide sequences are generated from http://www.phagedisplay.net/  

3.2 Experimental  

3.2.1 Materials 

The Nïprotected peptides carboxybenzyl (Cbz)ïCNAGDHANC (peptideïCoPt), Cbzï

CNAHDGANC (peptideôCoPt), CbzïHNKHLPSTQPLA (peptideïFePt) and Cbzï

CNNPMHQNC (peptideïZnS) were purchased from GeneCust, Luxembourg. All general 

reagents were bought from SigmaïAldrich UK and used without further purification. 1ïethylï

3ï(3ïdimethlyaminopropyl) carbodiimide hydrochloride (EDC) was purchased from 
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Novabiochem and Nïhydroxysuccinimide (NHS) from Fluka. Nanocyl S.A., Belgium, supplied 

amineïfunctionalised short, thin, multiwall carbon nanotubes (MWCNT), 95% C purity, with 

average diameter of 9.5 nm and average length of 1 µm.  

3.2.2  Chimaeric CPMV preparation and mineralization 

Oligonucleotides encoding the peptide of interest, flanked by appropriate restriction 

sites (NheI and AatII), were cloned into the CPMV RNA2ïbased vector. In a second cloning 

step, the chimaeric sequence was cloned via the enzymes BamHI and EcoRI into the CPMV 

RNAï2 based binary vector pBinPïNS1 (The chimaeric particles were prepared by Drs. Nicole 

Steinmetz and Sachin Shah). The resulting recombinant, termed pBinïNS1ïFEPT, was used to 

agroinoculate cowpea plants in the presence of the fullïlength clone of RNAï1. Chimaeric 

particles were extracted as described for the wildïtype and used for the mineralization process 

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

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). Cbzïpeptide in MilliïQ water (Millipore) 

was incubated with a freshly prepared MilliïQ water solution of EDC (1 molar equivalent) for 5 

minutes followed by the addition of a freshly prepared solution of NHS in DMSO (4 molar 

equivalents). The reaction was allowed to proceed for 2 hours at room temperature with gentle 

stirring. The activated peptide was then added to a solution of CPMVwt in 10 mM sodium 

phosphate buffer pH 7.0 in a molar ratio of 2000:1, the reaction was incubated at 4 ºC overnight 

with gentle stirring. The resultant 
Peptide

CPMV conjugate was purified by gel filtration (AKTA 

Purifierï900) on a Sephacryl Sï500 column (GE Healthcare). Fractions containing only the 

Peptide
CPMV conjugate were pooled, concentrated using 100 kDa cutïoff membranes 

(Millipore), and analysed by native agarose gel electrophoresis and TEM to ensure the presence 

and integrity of the modified CPMV particles. The 
Peptide

CPMV conjugate concentration was 
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determined by UVïvisible spectrophotometry; the yield of 
Peptide

CPMV conjugate was between 

70ï90% based on the initial virus concentration. 
Peptide

top component (naturally occurring 

eVLPs) conjugate was prepared by the same method and in similar yield. 

3.2.4 Preparation of mineralized virus nanoparticles 

To 
Peptide

CPMV (400 µl of 10 mg ml
ï1

) in 10 mM sodium phosphate buffer pH 7.0 was 

added, with constant stirring, over 10 min at room temperature either: (a) a 1:1:1 mixture of 

CoCl2 (0.05 mol dm
ï3

), H2PtCl6  (0.05 mol dm
ï3

) and NaBH4 (0.1 mol dm
ï3

) each in MilliïQ 

water (400 µl); (b) a 1:1:1 mixture of FeCl3 (0.05 mol dm
ï3

), H2PtCl6  (0.05 mol dm
ï3

) and 

NaBH4 (0.1 mol dm
ï3

) each in MilliïQ water (400 µl); or (c) a 1:1 mixture of ZnCl2 (0.05 mol 

dm
ï3

) and Na2S (0.05 mol dm
ï3

) each in MilliïQ water (400 µl). The mixture was incubated, 

with gentle stirring at ambient temperature, for 40ï48 hours. The FePtïCPMV, CoPtïCPMV 

and ZnSïCPMV nanoparticles (this nomenclature refers to externally coated particles with the 

corresponding metals), respectively, were recovered by centrifugation at 14000 rpm (bench top

centrifuge, Eppendorf) for 20 minutes. The supernatant containing the mineralizedïCPMV 

nanoparticles was further purified using 100 kDa cutïoff columns and washed several times 

with Milli ïQ water to remove all excess reagents. The yield of nanoparticles was 70ï80% as 

determined by UVïvisible spectrophotometry based on the initial virus concentration. The 

method can be scaled up at least twoïandïaïhalf fold; at larger scales a combination of dialysis 

(100 kDa membrane) and sucrose gradient (2.1 ml 10ï50% sucrose gradients centrifuged at 

137000 g for 1.5 hours at 4 ºCas described in section 2.17.1. Fractions containing 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 mineralizedïCPMV nanoparticles 

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

Peptide
top component mineralization: top component (naturally occurring eVLPs) (400 µg/ml, 

500 µl) was incubated with cobalt and platinum salts and a reductant as described for the wildï

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

The number of peptides per particle was determined for 
PeptideïCoPt

CPMV conjugate as 

follows. 
PeptideïCoPt

CPMV in 10 mM sodium phosphate buffer pH 7 was reacted with a 2000 

molar excess of NHS esterïactivated amine specific dye, DyLight594, in DMSO. The DMSO 

level was adjusted to 20% v/v  and the reaction left to proceed at 4 °C overnight while gently 

stirring. The doubly functionalised particles were purified on a PDï10 column equilibrated with 

10 mM sodium phosphate buffer pH 7.0, and eluted samples were concentrated on 100 kDa cutï

off columns before being layered onto 5 ml 10%ï50% sucrose gradients. The gradients were 

centrifuged at 137000g for 1 to 1.5 hours at 4 °C as described in section 2.17.1. After further 

concentration on 100 kDa cutïoff columns, the number of free reactive lysines was calculated, 

from the absorbance spectrum (Figure 3.5), to be ~ 66 per virion. . 

3.2.6 External surface mineralization of amineðfunctionalised MWCNT 

CbzïCNAGDHANC (peptideïCoPt; 1.0 mg ml
ï1

) was activated with a freshly prepared 

solution of EDC (1 molar equivalent) in MilliïQ water for 5 minutes followed by the addition 

of a freshly prepared DMSO solution of NHS (4 molar equivalents). The reaction was allowed 

to proceed for 2 hours at room temperature with gentle stirring. The solution of activated 

peptideïCoPt was added to a suspension of amine surfaceïfunctionalised, short, thin, multiwall 

carbon nanotubes (MWCNT; 0.30 mg) in MilliïQ water (1 ml) and then gently stirred at 4 ºC 

overnight. The resultant peptideïfunctionalised MWCNT (
PeptideïCoPt

MWCNT) was purified on a 

100 kDa cutïoff column. A suspension of 
PeptideïCoPt

MWCNT (100 µl) was treated with a 1:1:1 

mixture of CoCl2 (0.05 mol dm
ï3

), H2PtCl6 (0.05 mol dm
ï3

) and NaBH4 (0.1 mol dm
ï3

) each in 

Milli ïQ water (500 µl). The reaction was allowed to proceed at ambient temperature with gentle 

stirring. After 24 hours the reaction mixture was centrifuged at 14000 rpm (bench top) for 10 

minutes, the pellet was reïsuspended in MilliïQ water and purified further on a 100 kDa cutïoff 

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

sequentially over each of seven days to give external surfaceïmineralized MWCNT. 

3.2.7 Scanning electron microscopy 

FePtïCPMV coated particles were airïdried on a freshly prepared mica surface. The 

surface was mounted onto an aluminium pin stub using doubleïsided adhesive carbon discs 

(Agar Scientific Ltd). The stubs were then sputterïcoated with approximately 10ï15 nm 

platinum in a highïresolution sputter coater (Agar Scientific Ltd) and transferred to a Zeiss 

Supra 55 VP FEG scanning 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 HNKHLPSTQPLA (Reiss et al, 2004a) 

was inserted by a wellïestablished cloning method between alanineï22 and prolineï23 in the 

ɓBïɓC loop of the small subunit of CPMV and the chimaeric CPMVFePt construct was 

introduced into cowpea plants by agroinoculation. The extracted and purified chimaeric 

CPMVFePt presents 60 copies of the inserted peptidewas incubated with iron and platinum 

precursors and, after reduction with borohydride, generated monodisperse FePt coated CPMV 

chimaeric particles as confirmed by TEM (Shah et al 2009a) (Figure 3.3). The DLS was also 

consistent with monodisperse nanoparticles of ~ 30 nm diameter this 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 charge and the surrounding environment (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 stability of colloidal particles. The higher the absolute values, the higher the net electrical 

charge on the particle surface and, therefore, the larger the electrical repulsion between 

particles. The suggested theoretical limit of stability is ƅ25ƅmV. Particles are considered to 

exist as stable colloids if their zeta potential is higher than 25 mV or lower than ï25 mV. The 

zeta potential of chimaeric CPMVFePt of ï49.6 mV in buffer indicated that the colloid has good 

stability and no propensity to aggregate. For a detailed discussion of these results, see (Shah et 

al, 2009a).  

The inserted peptide showed specificity for the target materialand the chimaeric CPMV 

particles acted as a templatefor metal deposition. The chimaeric particle does not generate a

metallic coating when incubated with metals other than the ones the peptide sequence favours.  

For example, chimaeric CPMVFePt when treated with reagents for cobalt or zinc sulfide did not 

generate mineralized particles. The peptide exhibited control over the mineralization process; 

CPMVwt particles (genetically unmodified) showed no templated mineralized particles but,

rather, the nonïspecific 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 be produced by engineering viral particles with specific peptides selected through 

phage display. Furthermore, silica coated CPMV particles had been generated following the 

same approach asdescribed above(Steinmetz et al, 2009b). 

 
Figure 3.3ð Unstained TEM image of monodisperse FePtðcoated chimaeric CPMV particles. 

Reproduced from (Shah et al, 2009a). 
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3.3.2 PeptideCPMV conjugates 

Peptides previously identified by using phageïdisplay that specifically direct 

mineralization by CoPt (CbzïCNAGDHANC), FePt (CbzïHNKHLPSTQPLA), and ZnS (Cbzï

CNNPMHQNC) as shown in Table 3.2 were chosen (Mao et al, 2004; Reiss et al, 2004a). To 

prepare 
Peptide

CPMV conjugates, the carboxylïterminus of the relevant peptide was first preï

activated by conversion to the Oïsuccinimide active ester, the simplified reaction scheme is 

shown in Figure 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 

wildïtype CPMV, generated 
Peptide

CPMV conjugates in 70ï90% recovered yield based on the 

initial virus concentration.  

