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Abstract
In the last two decades a surge in antibiotic resistance has limited antibiotic
effectiveness increasing the risk of uncontrolled epidemics especially for biofilm-related
infections. The National Institute of Health reports that 80 % of human infections are
biofilm related. The Proteus mirabilis bacteria were focused on in this study as they are
significant biofilm formers in chronic infections such as biofilm-related urinary tract
infections for which there are currently no completely effective treatment strategies. As
biofilms can increase antibiotic resistance by up to 1000-fold, there is an urgent need for
the development of novel antimicrobials. Thus, bacteriophages which are viruses that
target and kill bacteria have been proposed as suitable alternatives, but factors like
storage stability and re-isolation pose limitations. Towards investigating the
development of new antimicrobial strategies, the aims of this thesis were to assess: (i)
the therapeutic potential of bacteriophages against Proteus mirabilis biofilms and (ii)
the development of a novel antimicrobial strategy based on a synthetic biology
approach for improvement of bacteriophage-based biofilm control. The work presented
in this thesis led to or may lead to four areas of development, which have the potential
to contribute to fields of biofilm research, bioengineering and materials science. Firstly,
novel bacteriophages against clinical strains of Proteus mirabilis were isolated with
physicochemical and genomic characterisation. Unlike other studies, the effect of
temperature was included in the selection of favourable bacteriophages for anti-biofilm
use. Secondly, towards improving bacteriophage-based treatment, dendrimeric
nanoparticles known as dendron were posed as alternatives, these were synthesised and
characterised, and demonstrated improved biofilm reduction and eradication by 35 %
and 100 % respectively compared with the most effective bacteriophage.Thirdly, this
study developed insight into the dendron’s mechanism of action, which was previously
unreported, and was proposed to be through disruption of Proteus mirabilis DNA
systems. Fourthly, in a unique approach, the dendron was bioengineered with
bacteriophage DNA using electrostatic interactions. The results suggested that the
dendron has potential to be used as a carrier for bacteriophage DNA, and presents the
first attempt in published literature at combining the anti-biofilm properties of
bacteriophages

and

dendrons

towards

futuristic

development

of

synthetic

bacteriophages. The results also provide a promising antimicrobial strategy for use of
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dendrons as therapeutic agents, alone or in combination with antibiotics and
bacteriophages for treatment of biofilm-related infections.
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1.1

Chapter overview

Bacteria naturally reside in the environment, within communities known as biofilms,
which are sessile aggregates of bacterial cells. Biofilms are multicellular and may
consist of polysaccharides, water and nucleic acids, all within a scaffold-like structure
known as the extracellular matrix (Kostakioti et al., 2013). In the environment, biofilms
are beneficial for the food chain, where they serve as food at lower ends of the aquatic
food chain (Denkhaus et al., 2007). However, within the bacterial biofilm structure, the
bacterial cells are better protected from adverse environmental conditions and
antimicrobial agents (Mah and O'Toole, 2001, Stewart, 2002). Biofilms can form on
almost any solid surface such as the different polymers used in medical devices and on
wounds. The ability of biofilms to form on medical devices such as catheters increases
the burden of antibiotic resistance, due to the sequestration of bacteria in biofilms
(Jesaitis et al., 2003, Kostakioti et al., 2013). As antibiotic resistance continues to soar
within the bacterial community, research into alternative modes of treatment for
infections is urgently required (WHO, 2014).
This chapter discusses the clinical problems associated with bacterial biofilms, the
reasons why Proteus mirabilis is a significant bacterial pathogen in biofilm-related
infections, current treatments, their efficacy and limitations with regards to antibiotic
resistance. Bacteriophages as potential alternatives to antibiotics and as anti-biofilm
therapeutic agents will be discussed, highlighting relevant published studies with insight
into the possible limitations of bacteriophage-based therapy. This then leads to how the
relatively new dendrimeric nanoparticles could be used in improving the limitations
associated with bacteriophage therapy, with an appraisal of their general suitability as
anti-biofilm therapeutic agents in comparison with sole use of antibiotics and
bacteriophages. The overall aim being to show the importance of this study in seeking a
synthetic-biology based solution for the treatment of P. mirabilis biofilm-related
infections.

1.2

Biofilms

1.2.1 Biofilm formation and clinical significance
Biofilms were first described in 1936 by Zobell and Anderson, who showed that marine
bacterial cells were able to attach to solid surfaces such as glass slides; and that the
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attached bacteria were not easily removed by rinsing with water or by staining
techniques used for visualisation of the attached bacteria (Zobell and Anderson, 1936).
On hydrated solid surfaces, bacteria predominantly reside as biofilms, this favoured
existence as sessile biofilm communities, may promote metabolite absorption, as there
is increased density of bacteria, and nutrients are concentrated with enhanced enzymatic
activity (Tielen et al., 2010, Costerton et al., 1995). Biofilms can be described as a
community-based living system, in which bacterial cells are attached via their adhesion
molecules to a surface. Biofilms usually consist of layers of bacterial cells within a
dense matrix that is difficult for antibiotics to diffuse through. This biofilm matrix
consists of excess polysaccharides, DNA, proteins and cellular debris, it is within this
matrix that the bacterial cells multiply and are encased, being protected from external
forces and chemicals (Costerton et al., 1995).
The process of biofilm formation starts with attachment of bacterial cells to a surface,
and this can occur within minutes. On sensing a surface, gene expression is regulated to
transform swimming cells to attachable organisms. Following attachment, the bacteria
produce a slimy matrix which encases the already rapidly multiplying cells. The
multiplication of bacterial cells then reaches a threshold density essential for quorum
sensing (cell-to-cell signalling) to promote establishment of a stabilised biofilm
structure (de Kievit and Iglewski, 2000). With quorum sensing, the behaviour of cells
within the matrix is regulated and fluid channels are also formed in the 3-D biofilm
structure for exchange of nutrients and waste products. Within the biofilm matrix,
bacteria are of different characteristics, some being persisters and others dispersers.
With the latter being able to spread across the surface while maintaining their biofilm
nature. The persister cells are prone to antibiotic resistance offering recurrence of
biofilms, if antibiotic susceptible cells are successfully removed by antibiotics (HallStoodley et al., 2004, Stickler and Morgan, 2008). The biofilm will continue to grow as
cells multiply within the biofilm and also by recruitment of swimming cells from the
surrounding environment over the biofilm.
Apart from natural existence in the environment, biofilms are associated with a number
of human infections and industrial challenges, such as tooth decay – where biofilms are
commonly referred to as plaques (Kolenbrander, 2000, Kolenbrander et al., 2002),
chronic wounds (James et al., 2008), medical-device related infections (Francolini et al.,
2010, Donlan, 2001) and blocking of pipes and wet metal surfaces such as on a ship’s
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hull (Zardus et al., 2008). With regards to surgical implants, biofilms can lead to failure
of the implant to integrate with tissues (Ye and Peramo, 2014). Therefore, implants
usually have to be replaced and novel anti-biofilm agents are required in light of limited
action of antibiotics as earlier mentioned. With respect to biofilm formation on other
medical devices such as urinary catheters, some of the most common biofilm forming
bacteria on catheters are: Pseudomonas aeruginosa, Enterococcus faecalis, Escherichia
coli, Proteus mirabilis, Klebsiella pneumoniae and Staphylococcus epidermidis, in
order of decreasing occurrence rate (Stickler and Morgan, 2008, Stickler, 1996, Stickler,
2014).

1.3

Proteus mirabilis

1.3.1 Ecological characteristics and clinical significance
P. mirabilis belongs to the Enterobacteriaceae family (bacteria normally residing in the
human gut), which are reportedly the most common causative agents of healthcare
associated infections, representing 32.4 % of all microorganisms isolated from
healthcare associated infection samples (Health Protection Agency, 2012). Community
and hospital acquired urinary tract infections (UTI) lead to an annual cost of
approximately $1.6 billion and $424 – $451 million respectively, and in the UK, the
treatment of healthcare associated infections accounts for at least £1 billion (Foxman,
2002, HCAI Technology Innovation programme, 2008). Therefore, it is vital that
research strategies are further implemented to improve current treatment strategies, as
decreased UTI incidence is not reported at present.
P. mirabilis represents an important pathogen with significant medical and economic
impact. In catheterised individuals, P. mirabilis is the most commonly isolated bacteria
causing catheter-associated urinary tract infections (CAUTI) (Elves and Feneley, 1997,
Stickler et al., 1993). The catheterised urinary tract is at increased risk of bacterial
colonisation as the catheter tube is exposed to environmental pathogens and more
importantly in close proximity to faecal bacteria from the anal region (Warren, 1997). A
study by De Louvois demonstrated that P. mirabilis strains which caused UTI, were the
same strains isolated from the faeces of patients in 61 % of the cases studied. The
strains were differentiated using the Dienes test in combination with serotyping (De
Louvois, 1969). Hence, the closeness of the urethra to the peri-anal region gives bacteria
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easy access to the urinary tract, mainly when catheters are not aseptically managed,
thereby causing bacterial colonisation of the urinary tract.

1.3.2 P. mirabilis biofilms in clinical infection and immune evasion
mechanisms
P. mirabilis possesses distinct characteristics that make it a successful pathogen in
biofilm-related infections. It uses adhesins such as mannose-resistant Klebsiella-like
haemagglutinin (MR/K) fimbriae and mannose-resistant Proteus-like (MR/P) fimbriae,
with its nanometre sized protein-based hair-like fibres for recognition of host cell
receptors on tissues and or catheter surfaces for initiating infection (Rocha et al., 2007,
Jansen et al., 2004, Brinton, 1965). Other characteristics that promote infection include:
the bacterial exopolysaccharide capsule that enclose the bacteria to provide nonrecognition by human immune defences and proteins/enzymes such as proteases and
haemolysin for easy access to nutrients from human tissues and fluids (Jacobsen et al.,
2008, Stickler, 2014). P. mirabilis as other Gram-negative bacteria has an outer
membrane enriched with lipopolysaccharides, these are major virulence factors
associated with septic shock and fever amongst other deleterious effects on the human
host

(Rietschel

et

al.,

1994).

