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Chapter 1. INTRODUCTION 

1.1 FILAMENTOUS PHAGE 

Filamentous bacteriophages (Ff) (genus: Inovirus, family: 

Inoviridae) belong to one of the two rod-like and filament-

like genera of bacterial viruses that contain circular 

single-stranded DNA. Members of Inovirus mainly infect Gram-

negative bacteria such as Escherichia, Pseudomonas, 

Yersinia, Salmonella (Bradley et al., 1981; Lawn et al., 

1967), Neisseria, Xanthomonas, Vibrio and Thermus (Marvin 

and Hohn, 1969; Rakonjac et al., 2011; Russel and Model, 

2006). Only two Gram-positive bacteria, Propionibacterium 

freudenreichii (Chopin et al., 2002) and Clostridium 

acetobutylicum (Kim and Blaschek, 1991) can be infected by 

inoviruses.  

The most extensively studied filamentous bacteriophages are 

M13, f1 and fd. They are collectively called Ff and infect 

Escherichia coli that carry the F episome. With a genome 

sequence identity of 98%, the three Ff phages are used and 

studied interchangeably. The length of filamentous phage 

virions depends on the size of their genome. Interestingly, 

the circular ssDNA genome of Ff phage is arranged in a 

Watson-Crick-like right-handed helix inside the filamentous 

virion, even though there is weak complementarity between 

the two strands derived from two different halves of the 

genome (Day et al., 1988). The virion of wild type Ff phage 

is approximately 880 nm long and 6 - 7 nm in diameter (Model 
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Figure 1.2. Schematic presentation of Ff virion.  

A, Ff virion particle. B, pIII coat protein. C, domain organisation of 

pIII. Figure adapted from (Rakonjac et al., 2011) with permission. 

 

Proteins pVII and pIX are small and hydrophobic; their 

lengths are 32 and 33 residues, respectively. These two 

proteins are incorporated into the virion at the initiation 

step of assembly (Figure 1.3) (Endemann and Model, 1995; 

Grant et al., 1980). Similarly to the distal cap (pIII/pVI), 
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Figure 1.4. The Ff phage cycle.  

Upon infection, the ssDNA (the + strand) enters the cytoplasm, while 

the pVIII major coat protein integrates into the inner membrane. 

Synthesis of the negative (-) strand is initiated at the negative strand 

origin of replication by RNA polymerase, which generates an RNA primer 

and is then released from the template (Zenkin et al., 2006). Host DNA 

polymerase III uses this primer to replicate the complete negative 

strand. Positive strand synthesis is initiated by pII (blue circle) 

which creates a nick in the (+) strand of the dsDNA replicative form at 

the positive origin of replication. Supercoiling and formation of a 

stem-loop structure of (+) ori are required for this step (not shown in 

this figure). Rolling circle replication then ensues one strand at the 

time. During the initial period of viral infection, new positive strands 

are used as templates for synthesis of negative strands, increasing the 

copy number of the dsDNA replicative form (RF). The RF serves as a 

template to produce phage proteins. Phage proteins II, V and X remain 

in cytoplasm and mediate genome replication and formation of the 

packaging substrate. Proteins pI, pIV and pXI form a transport complex 

spanning the inner and outer membrane (purple ovals). Virion proteins 

pVII, pIX, pVIII, pVI, pIII are inserted into the membrane before their 

assembly into phage particles. Later in the infection, positive strands 
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are pVIII and pIII (Figure 1.2), followed by pVII and pIX 

and occasionally pVI.  

Adding a reporter molecule to a phage displaying a peptide 

or antibody enables the use of phage for imaging or 

diagnostics. For example, fluorescently labelled Ff 

displaying cell-targeting moieties have been used in cancer 

cell imaging (Li et al., 2010a). Additionally, Ff-based 

biosensors for bacteria and biomolecules have been reported 

that use various signal-detection methods, including linear 

dichroism (Lee et al., 2013; Oh et al., 2014; Zhu et al., 

2008). 

1.2 FF-DERIVED NANORODS 

A multitude of applications using Ff phages have been 

published (Guo and Cai, 2006; Tikunova and Morozova, 2009); 

however, they are limited to laboratory containment. This 

is because Ff phages are live viruses that infect bacteria 

in the environment and within human hosts (Meaden and 

Koskella, 2013). Furthermore, Ff vectors used in diagnostics 

and other applications contain engineered antibiotic 

resistance genes that are easy to spread in the environment 

once introduced into host bacteria. Therefore, their 

applications may not be approved by environment protection 

or other regulatory agencies. Secondly, Ff phages and 

phagemids are long filaments rather than nanorods, under 

most conditions. The high length-to-diameter ratio 

interferes with applications that rely on diffusion, such 

as lateral flow detection devices in diagnostics, tissue 
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targeting and vaccines (Bertrand et al., 2014; Garg, 2019; 

Sattar, 2013).  

To overcome these drawbacks, short Ff-derived particles were 

constructed, functionalised and applied for diagnostic 

assays (Sattar et al., 2015). These particles (named Ff-

nano) were 50 nm in length and contained a 221 nt ssDNA 

without any coding sequences, so are therefore unable to 

replicate in bacteria (Sattar et al., 2015). The system for 

production of the Ff-nano particles was composed of a short 

template for rolling circle replication (Figure 1.4) that 

results in the circular 221-nt ssDNA, inserted into a 

plasmid. This replication template contains only the 

positive Ff origin of replication. The Ff-nano particles 

were functionalised and used for quantitative dipstick 

assays for detection of fibronectin (Sattar et al., 2015). 

However, this system had some drawbacks as replication of 

Ff-nano 221 nt ssDNA and packaging into the short nanorods 

was mediated by a helper phage (infectious virus). 

Consequently, the helper phage was produced in parallel with 

the Ff-nano and had to be separated from the short 

nanoparticles ( 

Figure 1.5A).  

As a result, in a typical purified nanorod sample, the 

contamination with undesirable phage-derived viral 

particles was at a frequency of 1:106. Given that the number 

of particles used (e.g., in vaccination is 1012 pfu/mouse), 

this was not a tolerable number as it would result in 106 

infectious particles per injection (Sattar et al., 2015). 
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Furthermore, the replication cassette for the 221 nt Ff-nano 

genome lacked the negative Ff origin of replication, 

resulting in relatively poor production of the Ff-nano 

particles. 

1.2.1 Development of BSFnano production system 

 

Figure 1.5. Comparison of helper phage and helper plasmid assisted 

systems for the production of Ff-derived particles.  

A, Conventional method for producing Ff-derived particles using helper 

phage, which serves as a source of phage proteins required for 

replication of from F1 ori and assembly into the Ff-like particles. 

Presence of a helper phage, however, results in the production of full-

length phage virions along with particles derived from a second replicon 

that contains F1 ori. B, Two-plasmid system. If helper plasmid is used 

instead of helper phage, only particles derived from the second episome 

(phagemid, Ff-nano or pBSFnano template) are produced. Helper plasmid 

is identical to the helper phage, apart from the deletion of intergenic 
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Figure 1.6. Map of a pBSFnano nanorod template plasmid.  

The scheme contains two functional blocks, AmpR marker (light green) and 

BSF-nano replication cassette (dark green). BSFpn replication cassette 

(529; 719; 736). The green arrow pointing to green circle denotes that 

product of BSF replication cassette in the presence of pII/pX is circular 

ssDNA (BSFnano). This circular ssDNA is assembled into the BSF nanorods 

in the presence of the assembly/secretion and virion proteins (Rakonjac, 

Bisset, Zhou, unpublished). 

 

The initiator in the 221 nt replication template contained 

only the essential (A) portion of the (+) ori (Figure 1.7A), 

further decreasing the replication efficacy and requiring a 

specific gII mutation in the helper phage. In the presence 

of pII replication protein from the helper plasmid, the 

section between the two (+) origins of the BSFpn replication 

cassette (736 nt) was excised. Both (+) and (-) strands get 

replicated independently of the pBSFnano plasmid (Figure 

1.6), resulting in increased nanoparticle production, in 

comparison to the Ff-nano 221 nt cassette (Rakonjac, Bisset, 

Zhou, unpublished). The particles can be made shorter or 

longer by shortening or lengthening the sequence between the 
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Figure 1.5). Only the short BSF nanorods are produced in 

this system, eliminating the need for separation from the 

full-length helper phages. In this study, BSFnano particles 

were functionalised and tested in a proof of concept lateral 

flow diagnostic assay, for detection of fibronectin.  