The integrity of the modified particles was confirmed by TEM (data not shown) and 

agarose gel electrophoresis. Figure 3.4 shows an ethidium bromide stained agarose gel of 

CPMVwt, a positive control of Oïsuccinimide esterified CPMV and the three 
Peptide

CPMV 

conjugates. According to their migration in an electric field towards the anode, intact virions of 

CPMVwt can be separated into a higherï and lowerïmobility form, depending on their RNA 

content. The Oïsuccinimide esterified CPMV particles migrate more slowly toward the anode 

than wildïtype and each of the three 
Peptide

CPMV conjugates. 

 

Figure 3.4ð Agarose gel (1.2%) electrophoresis of CPMV particles visualised by ethidium bromide 
staining. M represents a 1ðkbp DNA ladder. Lane 1, wildðtype CPMV; 2, NHSðesterCPMV; 3, Peptideð

CoPtCPMV; 4, PeptideðFePtCPMV; 5, PeptideðZnSCPMV. 
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The number of peptides per virus particle was determined for 
PeptideïCoPt

CPMV 

conjugate. 
PeptideïCoPt

CPMV in sodium phosphate buffer pH 7.0 was reacted with an excess of 

NHS esterïactivated amine specific dye, DyLight594. The doubly functionalised particles 
Peptideï

CoPt
CPMV

DyLight594
 were purified rigorously (as described in section 2.17) and the number of free 

reactive lysines was calculated, from the absorbance spectrum Figure 3.5, to be on average ~66 

± 4 per virion. This equates to approximately 180 peptides [maximum addressable amines (240) 

ï free amines remaining in conjugate (66) = 170ï174] being bound to each CPMV virus 

particle; whereas in the case of genetically engineered chimaera the total number of peptides 

was 60 per virus. The 
Peptide

CPMV conjugates were found to be monodisperse by DLS and the 

particle size did not increase significantly compared to wildïtype. 

 

 

Figure 3.5ð UVðvisible spectrum of doubly functionalised PeptideðCoPtCPMV particles. CPMVwt (blue 
line) and PeptideðCoPtCPMVDyLight594 (red line). The number of peptides bound to the virus capsid was 
174 peptide/virus, which means 3 of the 4 regularly addressable lysine are coupled to peptide. 

 

The integrity of the doublyïfunctionalised particles was confirmed by agarose gel 

electrophoresis. Unstained native agarose gel electrophoresis revealed a visible fluorescent band 

as a result of the fluorescently labelled 
PeptideCoPt

CPMV
DyLight594

 virus capsid and also revealed 

that no free dyes are present in the sample (Figure 3.6ïA). In addition, staining with both 
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ethidium bromide and Coomassie blue confirmed the integrity of the intact particles (Figure 

3.6ïB and C, respectively).  

 

Figure 3.6ð Native 1.2% agarose gel electrophoresis (A) unstained; (B) ethidium bromide stained; 
(C) Coomassie blue stained. Lane 1, wildðtype CPMV; 2, NHSðesterCPMV; 3, PeptideðCoPtCPMV 
conjugate; 4, PeptideðCoPtCPMVDyLight594 conjugate. 

3.3.3 Mineralization of PeptideCPMV conjugates 

Reaction of 
Peptide

CPMV conjugates with reagents for mineralization produced 

monodisperse nanoparticles. For example, treatment of 
PeptideïCoPt

CPMV in buffer with an 

equimolar mixture of cobalt(II)chloride and hexachloroplatinic acid together with two molar 

equivalents of sodium borohydride reductant, within 48 hours, generated virusïtemplated CoPtï

CPMV particles. A similar approach was used to prepare FePtïCPMV nanoparticles using 

iron(III)chloride and hexachloroplatinic acid. For ZnSïCPMV, the reagents used were zinc 

chloride and sodium sulfide in an equimolar ratio. After purification, the mineralized particles 

were obtained in 70ï80% recovered yield based on the initial virus concentration. This protocol 

requires neither high temperature nor pressure, is performed in aqueous buffer, and produces 

little waste so is environmentally benign. It has been found that this process can be readily 

scaledïup to 10 mg ml
ï1

 of virus particles. The 
Peptide

CPMV conjugates are specific to their 

corresponding mineralization process. CPMVwt, when incubated under identical conditions 

with the reagents for mineralization did not mineralize; no monodisperse, templated 

nanoparticles were formed but some nonïspecific mineralization and bulk precipitation was 

observed (Figure 3.7). Similarly, the peptide alone does not promote formation of monodisperse 

nanoparticles.  
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Figure 3.7ð Unstained TEM image for unmodified CPMVwt particles incubated with equimolar 
quantities of FeCl3 and H2PtCl6 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 mineralization 
PeptideïCoPt

CPMV 

was reacted with the reagents for mineralization with FePt or ZnS, and vice versa, there was no 

evidence for templatedïmineralization observed by TEM. This is direct evidence and 

demonstration of the selectivity of the peptides. Figure 3.8 shows the selectivity of 
Peptideï

ZnS
CPMV, when incubated with Fe and Pt salt precursors only nonïspecific and bulk 

precipitation was observed. 

 

Figure 3.8ð Unstained TEM image for PeptideðZnSCPMV incubated with equimolar quantities of FeCl3 
and H2PtCl6 in the presence of sodium borohydride. The black spheres are believed to be ironð
platinum either as an alloy or as separate metals. 
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In the case of 
PeptideïCoPt

CPMV, the mineralization occurs irrespective of the Cï to Nï

terminus ordering of the peptide; that is, peptide can be bound by the Cïterminus carboxylate to 

amine groups on the virus surface as CbzïCNAGDHANC or CbzïCNAHDGANC without the 

mineralization process being affected. TEM images (data not shown) are very similar to those 

obtained in Figure 3.9. 

The unstained TEM images for CoPtïCPMV, Figure 3.9ïA, FePtïCPMV, Figure 3.9ï

B, and ZnSïCPMV, Figure 3.9ïC, reveal dense, mineralized nanoparticles of ca. 32 nm, which 

is in agreement with the particle size measured by DLS (Table 3.4). Wildïtype CPMV when 

treated under identical mineralization conditions and after purification cannot be visualised in an 

unstained TEM image and can only be seen after negative staining with uranyl acetate. These 

images are similar to those previously observed for templated mineralizedïCPMV particles 

prepared using CPMVïchimaeras (Shah et al, 2009a) and confirm that the 
Peptide

CPMV 

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

summarised in Table 3.3.  

 

Figure 3.9ð Unstained TEM images for mineralized CPMV particles. (A) CoPtðCPMV mineralized 
particles, (B) FePtðCPMV mineralized particles and (C) ZnSðCPMV mineralized particles. 

 

FePt coated particles Chimaeric mineralization  Chemical modification  

Diameter     30.0 ± 0.2 nm    32.0 ± 0.5 nm 

Zeta potential  ï 49.6 ± 1.0 nm ï 60.3 ± 1.9 nm 

Yield Very low Depending on starting 

material, with 80% recovery 

Table 3.3ð Comparison between CPMVðtemplated FePt particles synthesised by either genetic 
insertion or chemical modification.  
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Elemental analysis using EDXS confirmed that cobalt and platinum, iron and platinum, 

and zinc and sulfur coated the external surfaces of CoPtï, FePtï and ZnSïCPMV nanoparticles, 

respectively, Figure 3.10.  

 

 
Figure 3.10ð EDX spectrum of mineralized particles. (A) CoPtðCPMV, (B) FePtðCPMV and (C) 
ZnSðCPMV. Major peaks for each metal indicated with arrows; red for cobalt, green for platinum, 
white for iron, pink for zinc and blue for sulphide.  

 

 

Electron microscopy revealed two distinct morphologies in the unstained TEM image of 

CoPtïCPMV, Figure 3.9ïA. One is as expected for an externally mineralized virus capsid but 

the other, with a darker core, is similar to that observed for internallyïmineralized CPMV empty 

(devoid of RNA) virusïlike particles (eVLPs) in which the internal cavity contains cobalt or 

iron oxide metals (Aljabali et al, 2010c). During a normal plant infection with wildïtype 

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 have been loaded with cobalt or 

cobalt/platinum as well as beingexternally 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 modified to display peptideïCoPt on their outer surface, showed a similar 

morphology in the TEM to the CoPtïCPMV, 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 mineralize the cavity of the eVLPs without the need for any further modification; this 

will be discussed in Chapter 6. 

 

Figure 3.11ð Unstained TEM image of PeptideðCoPtVLPs that have been mineralized both internally 
and externally. The black spots are nonðtemplated CoPt nanoparticles that remained in the sample 
after purification. 

 

 

Further, immunological detection (as described in section 2.12) shows the presence of 

accessible coat protein for eVLPs and 
PeptideïCoPt

eVLPs but not for externally mineralized 

particles as shown in Figure 3.12. This is consistent with the two observed morphologies being 

indeed for both internal and external mineralization. 

 

Figure 3.12ð Immunological detection of coat protein for eVLPs, peptideðCoPteVLPs that reveal 
accessibility to the coat protein. However, mineralized CoPtðeVLPs were not detected 
immunologically. 
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Analysis of the mineralized CoPtïeVLP particles using agarose gel electrophoresis 

cannot differentiate 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 CoPtïCPMV stained with ethidium bromide some fluorescent intensity was 

observed from a band of different mobility to wildïtype and to 
PeptideïCoPt

CPMV conjugate 

(Figure 3.13ïA), suggesting that the CoPtïCPMV surface has some limited porosity sufficient 

to allow intercalation of ethidium bromide with the encapsulated RNA. For FePtïCPMV and 

ZnSïCPMV, less intense fluorescence is observed implying that there is less surface porosity 

after mineralization. However, when the gel is stained with Coomassie blue, Figure 3.13ïB, no 

colouration is observed for each of the mineralized samples, this is consistent with the virus 

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

 

Figure 3.13ð Native 1.2% agarose gel for mineralized CPMV particles. Stained with (A) ethidium 
bromide and (B) coomassie Blue. Lane 1, CPMVwt; 2, CoPtðCPMV; 3, FePtðCPMV; 4, ZnSð
CPMV. 
 