Lipopolysaccharides

are composed

of core

polysaccharides, lipid A molecules and O antigens, that give lipopolysaccharides an
acidic and negatively charged nature to which positively charged entities can bind. With
respect to CAUTIs, this acidic and negative charge has been shown to promote
accumulation of calcium and magnesium ions around bacterial cells. These could
enhance crystalline biofilm formation following the hydrolytic action of bacterial urease
on urea (Torzewska et al., 2003).
Since P. mirabilis is also able to attach to a wide range of polymers commonly used in
the design of medical devices such as silicone, polypropylene, red rubber, latex and
ethylene (Roberts et al., 1990, Hawthorn and Reid, 1990), its biofilm-related infections
continue to be a concern. The issue with P. mirabilis biofilm is of major concern in long
term urinary catheterised individuals who have a catheter in place for over 28 days.
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Urinary catheters are composed of tubes placed through the urethra, and leading into the
bladder, through which urine passes into an external bag that can be emptied
periodically. Catheters are usually used in hospitalised patients and in the elderly who
develop urinary incontinence (Brosnahan et al., 2004, Schumm and Lam, 2008). In
hospitalised patients they are used after major surgery or to monitor urine output over a
short period of time. It has been reported that approximately 50 % of those with
indwelling catheters for over 7 days usually develop a CAUTI (Schumm and Lam,
2008) and for those patients undergoing long-term catheterisation (28 days or more), the
risk rises to almost 100 % (Warren et al., 1982).
Urinary catheterisation dates back to before 310 BC, where materials ranging from gold,
metals and textiles were used for catheter design (Mattelaer and Billiet, 1995).
Presently, the most widely used catheter is the Foley catheter. The introduction of
urinary Foley catheters in the 1930s, provided a comfortable and easily manageable
biomaterial for voiding urine from patients who were unable to do it themselves; either
temporarily due to surgical interventions or permanently due to anatomical or immune
deficiencies resulting in incontinence (Tatem et al., 2013, Ellis, 2006). There was no
indication that this commonly used biomaterial would be a source of major concern
soon after, as it provided a breeding environment for bacteria and created access to the
normally sterile urinary tract.
Catheters represent a significant source of infection in most healthcare facilities, as 40 80 % of nosocomial infections are catheter related (Saint and Chenoweth, 2003, Lo et
al., 2008, Health Protection Agency, 2012) and within 15 - 25 % of over 14.5 million
NHS patients in the UK are catheterised during hospital stay, be it temporarily or
permanently (Gould et al., 2010, Makuta et al., 2013). In UK nursing homes, the
prevalence of catheter use is estimated at over 40 % (Department of Health, 2000,
Nicolle, 2001), with over 40 % of UTI positive individuals reported to have had a
catheter in place within the preceding 7 days before diagnosis (Health Protection
Agency, 2012). This further emphasises the relationship between catheter usage and the
occurrence of urinary tract infections. Although catheter-associated morbidity from
single cases are low compared with other bacterial infections such as pneumonia (Myles
et al., 2009, Health Protection Agency, 2012), it is the accumulated burden such as costs
related to prevention and treatment strategies for CAUTIs that is a major source for
concern (Tambyah et al., 2002).
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Catheter colonisation facilitates establishment of stabilised colonies via biofilm
formation; which promote recurrent infections and blockage (Stickler and Feneley,
2010). Blocked catheters, promote urine retention which is associated with bladder
distension and discomfort for the individual, and promotes multiplication of bacteria to
concentrations diagnostic of UTI (≥ 105 CFU/mL) (Himpsl et al., 2008, Chen et al.,
2012). Biofilms also cause persistent chronic inflammation and immune stimulation as
planktonic bacteria can be dislodged from the biofilm into the bladder (Nickel et al.,
1990). Bacterial cells may also gain entry to the kidney causing pyelonephritis, due to
colonisation of the uroepithelium as the accumulating urine in the bladder reaches the
kidneys (Tenke et al., 2012).
Variable rates of CAUTI prevalence have been reported in the literature, a UK survey
between the years 1991 – 2001 showed that 20.9 % of hospital acquired bacterial
infections were catheter-related in geriatric and urology care units across 73 English
hospitals, which shows the significance of catheter associated urinary tract infections
(Coello et al., 2003). In 2004, a one month retrospective study of three Primary Care
Trusts in England was performed, an 8.5 % prevalence rate was reported, however this
may have been higher as a lack of CAUTI records was cited as a limitation of the study
(Getliffe and Newton, 2006). In another study, by Landi et al., (2004) the prevalence of
urinary tract infections was 11 % higher in catheterised individuals compared with the
non-catheterised in a population of 1004 frail elderly women. In addition, the study
showed a 44 % increased risk of death in residents with bladder catheters above that of
non-catheterised patients (Landi et al., 2004). The latter report correlates with earlier
data where catheterised patients showed increased susceptibility to bacterial infections
as soon as even very low concentration of bacteria (< 105 CFU/mL) could gain access to
the catheters (Stark and Maki, 1984). This is clinically important because, within 48
hours, low levels of bacteriuria (presence of bacteria in urine) could rise to clinically
significant concentrations (≥ 105 CFU/mL) following bacterial contamination of
catheters, in the absence of antimicrobial intervention (Stark and Maki, 1984).
A major implication of long-term catheterisation is that catheter changes are usually
performed after 10 -12 weeks of catheter placement (Stickler, 2008). Therefore, if there
has been early bacterial colonisation of the urine, bacteria are able to initiate and
stabilise biofilm formation on catheter surfaces, within the continuous flow of nutritious
urine which is at the right temperature for bacterial growth. Meaning that bacterial
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colonisation can continue for up to 3 months before being detected. Moreover, the
bacterial species (Pseudomonas aeruginosa, Proteus mirabilis, Providencia stuartii,
Morganella morganii and Klebsiella pneumoniae) which are associated with long-term
catheterisation are difficult to eliminate using antibiotics without first removing the
infected catheter (Warren et al., 1982, Warren, 1991, Clayton et al., 1982). In addition,
some of the bacteria (Proteus mirabilis, Proteus vulgaris and Providencia rettgeri) are
able to form crystalline biofilms. These are composed of struvite (magnesium
ammonium phosphate (NH4)MgPO4.6(H2O)) and apatite (hydroxylated calcium
phosphate (Ca5(PO4)3OH)) crystalline (mineral) deposits that

further increase the

difficulty of biofilm clearance, as bacteria are embedded within these crystalline
biofilms (Broomfield et al., 2009, Cox and Hukins, 1989, Hedelin et al., 1984).
The production of these mineral deposits rests on the breakdown of urinary urea (a
waste product excreted in urine) by the bacterial urease enzyme. The urease enzyme
hydrolyses its urea substrate into ammonia and carbon dioxide, this increases the pH of
the urine to an alkaline state (pH >7.2), causing soluble urinary magnesium and calcium
ions to precipitate out of the urine and form the crystalline stones that can block
catheters (Coker et al., 2000, Chen et al., 2012). Of the bacterial species commonly
colonising

catheters,

Pseudomonas

aeruginosa,

Proteus

mirabilis,

Klebsiella

pneumoniae, Staphylococcus aureus, Klebsiella oxytoca, Providencia rettgeri,
coagulase-negative Staphylococcus spp. and Proteus vulgaris all produce urease
(Macleod and Stickler, 2007, Stickler and Morgan, 2008), and the most commonly
isolated urease producing bacteria is P. mirabilis (Mobley and Warren, 1987, Kunin,
1989).
In a laboratory-based study by Broomfield et al., (2009) the encrustation of catheters
was studied using a glass chambered bladder model with an all-silicone catheter. It was
observed that only P. mirabilis, Proteus vulgaris and Providencia rettgeri were able to
cause biofilm blockage via crystalline biofilm formation. Although Morganella
morgannii and Staphylococcus aureus raised the urinary pH and produced some
crystalline biofilms, catheter blockage was not observed within the 96 hour
experimental period. However, other bacteria (Klebsiella pneumoniae, Klebsiella
oxytoca, Enterobacter cloacae, Serratia marcescens, Pseudomonas aeruginosa and
Providencia stuartii) raised the pH of the urine from 6.1 to 6.4 without crystalline
biofilm deposition. P. mirabilis caused the highest rate of crystalline deposition and
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urease activity compared with the other uropathogens and raised the pH of the urine
from 6.1 to alkaline levels pH 8.3 - 8.4, the urease negative control organisms did not
raise the urinary pH, which stayed at 6.1 (Broomfield et al., 2009). Based on
epidemiological and experimental evidence, P. mirabilis has been shown to be a major
cause of catheter associated biofilm infections, as the other crystalline forming bacteria
(Proteus vulgaris and Providencia rettgeri) were present in only 5 - 10 % of catheterassociated biofilms (Macleod and Stickler, 2007, Jones et al., 2006).
P. mirabilis is an efficient uropathogen due to its different virulence factors that
promote host immune system evasion. Such factors include the urease enzyme which
hydrolyses urea and initiates crystalline stone formation, which apart from promoting
catheter blockage is also able to protect the bacterial cells from host immune cells
(Baldo and Rocha, 2014). Secondly, cleavage of serum and secretory immunoglobulins
by the extracellular ZapA metalloproteinase (IgA protease). In mice infected with ZapAmutants of P. mirabilis, it was demonstrated that less bacteria were recovered compared
with mice infeced with ZapA expressing bacteria (Belas et al., 2004), meaning that in
absence of ZapA bacteria survival is reduced as secretory immunoglobulins are able to
target the bacteria, whereas in the wildtype cells expressing ZapA, the secretory
immunoglobulins are degraded which promotes bacterial survival. In the same report,
the ZapA protease was also shown to hydrolyse antimicrobial peptides prevalent in the
urinary tract as a means to promote persistence of uropathogens in the urinary tract.
Thirdly, the mannose-resistant Proteus-like fimbriae demonstrate phase variation as a
means of immune evasion (van der Woude and Bäumler, 2004). These fimbriae are
used for attachment of bacterial cells to host tissue cells (Armbruster and Mobley,
2012), but with phase variation, the genes encoding the MRP fimbriae can be switched
‘on’ and ‘off’ with differences due to different environmental conditions such as
changing oxygen levels (Lane et al., 2009). Thus, within the same clonal population of
bacterial cells there could be cells that have the MRP fimbriae genes ‘on’ and others
‘off’, meaning that in some bacterial cells these antigenic structures are recognised by
the immune system while other members of the population persist.