1.3 IMMUNODIAGNOSTICS 

Diagnostics play a crucial role in the prevention and 

monitoring of chronic and infectious diseases in a 

population. Immunoassays rely on the interaction between an 

antigen (analyte) and an antibody, to provide a specific and 

sensitive detection and quantification (Darwish, 2006). The 

first time this term was used was in 1959 for a test that 

measured serum insulin using polyclonal guinea-pig anti-

bovine insulin antibodies (Yalow and Berson, 1959). 

Following this discovery, in the 1970s another 

immunodiagnostic test emerged for thyroid-stimulating 

hormone (TSH), firstly as a competitive test, then as a 

non­competitive assay (Chopra, 1972; Chopra et al., 1972). 

In 1977 Rosalyn Yalow was awarded the Nobel Prize in Medicine 

"for the development of radioimmunoassay of peptide 

hormones". In 1980s colourimetric Enzyme-Linked Immuno-

Sorbent Assay (ELISA) allowed a level of automation, but 

still required sophisticated equipment and laboratory staff. 

Finally in 1990s chemiluminescence immunoassays (CLIA) 

emerged, and are still being modified for a variety of 

instruments and products (Cinquanta et al., 2017). CLIA 

method increased the performance of diagnostic tests.  
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Today, specific antibodies can be labelled by conjugation 

of radionuclide, fluorescent dye, or a chromogenic molecule. 

Labelled antibodies can be used to rapidly detect parasites, 

microbes, hormones, illegal drugs, toxins, and environmental 

pollutants. 

Overall, ELISA tests are still predominantly used 

immunoassays, with the detection limits between 0.01 pg/mL 

and 100 ng/mL (Zhang et al., 2014). When compared to RIA and 

CLIA assays (Warnken et al., 2016), all three tests gave 

different values for the same sample, with RIA and ELISA 

giving more similar results for the concentrations of the 

same analyte than a CLIA assay. While laboratory-based 

assays provide high sensitivity and specificity, diagnostic 

tests for use in the field additionally require flexibility 

and simplicity, speed, cost-effectiveness, and accuracy. One 

of the well-known such technologies is lateral-flow assay, 

also known as a dipstick test.  

1.3.1 Lateral flow assays (LFA) 

Initially immunoassays were performed manually by trained 

professionals and they required laboratory equipment. In 

contrast, immunodetection and quantification of analytes in 

a rapid way can be achieved with lateral flow assays (LFA). 

There are two main types of LFA, based on the elements of 

the assay: (1) the lateral flow immunoassay (LFIA), which 

uses antibodies as detector molecules, and (2) the nucleic 

acid lateral flow assay (NALFA) (Koczula and Gallotta, 

2016). The later ones are usually used during PCR 
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amplification for the detection of amplicons (Connelly et 

al., 2008). 

LFIA can be designed to detect circulating antigens as 

targets (e.g., parasites, viruses, proteins, hormones, etc.) 

(Boisen et al., 2015), or to detect serum antibodies against 

a specific antigen (Nielsen et al., 2008). Samples that are 

used for LFIA tests must be liquid and able to migrate along 

the dipstick membrane due to capillary forces. For medical 

purposes, most commonly tested are serum, blood, urine, and 

saliva (Carrio et al., 2015; Magambo et al., 2014; Moreno 

et al., 2017). However, there are many other applications 

in various industries, including food production (Ching et 

al., 2015), quality control (van Dam et al., 2013), 

veterinary medicine (Nielsen et al., 2009), and environment 

(Mei et al., 2013). While LFIA is widely spread for use in 

point of care (POC) in hospitals and general practitioner 

offices, regulatory bodies still require independent 

verification for the dipstick tests used in hospitals. The 

key advantages od dipstic assays are that they simple one-

step assays of low cost, that require minimal sample volume, 

and can be used in the point of care settings. Dipstick 

assays give rapid results, have long shelf-life and do not 

require refrigeration. Furthermore, they can detect 

proteins, amplicons or haptens in a qualitative or semi-

quantitative way. However, these assays also have some 

disadvantages when compared to lab-based assays: reduced 

precision, restriction of a total assay volume, requirement 

for pre-treatment of non-liquid samples is needed, and high-

affinity and highly purified antibodies. Nevertheless, these 
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tests are beneficial as a first screen for diseases (Kim et 

al., 2015), toxins (Shyu et al., 2002), pathogens (Morales-

Narvaez et al., 2015) and environmental pollutants (Lopez 

Marzo et al., 2013).  

In partiicular, the longevity of shelf life and independence 

from refrigeration during distribution and storage makes the 

LFIA ideal candidates for use in remote places, 

battlefields, developing countries for control and 

monitoring of diseases in cases of pandemic outbreaks. 

Recently there is an increased need for POC multiplex assays 

where simultaneous detection is allowed on multiple test 

lines that can detect several different analytes from a 

complex mixture (Koczula and Gallotta, 2016).  

1.3.2 Ff phage applications in immunodiagnostics 

Modifications of filamentous phages allow their use in a 

variety of diagnostics applications (Hairul Bahara et al., 

2013). Unlike the functionalisation of antibodies, where 

reporter molecules (probes) are directly attached to the 

detector molecule, the use of Ff allows an increase in the 

number of labeled molecules due to hundreds to thousands 

attachment sites along the length of the phage filament. In 

Ff-phage-based immunoassays, the antibodies (e.g., mAb or 

scFv) are displayed at the tip of the phage filament (e.g., 

pIII). At the same time, a fluorescent dye, enzyme probe, 

or radioactive label can be conjugated in hundreds of copies 

to the major phage coat protein pVIII along the filament. 

Such design and combination of a small number of detector 



Chapter 1 | Introduction 

22 

molecules (e.g., scFv displayed on pIII) with multiple 

reporter molecules attached to pVIII allows amplification 

of the signal.  

Multiple methods of chemical conjugation to the phage coat 

proteins have been developed to date: modifications of the 

primary amines (N-termini of peptides or the lysine side 

chains) with NHS-esters, tyrosine modifications, 

carboxylate modification (aspartic acid, glutamic acid, C-

terminus), N-terminal transamination with pyridoxal 

phosphate (Bernard and Francis, 2014). The scFv-displaying 

phages can be combined in this way with, for example, gold 

nanoparticles (Liu et al., 2016a), offering highly selective 

and rapid bifunctional nanoprobes, which can be designed for 

colourimetric detection of pathogens. Labels commonly used 

in LFIA tests include: paramagnetic beads (Liu et al., 2011; 

Wang et al., 2015), carbon nanoparticles (Qiu et al., 2015),  

enzymes (Mirasoli et al., 2012) or fluorescent dyes (Song 

et al., 2015; Wang et al., 2015). Potentially, BSFnano 

particles could be functionalised with either one of these 

labels, depending on the specific application. Furthermore, 

functionalised full-length Ff phages have been reported as 

suitable nanoparticles for high sensitivity devices, such 

as piezoelectric bio detectors for pathogens with a sensor 

limit of 100 cells/mL (Olsen et al., 2006). Choice of 

detectors depends on the label used. While gold is detected 

by visual observation, other labels require equipment for 

reading the signal, including: electrochemical readers (Lin 

et al., 2008b), camera readers (Liu et al., 2011), 

chemiluminescent readers (Joung et al., 2014), optical 
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1.4.1.1 Antigen processing and presentation 

Once the DCs take up a pathogen or a vaccine, the 

internalised antigens are proteolytically cleaved into 

shorter peptides. Depending on the compartment in DCs from 

which they are derived, antigens will be proteolytically 

processed and presented on the MHC class I (Goldberg et al., 

2002; Rock et al., 2002) (Figure 1.9), or the MHC class II 

molecules (Bryant and Ploegh, 2004; Honey and Rudensky, 

2003; Watts, 2001).   

Dendritic cells that had taken up antigens 1) upregulate 

expression of MHC, which presents the antigenic fragments 

(peptides) to the TCR of T cells, causing crosslinking of 

TCRs and signal transduction; 2) upregulate expression of 

co-stimulatory molecules that interact with CD28 on T cells 

to help convey stimulatory signals that drive T cell 

activation and proliferation (mainly through increased 

autocrine IL-2); 3) release of cytokines such as IL-12 p70 

that helps drive differentiation programmes (e.g., 

differentiation of activated CD8+ T cells into CTL). 
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Figure 1.8. Pathways of antigen cross-presentation in dendritic cells.  