In addition, the CPMV coat protein of CoPtïCPMV, FePtïCPMV and ZnSïCPMV was 

not detected immunologically (Figure 3.14). Only in the case of CPMVwt was a signal 

obtained, confirming the presence of CPMV 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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Figure 3.14ð Immunological detection of CPMVwt coat protein of mineralized particles spotted on 
a nitrocellulose membrane probed with polyclonal antibodies raised against CPMV. Only CPMVwt 
gave a detectable signal. 
 
 

Further support for the deposition of a robust mineral shell on the external surface is 

provided by comparison of the SDSïPAGE of mineralized and nonïmineralized CPMV 

particles (Figure 3.15). Even under harsh denaturing conditions, such as with sodium dodecyl 

sulfate at 100 ºC for 20 minutes, there is only very partial release of coat proteins on 

denaturation of the mineralizedïCPMV particles as shown by the near absence of coat protein 

on the SDSïPAGE 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.  

 

Figure 3.15ð SDSðPAGE of mineralized CPMV particles. There is only very partial release of coat 
protein on denaturation of the mineralizedðCPMV particles as shown by the near absence of coat 
proteins on the SDSðPAGE gel. Lane 1, CPMVwt; 2, PeptideðCoPtCPMV; 3, CoPtðCPMV; 4, Peptideð

FePtCPMV; 5, FePtðCPMV; 6, PeptideðZnSCPMV; 7, ZnSðCPMV. Lanes 2, 4 and 6 are before 
mineralization whereas lanes 3, 5 and 7 are after mineralization. 

 

41 kDa 

23 kDa 
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The results of DLS and zeta potential measurements for the mineralized nanoparticles 

are shown in 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 diameter to ca. 32 nm 

following mineralization. Prior to peptideïmodification and mineralization, CPMV has a 

diameter of ca. 28 nm, implying that the coating on each particle is approximately 2 nm. This 

contrasts with a coating of 1 nm observed when FePt is templated on chimaeric CPMVFePt (Shah 

et al, 2009a). The coating thickness is significantly greater than the atomic diameter of 

individual metal atoms (0.25ï0.27 nm) and the length of the coupledïpeptide (ca. 1.00 ï 1.50 

nm).  

 

 DLS diameter (nm) Polydispersity (%) Zeta potential (mV) 

CPMVwt 27.4 ± 0.5 14.0 ï12.3 ± 1.5 

CoPtïCPMV 31.8 ± 0.5 16.7 ï39.1 ± 2.1 

FePtïCPMV  32.0 ± 0.2 20.9 ï60.3 ± 1.9 

ZnSïCPMV 30.8 ± 0.4 15.0 ï22.2 ± 3.3 

Table 3.4ï Diameter and polydispersity measured by dynamic light scattering and zeta potential 

of CPMVwt and mineralizedïCPMV nanoparticles. 

 

The DLS polydispersity indicates that, by this criterion (see chapter 2) 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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Figure 3.16ð DLS data comparing CPMVwt and mineralized particles (A) CoPtðCPMV (B) FePtð
CPMV (C) ZnSðCPMV. 

 

 

The zeta potential for suspensions of the mineralized particles in buffer are considerably 

more negative than that for CPMVwt (Figure 3.17), of ca. ï 12 mV, and show that the colloids 

have good stability and no propensity to aggregate. Particles were stable over 2ï3 months. Zeta 

potential values are summarised in Table 3.4. 
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Figure 3.17ð Zeta potential measurement of mineralized (A) CoPtðCPMV (B) FePtðCPMV and (C) 
ZnSðCPMV particles. 

 

Nanoparticle tracking analysis (Figure 3.18), 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 with wildïtype and 

with 
Peptide

CPMV conjugates. The analysis is also consistent with the mineralized particles being 

monodisperse as indicated by the particle size distribution; although for ZnSïCPMV there was a 

little nonïspecific aggregation under the measurement conditions employed.  

 

 
Figure 3.18ð Negative image of a freezeðframe from nanoparticle tracking analysis for mineralizedð
CPMV nanoparticles. Showing that the particles appear individually as point scatterers under 
Brownian motion with a high refractive index. (A) CoPtðCPMV; (B) FePtðCPMV; (C) ZnSð
CPMV. 
 

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

evidence that the templated nanoparticles retain their integrity and monodispersity. 
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Figure 3.19ð SEM image of sputterðcoated FePtðCPMV deposited on a mica surface. 

 

Finally, the magnetic properties for the chimaericïtemplated particles could not be 

obtained because of the low amount of the mineralized particles obtained. However, in order to 

demonstrate that the FePtïCPMV possesses magnetic properties, a large sample of mineralized 

FePtïCPMV (115 mg ml
ï1

, 200 µl) was prepared by the chemical modification route and placed 

beside an external magnet as shown in Figure 3.20. Immediately, a progressive migration of the 

dark nanoparticles 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, Figure 3.20ïC.  

 
Figure 3.20ð Demonstrating magnetic properties of FePtðCPMV prepared by the chemical 

modification route. (A) (115 mg mlð1, 200 µl) FePtðCPMV 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 pellet in (B). Arrow indicates particle 

attracted to the external magnet.  
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3.3.4 Mineralization of peptideðmodified MWCNT  

Carbon nanotubes (CNTs) consist of rolled graphene sheets with diameters in the 

nanometre range and lengths in the micrometre range, and are useful materials with unique 

properties. Matsui and coïworkers showed that nanotubular structures coated with a histidineï

rich peptide can serve as templates to generate mineralized gold nanoparticles on the nanotube 

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 in mind, the chemicallyïcoupledïpeptideïpromoted method of 

mineralization was shown to be a general method for any suitably modified surface. The CoPt 

peptide could easily becoupled to an amine surfaceïfunctionalised MWCNT by the standard 

carbodiimide protocol to give peptideïmodified MWCNT (
PeptideïCoPt

MWCNT). Incubation of 

PeptideïCoPt
MWCNT with cobalt chloride, hexachloroplatinic acid and sodium borohydride 

reductant, followed by purification after 24 hours shows, by TEM, the initiation of 

mineralization (Figure 3.21ïB) at, presumably, the sites of peptide coupling. This process is 

analogous to that which occurs on mineralization of 
PeptideïCoPt

CPMV conjugates as described 

above. Repeating the mineralization process sequentially over seven days produced a thick, ca. 

20 nm, fairly uniform coating, of CoPt on the surface of the MWCNT as confirmed by TEM 

(Figure 3.21ïC) and EDXS (Figure 3.22).  

 

 

Figure 3.21ð Unstained TEM images of peptideðpromoted mineralization of amineðfunctionalised 
MWCNT. (A) amineðfunctionalised MWCNT; (B) PeptideðCoPtMWCNT after 24 hours mineralization 
showing initial nucleation sites of CoPt; (C) CoPtðmineralized MWCNT after 7 days. 
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Figure 3.22ð EDX spectrum of CoPtðmineralized MWCNT. Major peaks for each metal indicated 
with arrows. 

 

3.4 Conclusions  

In conclusion, the successful attachment of peptide that promote certain types of 

mineralization to the external surface of CPMVwt and MWCNT is only the beginning and may 

lead to the synthesis of metallic nanoshells with interesting magnetic and other properties. This 

approach is proven to be general to any surface that could be suitably functionalised. 
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4 Charge promoted mineralization  

4.1 Introduction  

It was apparent, from using peptides coupled to the CPMV exterior capsid to promote 

specific mineralization, that the specificity of the peptide is something imbedded within the 

peptide sequence (Aljabali et al, 2011; Mann, 2001; Willett et al, 2005) although it is not fully 

understood. The composition of the peptides identified by the phageïdisplay peptide library and 

their ability to selectively initiate the nucleation is linked to the biochemical features of the 

peptides; this property depends on the peptide composition and structure and not the peptide 

sequence. Proteins enriched with acidic amino acids (aspartic and glutamic acid) have been 

suggested as nucleation sites for binding Ca
2+

 during the controlled formation of calcite (Addadi 

& Weiner, 1985; Wierzbicki et al, 1994) and calcite deposition on a carboxylateïterminated 

self-assembled monolayer (SAM) (Han & Aizenberg, 2003). However, the presence of charged 

amino acids (such as glutamic and aspartic acid) led me to believe that the charge within the 

peptide is involved in initiation of nucleation that can ultimately lead to mineralization of 

CPMV particles. 

Although the precise reason for selectivity of peptides toward inorganic materials is not 

known, the sequence of the peptides used in the previous chapter suggested to me that the 

overall charge within the peptide is responsible for the initiation of nucleation, although it is not 

clear if it is responsible for selectivity as well. This hypothesis has been used to generate 

mineralized CPMV particles by changing the surface charge of CPMV particles. 

This chapter will describe that there is no requirement for the use of mineral/metal 

specific peptides or the electroless deposition process for the CPMVïtemplated formation of 

monodisperse mineralized nanoparticles; it is sufficient to simply increase the virus surface 

negative charge by a chemical covalent modification process. The chargeïmodified CPMV, as 

proofïofïprinciple, was coated with cobalt or iron oxide to give monodisperse nanoparticles of 

about 32 nm diameter. Further, the iron oxideïCPMV nanoparticle surface can be functionalised 
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with, for example, a thiolated oligosaccharide, showing the potential for a range of 

modifications as depicted in Figure 4.1.  

 

 

Figure 4.1ð Schematic representation of the covalent modification of surfaceðexposed amines on 
the CPMVwt with succinamate (approx. 240 per virion) followed by mineralization and 
functionalisation with a thiolated oligosaccharide. 

 

In addition, polyelectrolyte surfaceïmodified CPMVwt can be used for the templated 

synthesis of gold coated CPMV particles (AuïCPMV). A cationic polyelectrolyte, 

poly(allylamine) hydrochloride (PAH), was electrostatically adsorbed to the external surface 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. In contrast, reaction of polyelectrolyteï

modified CPMV (
PA

CPMV) with preïformed gold nanoparticles resulted in the selfïassembly 

of large, hexagonally packed, tessellatedïspheres. 

4.2 Experimental 

4.2.1 Materials  

Dimethyl sulfoxide Ó 99.9% (DMSO), iron(III) chloride hexahydrate, iron(II) chloride 

tetrahydrate, hexachloroplatinic acid, anhydrous cobalt(II) chloride, poly(allylamine 

hydrochloride) (PAH, MW~ 15,000), poly(fluorescein isothiocyanate allylamine hydrochloride) 

(FITCïPAH, MW~ 9291), gold(III) chloride trihydrate 99.9+%, tetrachloroauric acid and 

sodium borohydride were purchased from SigmaïAldrich; succinic anhydride from Alfa Aesar; 

potassium carbonate from BDH; hydroxylamine hydrochloride, 99%, from Lancaster Synthesis; 

DyLightï594 NHS Ester from Thermo Scientific. All reagents were used without further 
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purification. Solutions were prepared using MilliïQ water with a resistivity of 18.2 Mɋ cm 

(Millipore). 