1.3.3 Current treatments
Antibiotic therapy is the current treatment strategy for bacterial infections. With regards
to UTIs, although antibiotics can be successfully used to treat non-biofilm associated
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UTI, they are not fully effective for biofilm-related infections. Commonly used
antibiotics against UTI include nalidixic acid, trimethoprim, nitrofurantoin, amoxicillin,
ciprofloxacin, gentamicin, norfloxacin and pvmecillinam (Graninger, 2003, Ladhani,
2003). With trimethoprim and nitrofurantoin being the first-line treatment choice for
UTI. As antibiotic resistance is on the rise, UTIs are often incompletely resolved by
antibiotic therapy due to the ability of uropathogenic bacteria to persist in the urinary
tract causing recurrent infections.
Recurrent infections due to biofilms makes treatment complex with accompanied stress
for the patient. Most UTIs are usually treated as outpatient cases; hence completion of
the antibiotic dosage is dependent on the individual’s adherence to the full course of
antibiotics. Lack of completion of the full course promotes persistence of bacterial cells
and recurrent infections (Altarac et al., 2014). Ability of bacterial cells to invade and
multiply within the urothelium (epithelial lining of the urinary tract) may also be a
source of recurrent infections, causing incomplete resolution of UTIs (Rosen et al.,
2007).
There remains an urgent need for research into novel approaches for treatment or
prevention of biofilm related infections (Chen et al., 2013) which include CAUTI,
biofilm in wounds and on surgical implants. Especially as biofilms are predominantly
unresponsive to antimicrobial treatment (Romling and Balsalobre, 2012). With regards
current strategies for resolution of medical device biofilm-related infections, the
blocked catheters are usually removed and antibiotic treatment commenced to eradicate
the uropathogens before reinserting new catheters (Trautner, 2010, Carmen et al., 2005).
Moreover, biofilms may persist in the catheterised urinary tract for long periods of time
before being identified. Hence, increasing the risk of septicaemia when bacteria invade
the uroepithelia (lining of urinary tract) and gain access to the blood stream. The latter,
may result in the death of some patients, especially those who are already
immunocompromised (Chen et al., 2012, Warren et al., 1987). Since the presence of
bacterial biofilms make infections difficult to clear, in long-term urinary catheterisation
bacterial cells are then able to accomplish the most harm (Getliffe and Newton, 2006).
For prevention of CAUTI, the guidelines recommend avoiding catheterisation if
possible and use of aseptic techniques when inserting catheters, such as proper hand
hygiene in order to minimise the risk of bacterial contamination (Health Protection
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Agency, 2012). For management of the catheters after insertion, a closed drainage
system is advised whereby the catheter is always emptied via the valve at the base of the
drainage bag, in order to prevent bacterial ascension. Since the longer a catheter remains
in situ the risk of bacterial contamination increases by 5 % daily and up to 100 % in 4
weeks, it is vital that the need for continued catheterisation is periodically assessed and
the catheter is changed before blockage occurs, in line with the catheter manufacturer’s
recommendations and the patient’s status (Tenke et al., 2008). Although it seems logical
that upon catheter removal and re-insertion antimicrobial prophylaxis could be
administered, there is limited evidence to suggest any benefit in administering
antimicrobials at this point in order to prevent CAUTI occurrence (Tenke et al., 2008,
Health Protection Agency, 2012). Presently, there are currently no recommendations
that support antimicrobial prophylaxis before catheter removal for the majority of
patient groups (Lusardi et al., 2013, Niel-Weise and van den Broek, 2005a, Niel-Weise
and van den Broek, 2005b, Health Protection Agency, 2012, Olson and Cookson, 2000).
However, in patients at high risk of endocarditis or who are immunocompromised, the
guidelines suggest that antimicrobial prophylaxis may be beneficial, but further research
is required (Health Protection Surveillance Centre, 2011).
Due to bacteria being able to evade the immune response when present in biofilms, plus
the presence of antibiotic resistant persister cells which are able to promote re-growth of
the biofilm during or after antibiotic treatment, there is the clinical challenge of
clinically significant clearance of bacterial biofilms (Lewis, 2001). It has been proposed
that cyclical antibiotic dosing could eliminate biofilms and their persister cells (Lewis,
2001, Lewis, 2005). In this case, the antibiotic is administered, then withdrawn and readministered again when the persister cells have lost their resistant phenotype.
However, the rate at which the persister cells lose their antibiotic-resistant phenotype
following antibiotic withdrawal has to be determined and strictly adhered to in order to
ensure complete biofilm clearance (Lewis, 2001). However, complete understanding of
biofilm tolerance to antibiotics therapy is not yet fully understood, which makes this
antibiotic approach difficult (Azeredo and Sutherland, 2008).
Some research into the efficacy of antibiotics at biofilm removal has been conducted
and

demonstrate

variable

results,

especially

when

sub-minimum

inhibitory

concentrations of antibiotics were used. Antibiotics at sub-minimum inhibitory
concentration (sub-MIC) have been successfully used in vitro to inhibit biofilm
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formation in Streptococcus pyogenes; where up to 92 % biofilm inhibition was observed
(Balaji et al., 2013). However, this inhibitory effect was circumvented at lower subMIC doses (below 1/16th MIC) where the bacterial biofilms were formed with increasing
bacterial metabolic activity. This shows that antibiotics are effective up to a certain
point against biofilm formation. In another study by Wasfi et al., (2012) sub-MIC
concentration (1/2 MIC) of ciprofloxacin caused up to 93 % reduction in biofilm
formation by P. mirabilis clinical isolates from UTI and wound infections. Four
antibiotics were tried: ciprofloxacin, ceftriaxone, nitrofurantoin and gentamicin at
different sub-MIC values (Wasfi et al., 2012). At lower sub-MIC doses, the inhibitory
effect of the antibiotic was also reduced as observed by Balaji et al., (2013).
Kwiecińska-Piróg et al., (2013) also tried four different MIC concentrations: 1/8 MIC,
1

/4 MIC, 1/2 MIC and the MIC values of two antibiotics: ciprofloxacin and ceftazidime.

Of the two, ciprofloxacin showed better ability to eradicate pre-formed 24 hour biofilms
of P. mirabilis strains using 1× MIC. However, for 12 hour biofilms ceftazidime was
most efficient. Not all strains tested were susceptible to all antibiotics. Arabski et al.,
(2013) showed that antibiotics are able to diffuse into biofilms of P. mirabilis although
to varying levels, as ciprofloxacin (a quinolone) was able to diffuse into biofilms at 1.9
times the rate of gentamicin (an aminoglycoside antibiotic that targets protein
synthesis).
These studies show that antibiotics are useful to a certain degree and that empirical
determination of dosing is essential to determine the most effective dose for biofilm
eradication and or control. All the studies were performed in vitro, hence the long-term
benefits of such success is yet to be determined. It is based on the continuing increase in
antibiotic-resistant pathogens that the need for alternative therapies are being sought
especially for cases when antibiotics fail to resolve infections.

1.3.4 Experimental treatments
Different sites of the catheter have been proposed for antimicrobial loading in order to
prevent bacterial adhesion at sites that are most prone to biofilm formation; such as the
length of the catheter tubing, the eyelet and the balloon (Figure 1.1).
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Figure 1.1

Schematic representation of a urethral catheter

With reference to the balloon, it has been suggested that water soluble antimicrobials
can be used to fill the balloon (Stickler et al., 2003, Williams and Stickler, 2008). The
success of this idea is based on subsequent osmotic action of the antimicrobials to the
balloon surface to prevent bacterial adhesion and destroy already attached bacteria that
could eventually produce biofilms. Other aspects include research into antimicrobial
solutions that may be applied as irrigation solutions; however, current guidelines do not
recommend the use of catheter irrigation, as there is no evidence to suggest the efficacy
of this approach in the prevention of biofilms (Lo et al., 2008, Pratt et al., 2001).
Examples of some tested antimicrobial solutions were chlorhexidine (the active agent in
mouth washes) (Stickler et al., (1991), mandelic acid (applied in the 1930s for UTI
treatment) (Anon, 1936) (Lyon and Dunlop, 1935) and a mandelic/lactic acid mixture.
The authors showed that mandelic acid and mandelic/lactic acids were most effective at
eliminating biofilms of Pseudomonas aeruginosa, P. mirabilis and Klebsiella
pneumoniae grown on silicone discs (a common catheter material). Which were in line
with previous results where 1 % weight by volume (w/v) mandelic acid was effective in
the removal of biofilms formed on silicone discs by Citrobacter spp., Pseudomonas
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aeruginosa and Enterococcus faecalis bacteria (Stickler and Hewett, 1991). However,
Robertson and Norton reported unsuccessful results when the same concentration of
mandelic acid was used against strains of P. mirabilis in 40 catheterised individuals
(Robertson and Norton, 1990).
The use of modified materials and catheter coating with antibacterial compounds
focuses on prevention of adherence and bacteriuria (bacterial colonisation), and
therefore biofilm development (Tournu and Van Dijck, 2012). Silver coatings and
nitrofurazone-impregnated or coated silicone catheters have shown significant
prevention of catheter-associated bacteriuria during the short term catheterisation of
hospitalised patients (Schumm and Lam, 2008, Stensballe et al., 2007, Johnson et al.,
2012). Antibiotic impregnated catheters were significantly effective at preventing
bacteriuria in patients who were catheterised for up to one week (Schumm and Lam,
2008). Gabriel et al., also demonstrated a successful decrease in adherence of bacteria to
silicone and latex catheters pre-treated with silver (Gabriel et al., 1995). In a hospital
setting, the use of hydrogel/silver coated catheters (BARDEX® IC) showed a decrease
in nosocomial urinary tract infection rate, although these were not statistically
significant; it was reported that with reduced infection rate, cost savings of $98,021
could be obtained (Bologna et al., 1999). However, there are doubts about the efficacy
of silver because silver can be neutralised by chloride ions and biological compounds
such as human serum (Mulley et al., 2014, Groh et al., 2014). Also, crystalline biofilms
could still be formed on hydrogel/silver coated Foley catheters, especially when the
antimicrobial coating shows little or no diffusion out of the catheter material into the
catheter lumen (Morgan et al., 2009). Overall, these emphasise that the race between
antibiotic resistance and development of effective antimicrobial strategies remains.
Other chemical approaches which were reported in the literature included: heparin (an
anti-coagulant) which was used due to its anti-adhesive properties. Ruggieri et al.,
(1987) coated surfaces of latex catheters with a heparin-tridodecylmethylammonium
chloride complex, and observed a 90 % reduction in bacterial adhesion on catheter
surfaces. Tenke et al., (2004) compared time to blockage in heparin-coated silicone
catheters, latex catheter and uncoated silicone catheters infected with P. mirabilis.
Although none of the catheters were able to resist blockage, the time to blockage was
longer when heparin coating was used, 2.4 days compared with 2.3 and 1.2 days for the
uncoated silicone and latex catheters respectively (Tenke et al., 2004). Gaonkar et al.,
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assessed catheters impregnated with 607 μg/cm3 of chlorhexidine and 415 μg/cm3 of
triclosan, with release rates of 14.5 μg/day and 3.7 μg/day respectively. Colonisation by
common uropathogens including P. mirabilis could be prevented for just over 30 days
(Gaonkar et al., 2007). With so much hope for antimicrobial catheters and studies
showing their success rates in prevention of colonisation and bacteriuria, none of the
present commercial catheters including antimicrobial coated designs were able to
completely prevent blockage by P. mirabilis (Morris et al., 1997). Other variety of
agents have been targeted for biofilm control, Table 1.1 gives an overview of some
these agents which have been effective.
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Antimicrobial agents

References

Chlorhexidine

Gaonkar et al., 2007, Richards et al.,
2003, Besinis et al., 2014

Triclosan

Jones et al., 2005, Jones et al., 2006

*Silver-based compounds

Melaiye and Youngs, 2005, Saint et al.,
1998, Besinis et al., 2014, Johnson et
al., 2012, Chakravarti et al., 2005,
Verleyen et al., 1999

Byotrol™ G32 (a mix of different

Govindji et al., 2013

chloride-based compounds)
Combination

of

ovotransferrin, Yakandawala et al., 2007

protamine sulfate and EDTA
Curcumin (from the spice, turmeric)

Packiavathy et al., 2014

Capparis spinosa (Caper fruits)

Issac Abraham et al., 2011

Magnesium fluoride

Lellouche et al., 2012

Chlorine

Kim et al., 2008

Nitrofurazone

Maki and Tambyah, 2001, Al-Habdan
et al., 2003
Darouiche et al., 1999, Jamal et al.,

Minocycline and rifampin

2014, Raad et al., 2012
Tobramycin

Kim et al., 2008

Ciprofloxacin

Arabski et al., 2013, Kwiecinska-Pirog
et al., 2013
Arabski et al., 2013

Gentamicin
Table 1.1

Overview of potential antimicrobial agents assessed for biofilm

control
*Silver and its associated compounds were found to be the most commonly investigated
antimicrobial agent applied to catheters, with silver alloy catheters being more effective than silver
oxide coatings (Saint et al., 1998). None of the individual agents cited were completely effective
at prevention of biofilms.
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Combinatorial measures were most effective in some cases, such as with silvertobramycin, which showed an over 200 % increase in anti-biofilm activity (Kim et al.,
2008). These synergistic effects between antibiotics or between an antimicrobial and an
antibiotic show that combinatorial measures could lead the way to novel approaches for
biofilm control. Other approaches to biofilm control are disruption of quorum sensing,
the patient’s diet, iron scavengers and bacterial interference (Table 1.2). In addition, it is
proposed that by also using the bacteriophages as prophylaxis and treatment options
then the ammunition against biofilm-related infections would be increased.
Alternative