1, The endosome to cytosol pathway involves the exogenous protein 

leaving the endosome and entering the cytosol, where it is degraded by 

the proteasome. The antigens then enter the ER via the TAP complex and 

are loaded onto MHC class I. The MHC I/antigen complex is transported 

via the Golgi to the cell surface. 2, The ER-phagosome fusion pathway 

involves the formation of an ergosome by fusion of the endosome and part 

of the ER. The proteins exit the ergosome and enter the cytosol via the 

ERARD system to be cleaved by the proteasome. The cleaved antigens then 

re-enter the ergosome via the TAP complex and are loaded onto MHC I 

molecules. The MHC I/antigen complex then transits to the cell surface. 

3, In the endosome to the ER pathway, the acquired exogenous proteins 

within the endosome enter the cytosol and directly enter the ER. The 

proteins then enter the ERAD pathway and leave the ER for cleavage by 

the proteasome. The antigens then re-enter the ER via the TAP complex, 

are loaded onto MHC I and then the MHC I/antigen complex transits to 

the cell surface. 4, The proteasome and TAP independent pathway involves 

the exogenous proteins being cleaved within the endosome and loaded onto 

MHC I molecules that are recycled from the cell surface. The MHC 

I/antigen complex then transits to the cell surface. Figure and legend 

sourced from (Petersen et al., 2010) with permission. 

1.4.1.2 Activation of DCs 

Specific immune responses can be either initiated or 

prevented, depending on the activation state of DCs upon 

their interaction with T cells (Hernandez et al., 2001; 





























Chapter 1 | Introduction 

39 

still in various phases of pre-clinical and clinical 

development. So far, the only FDA-approved immunotherapy 

vaccine in the US has been Provenge (sipuleucel-T) for 

treatment of advanced prostate cancer (approved in 2010) 

(Brower, 2010; Dawson, 2010). In this technology, a 

recombinant antigen, that is specifically found in prostate 

cancer cells is used to stimulate T cells to fight cancer. 

Many other clinical trials for T cell therapies ultimately 

failed, mostly because the technology for the vaccine 

production needed further improvements.  

It is important to note that in the case of cancer therapies, 

there is an additional challenge of having the primed T 

cells delivered to the tumour cells because the tumour 

microenvironment is immunosuppressive by its nature and as 

such represents a major obstacle for the efficiency of the 

vaccines (Vermaelen, 2019). In order to overcome the 

immunosuppression effects, vaccines are in some instances 

combined with immune checkpoint inhibitors (Couzin-Frankel, 

2013; Pardoll, 2012). 

The most sophisticated immunisation strategy involves 

extraction, in vitro stimulation, and adoptive transfer of 

autologous antigen-presenting cells (APC), in particular, 

dendritic cells (DCs) (Fan and Moon, 2015; Kandalaft et al., 

2013). Clinical DC therapy trials have been reported for 

patients with bladder cancer (Zhang et al., 2012), melanoma 

(Carreno et al., 2015), pancreatic and lung cancer (Zhang 

et al., 2016a; Zhang et al., 2016b). 
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One such type of biological particle can be derived from the 

Ff filamentous bacteriophages (Henry et al., 2015; Rakonjac 

et al., 2011). It has been reported that even wild-type Ff 

phages tend to show anti-tumorigenic effects (Dor-On and 

Solomon, 2015; Eriksson et al., 2009). In another study, by 

stimulating penetration of neutrophils into the tumour 

microenvironment, tumour-specific recombinant phages 

induced a strong anti-tumorigenic response (Eriksson et al., 

2007). Furthermore, multiple antigens attached to a carrier 

proved to be much more efficient in inducing a T cell 

response than were the soluble antigens (De Berardinis et 

al., 2000; Demotz et al., 1990). 

1.6 PHAGE-INDUCED IMMUNE RESPONSES 

It has been demonstrated that phages can interact with the 

mammalian immune system and induce cellular responses in 

vivo and in vitro (Miernikiewicz et al., 2013; Van Belleghem 

et al., 2017; Weber-Dabrowska et al., 2000). Bacteriophages 

can enter mammalian cells by phagocytosis (Aronow et al., 

1964; Wenger et al., 1978), either free or attached to the 

host bacteria. Spleen and liver have been identified as 

crucial organs for elimination of phages (Nungester and 

Watrous, 1934), as virions tend to accumulate in these sites 

where they are filtered out of circulation. Upon entry into 

the cells and lysosomal degradation of virions, phage DNA 

was shown to be sensed by endosomal PRRs (Hodyra-Stefaniak 

et al., 2015; Kazmierczak et al., 2014), or by cytoplasmic 

receptors (Carroll-Portillo and Lin, 2019). Filamentous 
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Based on a large body of published work using orthogonaly 

functionalised Ff, the full-length phage and BSFnano 

particles are promising candidates for development of 

immunoassays and immunotherapies. This thesis describes 

examples of the Ff and BSFnano functionalisation, production 

and applications in development of iNKT-recruiting vaccines 

and lateral flow diagnostic devices.
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The intensity of the signal from the T and C lines was 

quantified using ImageJ software. 
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The published work showed that incorporation of 

azidohomoalanine at the methionine residue of the wild-type 

pVIII (at position 28) (further explained in Section 

3.2.1.3), not only fails to display the azide on the surface 

of the virion but also results in an unstable particle. This 

is because methionine in position 28 is within the 

hydrophobic helix portion of pVIII that forms the virion via 

hydrophobic interactions. Introducing a mutation that 

converts the methionine codon into leucine (M28L) prevents 

destabilisation once the azidohomoalanine is incorporated 

into the virion (Petrie, 2015). To allow the display of 

azides on the surface of the virion, a methionine has to be 

introduced, and this was accomplished by replacing alanine 

9 of the mature protein with methionine (A9M) (Figure 3.2). 

The pVIII mutant generated for use in labelling is, 

therefore, pVIII A9M, M28L (Table 4). 
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Figure 3.2. Molecular structure of major coat protein pVIII. 

 A. The structure of fd bacteriophage; B. The structure of a single 

pVIII subunit. Positions A9 and M28 indicating in red were replaced by 

M and L, respectively, in the phage R783, to allow incorporation of Aha 

at the position of ATG codons without compromising the virion assembly. 

Structures are based on PDB coordinates1IFJ (A) and 2IFO (B); (Marvin 

et al., 2006)  
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Figure 3.3. Construction of R783 phage strain.  

 

The mutant phage R783 was constructed from a synthetic 

insert containing the mutations for azidohomoalanine 

incorporation (A9M, M28L), and an amber mutation in the 

signal sequence of the nascent pVIII (gVIII -20am) by cloning 

the insert into the phage VCSM13 at BsrGI/BamHI cut sites 
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controls the expression of the tac-promoter-driven genes. 

In addition to the inserts encoding the FLAG or OVA peptide 

fused to pVIII, the synthetic constructs also carried the 

gVIII mutations A9M, and M28L, necessary to match the phage-

R783-encoded gVIII (Section 3.2.1.1, Figure 3.3). The amber 

mutation in gVIII was introduced to prevent toxicity during 

the cloning steps (Sattar et al., 2015). Table 5 shows the 

sequences of pVIII fusions.  

Table 5. Amino acid sequences of phage pVIII fusions. 

Strain pVIII seqa Mw 
(kDa) #AA 

wt Ff MKK*LVLKASVAVATLVPMLSFAAEGDDPAKAAFDSLQALATE
YIGYAWAMVVVIVGATIGIKLFKKFTSKAS*  5.26 50 

R783 MKK*LVLKASVAVATLVPMLSFAAEGDDPAKMAFDSLQALATE
YIGYAWALVVVIVGATIGIKLFKKFTSKAS*  5.31 50 

R783.OVA 
MKK*LVLKASVAVATLVPMLSFAAISQAVHAAHAEINEAGRES
IINFEKLTEWTGGAFRMAFDSLQALATEYIGYAWALVVVIVGA
TIGIKLFKKFTSKAS** 

8.43 78 

R783.FLAG 
MKK*LVLKASVAVATLVPMLSFAADYKDDDDKGGGGAKMAFDS
LQALATEYIGYAWALVVVIVGATIGIKLFKKFTSKAS** 6.02 57 

aResidues in grey belong to the signal sequence of pVIII protein; mature 

protein is in black letters; green sequences are peptides fused to N-

terminus of mature pVIII; red letters represent the flexible linkers 

between displayed peptide and pVIII protein; blue letters represent cut 

sites for cleaving the peptide from pVIII protein. Highlighted in yellow 

are mutations for chemical modifications of phage, as described in 

Section 3.2.1.1. Molecular weights and numbers of amino acids in mature 

pVIII proteins are listed in the third and fourth column, respectively. 
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Figure 3.4. Schematic presentation of OVA peptide and FLAG-tag fusions. 