4.2.2 SuccinamateCPMV 

CPMV particles (10 mg ml
ï1

, 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 concentration was adjusted to 20% (v/v). The reaction pH was monitored and 

maintained if needed at pH 7.0 by the addition of a few drops of 1 mM NaOH. The reaction was 

left overnight at 4 °C, then the modified particles were purified on PDï10 desalting columns, 

followed by overnight dialysis using 100 kDa molecular weight cutïoff membranes against 10 

mM sodium phosphate buffer pH 7.0. The yield of 
Succinamate

CPMV
 
conjugate (superscript 

proceeding the virus acronym refers to external modification), determined by UVïvis 

absorption at 260 nm, was between 80ï90% based on the initial virus concentration. The 

particle integrity was established by native agarose gel electrophoresis, TEM, DLS and zeta 

potential measurements. 

4.2.3 SuccinamateCPMV quantification  

The number of succinic anhydride moieties per particle was determined for 

Succinamate
CPMV conjugate as follows. 

Succinamate
CPMV suspended in 10 mM sodium phosphate 

buffer pH 7.0 was reacted with a 2000 molar excess of NHS esterïactivated amine specific dye, 

DyLight594, in DMSO. The DMSO level was adjusted to 20% (v/v) and the reaction left to 

proceed at 4 °C overnight while gently stirring. The doubly functionalised particles were 

purified on a PDï10 column equilibrated with 10 mM sodium phosphate buffer pH 7.0, and 

eluted samples were concentrated on 100 kDa cutïoff columns before being layered onto 5 ml 

10%ï50% sucrose gradients as described in section (2.17.1). The fractions containing the virus 

particles were collected and dialysed against 10 mM sodium phosphate buffer pH 7.0 for 2 days 

with changing buffer every 12 hours. After further concentration on 100 kDa cutïoff columns, 
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fluorescence was examined by either UVïvis or on agarose electrophoresis gels, a lack of 

fluorescence indicating the complete modification of the virus by succinic anhydride. 

4.2.4 CoðCPMV   

Succinamate
CPMV preïactivated particles (3 mg ml

ï1
, 1 ml) suspended in 10 mM sodium 

phosphate buffer pH 7.4 were incubated with 20 mM cobalt(II) chloride at ambient temperature, 

while gently shaking at 50 rpm for 1ï2 hours. Freshly prepared sodium borohydride (2mM) in 

Milli ïQ water was added and the mixture incubated for another 10ï30 minutes at ambient 

temperature. Particles were recovered by centrifugation at 14000 rpm (bench top, Eppendorf) 

for 20 minutes. The supernatant containing the CoïCPMV nanoparticles was further purified on 

PDï10 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 

against 10 mM sodium phosphate buffer pH 7.0 for 15 hours. 

4.2.5 Iron oxideðCPMV  

Succinamate
CPMV preïactivated particles (1ï1.2 mg ml

ï1
, 2 ml) suspended in 10 mM 

sodium phosphate buffer pH 7.4 were incubated with 2 mM iron(II) chloride tetrahydrate and 4 

mM iron(III) chloride hexahydrate at ambient temperature, while gently shaking at 50 rpm for 

1ï2 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 for CoïCPMV. Sucrose gradient 

centrifugation was essential to remove all the impurities from the sample. 

4.2.6 Mössbauer spectroscopy analysis  

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

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

The magnetic measurements were conducted as a collaborative project with Drs. Oscar 

Céspedes and Sarah Staniland, School of Physics and Astronomy, University of Leeds, United 

Kingdom. Detailed experimental procedures are presented in section 2.14. 

4.2.8 MetalðCPMV functionalisation with thiolated oligosaccharide  

Freshly prepared iron oxideïCPMV or AuïCPMV particles (1 mg ml
ï1

, 3 ml) 

suspended in 10 mM sodium phosphate buffer pH 7.0, were incubated with 0.5 mg of 1ïthioïɓï

Dïmaltoheptaose. The reaction mixture was purified on a PDï10 column, dialysed against 10 

mM sodium phosphate buffer pH 7.0 for 2 days and concentrated using 100 kDa molecular 

weight cutïoff membranes. 
Oligosaccharide

metalïCPMV particles were analysed by mass 

spectrometry. 

4.2.9 AuðCPMV functionalisation with cysteamine 

To AuïCPMV (1 mg ml
ï1

) 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 ambient temperature. 
Cysteamine

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. 
Cysteamine

CPMV particles were incubated with amineïspecific DyLightï594 NHS 

ester (65 µg) for 2 hours at ambient temperature while gently stirring. 
DyLightï594ïcysteamine

Auï

CPMV particles were purified on sucrose gradient as described above, and then dialysed for 24 

hours against 10 mM sodium phosphate buffer pH 7.4.  

4.2.10 MALDI ðTOF mass spectrometry (MS) 

MS analysis was performed on iron oxideïCPMV and AuïCPMV both addressed with 

thiolated oligosaccharide (1ïthioïɓïDïmaltoheptaose). Particles were mixed in a 1:1 ratio with 

the matrix (2,4,6ïtrihydroxyacetophenone, 10 mg ml
ï1

 in 70% aqueous acetonitrile) and 1 µl 

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

processed in FlexAnalysis (Bruker). MS analysis was conducted in collaboration with Dr. 

Abdul Rashid, John Innes Centre, UK. 

4.2.11 CPMVðPoly(allylamine) hydrochloride (PACPMV) 

Freshly prepared CPMV particles (1 mg ml
ï1

, 1 ml) were suspended in MilliïQ water 

and added dropwise over 5 minutes, with continuous stirring, to a freshly prepared PAH (1 mg 

ml
ï1

) solution in aqueous 0.25 M NaCl. The cationic polyelectrolyte was allowed to adsorb onto 

the virus capsid for 30 minutes while gently shaking at 4 °C. The polycationïcoated CPMV 

particles (
PA

CPMV) were washed 3ï4 times with MilliïQ water (15 ml) on 100 kDa cutïoff 

membranes, followed by dialysis against 10 mM sodium phosphate buffer pH 7.0 for 3 hours. 

PA
CPMV was obtained in approximately 50% yield.  

 
FITCïPA

CPMV  was prepared by a similar method except that the incubation was for 15 minutes. 

4.2.12 Gold hydroxide solution 

Gold(III) chloride trihydrate (17.4 ml of 25 mM solution) was diluted with MilliïQ 

water (982.6 ml), and then potassium carbonate (249 mg, 1.8 mM) was added. The solution was 

aged for 1ï2 days in the dark (foil wrapped) at 4 °C, during which it changed colour from 

yellow to colourless due to the formation of gold hydroxide (Graf & van Blaaderen, 2002; Kuo 

et al, 2008). 

4.2.13 Gold coated CPMV nanoparticles (AuðCPMV)  

Freshly prepared 
PA

CPMV particles (1ï1.5 mg ml
ï1

, 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 aqueous solution of hydroxylamine 

hydrochloride to a final concentration of 20 mM. The reaction was left to proceed for a further 
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20 minutes at ambient temperature. AuïCPMV particles were spun at 14000 rpm (bench top 

centrifuge) for 20 minutes to remove any large aggregates before being layered onto 5 ml 10%ï

50% sucrose gradients (as described in section 2.17.1). Sucrose fractions containing AuïCPMV 

particles (bluish colour) were collected and dialysed against 10 mM sodium phosphate buffer 

pH 7.0 for 15 hours using 100 kDa molecular weight cutïoff membranes. The AuïCPMV 

particles were concentrated and the yield determined, by UVïvis absorption at 260 nm, to be 

approximately 50ï60% based on starting concentration of 
PA

CPMV. 

4.2.14 Gold nanoparticle (AuNP) preparation 

A modification of a published protocol was used (Hone et al, 2003). In brief, 

tetrachloroauric acid trihydrate (HAuCl4.3H2O) (12.5 mg, 0.032 mM) was dissolved in water 

(100 ml) and the solution heated to 60 °C. A second solution of trisodium citrate dihydrate (50 

mg, 0.170 mM) in water (50 ml) was also heated to 60 °C. Both solutions were rapidly mixed 

and heated with stirring at 85 °C for 150 minutes. After cooling, the red wineïcoloured solution 

was filtered through a syringe filter (0.22 µm) and stored at 4 °C. TEM and DLS confirmed a 

AuNP size of 10 ï 18 nm. 

4.2.15 PACPMV and preðformed AuNP (tessellatedðspheres) 

PA
CPMV particles (1 mg ml

ï1
, 400 ɛl) and a suspension of citrateïcapped gold 

nanoparticles (400 ɛl, AuNP as prepared in 4.2.14) were reacted together with gentle stirring at 

ambient temperature for 10ï15 minutes. The solution colour changed from red to light purple. 

UVïvis spectroscopy was used to monitor the formation of tessellatedïspheres as confirmed by 

TEM. 

For the characterisation methods used in this chapter (immunological detection, 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 mineralization as described in chapter 3, and those of 

others (Addadi & Weiner, 1985; Wierzbicki et al, 1994), suggested that the initiation of 

mineralization is related to the presence of negatively charged amino acids. CPMV can be 

considered as an anionic macromolecule at neutral pH with an isoelectric point (pI) of 4.3 ± 0.1 

(Kewalramani et al, 2011). 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 bond to the lysine amineïnitrogen and a free 

carboxylate group at the other end of the ringïopened molecule (Hermanson, 2008); Figure. 4.1. 

Coverage of at least 240 surface addressable lysines with succinamate was achieved. No amineï

specific dye could be coupled to the virus capsid postïmodification, as shown by the lack of dye 

absorbance in the UVïvis spectrum following rigorous purification (as described in section 

2.17), confirming that no addressable lysine groups remain.  

Succinamate
CPMV particle integrity was established by uranyl acetateïstained TEM images 

as shown in Figure 4.2ïA. As expected, there was no significant difference in size or structure 

compared with CPMVwt. 
Succinamate

CPMV was found to be stable for at least two months in 10 

mM sodium phosphate buffer pH 7.0. In addition, TEM shows no aggregation of 

Succinamate
CPMV particles on any of the samples prepared during this study.  