Notes

Reference

approach
Quorum

Blocks

bacterial

sensing

inhibits

signals

Thus Weng et al., 2014,

communication.
that

promote

biofilm Imperi et al., 2013

formation
Patient diet

Increase in fluid intakes that are rich in Stickler

and

citrates such as lemon juice was reported to Morgan, 2006
be a promising intervention for prevention
of crystalline biofilm formation; as the pH
of the urine is prevented from becoming
alkaline
Iron

Bacterial cells scavenge iron from their host Musk et al., 2005,

scavengers

in order to maintain the bacterial population Armbruster
during infection. Thus competitive iron Mobley,
scavengers

such

as

conalbumin

and
2012,

and Singh et al., 2002,

lactoferrin (present in human external Himpsl

et

al.,

secretions such as blood plasma and human Burall et al., 2004
milk) will limit availability of iron for
bacterial growth.
Table 1.2

1.4

Alternative approaches to biofilm control on medical devices

Bacteriophages

Lytic bacteriophages are bacterial viruses that specifically target and kill bacterial cells.
Thus, they have been suggested as possible alternatives to antibiotics (Sulakvelidze et
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al., 2001). In the search for alternatives to antibiotics, the research into bacteriophage
has gained renewed interest as they are obligate intracellular parasites of bacteria. Since
they are naturally occurring and able to divide within the bacterial host, they are
currently the only self-replicating drugs known to man (Deresinski, 2009) (Payne et al.,
2000). They are able to increase in number and continue rounds of bacterial lysis;
bacteriophages could therefore offer hope where antibiotics have failed. Empirical
studies have shown the application of bacteriophages to reduce and prevent biofilm
formation in vitro from industrial and clinically relevant surfaces. However, for
bacteriophages to be implemented clinically certain issues such as standardised delivery
and availability of diverse formulations in which bacteriophages are applied at
pharmacologically effective dosages need to be solved.

1.4.1 Historical overview
The initial discovery of bacteriophages is owed to Frederick Twort and Felix d'Herelle
in 1915 and 1917 respectively (Kutter and Sulakvelidze, 2005). In the environment,
bacteriophages act as bacterial predators, they are obligate intracellular parasites
meaning that they require their prokaryotic hosts in order to replicate. Bacteriophages
also have influence on microbial ecology and have been shown to provide sources of
essential nutrients such as phosphorus (Rohwer and Edwards, 2002). There are
approximately 1010 bacteriophages per litre of sea water and up to 109 bacteriophages
per gram of soil, making them the most abundant entities on earth. Bacteriophage
research as a therapeutic agent was rampant in the first twenty years of its discovery, but
due to the advent of antibiotics interest in bacteriophages around the world declined
during the mid-1930s (Adams, 1959, Dubos and Hotchkiss, 1941). Up until recently, in
western countries bacteriophage research was very much centred on applications in
molecular biology, enzymology and ecological relationships but not for therapy
(Summers, 2005, Ellis and Delbrück, 1939, Sagar M. Goyal, 1987). Presently, many
bacteriophages are still being isolated and characterised with an ever increasing array of
applications in molecular biology, agriculture and therapy. This part of the review will
focus on bacteriophages as therapeutic tools in the search for alternatives to antibiotics,
with insights into how they might be implemented towards a novel strategy for
treatment of biofilm-related infections.

1.4.2 Biology and classification of bacteriophages
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Bacteriophages are mostly nucleic acid and proteins, apart from the lipid component of
enveloped bacteriophages. Bacteriophage structure consists of a symmetrical head
(capsid) which contains the nucleic acid (mostly double stranded DNA (dsDNA), a
minority of single stranded DNA (ssDNA), ssRNA, or dsRNA contained capsids), and a
tail (Figure 1.2).

Figure 1.2

Schematic representation of tailed bacteriophage

As natural parasites of bacteria, bacteriophages are able to infect both Gram-positive
and Gram-negative bacterial cells. Bacteriophages will randomly come into contact with
bacterial cells via a Poisson distribution (Carlson, 2005, Russel, 1995); which defines
the probability that a bacteriophage will irreversibly adhere to a bacterial cell within a
given interval of time and space. They then deliver their DNA into the bacterial cells for
replication, production of new lytic bacteriophages and destruction of their host by lytic
action. Lysis simply refers to the bursting of bacterial cells, due to action of
bacteriophage enzymes on the bacterial cell membrane. Based upon the most
extensively studied bacteriophage T4, a tailed dsDNA bacteriophage of the Myoviridae
family, the lytic cycle is proposed to have five stages: attachment of the bacteriophage
particle to a susceptible host, penetration of bacteriophage DNA into the bacterial host,
43

replication of bacteriophage DNA with synthesis of bacteriophage structural
components, assembly of whole bacteriophage and release of the bacteriophage progeny
(You et al., 2002). The infection of bacterial cells by a bacteriophage requires an
irreversible attachment of the tail fibre ligands to cellular receptors on the bacterial cell.
In the case of Gram-negative bacterial cells, these are usually lipopolysaccharides and
membrane proteins of the outer cell membrane (Cota-Robles, 1964, Abedon et al.,
2011) (Figure 1.3).

Figure 1.3

Gram-negative bacterial cell wall

(Jeff Dahl (Own work) via Wikimedia Commons, 0107, 2 March 2008 (UTC)), licensed under the
free to use Creative Commons Attribution-Share, [GFDL (http://www.gnu.org/copyleft/fdl.html)].

Following irreversible attachment of the bacteriophage, the bacteriophage DNA enters
(penetrates) the bacterial cell. The process of penetration is similar for all bacteriophage
in that the DNA enters bacterial cells via processes dependent on cellular energetics
such as production of energy molecules (adenosine tri-phosphates) and differences in
membrane voltage (Daugelavicius et al., 1997, Bertin et al., 2011). For bacteriophage
T4 which has a contractile tail, the baseplate undergoes conformational changes upon
attachment of the bacteriophage to the bacterial cell wall. The conformational change
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results in contraction of the bacteriophage tail, which pushes the inner tail tube through
the outer cell wall of the bacterium. The next layer in the bacterial cell wall is the
peptidoglycan layer at this point the bacteriophage secretes lysozyme which hydrolyses
the polysaccharide bonds between components of the peptidoglycan layer (Boulanger et
al., 2008, Xiang et al., 2008, Cohen et al., 2009, Bohm et al., 2001). In order for the
bacteriophage DNA to be released through the inner bacterial membrane, the tail of T4
bacteriophage must come into contact with the phosphatidylglycerol component of the
inner membrane. This triggers release of bacteriophage DNA through the inner
membrane and into the bacterial cytoplasm, which occurs via an electrochemical
potential that is still poorly understood at present (Kutter et al., 2005, Goldberg et al.,
1994). Without the tail making contact with phosphatidylglycerol, the bacteriophage
DNA would remain in the periplasmic space where it can be degraded by nuclease
enzymes.
Upon successful entry of the bacteriophage DNA into the bacterial cell, bacteriophage
DNA must be able to resist breakdown by bacterial nucleases. This occurs by quick
circularisation of the bacteriophage DNA or elimination of nuclease recognition sites.
Once in the bacterial cell, the bacteriophage uses its host bacterial DNA replication
machinery (genomic DNA and RNA polymerases, ribosomes, nucleoside triphosphates
and amino acids) to initiate bacteriophage DNA transcription and translation of
produced mRNAs with assembly and maturation of resultant bacteriophage components
such as the capsid, tails and tail fibres. In order for mature bacteriophage progeny to exit
bacterial cells, tailed bacteriophage synthesise lysin proteins to break down the
peptidoglycan layer, this results in bacterial lysis and release of mature bacteriophage
progeny which can infect and lyse other bacterial cells for maintenance of the lytic cycle
(Ackermann, 2006).
The bacteriophages can follow either lysogenic or lytic life cycles, but the main focus
for use as therapeutic tools are the lytic bacteriophages. This is because with lysogeny
the bacteriophage DNA becomes incorporated into the bacterial genome, delaying
maturation into bacteriophage progeny. Also such DNA incorporation means that
deleterious genes could be conferred to bacterial cells. Examples of these deleterious
genes include those that encode for β-bacteriophage diphtheria toxin and bacteriophageencoded Shiga toxins (stx proteins). These are usually transferred between bacteria
through horizontal gene transfer in Escherichia coli and Shigella spp. bacteria which
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cause diarrhoeal and/or dysenteric disease in humans (Casas et al., 2011). The Shiga
toxin is detrimental to humans as it inhibits protein synthesis (Rashid et al., 2006), thus
characterisation of newly isolated bacteriophages towards therapeutic application is
majorly focused on identifying the lytic agents.
Worldwide classification of bacteriophages is regulated by the International Committee
on Taxonomy of Viruses (ICTV). The ICTV uses about 70 different properties to
classify viruses into families, moreover the main criteria for bacteriophage classification
is based on the nucleic acid and morphology of bacteriophage particles. This method of
classification rests on the classification scheme proposed in 1967, which included
filamentous, icosahedral and tailed bacteriophages (Bradley, 1967). The ICTV currently
recognises 7 orders and 104 different families of viruses (ICTV, 2014). The most
abundant families, containing over 96 % of named bacteriophages are the Myoviridae,
Siphoviridae and Podoviridae which all have dsDNA and differ by their tails: long
contractile

(Myoviridae),

long

non-contractile

(Siphoviridae)

and

short

tail

(Podoviridae). The classification of bacteriophage into genera is currently based on
their nucleic acid differences such as genome structure, differences in DNA or RNA
nucleotide bases, genome sequence and RNA/DNA polymerase genes.
Based on symmetry, bacteriophages possess binary (tailed bacteriophage), cubic
(Microviridae, Corticoviridae, Tectiviridae) and helical symmetry (Inoviridae,
Rudiviridae and Lipothrixviridae families) or are pleomorphic (Plasmaviridae,
Fuselloviridae, and Guttaviridae) (Calendar, 2006). The structure of bacteriophages
relates to their functions, for example the DNA size can be predicted from capsid
dimensions, the presence of lipid coated bacteriophage particles can be determined by
sensitivity to either chloroform or ether, which solubilise the lipid envelope.
Classification is also based on structural similarities as stated above where the
difference in tail length and contractility are used to contrast the tailed bacteriophage.
Improved taxonomic approaches are being paved especially due to the need to ascribe
bacteriophages to genera and species. An example is a convention described by
Kropinski et al., (2007) which would use the bacteriophage life cycle and the genus of
the infected bacterial host in combination with the bacteriophage family for rapid
identification of newly isolated bacteriophage particles.
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The taxonomy of bacteriophages will continue to evolve as more bacteriophages are
discovered. With reference to bacteriophage therapy, classification is essential for the
identification of novel bacteriophages, easier comparison of bacteriophage nationally
and internationally, identification of evolutionary relationships between different
bacteriophage, identification of harmful bacteriophages which may contain deleterious
genes and the identification of those bacteriophage that can be used as therapeutic tools
in the fight against antibiotic resistance.