A, pO1 and pF1 plasmids expressing, respectively, OVA-peptide-pVIII and 

FLAG-tag-pVIII fusions. B, Schematic representation of the filamentous 

phage particles displaying peptide-pVIII protein fusions (R783.FLAG or 

R783.OVA). C, Comparison of the pVIII proteins of wild type Ff phage 

protein pVIII (VCSM13), mutant phage pVIII modified for click chemistry 

(R783), FLAG-tag-pVIII fusion and OVA-peptide-pVIII fusion. Symbols: 

grey arrows, signal sequences of pVIII; blue rectangles, mature pVIII 

protein; orange rectangle, FLAG-tag peptide; green rectangle, OVA 

antigen peptide; red husks, azide groups in mature pVIII protein as 

handles for modifications via click chemistry.  

 

DNA sequences encoding OVA-pVIII fusion, and a control FLAG 

tag-pVIII (Table 4), were custom-synthesised. These 
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synthetic inserts were cloned into EcoRI and PstI sites of 

expression vector pGZ119EH and named pO1 and pF1, 

respectively (Figure 3.4A). The recombinants were identified 

by double digestion using EcoRI and PstI restriction 

endonucleases (Figure 3.5B). 

 

Figure 3.5. Agarose gel analysis of the cloning steps of the pVIII 

fusion constructs.  

A, Vector pGZ119EH (Table 4) and synthetic inserts containing OVA-pVIII 

and FLAG-pVIII fusion were cut using PstI and EcoRI restriction enzymes; 

B, PstI/EcoRI restriction enzyme digests identification of recombinant 

plasmids that contain the OVA-pVIII and FLAG-pVIII inserts. Lanes: F1-

F5, FLAG-pVIII candidate clones; O1-O5, OVA-pVIII candidate clones. The 

linear dsDNA ladder 1kb+ (Life Technologies) was used as a standard. 

 

3.2.1.3 E. coli host strain for production of Ff-based vaccine 

To produce azide-functionalised Ff particles using R783 

phage, it was essential to construct an E. coli strain in 

which the cellular concentration of methionine can be 
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manipulated. The Ff-producing strain had to be transformed 

into a methionine auxotroph, a strain that cannot synthesise 

methionine on its own, hence the concentration of this amino 

acid is controlled by the availability of methionine in the 

growth medium. Varying the concentration of methionine, and 

its ratio to the unnatural amino acid azidohomoalanine 

(Figure 3.6) in the minimal medium, it is possible to gauge 

the intracellular concentrations of these two amino acids. 

Consequently, this allows the incorporation of 

azidohomoalanine into the phages during its assembly, to 

achieve the desired frequency of the azides displayed on 

phage coat proteins. 

 

Figure 3.6. Structural formulas of methionine and azidohomoalanine. 

 

Methionine is synthesised in E. coli from homoserine (Figure 

3.7), which in turn is synthesised from aspartate by two 

successive reductions of the side chain carboxyl group 

(Blanco et al., 2003). Methionine auxotrophy, without 

affecting other amino acid synthesis pathways, can be 

achieved by introducing a null mutation in the gene encoding 

the enzyme that catalyses the final step in this 

biosynthesis pathway. However, there is redundancy in this 

step in that E. coli has two genes, metE, and metH, which 
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encode two enzymes that catalyse S-methylation of 

homocysteine to methionine (Caspi et al., 2014).  

 

Figure 3.7. Methionine biosynthesis pathway in E. coli. 

Blue shapes with writing represent essential genes; green shape with 

writing represents a non-essential gene. The red cross marks the point 

of introduced knock-out mutation from strain JW3805-1 into K2091. Purple 

ovals present the main reaction products, with molecular formulas shown 

on the left side. Writings in green represent molecules going into 

biochemical reaction; writings in red represent by-products of a 

chemical reaction. For simplicity, black arrows represent the flow of 

the methionine biosynthesis pathway; blue arrows represent individual 

reactions noted in italic on the right side of the scheme. Figure adapted 

from (Matthews and Hondorp, 2013). 
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Figure 3.9. Flow-diagram of the optimised production and purification 

of Ff-vaccine carrying long peptide antigens and the click-chemistry-

attached glycolipid adjuvants. 
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Singh, 2011). For recombinant proteins and polysaccharides, 

the most relevant description of the vaccine used in this 

research, the upper limit is set at 20 EU/mL. Therefore, the 

desired purification level of Ff vaccine was achieved after 

two washes with Triton X114. An example of such purification 

experiment is shown in Figure 3.11.  

 

Figure 3.11. Efficacy of Triton X-114 treatments for removal of residual 

LPS from R783.OVA vaccine samples. 

After CsCl and dialysis, phage vaccine samples were treated with Triton 

X-114 in five consecutive washing steps, as described in Section 2.5.2. 

The sample after the final wash (5*) was concentrated 3-fold by 

ultrafiltration. Numbers of phages are presented as plaque-forming units 

(pfu/mL), estimated by titration after each washing step. Endotoxin 

levels are shown as endotoxin units (EU/mL) estimated by LAL assay, as 

described in Section 2.5.2 

 

After the Triton X114 treatment, R783.OVA and R783.FLAG 

final vaccine samples for immunisation gave values of 1.92 

EU/mL and 3.58 EU/mL, respectively. 
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3.2.2.1 Long antigen peptide is displayed as protein fusion on phage coat 

protein  

Quantification of the displayed OVA peptide on Ff particles 

was essential to establish whether a high antigen load had 

been achieved in the particle vaccine. Phages displaying OVA 

antigen at the pVIII coat protein were produced and purified 

as described in Section 2.5. SDS-PAGE and western blots were 

used for detection of the OVA-pVIII fusion. For detailed 

methods, refer to Section 2.4.2.2. A phage ELISA assay was 

used for quantification of OVA peptide per phage particle 

(Figure 3.12), as described in Section 2.7.2.2.  

Initially, a custom-made antibody for C-terminus of pVIII 

was designed, with intention to compare and quantify the 

signal on western blots from N-terminally attached ovalbumin 

peptide (OVA-pVIII fusion) and pVIII without the peptide. 

However, the difference in protein sizes was 3 kDa and it 

was not possible to separate them clearly enough to perform 

such analysis (data not shown).  

As an alternative approach for this study, an ELISA assay 

(Section 2.7.2.2) was used for quantification of the OVA 

peptide, and it is important to note that this is not a 

conventional way of performing peptide quantification. 

Nevertheless, this was the only possible solution at the 

time, since only one, custom made antibody was available for 

the detection of MHC I+II OVA peptide. It was noted that the 

ELISA signal was indeed very low, even with the highest 

peptide concertation applied (Appendix 7.3.56) and these 

values were reproducible and consistent through the study. 
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This might have been due to the insufficient binding of the 

peptide to the wells, or low quality of the designed 

antibody. 

Immobilised phage particles (R783.OVA) were efficiently 

detected with OVA-specific antibodies in the samples where 

the peptide fusion was induced with 0.05 mM IPTG. No signal 

over background levels was detected in control samples where 

OVA-pVIII fusion expression was not induced with IPTG 

(R783.OVA, no IPTG), or when phages were produced without 

the pO1 display plasmid (R783) (Figure 3.12). For details 

of quantification of peptide copies per phage particle, 

refer to Appendix 7.3.56. 

A higher concentration of IPTG was also tested (1 mM), 

resulting in Ff.OVA displayed up to 1900 peptide copies per 

R783 phage particle. The amount of virion produced, in that 

case, however, was lower by a factor of 100 in comparison 

to the cultures containing 0.05 mM or 0.1 mM IPTG (data not 

shown). Hence, for further production, 0.05 mM and 0.1 mM 

IPTG were chosen for optimal phage yields and peptide 

display.  
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Figure 3.14. Fluorescent labelling of Ff phages via pVIII-displayed 

azide handles.  