Succinamate
CPMV particles in buffer were incubated with the appropriate reagents for 

mineralization. 
Succinamate

CPMV when incubated with cobalt chloride followed by reduction with 

sodium borohydride gave cobalt coated CPMV nanoparticles (CoïCPMV). Treatment under 

alkaline hydrolysis conditions that favour the formation of magnetite (Wu et al, 2009), Fe3O4, 

by incubation with a 2:1 mixture of iron(II) and iron(III) salts followed by raising the pH to 

approximately 10.2 for 1 hour, gave iron oxide coated CPMV particles (iron oxideïCPMV).  
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The unstained TEM images of the mineralized particles reveal monodisperse 

nanoparticles of ca. 32 nm. The appearance of the mineralized CPMV particles is similar to that 

which has been previously observed for templated mineralizedïCPMV as discussed in chapter 

3. For particles obtained by alternative methods see chapters 3, 4, and 5 (Aljabali et al, 2010b; 

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

 

Figure 4.2ð TEM images for (A) uranyl acetate stained SuccinamateCPMV, (B) unstained CoðCPMV 
and (C) unstained iron oxideðCPMV particles from sucrose gradient. Inset shows higher 
magnification particles. 

 

The presence of succinamate, and hence the extra surface negative charge, was essential 

for templatedïmineralization. CPMVwt when incubated under identical conditions, with the 

same concentration of reagents, resulted in visible bulk precipitation and only nonïspecific 

mineralization; particles with a wide size distribution were obtained as shown by TEM in Figure 

4.3. 

 

Figure 4.3ð Unstained TEM of positive control of CPMVwt under identical mineralization 
conditions as those to form templated iron oxideðCPMV, only nonðspecific mineral formation of 
variable particle size was observed. 
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Succinamate
CPMV particles have a zeta potential almost twoïandïaïhalf fold more 

negative than CPMVwt, consistent with successful surface modification and the consequent 

increase in surface negative charge; the data is summarised in Table 4.1. The ZP values for 

suspensions of mineralized CoïCPMV and iron oxideïCPMV are considerably more negative 

than that for CPMVwt, of ca. ï12 mV, and for 
Succinamate

CPMV of ca. ï28 mV, indicating that the 

colloids have good stability and show no propensity to aggregate. 

 

 Diameter (nm) Polydispersity (%) Zeta potential (mV) 

CPMVwt 28.2 ± 0.4 13.0 ð12.3 ± 1.40 
SuccinamateCPMV 28.9 ± 0.3 16.5 ð28.2 ± 2.34 

CoðCPMV 31.2 ± 0.5 18.4 ð41.2 ± 1.15 

Iron oxideðCPMV 32.4 ± 0.5 20.9 ð39.0 ± 2.4 

Table 4.1ð Dynamic light scattering and zeta potential measurements. 

 

Native agarose gel electrophoresis as shown in Figure 4.4, visualised by ethidium 

bromide staining of encapsidated RNA or Coomassie blue staining of protein, also reflected the 

increased surface negative charge of 
Succinamate

CPMV, as the particles migrate further in the gel 

than CPMVwt particles. Agarose gel electrophoresis of iron oxideïCPMV (Figure 4.4ïA), 

stained with ethidium bromide, shows some weak fluorescent intensity associated with bands of 

different mobility to CPMVwt and 
Succinamate

CPMV, suggesting limited porosity of the iron oxide 

surface to ethidium bromide, which intercalates with encapsidated RNA. However, Coomassie 

blue stained gels detect no colouration for the mineralized particles, consistent with the 

mineralized virus surface being inaccessible to this stain (Figure 4.4ïB). CoïCPMV when run 

on an agarose gel (Figure 4.4) cannot be visualised by either ethidium bromide or Coomassie 

staining, implying that the cobalt forms an impervious shell on the virus surface. 
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Figure 4.4ð Agarose gel electrophoresis (1.2%) of intact CPMV particles visualised by (A) ethidium 
bromide staining, (B) coomassie staining. Lane 1, CPMVwt; 2, SuccinamateCPMV; 3, mineralizedð
CPMV. 

 

Energy dispersive Xïray spectroscopy (EDXS, Figure 4.5) of CoïCPMV and iron 

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

no significant amount of oxygen in the EDXS of CoïCPMV, so there is no evidence of cobalt 

surface oxidation.  

 

Figure 4.5ð EDX spectrum of mineralizedðCPMV particles. (A) CoðCPMV, cobalt peak indicated 
by red arrow, and (B) Iron oxideðCPMV, iron and oxygen peaks indicated by red arrows. 
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Immunological detection (dot blots) of the surface of both CPMVwt and 
Succinamate

CPMV 

can be detected immunologically (Figure 4.6). However, both iron oxideïCPMV and cobaltï

CPMV, when probed immunologically, could not be observed (Figure 4.6), consistent with the 

mineral surfaceïcoating preventing access of the antibody. CoïCPMV particles were detected 

when stained with a cobalt specific dye, 1ïnitrosoï2ïnaphthol, whereas CPMVwt and 

Succinamate
CPMV were not stained (Figure 4.6ïB). Similarly, iron oxideïCPMV particles stained 

with Prussian blue (Figure 4.6ïB) confirming the presence of iron (Aljabali et al, 2010c).
 

 

Figure 4.6ð Intact particles spotted on a nitrocellulose membrane probed with (A) polyclonal 
antibodies raised against CPMV particlesðdark spots show CPMV coat protein; (B) specific 
staining, 1ðnitrosoð2ðnaphthol to stain for cobalt and Prussian blue stain for iron. Column 1, 
CPMVwt; 2, SuccinamateCPMV; 3, mineralizedðCPMV. 

 

Dynamic light scattering (DLS) and zeta potential measurements are collected in Table 

4.1, 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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Figure 4.7ð DLS and correlation plot for CPMVwt, CoðCPMV and iron oxideðCPMV particles. 

 

The zeta potential for the mineralized particles suspended in buffer is considerably more 

negative than CPMVwt; by this criterion, the mineralized particles have good colloidal stability. 

ZP was a useful tool in monitoring the changes in the surface charge as a consequence of virus 

surface modification.  

 

Figure 4.8ð Zeta potential measurements of CPMVwt, SuccinamateCPMV, CoðCPMV and iron oxideð
CPMV suspended in buffer at pH 7.2. 

 

Although the conditions used for the formation of the iron oxide coating were chosen to 

favour mineralization with magnetite (Qu et al, 1999; Wu et al, 2009) as shown in equation 1, 

the presence of hematite (ŬïFe2O3) or maghemite (ɔïFe2O3) cannot be discounted. 

 

In an attempt to establish the form of iron oxide coating the surface of CPMV, 

Mössbauer spectra were recorded of samples of
 57

Feïenriched iron oxideïCPMV (Experiments 

were conducted by Prof. Dave Evans and Mrs Elaine Barclay). At 80 K, in frozen solution, a 

single quadrupole split doublet was observed with isomer shift (i.s.) of 0.49 mms
ï1

 and 

quadrupole splitting (q.s.) of 0.64 mms
ï1

,
 
Figure 4.9. These values are very similar to those 

recorded in the solid state (Figure 4.10) at 80 K, 0.48 and 0.61 mms
ï1

, respectively. At 298 K in 

the solid state, the i.s. was 0.37 mms
ï1

, as expected when changing the temperature by this 

amount, and the q.s., 0.61 mms
ï1

, was found to be invariant with temperature. The values of i.s. 

2FeCl3 + FeCl2 + 8NaOH Ÿ Fe3O4 + 8NaCl + 4H2Oééééééé..(1) 
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and q.s. are fully consistent with the iron oxide being 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 ï 0.36 mms
ï1

 and q.s. values from 0.60 ï 0.65 mms
ï1 

(Ambashta et al, 2005; 

Marques et al, 2008; Wang & Jiang, 2009). However, Mössbauer 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.s. 0.40 ï 0.49 mms
ï1

 and q.s. of 0.45 ï 

0.60 mms
ï1 

(Camargo et al, 2004; Greenwood & Gibb, 1971). 

 

 

Figure 4.9ð Frozen solution Mössbauer spectrum at 80 K of iron oxideðCPMV. 

 

 

Figure 4.10ð Mössbauer spectrum of iron oxideðCPMV in the solid state (A) At 80 K, there is a 
very small contribution from an underlying sixðline spectrum. (B) At 298 K. 

 

The single quadrupole split doublet for the superparamagnetic nanoparticles should be 

contrasted with the two, partially resolved, overlapping, hyperfine split, sixïline spectra 
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observed for bulk magnetite Figure 4.11 and the single sixïline spectrum observed for bulk 

hematite (Greenwood & Gibb, 1971). 

 

Figure 4.11ð Mössbauer spectrum of bulk magnetite in the solid state at 80 K. 

 

If  the reaction time for the alkaline hydrolysis was too short a Mössbauer spectrum was 

obtained that showed two overlapping quadrupole split doublets (Figure 4.12). The minor 

doublet had parameters similar to those observed above for superparamagnetic magnetite 

nanoparticles and the major doublet had parameters (i.s. = 1.32 and q.s. = 3.09 mms
ï1

) that 

correspond to Fe(OH)2 (Greenwood & Gibb, 1971); the alkaline hydrolysis and consequent 

formation of iron oxide was not complete. 

 

Figure 4.12ð Frozen solution Mössbauer spectrum at 80 K of reaction intermediate. Major doublet 
corresponds to Fe(OH)2 and minor doublet to nanoparticulate superparamagnetic iron oxide. 
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Vibrating sample magnetometry data, conducted by Dr Sarah Staniland and Dr Oscar 

Céspedes, of iron oxideïCPMV is also fully consistent with the particles exhibiting 

superparamagnetic behaviour with a blocking temperature (TB) of around 60 K. The zero field 

cooled (ZFC) and field cooled (FC) magnetization curves (Figure 4.13) are typical 

magnetization curves for magnetic nanoparticles. Under FC conditions, there is no sharp change 

in the magnetization value from 380 K to 10 K. The ZFC curve shows a broad maximum at the 

temperature corresponding to TB, below which there is a sharp decrease in magnetization. The 

Verway transition was not visible but this is normal for this size of particles. Variations of the 

magnetization of the sample as a function of applied field, hysteresis loops (Figure 4.13), are 

clearly superparamagnetic at temperatures above TB and ferromagnetic below. 