1.4.3 Clinical and biotechnological applications of bacteriophages
A variety of applications ranging from bacterial identification to agribusiness have been
reported. In bacterial identification, the use of bacteriophages is based on bacteriophage
specificity for different bacterial receptors. Since bacteriophage naturally have these
bacterial differentiating mechanisms, bacteria of different species and genera can be
identified provided the same bacteriophages are used. This is referred to as
bacteriophage typing which is relatively inexpensive and reproducible and is widely
used to identify different strains of bacteria such as Salmonella spp, Vibrio cholerae and
P. mirabilis (Zheng et al., 2014, Sekaninova et al., 1998, Li et al., 2013); which are
significant human pathogens related to food poisoning, cholera, wounds/urinary tract
infections respectively.
Another aspect of bacteriophage use in bacterial detection is the bacteriophage
amplification assay which is based on the formation of zones of clearing (plaques)
where bacteriophages have lysed susceptible bacterial hosts. Currently, the
amplification assay is mainly used for detection of Mycobacterium tuberculosis, the
causative agent of tuberculosis that takes up to eight weeks to identify using traditional
bacterial culture systems. The bacteriophage amplification assay for M. tuberculosis is
marketed as FastPlaque TB kit which can be a good alternative for rapid diagnostics
especially in low-income countries (Albay et al., 2003, Biotech Laboratories Ltd, 2000).
In culture-confirmed TB cases, the FastPlaque TB assay showed 75.2% sensitivity
which was higher than that of the commonly used auramine stained sputum smear
microscopy, with 98.7 % specificity from patient samples in Cape Town, South Africa
(Albert et al., 2002). Although the test is easy and requires little training for staff it has
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been reported that sample contamination can render the test ineffective as is the case for
most bacterial identification systems (Bonnet et al., 2009).
In food and agriculture, bacteriophages have found a greater and more publically
acceptable application as ecological means of promoting food storage and preventing
spoilage (Bren, 2007). Presently, there are a number of bacteriophage based products
marketed for use in the food and agricultural industry. For example Agribacteriophage
(Omnilytics) which targets bacteria such as Pseudomonas syringae that causes bacterial
speck on crops, Intralytix ListShield and EcoShield for destruction of Escherichia coli
O157-H7 and Listeria monocytogenes in food industries. With respect to
bacteriophage use for biocontrol of food-borne pathogens, there are at least three levels
where bacteriophage can be introduced: prevention of bacterial shedding by livestock
animals which minimises cross-contamination of food produce, limiting cross
contamination of food preparation surface by pre-treating with bacteriophages and
treatment of food items following their harvest (Tomat et al., 2014, Kusumaningrum et
al., 2003, Sulakvelidze, 2013, Rashid et al., 2012, Garcia et al., 2008).
Animal research applications have been ongoing since the early 20th century, with
d’Herelle reporting the bacteriophage susceptibility of Salmonella enterica to clear
avian typhoid, although reportedly unreproducible when trialled in mice. However,
following on from the 1980s, Smith et al., showed that bacteriophages were effective in
treating Escherichia coli septicaemia and gastroenteritis occurring in mice, calves and
pigs (Smith and Huggins, 1982, 1983, 1987a and 1987b).
A number of researchers have examined the potential of using bacteriophages in the
reduction of pathogenic shedding from animals, using in vivo and in vitro models for a
variety of bacteria such as E. coli O157:H7 in cattle and sheep (Sheng et al., 2006) and
Salmonella spp. in pigs where over 99 % reduction of Salmonella sp. using a cocktail of
bacteriophage was obtained (Hooton et al., 2011). Sheng et al., (2006) used
bacteriophage oral treatment in sheep, but the bacterial concentration were unaffected
by bacteriophage. Nonetheless, significantly lower concentration of E. coli O157:H7
were observed in cattle which received 1010 plaque forming units per mL (pfu/mL) of
bacteriophage rectally. In another study by Callaway et al., the concentration of E. coli
O157:H7 were reduced and in vitro results showed a significant reduction in bacterial
cell numbers of up to 4 log (Callaway et al., 2003). In addition, Raya et al., reported 2
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log reduction in E. coli O157:H7 numbers within two days, when sheep were orally
administered a total of 1011 pfu of bacteriophages (Raya et al., 2006). In addition to E.
coli, other organisms related to food poisoning which have shown susceptibility to
bacteriophage biocontrol include Salmonella spp. (Bigwood et al., 2008, Guenther et
al., 2012, Leverentz et al., 2001), Campylobacter spp. in cooked meat and chicken skin
(Bigwood et al., 2008, Atterbury et al., 2003) and Yesinia pestis on hard surfaces with
up to 99.97 % reduction in bacterial numbers (Rashid et al., 2012). Analysis of primary
research articles showed that the efficacy of bacteriophage application in the real world
requires more extensive studies especially for bacteriophage delivery, optimum
bacteriophage control conditions such as pH and temperature, and maintenance of
effective titres once bacteriophages had been administered.
With regards to clinical therapy, shortly after the independent discovery of the lytic
activity of bacteriophages in 1917 by d’Herelle, in 1919 he performed the first clinical
application of bacteriophages to treat a case of dysentery (d’Hérelle, 1917, Sulakvelidze
et al., 2001, Summers, 1999). Afterwards, in 1921 Bruynoghe and Maisin successfully
treated staphylococcal skin disease; with healing beginning within 24 – 48 hours after
bacteriophage application (Bruynoghe, 1921). They were also the first to publish on the
therapeutic application of the bacteriophage after d’Herelle’s earlier unpublished
application in 1919. From the 1940s a rapid decline in bacteriophage therapy was
observed, a number of reasons have been stated for the decline; such as over exuberance
as to the efficacy of bacteriophage therapy, lack of understanding of bacteriophage
biology which limited its application, but most of all the decline was due to discovery of
antibiotics for treatment of infections, because antibiotics were quickly implemented
across different parts of the world (Kutter et al., 2010). Examples of the therapeutic
application of bacteriophages before the 21st century are summarised in Table 1.3.
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Year
1915

Applications/Comments
Frederick Twort discovers bacteriophage but does
not study them in depth
1917
Félix d'Hérelle’s independent discovery, and the
beginning of bacteriophage therapy
1919
First therapeutic application of bacteriophage, Félix
d'Hérelle treats children with severe dysentery
1921
First published work on bacteriophage therapy
against Staphyloccocus spp. infected boils
1920s – Bacteriophage lysates used to treat patients with
1930s
typhoid fever (oral and intravenous delivery),
dysentery and acute colitis due to Shigella spp. and
Salmonella spp. (oral delivery), peritonitis, topical
application for boils, septicaemia and surgical
infection due to Staphylococcus spp. Applications
across France, Georgia, Poland and America

Reference
Twort, 1915
d’Hérelle, 1917
Sulakvelidze et al.,
2001
Bruynoghe, 1921

Mikeladze
et
al., 1936,
Tsulukidze, 1936,
Gougerot
and
Peyre, 1936, Sauvé,
1936,
Larkum,
1929, Desranleau,
1949, Dubos et al.,
1943
The treatment of urinary tract infections (uretero- Michon, 1936
prostatitis and pyelonephritis), using bacteriophage
in combination with antiseptic therapy, urethral and
renal lavages
1940s
Interest in bacteriophage therapy waned in the West, Krueger
and
onwards mainly due to deleterious review publications. With Scribner, 1941
a move from bacteriophage therapy to bacteriophage
application as molecular tools using a limited variety
of bacteriophages especially bacteriophage Lambda
However, usage continues in main centres around Letarov et al., 2010,
other parts of Europe: France (Hospital des Enfants Slopek et al., 1987
Malades and Pasteur Institute Bacteriophage
Service), Former Soviet Union (Eliava Institute,
Georgia) and Poland (Hirszfeld Institute of
Immunology and Experimental Therapy) and Russia
(Mircogen). Bacteriophage applied as front line
therapeutic tools or for cases when antibiotics had
failed
Table 1.3
Time-line of bacteriophage therapy in human patients – Pre-21st
Century
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Bacteriophages have been successfully used to treat human infections such as skin and
lung infections, meningitis, wound infections and osteomyelitis; caused by
Staphylococcus spp., Streptococcus spp., E. coli, Pseudomonas aeruginosa, Shigella
spp. and Salmonella spp. (Soothill, 1994, Cislo et al., 1987, Weber-Dabrowska et al.,
1987, Weber-Dabrowska et al., 2000).
Presently, the continuing surge in antibiotic-resistant bacteria has re-initiated an interest
in the use of bacteriophages as therapeutic agents, as bacteriophage could see
application as antibiotic alternatives or dual-action therapy if given in combination with
antibiotics. In summary, there were successes and failures of bacteriophage therapy and
as reported by Abedon et al., it is clear that the successes were dependent on proper
manufacturing and application of bacteriophage in the different infection scenarios, and
when application or manufacturing processes went wrong, failures were recorded
(Abedon et al., 2011). Current uses of bacteriophage as antimicrobial agents in human
infections is still mainly prevalent in Georgia and on a small scale in Poland (Carlton,
1999, Sulakvelidze et al., 2001), where bacteriophage are classified into experimental
therapy and covered by the Physician Practice Act (Polish Law Gazette N° 28 of 1997)
and the declaration of Helsinki (Gorski et al., 2009).
Although limited reports are available on the use of bacteriophage in Georgia, those
which are available state the successes from using bacteriophages for prophylaxis such
as in the prevention of post-surgical infections and the prevention of food poisoning
using a bacteriophage product known as “IntestiBacteriophage” (Abedon et al., 2011).
Also, the historical clinical data from these countries are considered inadequate by
regulations of the Western world, as most data lack comprehensive reports (Verbeken et
al., 2014). However, following the present realisation of bacteriophage in reducing
antibiotic resistance, reports of in vitro and in vivo studies have increased greatly for
commonly encountered bacterial pathogens such as Staphylococcus aureus (Mann,
2008), Pseudomonas aeruginosa (Soothill, 1994), Salmonella spp. and E. coli amongst
others.
Further current examples of bacteriophage-based research include: a study by Totthova
et al., where anti-Cronobacter bacteriophage were used for treatment of urinary tract
infections in mice, they reported 70 % reduction in bacterial colonisation and 39 %
significant reduction in kidney cell membrane damage due to bacteria. A single dose of
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0.1 mL of the liquid bacteriophage lysate at 1×1011 pfu/mL was administered
intraperitoneally, and decrease in bacterial concentration recorded within 24 hours
(Tothova et al., 2011). Different applications of bacteriophages against Staphylococcus
aureus including methicillin resistant strains (MRSA) have been performed (O'Flaherty
et al., 2005). O'Flaherty et al., characterised two anti-staphylococcal bacteriophage
which were successfully used to reduce bacterial concentration by 10,000 fold on teats
of cows. They used 0.1 mL of a bacteriophage cocktail each at 108 pfu/mL, based on
their results, a potential application was suggested for reducing bacterial loads by
incorporating such potent bacteriophages in hand sanitizers (O'Flaherty et al., 2005).
Caparelli et al., utilised one bacteriophage in the treatment of Staphylococcus aureus
infected mice using lower concentrations of bacteria that are typically not cleared by the
innate immune system. After ten days, the bacteriophage administered (109 pfu/mL)
was able to completely eliminate all bacterial cells compared with the controls, all of
which were still infected. In the same study, it was noted that dosing frequency, time of
bacteriophage administration and bacteriophage titre to bacterial ratio (multiplicity of
infection) were important in survival of the mice especially in systemic infections
(Capparelli et al., 2007). Fukuda et al., used a single dose of Pseudomonas spp.
bacteriophage as eye drops to treat corneal infections (keratitis). The route of delivery
was important as in the models for respiratory infection intraperitoneal injections were
more effective compared with intranasal inhalation. The reason cited being that
bacteriophage would quickly make contact with bacteria via the intraperitoneal route
which was closer to the site of infection (Fukuda et al., 2012). This study in accordance
with others demonstrated that the success of any bacteriophage-based therapeutic
intervention will have to be designed to promote quick bacteriophage interaction with
target bacterial hosts.
Majority of studies have focused on use of bacteriophages against planktonic bacterial
cells. However, bacteria in the biofilm state are significantly different from the free
swimming planktonic cells such as in genes expressed (Mikkelsen et al., 2007, Booth et
al., 2011). Thus, planktonic successes may not reflect anti-biofilm success as the
protective biofilm extracellular matrix and mode of cellular growth may hinder
bacteriophage action making the cells less susceptible to bacteriophage attack. With
regards to bacteriophage formulations, most applications in 1936 reported utilising
bacteriophage in the liquid form as bacteriophage lysates containing between 105 and
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109 bacteriophage with some studies diluting bacteriophage lysates in saline (Kutter et
al., 2010, Abedon et al., 2011). In 1960s - 80s, tablet forms of bacteriophage were
reportedly used to treat infections such as typhoid, this concentrated bacteriophage in
tablet form was hindered due to the breakdown of the Soviet Union (Kutter et al.,
2010). Research into other formulations that would be suitable for different types of
infections is limited.