A, Structure of DIBAC-TAMRA molecule, composed of a fluorescent dye 

TAMRA (circled in green) connected with a short PEG linker to the azide-

reactive group DIBAC-amine (dibenzo-azacyclooctyne-amine) for click 

chemistry (alkyne group circled in yellow). B, Schematic representation 

of TAMRA-labelled Ff phages, detected as pink in the visible spectral 

region (top) or fluorescing green (bottom) as seen in (C). C - E, TAMRA 

labelling analysed by agarose gel electrophoresis of native Ff particles 

(as described in Section 2.4.2.1). C, Fluorescent bands of the native 

TAMRA-conjugated phages in an unstained gel detected by Azure c600 

fluoroimager; D, UV image of EtBr-stained gel (detecting TAMRA), E, UV 

image of EtBr-stained phage DNA after processing the gel in NaOH to 

disassemble the Ff particles, as described in Section 2.4.2.1. The 

double-stranded linear DNA ladder 1 kb+ (Life Technologies) was used to 

monitor the migration of gel bands during the electrophoresis, but not 

for size comparison of ssDNA from the phage particles. 
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binding affinity of N-terminally displayed peptides 

(Kuzmicheva et al., 2009). 

Thus, plasmids expressing pVIII fusions (pO1 and pF1, Table 

4) were created. These plasmids carried matching mutations 

in the pVIII sequence as phage R783 (­20am, A9M, M28L).  

When designing the production system and having in mind the 

length of desired antigenic peptide, there were alternative 

options for displaying peptides. Enzymatic attachment (Hess 

et al., 2012) was considered as one possible approach for 

this research, using SrtA enzyme from S. pyogenes; however, 

there were several advantages of recombinant peptide-pVIII 

fusions (di Marzo Veronese et al., 1994; Minenkova et al., 

1993; van Houten et al., 2006) over the enzymatic 

attachment. The main advantages are production 

reproducibility and lower cost, as no enzyme or synthetic 

peptide was required, since in the plasmid system the 

peptide is expressed and displayed on the particles while 

they are assembled during growth of the culture.  

As the phage particles were modified to additionally display 

azidohomoalanine instead of methionine on protein pVIII, a 

methionine auxotroph host was designed, as suggested by 

(Petrie, 2015). A metE knock-out gene from Keio collection 

(Table 2) (Baba et al., 2006a) was transduced into K2091 

laboratory strain and the conditions were adjusted to 

display the desired numbers of azide residues. Once the host 

strain and the plasmids were created, the next step was to 

optimise the growth conditions in minimal media. Previously 

reported concentrations of azidohomoalanine were 
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would have to be considered and optimised. When mutant and 

wild-type phages, with and without dye labelling, were 

tested, the only highly positive signal was detected R783 

A9M, M28L mutant produced in the azidohomoalanine-enriched 

medium(Figure 3.2). Quantification showed that about 9.6% 

of pVIII (351 pVIII proteins per particle) in this sample 

contained the fluorescent dye attached via click chemistry; 

in agreement with findings by (Petrie, 2015).  

Additionally, phage VCSM13 that contains the wild type pVIII 

showed some labelling under the same conditions, which can 

be explained by the position of the sole methionine residue 

in pVIII subunit (at position 28) in the phage structure. 

Even though this methionine is embedded deep inside the 

pVIII structure of Ff (Figure 3.2), there is a probability 

that, the azide in small number of pVIII subunits could 

still be accessible and therefore labelled with azides. 

This, however, was not significant, giving a positive signal 

in only 0.93%, or 34 pVIII subunits (out of 3655) per virion.  

Phage and Ff-derived particles decorated with fluorescent 

dye via click chemistry could be used in diagnostic 

applications for rapid detection and visualisation. One 

possibility is to visualise fluorescently labelled Ff 

particles accumulated in tissues, for example when targeting 

tumour cells or DCs (Bar et al., 2008; Ju and Sun, 2017; 

Sartorius et al., 2015), which could be assessed by confocal 

microscopy. In a similar manner, in vivo distribution of 

fluorescent phages has been quantified throughout the tumour 

tissue by using fluorescent tomographic imaging (Kelly et 

al., 2006). 
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Figure 4.2. Gating strategy for iNKT cell analyses by flow cytometry. 
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that received Ff.FLAG, when compared to PBS control 

(Appendix 7.4.1). Perhaps this could be suggesting some low 

levels of iNKT cell stimulation induced by the phages alone. 

  

















Chapter 4 | Assessing the Phage-Based Vaccine-Induced Immune Responses 
in Murine Models 

152 

 

  







Chapter 4 | Assessing the Phage-Based Vaccine-Induced Immune 
Responses in Murine Models 

155 

2015), after which their numbers slowly drop. However, iNKT 

cell levels remain above baseline for many days, with NK1.1 

and CD69 still downregulated. At the outset of this study, 

it was known that analysis on day 7 can be used as a readout 

successful iNKT cell stimulation with the 1:1 conjugate 

vaccine (Holz et al., 2020). Although conducted here at day 

9, it was anticipated that successful iNKT cell stimulation 

would still be reflected by increased iNKT cells numbers 

and/or downregulation of NK1.1 and CD69.  
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generation. The level of radioactive label was measured 

after washing the free 3H-thymidine from the media in wells 

to assess the level of radioactivity acquired by the cells. 

The total radioactivity incorporated was used as a measure 

of proliferative activity, which was compared between 

samples where the cells were exposed to different vaccines 

(Figure 4.13). Counts per minute (CPM) was plotted against 

SIINFEKL peptide molar concentrations in each case.  

Importantly, given that iNKT cells are not present in OT-I 

mice, they cannot contribute to the proliferative responses 

assayed. Free soluble SIINFEKL peptide was used as a 

positive control in this assay. This short OVA peptide does 

not need to be processed to be presented to OT-I CD8+ T 

cells, which is why the cell proliferation (measured as 

increase in radioactive signal) was expected at very low 

peptide concentrations. Another control was OVA protein 

alone, which has to be processed by DCs for its epitope to 

be presented on MHCI to OVA-specific CD8+ T-cells. 
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this is unlikely to be the reason why the vaccines failed 

to induce high clonal proliferation and expansion of the 

OVA-specific CD8+ T cells in vivo. This is interesting, 

because the 1 : 1 conjugate vaccine gave a strong response 

in vivo in the wild-type mice, whereas only one of the OVA 

peptide-displaying vaccines induced marginal increase of the 

OVA-specific CD8+ T-cells (Figure 4.7 and Figure 4.10). 

Further work is therefore needed to establish why the Ff-

based vaccines were not strongly immunogenic in vivo, 

despite effectively presenting both the adjuvant in vivo and 

antigen in vitro. 

4.3 DISCUSSION 

The vaccine designed in this project, described in Chapter 

3, was expected to effectively induce CD8+ T-cell response 

that is applicable to cancer immunotherapy. One of the 

anticipated advantages of Ff-based vaccine when compared to 

a synthetic 1:1 conjugate design (Compton et al., 2015) was 

utilising the ability of Ff phages to carry high numbers of 

physically connected antigenic peptides and adjuvant 

molecules, with the additional possibility to gauge their 

ratios. 

Initially, analysis was conducted three days after 

vaccination, to determine the iNKT cell induction by the 

novel phage vaccine. This experiment provided insights into 

efficiency of adjuvant presentation to CD1d molecule when 

attached to the filamentous phage vs administered as a free 

compound. Importantly, the adjuvant molecule 
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Chapter 5. NOVEL FUNCTIONALISED BIOLOGICAL 

NANORODS FOR DIAGNOSTIC APPLICATIONS 

5.1 INTRODUCTION 

While in the previous two chapters, filamentous phages were 

modified and tested as vaccine carriers, here the intention 

was to develop phage-derived biological non-infectious 

nanoparticles and examine their potential applications in 

diagnostic assays. The reasoning behind it is that, even 

though Ff show an extraordinarily wide range of possible 

modifications, applications of Ff phage as nanoparticles in 

diagnostics and tissue targeting are at the proof of concept 

stage. Their use outside of the laboratory faces regulatory 

restrictions and consumer concerns because these Ff are 

genetically modified replicating bacteriophages that carry 

antibiotic resistance genes. Hence, Ff could replicate in 

E. coli within the gut, and spread antibiotic resistance 

genes to gut microbiota by horizontal gene transfer. 