 

 

Figure 4.13ð Zero field cooled (ZFC) and 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 oxideðCPMV functionalisation 

Iron oxideïCPMV particles were functionalised with a thiolated oligosaccharide (1ï

thioïɓïDïmaltoheptaose), as proofïofïprinciple that the surface can be further modified, and 

characterized by mass spectrometry. After rigorous purification (as described in section 2.17) of 

the 
Oligosaccharide

iron oxideïCPMV particles (as described in section 2.17), MALDIïTOF 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 [M2+K]

+
, consistent with functionalisation of the iron oxide 

surface with the thiolated oligosaccharide. Although the thiolated oligosaccharide may bind 

directly to the iron within the iron oxide coating, it is also likely that the thiol group interacts 

with hydroxylïgroups generated on the surface by partial hydrolysis in aqueous media (Boyer et 

al, 2009a; Boyer et al, 2009b). 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. 

 

Figure 4.14ð Mass spectrum of Oligosaccharideiron oxideðCPMV showing the corresponding peaks, 
[M+Na]+= 1191.571, [M+K]+ = 1207.551 and [M2+K] += 2373.843. The upper panel is for iron 
oxideðCPMV and the lower panel is for Oligosaccharide iron oxideðCPMV.  

 

4.4 CPMVðpolyelectrolyteðtemplated gold nanoparticles 

Gold nanoparticles have attracted significant interest because of their great potential in 

photothermal therapy, drug delivery and diagnostics (Ghosh et al, 2008), and for applications as 

plasmonic nanostructures for the optical sensing of biological and chemical analytes (Evans, 

2008; Evans, 2009; Evans, 2010; Steinmetz & Evans, 2007). Access to a wide range of 
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derivatives and functional moieties adds to the versatility of gold nanoparticles for innumerable 

applications in the fields of biomedicine and nanotechnology.  

The value of gold nanoparticles arises from a variety of desirable structural attributes. 

Additionally, the interaction of biological systems with gold nanoparticles has attracted 

considerable attention. For example, a living fungus can óactivelyô assemble gold nanoparticles 

over its hyphae to give conducting microstructures (Sugunan et al, 2007). The bacterium 

Escherichia coli has been converted into a biocompatible bacteriaïgold nanocomposite for 

photothermal antiïcancer therapy (Kuo et al, 2008) and Chilo iridescent virus (CIV) has been 

shown to be a useful core substrate for the fabrication of metallodielectric plasmonic 

nanostructures (Radloff et al, 2005a).  

Genetically modified CPMV, with cysteine residues introduced onto its external 

surface, has been shown to bind to preformed nanogold (Blum et al, 2004; Wang et al, 2002a; 

Wang et al, 2002d). On the contrary, the approach presented in here is template synthesis of 

goldïcoated CPMV particles. 

Herein, a cationic polyelectrolyte, poly(allylamine) hydrochloride (PAH), was 

electrostatically adsorbed onto the external surface of the virus capsid. The polyelectrolyte 

(polymer whose repeating units bear an electrolyte group. These groups will dissociate in 

aqueous solutions, making the polymers charged) 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 in Figure 4.15. The process is simple and environmentally 

friendly, as only aqueous solvent and ambient temperature and pressure are required. In 

addition, this route offers a way to produce AuïCPMV with a narrow size distribution. As 

expected, the gold surface can be further modified with thiol reagents. In contrast, reaction of 

polyelectrolyteïmodified CPMV (
PA

CPMV) with preïformed gold nanoparticles resulted in the 

selfïassembly of large, hexagonally packed, tessellatedïspheres. 
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Figure 4.15ð Schematic representation of the polyelectrolyte adsorption onto the CPMV capsid 
followed by the subsequent incubation with the gold solution to generate AuðCPMV. 

 

4.4.1 Polyelectrolyte adsorption onto CPMV surface 

As stated in section 4.3.1, CPMV can be considered as an anionic macromolecule at 

neutral pH with an isoelectric point (pI) of 4.3± 0.1 (Kewalramani et al, 2011). At physiological 

pH (pH 7.4), aspartic and glutamic acid residues situated on the virus capsid surface are 

deprotonated, so the surface presents an overall negative charge. Incubation of CPMV with 

PAH led to electrostatic adsorption of a thin layer of cationic polyelectrolyte onto the capsid 

surface as confirmed by zeta potential measurements. The negatively charged CPMVwt 

particles, in 10 mM sodium phosphate buffer pH 7.4, have a zeta potential of ca. ï12.3 ± 1.76 

mV (Aljabali et al, 2010b; Aljabali et al, 2011). After deposition of the polyelectrolyte, 

PA
CPMV exhibits a zeta potential of +67.8 ± 2.35 mV; the sign of the potential is reversed, 

consistent with the surface charge changing from negative to positive.   

Further confirmation of polyelectrolyte adsorption onto the surface of CPMV was 

obtained by the use of fluorescently labelled polyelectrolyte; fluorescein isothiocyanateïlabelled 

poly(allylamine hydrochloride) (FITCïPAH). The UVïvis spectrum of 
FITCïPA

CPMV
 
showed 

the presence of a new peak at 500 nm arising from the fluorescent label and confirming 

successful surface modification with 
FITCïPAH

CPMV (Figure 4.16).  
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Figure 4.16ð UVðvis absorption spectrum of CPMVwt (blue line) and FITCðPACPMV (red line). 

 

Comparison of native agarose gel electrophoresis of CPMVwt, 
PA

CPMV and 
FITCïPA 

CPMV
 
showed that: (a) both CPMVwt and 

PA
CPMV were not visible without staining; (b) both 

PA
CPMV and 

FITCïPA
CPMV resided in the sample well and did not migrate under the electric 

field conditions employed (Figure 4.17). The lack of migration from the well is probably a 

consequence of the presence of electrostatically bound polyelectrolyte on the virus surface and 

not of particle aggregation. DLS of 
PA

CPMV (Figure 4.18) gave a hydrodynamic diameter of 32 

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

narrow distribution and no aggregation. 

 

Figure 4.17ð Agarose gel electrophoresis (1.2%). (A) unstained, (B) ethidium bromide stained and 
(C) coomassie blue stained. Lane 1, CPMVwt, Lane 2, PACPMV and Lane 3, FITCðPACPMV. 

 



CHAPTER 4 
 

97 

 

 

Figure 4.18ð DLS of PACPMV showing narrow size range (hydrodynamic diameter 32 nm) and no 
aggregation (narrow size distribution in B). 

 

PA
CPMV particle integrity was confirmed by negative staining TEM (Figure 4.19ïA), 

the particles show a similar morphology to CPMVwt. No aggregation was observed in any of 

the TEM samples. 

 

 

Figure 4.19ð TEM images of (A) uranyl acetate stained PACPMV, (B) unstained AuðCPMV, inset is 
high magnification TEM image of unstained AuðCPMV. 

 

4.4.1.1 Gold coated CPMV particles  

An aqueous gold hydroxide solution was prepared by a published procedure (Graf & van 

Blaaderen, 2002; Kuo et al, 2008) from gold(III) chloride and potassium carbonate (Equation 2). 

Treatment of 
PA

CPMV with this solution for two hours, followed by hydroxylamine 

hydrochloride reduction for 20 minutes, and then rigorous purification (as described in section 

2.17), produced gold coated CPMV nanoparticles as shown in Figure 4.19ïB.  
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Initially, anionic gold(III) hydroxyl complex was electrostatically adsorbed onto the 

cationic surface of 
PA

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 purple as seen in Figure 4.20ïC and the UVïvis spectrum exhibited a surface plasmon 

resonance band at ca. 630 nm as seen in Figure 4.21. Additionally, both experiment controls 

(vial A and B in Figure 4.20) were investigated by TEM, unstained images shown in Figure 

4.22 revealed a different morphology to that observed for the AuïCPMV particles (Figure 4.19-

B).  

 

Figure 4.20ð Photographic images of gold coating reaction. (A) in the absence of PACPMV, (B) in 
the presence of CPMVwt and (C) with PACPMV forming AuðCPMV. Image was taken by Andrew 
Davis, Bioðimaging facilities at JIC. 

 

K2CO3 + 2H2O Ÿ H2CO3
 
+ 2KOH 

HCO3
ï 
+ HAuCl4 Ÿ [AuCl4]

ï 
+ H2CO3 

[AuCl4]
ï 
+ xOH

ï
 Ÿ Au(OH)xCly

ï
 (x + y = 4) + (4ïy)Cl

ï
 ééééé.(2) 
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Figure 4.21ð UVðvis absorption spectrum of AuðCPMV showing plasmon resonance peak 
at ca. 630 nm for 67 nm diameter AuðCPMV. 
 
 

Unstained TEM images of AuïCPMV particles (Figure 4.19ïB) confirmed that gold 

had been deposited on the surface and agreed with the DLS measurements. Unstained 
PA

CPMV 

was not visible by TEM. The gold coating on the virus capsid was rough with an irregular 

surface (Figure 4.19ïinset) and the mineralization of the surface probably occurred by an 

Ostwald ripening process (McNaught & Wilkinson, 1997). The structural appearance of the Auï

CPMV particles is reminiscent of the morphological forms obtained when gold is electrolessly 

deposited onto the surface of gold nanoparticle seeded Chilo iridescent virus (Radloff et al, 

2005a). Control experiments, keeping all other reaction conditions the same, where either 

PA
CPMV was omitted (no virus) or CPMVwt was used, resulted in the immediate formation of a 

black precipitate of gold aggregates with a wide size distribution and irregular shapes as shown 

by TEM in (Figure 4.22). 
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Figure 4.22ð Unstained TEM images of products from (A) all reagents for AuðCPMV synthesis 
except PACPMV (i.e. no virus) and (B) all reagents for AuðCPMV synthesis except that PACPMV 
was substituted by CPMVwt. In both cases, large aggregates and irregular shaped particles were 
observed. In (B) a different morphology to templated AuðCPMV was observed, as the aggregates 
are comprised of multiple small gold nanoparticles; examples of unmineralized CPMV are shown in 
the red circles. 

 

AuïCPMV particles suspended in buffer have a zeta potential of ï46.9 ± 1.39 mV, of 

opposite sign to cationic 
PA

CPMV and significantly more negative than CPMVwt. The higher 

negative 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 indication that the colloids have 

good stability and no propensity to aggregate in buffer solution.  

The AuïCPMV particle size in buffer, as measured by DLS (Figure 4.23), shows an 

average hydrodynamic diameter of ca. 67 nm suggesting that the gold coating has a thickness 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 particles are 

mineralized on their outer surfaces. The thickness of the gold coating can be controlled. 

Treatment of 
PA

CPMV under the standard conditions as described in the experimental section 

(4.2.12) gave a particle size of ca. 67±5 nm. Keeping all other conditions the same but reducing 

the volume of the gold solution aliquot by half gave particles of ca. 40 nm diameter, whereas 

doubling the gold solution aliquot gave much larger particles of ca. 300 nm diameter. 
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Figure 4.23ð Dynamic light scattering (DLS) comparing CPMVwt and AuðCPMV. (A) 
hydrodynamic radius and (B) correlation plot. 