1.4.4 Use of bacteriophages for biofilm-related infections
A search for peer-reviewed articles from the ‘Web of ScienceTM, database was
conducted. The search was based on using the keyword ‘bacteriophage’ through the
years 1950-2015, and a refinement of the resultant search by the keywords ‘biofilm’ and
‘Proteus mirabilis’. All bacteriophages studied were able to reduce pre-formed biofilms
ranging from 24 -72 hours old. A review of the literature highlighted relevant studies
summarised in Table 1.4.
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Targeted
bacterium
Staphylococcu
s spp.

Pseudomonas
spp.

Comments /study summary

Reference

Bacteriophage K at 2 × 108 pfu/mL significantly
reduced 24 hour pre-formed S. epidermidis biofilms
grown in microtitre plates after 24 hour treatment
Bacteriophage cocktails (109 -1010 pfu/mL)
consisting of bacteriophage K and six of its modified
derivatives were used to treat 48 hour old biofilms of
S. aureus over 24, 48 and 72 hour periods in
microtitre plates. Most significant biomass reduction
was observed after 72 hours. The same study showed
ability of the bacteriophage cocktail in preventing
biofilm formation up to 48 hours after bacteriophage
treatment
Treatment of day old biofilm with bacteriophage in
combination
with
antibiotics
(rifampicin,
azithromycin
and
vancomycin).
Using
bacteriophage-antibiotic
combination,
biofilm
clearance was improved, with about 0.001 %
bacterial survival compared with bacteriophage only
treatments after 24 hours
Biofilms on cystic fibrosis bronchial epithelial cell
lines cleared using a cocktail of two P. aeruginosa
bacteriophages
Effect of different bacteriophage titres on 24 hour
old biofilms of P. putida, using bacteriophage which
possessed an exopolysaccharide degrading enzyme
in its tail-spike. Bacteriophage showed maximum
biofilm degradation after 8 hours
Two bacteriophages were used against 24 hour old
biofilms of two different strains of P. aeruginosa.
The bacteriophages showed differences in ability to
reduce biofilm mass over time. Biofilm re-growth
was observed after 24 hours, possibly due to
multiplication of bacteriophage resistant variants.
However viable biofilm cell density was reduced by
3 log
A two bacteriophage cocktail against each of these
bacteria was most effective at degrading 3 day old
biofilms

Cerca
et
al., 2007

Pseudomonas
fluorescens
and
Staphylococcu
s lentus
Table 1.4
Biofilm control interventions using bacteriophages
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Kelly
et
al., 2012

Rahman et
al., 2011

Alemayehu
et al., 2012
Cornelisse
n et al.,
2011

Pires et al.,
2011

Sillankorva
et al., 2010

Targeted
bacterium
E. coli

Comments /study summary

Reference

Bacteriophage at 105, 107 and 109 pfu/mL use Chibeu et al.,
to treat 24 hour old biofilms grown in 2012
microtitre plates containing synthetic urine.
Biofilm mass was significantly reduced over
time, with highest reduction at the 8th hour and
re-growth of biofilm after 24 hour
Use of a bacteriophage engineered to express Lu
and
biofilm-degrading enzymes. The engineered Collins, 2007
bacteriophage reduced number of viable
bacteria in 24 hour pre-formed biofilms by
99.997 % with significant disruption of biofilm
structure compared with the control
bacteriophage without the enzyme
T4 bacteriophage used in combination with the Ryan et al.,
antibiotic cefotaxime. Bacteriophage reduced 2012
the minimum biofilm eradication concentration
of cefotaxime antibiotic
P. mirabilis
The bacteriophage was used at different Carson et al.,
concentrations. The 106 pfu/mL concentration 2010
showed most reduction (1 log) of pre-formed
24 hour biofilms compared with untreated
controls. With a decrease in biofilm coverage
of catheters from 42 % to 0.2 % following pretreatment
of
catheter
surfaces
with
bacteriophage. At time of writing, this was one
of three studies which reported the use of P.
mirabilis bacteriophage in the eradication and
prevention of P. mirabilis biofilms
Table 1.4 continued
Biofilm control interventions using bacteriophages

At present, few published studies were found to focus on the prevention and eradication
of P. mirabilis biofilms (Carson et al., 2010, Lehman and Donlan, 2015, Nzakizwanayo
et al., 2015). Bacteriophages effective against P. mirabilis biofilms were reported to
significantly reduce biofilms by over 90 % in some cases (Carson et al., 2010, Lehman
and Donlan, 2015), highlighting a potential for P. mirabilis bacteriophages as antibiofilm agents. Bacteriophages were demonstrated to prevent P. mirabilis biofilm55

related blockage of Foley catheters for over 8 days, when the bacteriophages were
administered with low bacterial cell density (103 CFU/mL). However, blockage could
not be prevented in experimental models representing established infections (>107
CFU/mL) (Nzakizwanayo et al., 2015). Highlighting that bacteriophages could be
limited in eradication of established or late stage biofilm-related infections.
Bacteriophage control of biofilms is still at its infancy with limited studies for most
bacterial pathogens. However, the results from available studies do show the potential
for bacteriophage in biofilm control and that bacteriophages can offer synergistic effects
in combination with antibiotics. This synergistic response can occur either by improving
the killing activity of antibiotics on biofilm bacteria or reducing number of resistant
variants which could re-initiate biofilms after treatment (Verma et al., 2009, 2010, Bedi
et al., 2009, Ryan et al., 2012). Verma et al., (2009) were able to use bacteriophages
against Klebsiella pneumoniae in combination with ciprofloxacin, to restrict generation
of antibiotic resistant variants within the biofilm population. The reduced number of
variants remaining also had a reduced ability to form biofilms. This is important
because in some studies there was an increase in biofilm mass after bacteriophage
treatment of pre-formed biofilms usually after 24 hours (Chibeu et al., 2012, Pires et al.,
2011). Therefore, antimicrobial strategies that would prevent such bacteriophage-based
increase in biofilm density would be beneficial and are assessed in other chapters with
the use of the dendrimeric nanoparticles, which further demonstrates the significance of
improving research into dual-action antimicrobial strategies.

1.4.5 Advantages of bacteriophage-based therapy
1.4.5.1

Rapid discovery

Compared with discovery of novel antibiotics, the discovery (isolation, selection and
characterisation) of novel bacteriophages is easier, less time consuming and cheaper
(Skurnik et al., 2007). As bacteriophage are naturally available and easily isolated
against different bacteria using natural sources, but antibiotic selection can take several
years. Thus, it is possible that bioengineering bacteriophage-based antimicrobial agents
would take less time overall.

1.4.5.2

Ability to replicate at site of infection
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Bacteriophage are currently the only known self-replicating drugs (Summers, 1999,
Payne et al., 2000, Deresinski, 2009), which are able to increase in number at the site of
infection, however antibiotics will not necessarily concentrate at the site of infection.
Therefore, compared with antibiotics relatively fewer number of bacteriophage are
required per dosing as only one bacteriophage is required to infect a bacterium for
replication to occur (Carlton, 1999); but it must be kept in mind that empirical
determination of effective dosing is still required for successful bacteriophage therapy.

1.4.5.3

Ability to penetrate biofilm structures

Some bacteriophages have been shown to possess biofilm degrading enzymes, these
depolymerases are able to break down the protective exopolysaccharide component of
biofilms and the capsular polysaccharide of bacterial cells (Hsu et al., 2013, Cornelissen
et al., 2011, Mushtaq et al., 2005, Hughes et al., 1998). Therefore, bacteriophages
would be able to penetrate the biofilm structure and eliminate sequestered bacterial cells
that may have been unreachable by antibiotics. Another advantage may be that a path is
created by the enzymatic bacteriophage for host immune defence mechanisms to gain
access to the bacteria sequestered within biofilms.

1.4.5.4

Host specificity

Host specificity relates to the range of bacterial species or strains that a bacteriophage is
able to infect. Bacteriophage are known to have high host-specificity, hence, are less
likely to disrupt the balance of human microbiota as antibiotics sometimes do such as in
Clostridium difficile infections commonly known as C-diff (McFarland, 2005, Carson et
al., 2010).

1.4.5.5

Eco-friendly therapy

Since bacteriophage are naturally occuring and abundant in the environment, they have
been suggested as an eco-friendly means of controlling bacterial infections compared
with antibiotics (Surekhamol et al., 2014). Since bacteriophages confer an ecological
balance in every ecosystem where bacterial cells are found, bacteriophages can be easily
harnessed from the surrounding ecosystem close to human dwellings. Also, due to
bacteriophage limited host specificity and being composed mainly of nucleic acids and
proteins, loss of bacteriophage would possibly only impact a limited range of bacteria
compared with discarding broad-spectrum antibiotics into natural ecosystems (Hyman
and Abedon, 2010, Ding and He, 2010, Abedon and Thomas-Abedon, 2010). These
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antibiotic effluents into aquatic environments can enhance transfer of antibiotic
resistance genes between bacterial species compared with bacteriophages in these same
ecosystems (Tacão et al., 2012, Marti et al., 2014).

1.4.6 Possible limitations of bacteriophages as therapeutic agents and
proposed solutions
1.4.6.1

Host specificity

High host specificity of bacteriophage has been described as a limitation in
bacteriophage therapy, even though it is equally an advantage. This is because of the
limited host range within bacterial species, due to differences in bacterial cell receptors.
However, the use of bacteriophage cocktails has been suggested as a means to expand
bacteriophage host range. This is where two or more different bacteriophages are used
together, and is proposed to be beneficial in combatting multi-drug resistant bacterial
infections in emergency clinical situations (Goodridge, 2010, Chan and Abedon, 2012).