Non-biological nanoparticles, on the other hand, are widely 

used in medical and nanotechnology applications. Problems 

linked to these structures include the toxicity of the 

particles themselves and sustainability issues due to the 

use of toxic chemicals in production. When considering the 

range of modifications of the nanoparticles for their use, 

Ff phages have an advantage over many biological and non-

biological counterparts. Phages can be orthogonally 

functionalised with peptide- or non-peptide molecules due 
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Another benefit of removing the pIII N-terminus is that it 

eliminates the immunodominant component of the nanorod, a 

vital property if particles were to be used as vaccine 

carriers. This idea will be further discussed in Section 

5.2.1.1. 

 

Figure 5.1. Construction of helper plasmids pHAS8 and pRnano38.  

A synthetic insert containing an amber mutation in position -20 of 

gVIII, and point mutations A9M, M28L was cloned into helper plasmid 

pRnano3 at BsrGI / BamHI cut sites to introduce mutations required for 

inserting azide-containing non-natural amino acid azidohomoalanine 

solely in the solvent-exposed position in the major coat protein pVIII. 

A synthetic insert containing the same mutations on pVIII, and 

additional deletion of N1 and a portion of N2 domain of pIII (pIIIdN3M) 

was cloned into helper plasmid pHAS1 at BsrGI / NcoI cut sites to 

introduce mutations required for inserting azide-containing 

azidohomoalanine in the major coat protein pVIII and exposing 5 unpaired 

cysteine groups on phage minor coat protein pIII.  

 

Helper plasmid pRnano38 (Table 4) was the same as pHAS8 

(Figure 5.1), except that pIII was present in full-length 

(it contained the N1 and N2 domain). Both plasmids contained 

modifications that allowed the incorporation of azides in 
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the exposed portion of the major coat protein (pVIII A9M, 

M28L). As described in Section 3.2.3, where this method was 

used to attach adjuvant molecules onto the vaccine phage 

particles, azidohomoalanine incorporation in vivo during the 

nanorod assembly creates additional functionalisation site 

on the nanorods. Displayed -N3 group of azidohomoalanine on 

particle surface serves as a handle to chemically attach 

desired molecules (Petrie, 2015). 

 

Figure 5.2. BSFnano functionalised for chemical modifications. 

A, Micrograph of BSFnano particles produced from pHAS1 helper plasmid 

and pBSF529 template plasmid in E. coli K2449 strain. Yellow arrows, 

pointing at BSFnano particles; the scale bar is 100 nm. B, Schematic 

representation of BSFnano with five unpaired cysteine residues and 15 

methionine residues per particle exposed at the endcap (pIII); C, domain 

organisation of pIII with indicated deletion of N1 and part of N2 domain. 

Symbols: yellow ovals, protein pIX; grey ovals, protein pVII; green 

line, ssDNA from pBSFnano template; blue ovals, coat protein pVIII; pink 

ovals, C-domain of minor coat protein pIII (dN3M). 

 



Chapter 5 | Novel Functionalised Biological Nanorods for Diagnostic 
Applications 

188 

Maximal concentration of azidohomoalanine in the growth 

medium, above which particle assembly becomes severely 

compromised, results in incorporation of this unnatural 

amino acid into phage proteins at about 10% of ATG codons, 

meaning that one azide can be incorporated per 10 ATG codons 

(Chapter 3). If azide is to be displayed at the pIII end of 

the nanorod, at least 10 methionine codons have to be present 

for the display of one azide per particle.  

In the pHAS8 helper plasmid expressing N-terminal deletion 

of pIII, the truncated wild-type pIII (dNpIII) described 

above would have one solvent-exposed methionine. With five 

copies of pIII present per virion, a total of five exposed 

methionine residues were present per particle. To increase 

the odds of azide incorporation into most nanorods in the 

population, two additional met codons were introduced into 

the solvent-exposed portion of dNpIII, giving a total of 15 

methionine residues per particle. The resulting modified 

pIII was named dN3M (Figure 5.2). 

To avoid pVIII toxicity to E. coli in the course of plasmid 

construction and purification, and to stimulate the 

production of short nanorods by decreasing the amount of 

pVIII in the cells, a suppressible amber stop codon was 

introduced into gVIII of the helper plasmids. A stop codon 

at position 25 (or position 2 of mature pVIII; glutamic 

acid) was used in pHAS1, whereas in pHAS8 it was used at 

position 4 (serine; within the signal sequence, -20). 

Suppressor D (SupD) in the E. coli strain used in this work 

was superior by a factor of 100 in terms of phage production 

when pVIII contained the amber stop codon (at position 2 of 
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mature pVIII) to the commonly used Suppressor E (SupE) (J. 

Rakonjac, unpublished). The former suppressor introduces 

serine instead of glutamic acid in the mature pVIII in the 

mutant containing amber codon at position 25, increasing the 

pI of the nanorod from pH 6.8 to 8.3. In contrast, amber 

codon in position 4 does not result in a change of the pVIII 

amino acid sequence (or pI) in SupD strain. 

5.2.2 Optimised production and purification generate high yields of 

nanorods 

The BSFnano particles were functionalised for detection of 

soluble analyte (fibronectin). To produce nanoparticles in 

high yields, while ensuring the integrity of the displayed 

peptides (such as FnBP on pIII), the production and 

purification had to be optimised (Figure 5.3). 

Briefly, the host strains (Table 2) for the production of 

BSFnano were first transformed with a helper plasmid that 

carries a KmR marker (Table 4). Overnight culture of a single 

transformed cell was then used to make electrocompetent 

cells, as described in Section 2.4.1.3. To produce particles 

by these cells, template plasmid pBSFnano, carrying an AmpR 

marker, was introduced (Table 4). After overnight 

incubation, nanorods were PEG precipitated and purified away 

from DNA and RNA that are typically released by the host 

cells during culturing, and co-precipitated with nanorods. 

Nanorods were separated from cellular impurities by CsCl 

gradient ultracentrifugation.  
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BSFnano particles were produced in high yields, using the 

method described in Figure 5.3, giving 1014 - 1015 

particles/mL in the final 1000-fold concentrated sample or 

1014 - 1015 particles per litre of the original E. coli 

culture. Given that these particles are non-infectious, they 

could not be titrated as phage plaques. Therefore, the 

quantities of nanorods were estimated based on the amounts 

of the single-stranded nanorod-encapsidated DNA, using 

densitometry, as described in Material and Methods, Section 

2.5.3.  
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Figure 5.3. Flow diagram of optimised production and purification of 

BSFnano particles. 

 

When produced from the pBSF529 replication cassette, and a 

helper phage with the full-length pIII and unmutated pVIII, 

the ssDNA was packaged into nanorods that were 75 nm in 

length (Khanum, S., unpublished). Interestingly, when 

BSF529.HAS1 nanorods were imaged using TEM (Section 2.5.5) 

(Figure 5.2A), only one unit-length nanorod (75 nm) was 

detected in five particles, while most particles were >150 
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nm long. Analysis of pHAS8 and pHAS38 by native agarose gel 

electrophoresis (Figure 5.4A) showed a ladder of bands. This 

is in contrast with the BSF529 nanorods obtained using 

pRnano3 helper that contained no mutations in pVIII (Khanum, 

S., unpublished) where most nanorods are unit-length (75 

nm). BSF529.HAS8 nanorods separated into two major bands 

(Fig. 5.3A), whereas BSF529.HAS38 separated in a ladder of 

>6 bands, with the strongest signal coming from the top band 

(Figure 5.4B).  
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Figure 5.4. BSF529 nanorod purification monitored by agarose gel 

electrophoresis. 

A, Detection of native particles in fractions collected after CsCl 

ultracentrifugation, as described in Section 2.5.1. Left: UV image of 

EtBr stained gel, (detecting free DNA only); Right: UV image of EtBr-

stained nanorod DNA after processing the gel in NaOH to disassemble the 

nanorods. White squares indicate where native nanorods were detected. B 

Agarose electrophoresis of the SDS-disassembled BSF529 particles. This 

gel was used for quantification, as described in Section 2.5.3. Lanes: 

1-3, ten-fold dilutions of BSF529.HAS8; 4-6, ten-fold dilutions of 

BSF529.Rnano38; 7-11, quantification standard (serial dilutions of ssDNA 

standard of known amounts, prepared from BSF719 nanorods); M, DNA size 

marker 1 kb+ double-stranded linear DNA ladder, as such was not used for 

a direct comparison of DNA sizes of ssDNA from particles. This marker 

has been used only for tracking the progress of electrophoresis, due to 

the lack of appropriate size markers for ssDNA or native virions.  
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5.2.4 BSF-nanorods for fibronectin detection 

5.2.4.1 Construction of FnBP-pIII-fusion-expressing helper plasmid 

Filamentous phages and Ff-nano particles designed for 

detection of fibronectin were previously produced using a 

helper-phage-driven nanorod assembly system (Sattar et al., 

2015). In this system, helper phage Rnano3::FnBP served as 

a vector for the display of a detector molecule, 

fibronectin-binding peptide (FnBP), on pIII coat protein. 