 

Energy dispersive Xïray spectroscopy (EDXS) and DLS confirmed the presence of 

gold on the external surface of AuïCPMV as shown in Figure 4.24. In addition, nanoparticleï

tracking analysis, based on laser light scattering microscopy, was also consistent with gold 

deposition (Figure 4.25). There was a significant increase in the relative refractive index of Auï

CPMV compared to CPMVwt and 
PA

CPMV. This analysis is also consistent with the 

mineralized particles being monodisperse as indicated by the particle size distribution; although 

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

 

 

Figure 4.24ð Energy dispersive Xðray spectroscopy of AuðCPMV particles. The arrow indicates the 
major gold peak. 
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Figure 4.25ð Negative image of a freezeðframe from nanoparticle tracking analysis of AuðCPMV 
nanoparticles. The particles appear individually as point scatterers under Brownian motion with a 
high refractive index. 

 

Further, the CPMV coat protein of AuïCPMV was not detected immunologically 

(Figure 4.26). CPMVwt, 
PA

CPMV and AuïCPMV were spotted onto a nitrocellulose 

membrane, which, after blocking, was probed with polyclonal antibodies raised in rabbits 

against CPMV particles. In the case of CPMVwt and 
PA

CPMV a signal was obtained, 

confirming the presence of CPMV coat protein; for the AuïCPMV particles the coat protein 

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

 

 

Figure 4.26ð Immunological detection of coat protein for CPMVwt, PACPMV and AuðCPMV 
intact particles. In the latter case, coat protein is inaccessible due to the gold coating. 
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4.4.1.2 AuðCPMV functionalisation 

AuïCPMV particles were functionalised with a thiolatedïoligosaccharide (1ïthioïɓï

Dïmaltoheptaose), as proofïofïprinciple that the surface can be further modified and 

characterised by mass spectrometry. After rigorous purification of the 
Oligosaccharide

AuïCPMV 

particles, MALDIïTOF mass spectrometry (Figure 4.27) showed the presence of peaks with 

m/z of 1191.453 [M+Na]
+
, 1207.430  [M+K]

+
 and 2373.803 [M2+K]

+
, consistent with 

functionalisation of the gold surface with the thiolatedïoligosaccharide. In addition, AuïCPMV 

particles can be functionalised with cysteamine. The thiol group of the cysteamine binds to the 

gold surface; the amine group of the conjugatedïcysteamine can then be reacted with an amineï

specific fluorescent dye confirming that the gold surface has been modified (Figure 4.28). The 

ease by which the surface gold can be addressed with thiolated molecules demonstrates the 

potential 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. 

 

Figure 4.27ð Mass spectrum of (top) negative control, i.e. AuðCPMV, and (bottom) OligosaccharideAuð
CPMV showing peaks 1191.453 [M+Na]+, 1207.430 [M+K]+ and 2373.803[M2+K] +. 
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Figure 4.28ð UVðvis absorption spectrum of AuðCPMV (A) and CysteamineCPMV after reaction with 
amineðspecific dye, DyLightð594ðCysteamineAuðCPMV, (B). Right panel shows the corresponding 
photographic image confirming functionalisation of the gold surface with DyLightð594. 

 

4.4.1.3 PACPMV and preðformed AuNP 

In order to establish whether preïformed gold nanoparticles could interact with 

PA
CPMV, the polyelectrolyteïmodified virus was incubated with citrateïcapped gold 

nanoparticles (AuNP). The UVïvis spectrum presented in Figure 4.29 indicates that the 

interparticle distances in the tessellatedïsphere are obviously less than the average particle 

diameter. This was further confirmed by the stained TEM images showed that large, 

hexagonally packed, tessellatedïspheres had assembled that incorporated both virus and gold 

nanoparticles (Figure 4.30ïB & C). These remarkable, spherical structures had diameters of up 

to several hundred nanometres. On mixing 
PA

CPMV with AuNP there was an immediate colour 

change from red to pale purple as shown in Figure 4.30ïA. The colour of the solution of such 

aggregates depends on the nanoparticle spacing and on the size of gold nanoparticles. 

Nanoparticle aggregates of gold with interparticle distances substantially greater than the 

average particle diameter appear red with ɚmax ~ 520 nm, but as the interparticle distance in the 

aggregates decrease to less than approximately the average particle diameter, the colour 

becomes blue (Hainfeld & Powell, 2000; Nam et al, 2002). The 3ïdimensional spherical shape 

was confirmed by scanning electron microscopy of sputterïcoated particles (Figure 4.31).  
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Figure 4.29ð UVðvisible spectrum of the tessellatedðspheres. Spectrum (1) CPMVwt (2) gold 
nanoparticles with absorbance max at 520 nm, (3) the incubation of PACPMV with AuNP after 2 
minutes and (4) after 24 hours incubation. 

 

 

Figure 4.30ð Tessellatedðspheres formation. (A) photographic image of (a) AuNP and (b) PACPMV 
mixed with AuNP. The colour change was immediate and corresponds to the selfðassembly of 
tessellatedðspheres. (B) Stained TEM image of a single tessellatedðsphere showing the CPMV 
particles as hexagonallyðpacked mosaic pieces in a spherical arrangement together with gold 
nanoparticles and (C) tessellatedðspheres of a range of sizes. The black spheres within the 
tessellatedðsphere are gold nanoparticles. 

 

 

Figure 4.31ð Scanning electron microscope and DLS analysis of the tessellatedðspheres. (A) single 
sputterðcoated tessellatedðsphere on a mica surface and (B) DLS analysis of tessellatedðspheres 
showing 5% of the sample is the size of CPMVwt and the tessellatedðspheres have an 
hydrodynamic radius of 115ð120 nm. 
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The colour of the tessellatedïspheresïcontaining solution in this case indicates that the 

interparticle distances in the tessellatedïsphere are obviously less than the average particle 

diameter, which is also evident from the TEM studies. However, control experiments (Figure 

4.32) showed that it was essential for both preïformed 
PA

CPMV and AuNP to be present for 

selfïassembly. Reaction of either: (a) citrate with 
PA

CPMV; (b) CPMVwt with both citrate and 

AuNP; or (c) PAH, citrate, CPMVwt and AuNP, resulted in no colour change and only gave, in 

each case, normal looking, nonïselfïassembled, virus particles as shown by TEM. Others have 

shown that CPMV (Li et al, 2008)
 
and turnip yellow mosaic virus (Li et al, 2009)

 
can be used to 

synthesise bioïcolloidal composites based upon nonïcovalent interactions of the icosahedral 

plant viruses with poly(4ïvinylpyridine). However, in these systems, in contrast to that reported 

here, the virus particles assemble on the surface of poly(4ïvinylpyridine) polymer balls with 

hexagonïlike packing to form ñraspberryïlikeò structures. Recently, the electrostatic selfï

assembly of virusïpolymer complexes of Cowpea chlorotic mottle virus and cationic amine 

functionalised linear polymers, dendrons and dendrimers has been described, and the effect of 

polymer size and ionic strength has been reported (Kostiainen et al, 2011).
 
Hexagonal packing 

was observed within the virusïpolymer structures but the structures were less symmetrical than 

those we observed. The mechanism of formation also must be different, as for 
PA

CPMV to form 

selfïassembled structures; it was a requirement that AuNP were present. 

 

 

Figure 4.32ð Uranyl acetate stained TEM images for PACPMV/AuNP control experiments. (A) 
citrate with PACPMV (no AuNP), (B) CPMVwt with both citrate and AuNP, (C) PAH, citrate, 
CPMVwt and AuNP. 
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4.4.2 Conclusion 

It has been shown that by increasing the surface negative charge of CPMV by chemical 

modification of lysines with succinamate was sufficient to promote surface mineralization under 

mild conditions. The CPMVïtemplated cobalt and iron oxide nanoparticles that were produced 

are monodisperse with a diameter of ca. 32 nm. Further, the iron oxideïCPMV surface can be 

readily modified by reaction with thiolïcontaining molecules. The magnetic properties for iron 

oxideïCPMV particles were established.  

A new approach has been described for the CPMVïtemplated synthesis of 

monodisperse gold nanoparticles. Cationic polyelectrolyte, poly(allylamine) hydrochloride, was 

electrostatically bound to the external surface of the virus capsid. The CPMVïpolyelectrolyte 

conjugate, 
PA

CPMV, has an increased surface positive charge compared to wildïtype and 

readily attracts anionic gold complexes to the surface. Gold(III) ions were then easily reduced, 

under 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. 

AuïCPMV particles might be developed in the future for possible photothermal cancer 

treatment. The gold surface can be further modified with thiol reagents; here a thiolatedï

oligosaccharide or cysteamine was used. In contrast, reaction of 
PA

CPMV with preïformed gold 

nanoparticles of 10ï18 nm diameter resulted in the selfïassembly of beautiful, large, 

hexagonally packed, tessellatedïspheres. The tessellatedïspheres are 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 their sizeïdependent 

magnetic, optical and electrical properties that give them significant potential for applications 

such as data storage, catalysts and nanomagnets (Feldheim & Foss, 2002). Further, hollow 

metallic nanoparticles may offer enhanced properties, which may be useful in catalysis and as 

drug delivery vehicles (Kim et al, 2002; Liang et al, 2004; Lu et al, 2009). Such 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 synthesis of nanomaterials by 

deposition of metals from solution by direct reduction of the metal onto the biological template 

include: modification of the surface of Tobacco mosaic virus (Dujardin et al, 2003b; Knez et al, 

2006; Knez et al, 2003b; Schlick et al, 2005b); gold templated onto Chilo iridescent virus 

(Radloff et al, 2005b); templated synthesis of metallic coatings on genetically modified 

bacteriophage M13 (Flynn et al, 2003b).  

This chapter will describe the extension of the use of CPMV as a template for 

fabricating metallic nanoparticles without any prior genetic or chemical modification to the 

virus capsid and, importantly, without the need of peptides to act as nucleation sites as been 

previously discussed in chapter 3. Electroless deposition (ELD) is 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 and composition (Mallory & Hajdu, 1996).
 