1.4.6.2

Safety and side effects

Based on their content (mostly nucleic acids and proteins), bacteriophage are relatively
non-toxic. However, upon interaction with bacteria used to grow the lytic
bacteriophages, bacteria toxic properties such as endotoxins are released from the
bursting of the bacterial cells. This may cause adverse reactions such as inflammation if
bacteriophages are administered in this lysate form without further purification in
manufacturing processes. Recent research by Merabishvili et al., described a protocol
that utilises an endotoxin removal kit for preparation of endotoxin free bacteriophage
stocks that would be suitable for use in human clinical trials (Merabishvili et al., 2009,
Lu and Koeris, 2011). These endotoxins could also be reduced using the 1-octanol or 1butanol water immiscible solvents (Szermer-Olearnik and Boratyński, 2015). Also,
bacteriophage use in human infections over the past years have no adverse reactions
reported where correct application of bacteriophage in treating various human infections
was applied, and bacteriophage therapy is still being utilised on humans in Eastern
Europe.
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1.4.6.3

Bacterial resistance to bacteriophage

Bacterial resistance to bacteriophage can occur when mutation of bacterial cell
membrane receptors occurs, which prevents binding of bacteriophages. Development of
bacteriophage resistant strains during biofilm treatment has been reported as a limitation
to bacteriophage use as therapeutic agents (Moons et al., 2013). However, mutation of
one receptor for a particular bacteriophage does not mean that other bacteriophages
which use different receptors will not be able to bind to the bacterium (Guttman et al.,
2005). It has been suggested that the use of cocktails of different bacteriophages can be
applied to minimise emergence of resistant strains (Gu et al., 2012). These
bacteriophage cocktails would comprise a mix of different bacteriophage with
overlapping host-range profiles, hence when a resistant strain arises, another
bacteriophage in the mix could lyse these strains. This would be useful in anti-biofilm
therapy as biofilms can exist as mixed bacterial communities of different bacterial
strains/species (Davey and O'toole, 2000). It is also possible that future development of
bioengineered bacteriophages that penetrate bacterial cells via non-viral vectors could
bypass the need for bacteriophage attachment to bacterial receptors and this was also
assessed in this study.

1.4.6.4

Regulatory approval

With limited application of bacteriophage in the western world, the challenge of
regulatory approval is without doubt a huge hurdle for the general acceptance of
bacteriophage therapy as routine treatment for bacterial infections around the world.
Bacteriophage cannot be classified under antibiotics with their characteristic of being
self-replicating. However, some bacteriophage have been registered as ‘Generally
Regarded As Safe (GRAS)’ or received FDA approval mainly for agricultural
applications, such as ListShieldTM and LISTEXTM P100 – a Listeria monocytogenes
bacteriophage cocktail for prevention of Listeria monocytogenes contamination
(Sulakvelidze and Barrow, 2005). Further research into different routes for
bacteriophage use as therapeutic agents may provide alternative routes for regulatory
approval.

1.4.6.5

Bacteriophage storage and delivery

As bacteriophage activity against susceptible bacteria has to be maintained over time,
stocks of bacteriophage in research and potential human clinical trials also have to be
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adequately maintained. This is due to the structural instability of some virions (infective
bacteriophage particles), which poses a problem for short- and long-term storage, hence
standardised storage techniques are still needed. As such bacteriophage cocktails
frequently used in Eastern European human therapy periodically have to be recharacterised and updated in order to maintain infectivity (Abedon et al., 2011).
With the main aspect of bacteriophage being dependent on its nucleic acid content, it is
important to maintain archive stocks, so as to have a reference that is devoid of geneticdrifts. These drifts are associated with continual maintenance of stock concentrations
using common repetitive amplification cycles of bacteriophage and bacteria. This is
because, bacteriophage replication follows some number of DNA replications which
may accumulate mutations over time that can change the bacteriophage genome
sequence (Fortier and Moineau, 2009). Therefore, storage conditions should ideally
maintain bacteriophage titres, genome stability and bacteriophage activity against its
hosts.
Another aspect challenging to bacteriophage therapy is its delivery, most of the studies
and even human applications of bacteriophage use liquid forms of purified
bacteriophage particles. In such state, the bacteriophage may become inactivated by the
immune system which would lower effective doses and hinder efficacy of bacteriophage
(Lu and Koeris, 2011). To prolong bacteriophage circulation during infection, Merrill et
al., used a serial passage technique, which involved selection, propagation and reinfection of mice by natural occurring variants. These variants had the ability to remain
in the circulatory system of mice for prolonged periods, and the technique proved useful
in obtaining high bacteriophage concentrations (109 pfu/mL) of the longer circulating
variants (Merril et al., 1996).
Improvements in bacteriophage delivery for bridging the gap between non-systemic and
systemic application of bacteriophage, may as well improve the use of bacteriophage
therapy for biofilm control within medical devices. With respect to biofilm control,
bacteriophages are currently delivered as liquid lysates and also incorporated into
hydrogels (Souza et al., 2008, Curtin and Donlan, 2006, Lehman and Donlan, 2015).
For downstream applications on medical devices in situ, novel formulations are still
required, in which bacteriophages not only retain effective titres over time but are
readily diffusible from the catheter surface to infect contaminating biofilm-forming
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bacteria and or remove pre-formed biofilms. Where bacteriophage have been given in
combination with antibiotics, these have been delivered separately. Thus improved
techniques that implement other synthetic drug delivery platforms for bacteriophage
delivery may further enhance the bacteriophage-antibiotics synergistic approach.
With respect to drug-delivery platforms for delivery of antimicrobials, this is an
understudied aspect that may prove useful in engineering novel delivery tools for
bacteriophage. Kim et al., trialled conjugation of bacteriophage with polyethylene
glycol (PEG), via covalent bonding between PEG and primary amino acids of
bacteriophage surface proteins. The ratio of bacteriophage to PEG altered bacteriophage
ability in forming plaques with lower ratios (1:1) being the best. The circulation time for
the modified bacteriophage was successfully increased in non-immunised mice but not
in immunised mice. The bacteriophage-PEG complex was stable with respect to
bacteriophage attachment to PEG. It is thought that with the modification of current
antimicrobials, a much needed move from proof-of-concept studies to clinical
application will occur.
Modification of antimicrobials requires development of high-throughput techniques
which is where synthetic biology as a bioengineering discipline meets clinical
microbiology. Bioengineering tools are essential for modification of antimicrobial
platforms either as a means to enlarge host range of bacteriophage or improve current
antibiotic measures of biofilm control. This is one reason why a unique set of versatile
dendrimeric nanoparticles which are commonly used in eukaryotic cell studies towards
gene-based therapy, may have a role to play in research into alternative modes of
synthesising novel antimicrobials for treatment of biofilm-related infections. These
nanoparticles may also have potential in the design of dual-action therapeutic agents
targeted against biofilm forming bacteria and antibiotic resistant strains.

1.5

Dendrimeric nanoparticles in development of novel therapeutic
agents

Due to potential limitations of bacteriophage-based therapy with regards to storage, reisolation and development of bacteriophage resistant bacterial variants, this study
proposed the use of dendrimeric nanoparticles called dendrons to improve anti-biofilm
activity against P. mirabilis cells. In this aspect, the published literature supporting this
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idea of a dendron-based approach for anti-biofilm therapy, and as a route to combine the
antimicrobial properties of dendrimeric molecules and bacteriophages were explored.

1.5.1 Chemistry and structure of dendrimers
Dendrimeric biomolecules are relatively novel synthetic branched polymers. Deriving
their name from the Greek word ‘dendron’, which means ‘tree-like’ depicting its
branched structure. Discovered in 1978, dendrimeric molecules have found application
in different spheres, such an anti-viral prophylaxis (VivaGel – a commercial product for
prevention of sexually transmitted diseases) (Rupp et al., 2007). Current research
strategies are also focussed on their use as drug delivery tools and as targeted delivery
vehicles such as in cancer therapies making use of not only the multivalent (multiple
attachment sites) property of dendrimers but also their biocompatibility (Svenson and
Tomalia, 2005, Lee et al., 2005). Other benefits cited include reducing cytotoxicity
challenges and prolonged drug circulation in vivo (Wang et al., 2010b, Duncan and
Izzo, 2005).
Dendrimers are perfectly branched monomers, the overall structure has three parts
consisting of the central core, the branches within the interior of the molecule and the
periphery which provides a high surface area to volume ratio (Niederhafner et al., 2008,
Lee et al., 2005). Dendrimers are usually described based on their generation number,
which refers to the multiplicity of branch points from the central core to the periphery of
the molecule. When the core is removed a number of identical sub-units known as
dendrons are observed (Figure 1.4).
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Figure 1.4

Schematic representation of a dendron

The figure above represents a generation 1 dendron, the nodes (black circles) are points from
which further branching can be made. Diverse types of monomers can be used in dendrimer
synthesis such as amidoamides, propylene amine and carbohydrates.

Synthesis of dendrimers is performed either with divergent technique, with assembly
starting at the core and then branching outwards or with convergent technique
beginning from the periphery towards the core. Both synthesis methods are performed
in a stepwise manner (Joralemon et al., 2005, Killops et al., 2008). The stepwise
technique creates a dendrimeric molecule that is referred to as monodisperse, meaning it
consists of units that are similar in size, shape and mass. This is important as variability
in molecule design is reduced and the monodisperse characteristic promotes
reproducibility in the molecule design (Niederhafner et al., 2008).
The monomeric aspects of a dendrimer are flexible; therefore there are presently
different types of dendrimers which are designed with various characteristics in mind,
such as solubility, bioavailability and biological activity. Examples of some dendrimers
are polyamidoamine (Esfand and Tomalia, 2001), poly (propylene imine) (de
Brabander-van den Berg and Meijer, 1993), polyesters (Wang et al., 2012),
carbohydrate (glycodendrimers) (Li et al., 2007, Turnbull and Stoddart, 2002) based
and DNA based dendrimers. Of these the PAMAM dendrimers are the most widely
used and are commercially available. There are four subclasses of dendrimeric
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polymers: dendrimers, dendrons, random hyper branches and dendrigraft polymers
(Seiler, 2006, Tomalia and Fréchet, 2005). All of which have the benefits of structural
control (size, shape and surface chemistry) and flexibility in composition of monomers
(Tomalia and Fréchet, 2005). To the external peripheral groups, different biologically
relevant functional groups can be attached covalently or by using ionic and hydrophobic
interactions. By adding functional groups and or drugs, dendrimers can be used for
different biomedical applications such as in drug delivery, in diagnostics, gene delivery
and diagnostic imaging.