In work described in this thesis, a new plasmid-based 

nanorod production system was used to produce fibronectin-

detection nanorods, such that the FnBP-pIII fusion was 

expressed from a helper plasmid instead of a helper phage. 

The coding sequence of FnBP was amplified using Rnano3::FnBP 

phage DNA (Sattar et al., 2015) as a template and inserted 

into the multiple cloning site (MCS) within gene III (gIII) 

of the helper plasmid p8Gly4, to allow fusion with the mature 

portion of pIII. 

Given that the FnBP-pIII fusion is the only source of pIII 

in the nanorod-producing cells, all five copies of pIII in 

the nanorods are encoded by the fusion gene. FnBP is a 

fibronectin-binding domain of Streptococcus pyogenes Serum 

Opacity Factor (SOF) (Rakonjac et al., 1995). The FnBP 

domain of SOF belongs to a conserved family of the high-

affinity fibronectin-binding domains of Streptococci and 

Staphylococci (Pilka et al., 2006). The nanorods produced 

using the helper plasmid used in this experiment, p8Gly4, 

also have an N-terminally displayed peptide GGGG (Gly4) on 
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every copy of the major coat protein pVIII (Bisset and 

Rakonjac, unpublished). The presence of the tetra-glycine 

peptide in the nanorods produced using p8Gly4 was confirmed 

by mass spectroscopy (S. Bisset and J. Rakonjac, 

unpublished). GGGG is a motif that is used for enzymatic 

attachment of molecules that contain a C-terminal LPETG 

peptide, using enzyme Sortase A from Staphylococcus aureus 

(SrtAau). Any molecule, including fluorescent dyes, or 

paramagnetic beads conjugated to the LPETG peptide (Zong et 

al., 2004), could potentially be enzymatically attached to 

these functionalized nanorods via the GGGG motif.  

The template plasmid used for production of the nanorods 

gives rise to a 719-nt circular ssDNA genome in the presence 

of a helper plasmid. Nanorods produced by the cells 

transformed with the pBSF719 template plasmid and p8Gly4FnBP 

or p8Gly4 helper plasmids were named BSF719.Gly4.FnBP and 

BSF719.Gly4, respectively (Table 8). The former are nanorods 

for detection of fibronectin, and the latter is the control 

group. These nanorods were purified using the protocol 

developed in this thesis (Section 5.2.2) and analysed to 

determine the length, presence of FnBP-pIII fusion and 

finally to develop a lateral flow assay.  

5.2.4.2 Characterisation of the BSF719.Gly4.FnBP and BSF719.Gly4 nanorods 

Agarose gel electrophoresis of the BSF719.Gly4 nanorods 

produced using helper plasmid p8Gly4 shows a ladder of bands 

on the native gel. This indicates the production of nanorods 

that are not only unit length (containing a single 719-nt 
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Figure 5.5. Characterisation of BSF719.Gly4.FnB and BSF.Gly4 nanorods. 

A, Micrograph of BSF719.Gly4.FnB (1) and BSF719.Gly4 (2) produced from 

pBSF719 template using BSF719.Gly4.FnB and BSF.Gly4 helper plasmids, as 

described in Section 5.2.2. The scale bar represents 200 nm. B, Schematic 

representation of DyLight 550-labelled BSFnano particles functionalized 

for fibronectin detection, seen as pink (pink stars) in the visible 

spectral region; C, Native fluorescently labelled (1*, 2*), and 

unlabelled (1, 2) particles, separated by agarose gel electrophoresis 

as described in Section 2.4.2.1. Left: UV image of unstained gel 

(detecting DyLight 550-labelled nanorods only); Right: UV image of EtBr-

stained nanorod DNA after processing the gel in NaOH to disassemble the 

nanorods in situ. The DNA size marker is 1 kb+ double-stranded linear 

DNA ladder, and as such is not used for a direct comparison of DNA sizes 

of ssDNA from particles. This marker has been used only for tracking 

the progress of electrophoresis, due to lack of appropriate size markers 

for ssDNA. 
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5.2.4.3 Confirmation of FnBP-pIII fusion in the nanorods 

Peptides displayed on the Ff phages and derived nanorods are 

susceptible to degradation by proteases during assembly and 

purification. To confirm that the intact fusion was indeed 

present in the nanorods, SDS-PAGE and western-blot analysis 

of the nanorod proteins using pIII-specific antibodies were 

performed (Figure 5.6).  

 

Figure 5.6. Detection of FnBP-pIII fusion in BSFnano particles 

functionalized for fibronectin detection. 

Purified BSFnano particles were analysed by SDS-PAGE analysis. Left: 

All proteins in the gel were detected by Coomassie blue staining; Right: 

FnBP-pIII fusion was detected by western blotting using a pIII-specific 

antibody (Rakonjac and Model, 1998) as described in Section 2.4.2.2. 

Lanes: M, molecular weight standard (kDa); BSF.Gly4, control particles 

without the fusion protein; BSF.Gly4.FnBP, particles displaying FnBP-

pIII fusion.  

 

Nanorods containing FnBP-pIII fusion showed a band detected 

by pIII-specific antibody at 80 kDa, corresponding to the 

expected mobility of the fusion. However, an additional band 

of similar strength, corresponding to the unmodified pIII 

found in the control nanorods, was also detected, 

demonstrating proteolytic removal of the FnBP from about 

half of the pIII copies in the nanorods. Assuming that the 
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full-length fusion represents about 40% of pIII in the 

nanorods, it is expected that, on average, the 

BSF719.Gly4.FnBP nanorods each have two FnBP-pIII fusions 

per particle. This is a much-improved display frequency 

relative to the nanorods produced using the helper phage, 

where only 10% of pIII in the nanorods were FnBP fusions, 

displaying on average 0.5 FnBP-pIII fusion per particle, or 

one peptide fusion per two particles (Sattar, 2013). 

Increased preservation of the fusion, when the helper 

plasmid was used for the nanorod production instead of 

helper phage, was most likely achieved by the significantly 

shortened purification time, due to the elimination of the 

part of the protocol necessary for the removal of the full-

length helper phage.  

Display of functional FnBP on the nanorods was demonstrated 

by a nanorod ELISA assay detecting immobilised fibronectin 

(Figure 5.7) performed as described in Section 2.7.2.1. 

Briefly, a 96-well plate was coated with fibronectin and 

binding of the BSF719.Gly4.FnBP nanorods were quantified 

using phage-specific antibodies that recognise the coat 

protein pVIII.  
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Figure 5.7. ELISA assay monitoring binding of the FnB-displaying 

nanorods to immobilised Fn.  

A, Schematic representation of using BSF-nano particles in ELISA tests. 

Analyte fibronectin (yellow husk shapes) is immobilised onto an ELISA 

plate. The detector molecule displayed at one end of the nanorod (red 

star) binds to the analyte. Unbound particles are washed away, and 

attached particles are detected using an antibody against major coat 

protein of nanorods, as described in Section 2.7.1. B, Graph showing 

plotting the ELISA signal for analysed sample and controls. BSF719.Gly4 

control particles; BSF719.Gly4.FnBP detector particles. Columns labelled 

as PBS denote the control wells coated with the phosphate buffer saline 

(PBS). A total of 2 ·108 nanorods was used in each assay. Data are 
presented as an average of duplicates; error bars represent SD. 
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antibody at 1:1,500 dilution to the blocking buffer to block 

most of fibronectin that was present in the solution. 

5.3 DISCUSSION 

In the previous study (Sattar et al., 2015), short Ff-

derived nanorods (named Ff-nano; equivalent to BSF221) were 

successfully produced and functionalised; however, the 

yields of nanoparticles were extremely low. Additionally, 

even though these nanorods could not replicate and do not 

contain any antibiotic resistance genes, a full-length 

helper phage had to be used as a source of proteins required 

for replication and particle assembly. A long helper phage 

posed a challenge of full-length Ff particles production 

alongside Ff-nano, and then in much higher numbers relative 

to nanoparticles. Despite multi-step purification protocol 

used to eliminate full-length phage, it was not possible to 

obtain phage-free nanorods (Sattar et al., 2015).  