The 

metallization of CPMV by preïactivation of the capsid surface with palladium(II) followed by 

ELD of cobalt, nickel, iron, platinum, cobaltïplatinum and nickelïiron at room temperature, 

resulted in monodisperse metallic nanoparticles by a method that is environmentally friendly, 

simple and quick.  
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5.2 Experimental  

5.2.1 Materials  

Sodium tetrachloropalladate, cobalt(II)chloride, nickel(II)chloride hexahydrate, 

chloroplatinic acid hexahydrate, dimethylaminoborane, sodium hypophosphite, maleic acid and 

boric acid were purchased form SigmaïAldrich; ammonium chloride and iron(II) sulfate from 

BDH; nickel sulfate from Fisher Scientific; and trisodium citrate dihydrate from Riedelïde 

Häen. All were used as supplied without further purification. 

5.2.2 Preðactivation of CPMV with palladium  

CPMV particles (4 mg ml
ï1

, 400 µl) suspended in 10 mM sodium phosphate buffer pH 

7.0, were incubated with 400 µl of 3 mM sodium tetrachloropalladate freshly prepared in Milliï

Q water. To prevent hydrolysis of palladate, the reaction pH was adjusted to 3.8, by dropwise 

addition of 1mM HCl, and 400 µl of aqueous 1 M NaCl was added. The reaction solution was 

incubated at ambient temperature with gentle stirring for 30 minutes. The 
Pd2+

CPMV particles 

produced were purified on PDï10 columns (GE Healthcare) equilibrated with saline solution 

(500 mM NaCl in MilliïQ water, pH 5.0), the eluted sample was dialysed on 100 kDa  

molecular weight cutïoff membranes (Spectrum Labs) against saline solution for 4 hours. The 

Pd2+
CPMV particle integrity was established by TEM after uranyl acetate staining. Before the 

electroless deposition of the desired metals, 
Pd2+

CPMV had first to be reduced with 5 mM of 

either dimethylaminoborane (DMAB) or sodium hypophosphite, NaH2PO2. The reaction was 

allowed to proceed at ambient temperature for 30 minutes to generate Pd
0 
clusters at the surface, 

which in turn act as nucleation sites for metal deposition. Pd
0
ïCPMV was washed 3ï5 times on 

100 kDa cutïoff columns (Millipore). The Pd
0
ïCPMV particle integrity was ascertained by 

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

5.2.3 ELD of metal coating 

Equal volumes of preïactivated Pd
0
ïCPMV (2ï5 mg ml

ï1
) in saline solution (500 mM), 

aqueous sodium chloride solution (1M) and plating solution (containing metal salt, reducing 



CHAPTER 5 
 

113 

 

agent, ammonium chloride and trisodium citrate) were stirred for 2ï3 minutes at ambient 

temperature. CPMV concentrations and reaction conditions are summarised in Table 5.1. All 

plating solutions were used within four days of their preparation. MetallizedïCPMV particles 

were purified as described below.  

 

Metal Pd
0
ïCPMV 

(mg ml
ï1

) 

Metal Salt 

(100 mM) 

Reductant 

(500 mM) 

NH4Cl Na3Citrate pH 

Co 3.2 CoCl2 DMAB 900 mM 170 mM 8.0 

Fe 4.5 FeSO4 NaH2PO2 900 mM 180 mM 8.1 

Ni 4.0 NiCl2 DMAB 900 mM 170 mM 8.0 

Pt 2.3 H2PtCl4 NaH2PO2 900 mM 170 mM 6.0 

Table 5.1ð Pd0ðCPMV concentration and plating solution composition. 

 

5.2.4 ELD of mixed metal coating 

5.2.4.1 CoPtðCPMV  

Preïactivated Pd
0
ïCPMV (400 µl of 4.5 mg ml

ï1
, 1 ml), suspended in 500 mM saline 

solution pH 5.0, was stirred at ambient temperature with 400 µl of aqueous sodium chloride 

solution (1M) and a mixture of 200 µl each of cobalt and platinum plating solutions at pH 8.0 

for 2ï4 minutes. 

5.2.4.2 NiFeðCPMV 

A 1:1:1 (v/v/v) mixture of preïactivated Pd
0
ïCPMV

 
(3.5 mg ml

ï1
, 1 ml), suspended in 

500 mM  saline solution pH 5.0, aqueous sodium chloride solution (1M) and a NiFe plating 

solution, prepared by adaptation of a published procedure (Yi 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, for 2ï4 minutes. 
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5.2.5 Purification of metallized particles 

After reaction, solutions were spun at 14000 rpm (bench top, Eppendorf) for 20 minutes 

to remove any large aggregates, the supernatant was collected and purified on PDï10 columns, 

and eluted samples were concentrated on 100 kDa cutïoff columns before being layered onto 5 

ml 10%ï50% sucrose gradients as described in section 2.17.1. After further concentration on 

100 kDa cutïoff columns, the concentration of metallizedïCPMV was determined 

photometrically at 260 nm. Recovery of metallizedïCPMV was approximately 50ï70% based 

on the initial virus concentration.  

5.3 Results and Discussion  

5.3.1 Pd2+CPMV activation  

It has been previously reported that amineïfunctionalised surfaces preïactivated with 

Pd
0
 clusters promote the ELD of metals (Dressick et al, 1994; Falkner et al, 2005; Kind et al, 

1998).
 
Incubation of CPMV particles with a sodium tetrachloropalladate solution, followed by 

chemical reduction with DMAB or NaH2PO2, at pH 3.8, is expected to produce islands of 

palladium clusters on the virus capsid surface. These then act as nucleation sites for the 

subsequent ELD of metal. Only metallic Pd
0
 can act as the catalyst for the metallization but not 

Pd
2+

. 

 

   

  

The virus particles were very stable under the reaction conditions employed; neither 

reducing agents nor ELD solutions disrupted the virus capsid structure. The integrity of the 

initially isolated 
Pd2+

CPMV particles was confirmed by uranyl acetate negatively stained TEM 

(Figure 5.1ïA). The zeta potential of ï10.6 ± 1.5 mV was similar to that of wildïtype (~ ï12 

mV). 
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On reduction of 
Pd2+

CPMV, islands of Pd
0
 clusters distributed over the capsid surface 

were formed but these did not fully coat the virus. The unstained TEM image for Pd
0
ïCPMV 

revealed dark clusters scattered on the virion surface (Figure 5.1ïB). Note that only on 

reduction are the particles visible in the unstained image. On reduction of 
Pd2+

CPMV to Pd
0
ï

CPMV
 
there was no significant change in the particle size (Figure 5.2). Furthermore, EDXS 

confirmed that palladium is present on the external surfaces of the particles (Figure 5.3ïB). The 

zeta potential for Pd
0
ïCPMV particles were considerably more negative than those for wildï

type and 
Pd2+

CPMV particles (Figure 5.4) and the scan consists of two peaks, this might be 

because two different surfaces are present on the particles (protein & Pd
0
); the suspension of 

Pd
0
ïCPMV particles in buffer is a stable colloid. Further, agarose gel electrophoresis of Pd

0
ï

CPMV stained with ethidium bromide showed some fluorescent intensity from a band of 

different mobility to wildïtype, suggesting that the Pd
0
ïCPMV surface has some porosity 

sufficient to allow intercalation of ethidium bromide with the encapsidated RNA (Figure 5.5). 

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 of the Pd
0
ïCPMV 

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

coated with palladium.   

 

Figure 5.1ð TEM image of (A) Pd2+CPMV stained with 2 % uranyl acetate solution; (B) unstained 
Pd0ðCPMV particles. 
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Figure 5.2ð DLS comparing wildðtype CPMV and Pd0ðCPMV particles. 
 

 

 

Figure 5.3ð EDX spectrum of Pd0ðCPMV metallized particles. (A) CPMVwt and (B) Pd0ðCPMV. 
Major palladium peak indicated by arrow. 

 

 

 

Figure 5.4ð Zeta potential measurement of ( A) Pd2+CPMV particles , (B) Pd0ðCPMV particles 
suspended in buffer at pH 7.0. 
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Figure 5.5ð Agarose gel (1.2%) of CPMV particles visualised by (A) ethidium bromide staining, (B) 
Coomassie staining. Lane 1, CPMVwt; 2, Pd0ðCPMV. 

 

5.3.2 Metallization of CPMV  

For the metallization process, the preïactivated Pd
0
ïCPMV 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 with MilliïQ water. The 

metallization of CPMV particles was confirmed by TEM (Figure 5.6); unstained images reveal 

dense, monodisperse, metallized nanoparticles of ca. 31ï34 nm. CPMVwt cannot be visualised 

in an unstained TEM image. Control experiments performed under identical conditions, with 

wildïtype CPMV, without CPMV, and without Pd
0
ïCPMV particles, all gave nonïspecific, 

visible bulk precipitation of metal with a wide size distribution as observed by TEM (data not 

shown). Thus, preïactivation of CPMV is essential for the controlled nanoshell formation. 

EDXS confirmed that cobalt, iron, nickel, and platinum coated the external surfaces of the 

respective Coï, Feï, Niï, Ptï, CoPt and NiFeïCPMV nanoparticles (Figure 5.7). The DLS of 

the particles in buffer confirmed the change in the particle size implying that the coating on each 

particle is approximately 2ï3 nm (Table 5.2). 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 images.  
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  CPMVwt 
diameter 
(nm) 

Polydispersity 
(%) 

Metallized 
particles 
(nm) 

Polydispersity 
(%) 

Zeta 
potential 
(mV) 

NiðCPMV  27.4 ± 0.4 14.1 32.4 ± 0.4 20.9 ð44.0 ± 2.0 

CoðCPMV  26.8 ± 0.5 14.3 32.0 ± 0.5 13.3 ð41.2 ± 2.5 

PtðCPMV  27.2 ± 0.5 14.0 32.6 ± 0.5 16.3 ð33.2 ± 2.5 

FeðCPMV  27.6 ± 0.3 9.0 31.0 ± 0.3 14.0 ð39.7 ± 1.8 

NiFeð
CPMV 

 27.9 ± 0.5 10.0 31.4 ± 0.5 24.6 ð66.3 ± 2.4 

CoPtð
CPMV 

 28.6 ± 0.3 12.2 34.4 ± 0.3 13.6 ð61.7 ± 2.2 

Pd0ðCPMV  29.6 ± 0.3 13.5 30.2 ± 0.1 14.7 ð19.0 ± 0.5 

Table 5.2ð Diameter and polydispersity measured by dynamic light scattering of wildðtype CPMV 
and metallizedðCPMV, and zeta potential of metallizedðCPMV nanoparticles. 

 

 

Figure 5.6ð Unstained TEM images of metallized CPMV particles (A) CoðCPMV, (B) FeðCPMV, 
(C) NiðCPMV, (D) PtðCPMV, (E) CoPtðCPMV, and (F) NiFeðCPMV. 

  