Consequently, it was hypothesised that a two-plasmid 

assembly system (described in Section 1.2.1) could be 

optimised to provide high yields of pure functionalised 

nanoparticles for diagnostic applications in the absence of 

full-length phage. During this research, purified BSFnano 

particles, with and without the tetra-glycine handles 

(described in Section 5.2.1), were used in a lateral-flow 

dipstick assay to detect fibronectin. A fibronectin-

detection assay was chosen as a proof of concept, given that 

it has been reported to provide a strong, measurable, 

qualitative and quantitative signal when FnBP-displaying 
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detection of labelled nanorods could be enhanced with 

hyperspectral imaging (Daeschlein et al., 2017; Vresak et 

al., 2016).  

However, the central part of this research was the 

development and improvement of BSFnano production and 

nanotechnology. Therefore, further discussion will focus on 

what are the advantages and possible reasons for the 

observed increase in the sensitivity of diagnostic.  

There could be three possible reasons that have contributed 

either separately, or in synergy, to high sensitivity of 

fibronectin detection when using functionalised BSFnano 

particles. Firstly, the two-plasmid system produces only 

nanorods and therefore does not require extra purification 

steps to separate nanorods from the full-length helper 

phages. This, in turn, decreases the time needed to 

concentrate the nanorods from the crude culture supernatants 

that contain E. coli proteases. Therefore, by decreasing the 

opportunity for the displayed detector molecule to be 

proteolyzed, an increased proportion of the FnBP detector 

display was achieved. Overall, two detector peptides (FnBP) 

were displayed per BSFnano particle, in contrast to one 

peptide per two particles in Ff-nano display system of 

Sattar et al. (2015). An increased avidity of the particles 

was observed, and most probably resulted from the display 

of more than one detector molecule in proximity to each 

other, at the pIII tip of the nanorod. 

The second improvement was the pBSFnano plasmid, which 

contained the replication-assembly cassette that has both 
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positive and negative f1 ori. In contrast, pSS3 only possess 

positive ori. Consequently, this meant that a smaller 

culture volume (1 L vs 8 L) was required to produce the same 

number of particles, resulting in faster processing and 

concentration of the particles. 

Finally, the third improvement was the increase of pVIII : 

FnBP (reporter : detector) ratio due to the higher number 

of pVIII per nanorod. Initially, it was thought that the 

increased length of the nanorod (75 nm vs 50 nm) might be a 

concern for its diffusion in the lateral flow assay. 

However, the experimental data demonstrated that the longer 

nanorods did not impair its diffusion during the assay. This 

finding may be because the increase in the length of the 

nanorod is still comparably much smaller than the difference 

between either the size of the nanorods and the full-length 

phage. The BSF529 monomer, even though 50% longer than Ff-

nano, it is still 1/10th the size of the full-length Ff 

phage.  

When designing the helper plasmids that would provide 

displayed functional groups on the coat proteins, the copy 

number and position of displayed functionalities depends on 

the virion protein that is used as the platform. For example, 

use of pVIII as a display platform allowed high copy numbers 

of displayed peptide along the nanorod. The exact number of 

displayed peptides depends on the number of pVIII subunits 

per nanorod, which in turn is in direct correlation to the 

length of the ssDNA genome. As described earlier, (Figure 

1.7B) the length of the genome can be adjusted by inserting 
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machine). When looking at the lab-based tests, ELISA is 

still routinely used as a gold standard for immuno-based 

assays (Cazacu et al., 2003).  

.
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Chapter 6. CONCLUSIONS AND FUTURE 

DIRECTIONS 

6.1 CONCLUSIONS 

This thesis is composed of two separate streams of 

technological developments. The first line of research was 

towards Ff-based vaccines that stimulate cytotoxic T cell 

responses. A recombinant phage-based construct that carried 

a high ratio of antigenic peptide to adjuvant molecules was 

successfully manufactured as a vaccine to be tested in 

murine models. The vaccine was efficiently acquired by APCs 

in vitro and was successfully presented to iNKT cells in 

vivo. Further optimisation is required to achieve efficient 

adaptive T-cell immune responses in vivo. 

The second line of research was towards technological 

improvements of a previously developed diagnostic assay 

using novel functionalised biological nanorods, named 

BSFnano. The dipstick diagnostic assay developed during this 

research was 2,000 times more sensitive than a previously 

reported assay. (Sattar, 2015). The new nanorods developed 

in the current study show promising potential for use in the 

rapid and sensitive detection of biomolecules. 
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by an order of magnitude due to antigen-pVIII fusion, this 

will likely make it impossible to obtain a sufficient number 

of phages for vaccination.  

One alternative to the recombinant display of cell-targeting 

peptides is chemical attachment to purified particles. Click 

chemistry can be utilised for this, in the same way as the 

adjuvant display, provided that the molecule of interest 

(e.g., anti-Clec-9A mAb) has an alkyne functional group 

required for this reaction (e.g., DBCO, or DIBAC) (Hein et 

al., 2008). If click chemistry is used for attachment of 

additional molecules on Ff-based vaccine particles, 

optimisation of reaction conditions would have to be 

considered. Due to utilising the azide groups displayed on 

pVIII protein, this would result in competing with the 

adjuvant attachments. If a lesser amount of adjuvant is 

attached to the particle, this may result in a decrease of 

the iNKT cell activation in vivo. On the other hand, if the 

phage production conditions were to be shifted towards 

higher azide display, there is an increased cost of 

production and a high potential of decreasing the copy 

numbers of antigenic peptides. 

Another option to attach cell-targeting functionalities on 

the phage particles, after they are purified from culture 

media, is to use an enzymatic attachment. Important to note 

that this would be a more targeted approach and would not 

compete with the adjuvant attachments via azide groups. For 

example, short peptides (AAGGGG or GGGG) can be displayed 

on pIII or pIX, that would allow enzymatic attachment of 

LPETA- or LPXTG- containing molecules (e.g., anti-Clec-9A 
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6.2.2 Adaptation of BSFnano purification and concentration protocols for 

vaccine applications 

BSFnano particles could be used as vaccine particles instead 

of filamentous phage. Unlike Ff phages, which are 

genetically modified viruses, BSFnano do not carry any 

protein-encoding genes; therefore, obtaining the regulatory 

approvals for their use outside of the laboratory should be 

possible. Ideally, BSFnano would be functionalised to target 

dendritic cells (as stated above), while loaded with 

antigens and adjuvants in a manner that would induce CD8+ T 

cell responses. To achieve this, alterations in particle 

purification protocol have to be considered. The 

optimisation is particularly needed in the case of 

azidohomoalanine incorporation into pVIII coat protein that 

occurs in the presence of minimal medium. Salts in this 

medium precipitate in 15% PEG800, preventing purification 

of short nanorods using PEG precipitation. To avoid the PEG 

precipitation step, protocols for a concentration of 

particles from the large volume of culture media will need 

to be optimised for a particular application. Some 

suggestions include membrane filtration, chromatography and 

crossflow filtration. 

6.2.3 Future developments of the BSFnano-based technology 

BSFnano can be used for diagnostic purposes in the rapid, 

sensitive detection of trace molecules (e.g., toxins, 

explosives, viruses, biomarkers for diseases). To increase 
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Chapter 7. APPENDICES 

7.1 MPI APPROVAL FOR TRANSFER OF PHAGES  
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7.2.2 Conjugate vaccine molecule (CI038) 
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7.3 QUANTIFICATION AND MOLECULE ANALYSIS 

7.3.1 BSFnano particle quantification 
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7.3.2 Endotoxin quantification via LAL assay 
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7.3.3 TAMRA fluorescence quantification 
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7.3.6 Example of OVA-pVIII fusion quantification  

 

 A450 

BSA 0.0486  

PBS 0.0461 
 

Na-carb 0.0508 
 

R783.OVA 0.2759 0.2918 

Calculation 

pfu/mL 8.53E+09 8.53E+09 

pfu total 1.07E+09 1.07E+09 

true signal 0.2274 0.2433 

ng OVA/mL 41.84826 43.45934 

g OVA/mL 4.18E-08 4.35E-08 

Mw OVA (g/mol) 3365 3365 

N Av 6.02E+23 6.02E+23 

N (OVA)/mL 7.49E+12 7.77E+12 

N (OVA) total 9.73E+11 1.01E+12 
pVIII / phage 3655 3655 

pVIII total 3.9E+12 3.9E+12 

OVA/phage 910 945 
% fusion 25% 26% 
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