1.5.2 Application of dendrimeric nanoparticles for drug delivery and
as antimicrobials
Drug delivery applications include targeting specific diseased tissues in order to avoid
healthy tissue, increased bioavailability of drugs – which would allow more of the drug
to reach its target tissues slow down drug metabolism or solubility and improve
transition of drugs through cell membranes (Allen and Cullis, 2004). To attach drugs to
dendrimers, they can be contained within the dendrimer (encapsulated), attached to the
periphery (scaffolding) or both (Fischer et al., 2003, Svenson, 2009). Kong et al.,
successfully encapsulated 20 molecules of 10-hydroxycamptothecin, an anti-cancer
drug within the dendrimer. In the same study, the solubility and stability of the
dendrimer-drug complex was increased compared with using the drug alone; solubility
was increased 600-fold compared with the drug alone. Therefore, a drug with the ability
to avoid destruction of non-cancer cells was produced with the aid of dendrimeric
polymers (Kong et al., 2014). Such research into tools for improving drug solubility are
important as 40 % of novel drugs are refused by pharmaceutical industries and have no
impact on human health due to low water solubility (Svenson and Chauhan, 2008).
Apart from improving anti-cancer therapy, other in vivo applications have been cited.
Prieto et al., sought to improve efficiency of the anti-psychotic drug risperidone. Using
a generation 4.5 PAMAM dendrimer, 46 drug molecules were stably contained in the
dendrimer which would serve to increase bioavailability of the drug. However, in vivo
studies in zebra-fish showed significant changes in heart rate and brain development
when free risperidone was applied compared with the drug-dendrimer complex, but the
authors could not conclude whether the drug-dendrimer complex reached the brain
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(Prieto et al., 2014). Moreover, studies like this show that the complex of drug –
dendrimer for downstream medical applications is possible. Other dendrimer-drug
complexes such as PAMAM and cancer drug cisplatin have shown an increased
bioavailability and successful targeting of diseased tissue in animal models, which
resulted in a significant decrease in the rate of tumour growth compared with the free
drug (Lee et al., 2005). In addition, the dendrimer-drug complex was safely given in
one higher dose at 15 mg/kg compared with a maximum tolerated dose of 5 mg/kg of
the free drug.
Dendrimers on their own have been shown to have antimicrobial properties. Chen et al.
investigated poly (propyleneimine) (PPI) dendrimers on Escherichia coli. Where it was
shown that with decreasing molecular weight of the dendrimer (generation number (G)
from G5 – G1) the dendrimer had increased antimicrobial activity on bacterial cells. The
authors proposed that penetration of the Gram-negative bacterial cell wall was better for
lower generation dendrimers because of lower charge density (Chen et al., 2000).
However, in using PAMAM dendrimers, Calabretta et al., showed that the charge
density of the dendrimers had no significant effect on the antimicrobial activity against
Gram-negative bacteria but was important for Gram-positive bacteria. Toxicity studies
showed the dendrimer was not toxic on human corneal cells at concentrations that were
toxic to Pseudomonas aeruginosa bacteria (Calabretta et al., 2007). In addition, Wang
et al. utilised a generation 4- PAMAM dendrimer, topically applied to the cervical
endometrium of pregnant guinea pigs, against Escherichia coli chorioamnionitis
infection. Compared with untreated controls, a complete eradication of the infection by
the dendrimer was established within 48 hours compared with 42.9 % bacterial
clearance in the untreated controls. In the same study, the PAMAM dendrimer showed a
≤10 % cytotoxicity on human cervical epithelial cells and mouse microglial cells (Wang
et al., 2010a).
With respect to dendrimer-based antibiotic applications, dendrimers have been used for
a variety of reasons. PAMAM dendrimers mixed with erythromycin a commonly used
antibiotic was investigated for its effect on antibiotic solubility (Winnicka et al., 2013).
This is because erythromycin is only slightly soluble in water, which may decrease its
activity in the human system. The PAMAM:erythromycin solution was able to increase
water solubility by 7 - 8 fold compared with the free antibiotic. The in vitro minimum
bactericidal concentration (least amount of drug necessary for significant killing of
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bacterial cells) of the combination on Staphylococcus aureus was slightly decreased by
2 - 4 fold. Meaning that less of the antibiotic was required for bacterial treatment when
used in combination with the dendrimer. However, trials on other bacteria did not show
the same decrease and when the dendrimers were complexed with the hydrophilic
antibiotic tobramycin there was a decrease in the activity of the antibiotic, the reason
cited for this was the dendrimer may have reduced the availability of the drug to
bacterial cells. Moreover, based on the published results for successful combination of
dendrimer to DNA, drugs or both, there is a potential for use of these molecules for
application in biofilm control. This is because dendrimers may serve as tools to increase
efficiency of antimicrobials for degradation or prevention of biofilms. Already, Lopez et
al., have successfully conjugated generation 5 PAMAM dendrimers to the
functionalised surface of silicone, which is a common material for catheter design. In
using these PAMAM dendrimers, probiotic Escherichia coli strains were attached to the
dendrimers, as competitors for pathogenic Enterococcus faecalis adhesion to medical
devices. The benign Escherichia coli biofilms significantly reduced the adherence of
Enterococcus faecalis by 104-fold. This demonstrated the applicability of dendrimers in
design of novel research strategies for biofilm control (Lopez et al., 2011).
However, there are still no approved completely efficient antimicrobial strategies for
biofilm control. Hence, there is still a niche for improvement of current strategies for
biofilm control and its simultaneous burden on antibiotic resistance. There is therefore
an opportunity to investigate the effect of dendrimeric polymers in combination with
either antibiotics or bacteriophage based tools. Since, bacteriophages have been shown
to be effective in control of biofilm-related infections. Therefore, dendrimers could be
potential scaffold and delivery tools that may serve to eliminate some limitations
relating to incomplete eradication/prevention of bacterial biofilms by both
bacteriophages and antibiotics. Based on this review, the potential for implementation
of dendrimer for antimicrobial control stands to benefit from more extensive studies,
and improvements.
Utilising the multivalent properties posed by dendrimers which is based on the hyperbranched nature could potentially be used in development of more efficient
antimicrobial formulations that can incorporate antimicrobial action of other agents.
This approach would provide insight into the development of a simple and
economically attractive tool in advancing the fight against biofilm-related antibiotic
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resistance. The impact of designing novel antimicrobials cannot be over emphasised, it
seems best to put it in the words of the Department of Health’s Rapid Review Panel
“Provide a prompt assessment of new and novel equipment, materials and other
products, that may be of value to the NHS in improving hospital infection control and
reducing hospital acquired infection” (HCAI Technology Innovation programme,
2008).

1.5.3 Dendrimeric nanoparticles as non-viral vectors for gene delivery
Apart from dendrimer-drug complexes and or combinations, dendrimers have also been
applied for delivery of DNA into cells, towards application in alternative routes for
therapy especially in the fight against cancer. Being able to deliver DNA into cells lies
at the heart of biotechnology, especially in the study of genetic interactions, genetic
engineering for manipulation of genes to study their function and to modify genes for
different research application.
Presently, there are two main methods of gene delivery, which are the viral and nonviral methods. Viral based methods are associated with toxicity, immunogenicity and
concerns over incorporation of the viral genome into the human genome. Due to these
concerns, non-viral methods of gene delivery have been investigated, mostly for
applications in human diseases such as cancer (Pietersz et al., 2006). Due to the highlybranched and polycationic nature of dendrimeric nanoparticles, interest in their
usefulness as non-viral gene delivery agents has risen. In one study, four to tengenerations of polyamidoamine (PAMAM) dendrimers were used to form PAMAMDNA complexes and then assessed for their ability to be used as non-viral agents in the
transfection of human, rat and mouse eukaryotic cell lines. The dendrimer formed
complexes with plasmid DNA and transfection was possible in each cell line to different
degrees based on the generation of the dendrimer. It was reported that percent increase
in transfection was directly proportional to the dendrimer generation (number of
branching points) (Kukowska-Latallo et al., 1996). Overall, these dendrimers were able
to transfect mammalian cell lines. Other applications of PAMAM dendrimers in nonviral transfection include transfection into human and rabbit corneal endothelium
towards the prevention of corneal disorders. Hudde et al., (1999) successfully
transfected dendrimer-plasmid DNA into the cornea with production of potentially
therapeutic proteins, such as the tumour necrosis factor receptor fusion protein (TNFR67

Ig) which has potential for use as a neurotherapeutic agent in cases such as stroke and
neurodegeneration (Hui et al., 2009).
Aside gene delivery, dendrimers have also been tested for improving targeted drug
delivery to improve drug activity within cells. As an example, carbosilane dendrimers
were used to bind small interfering RNA (siRNA) to reduce Human Immunodeficiency
Virus (HIV) infection of the human central nervous system, particularly the astrocyte
cells (Luis Jimenez et al., 2010). The dendrimer-siRNA complex successfully passed
the blood-brain barrier which is a main drug barrier for treating nervous system related
infections and transfected the human astrocytes (star-shaped cells of the brain and spinal
cord). Not only was the siRNA transfected, but its biological activity was reported and
the replication of HIV within the cells was downregulated without being cytotoxic to
cells (Luis Jimenez et al., 2010). This further highlights the usefulness of dendrimeric
nanoparticles as non-viral agents both for future applications in drug delivery and gene
therapy.
Dendrimers with their highly branched open structure provide an ideal non-viral
delivery system. Other approaches to deliver (transfect) DNA into cells have included
electrical and mechanical means such as electroporation and microinjection respectively
(Bamford et al., 2014, Pearton et al., 2012, Broderick et al., 2014); which are relatively
simple to apply. Nonetheless, drawbacks of these techniques include low turn-over
(microinjection can only be performed one cell at a time), time-consuming and
laborious as mechanical and injection protocols involve delivery of naked DNA
molecules into cells. Also, delivery of naked DNA poses the problem of DNA digestion
by degradative cytoplasmic enzymes present in the cell (Luo and Saltzman, 2000). The
chemical method of DNA delivery which is based on molecules such as lipids, proteins
and dendrimers is said to present easier and more versatile means of DNA delivery into
cells (Luo and Saltzman, 2000).
Earliest applications of chemical methods can be found in the 1950s, where polycationic
proteins and salt-based compounds were utilised (Alexander et al., 1958). At present
lipid-based systems are among the most commonly used as they are able to condense
DNA, offering hydrophobic, and amphiphilic-based carrier systems that may possess
increased permeability across the lipid-rich cell membrane of different cells (Hirko et
al., 2003, Fein et al., 2010, Ulrich, 2002, Lee et al., 2014). However, no system is
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completely efficient, as lipid-based delivery systems pose difficulties of variation during
manufacturing processes (Luo and Saltzman, 2000). With the focus now on dendrimeric
particles, these have been shown to also condense plasmid DNA in their structures, like
the action of histones in human cells, thus, reducing the surface area occupied by DNA
molecules (Yu et al., 2013). Examples of this include use of PAMAM dendrimers to
deliver DNA into non-bacterial cells (Wang et al., 2009, Zhang et al., 2005). Wang et
al., synthesised a generation 4- PAMAM dendrimer, which was able to prevent
cytosolic enzyme degradation of DNA. With successful delivery into cancer cells, the
vascularisation of the tumour cells was inhibited towards limiting the growth of the
tumour (Wang et al., 2010b). To date, mostly delivery systems for drugs targeting
cancer have been described.
It is now proposed in this study that this DNA-delivery property of dendrimeric
molecules could be applied in bacterial cells towards assessing how new antimicrobial
formulations can be developed, with production of dendron-based synthetic
bacteriophages targeted at biofilm forming P. mirabilis.

1.6

Aims and objectives of the study

The emergence of antibiotic resistance and limited penetration of antibiotics in the
biofilm structure means that alternative strategies that can be used on their own or in
combination with antibiotics are currently required. The emergence of antibiotic
resistance is made more prominent by biofilms, which can increase antibiotic resistance
up to 1000-fold compared with resistance in planktonic cells (Mah et al., 2003). Lytic
bacteriophages appear to be a useful tool with which to develop a novel treatment, since
the therapeutic potential of bacteriophages against diverse bacterial cells has been
demonstrated. However, there remains a gap for their application as anti-biofilm agents
especially for P. mirabilis which are pathogens in both catheter-associated urinary tract
infections and wound infections. So characterisation of newly isolated bacteriophages
with assessment of their anti-biofilm properties would be beneficial to improve the
scientific understanding as to their potential for therapeutic applications.
In addition, although bacteriophages have been proposed as suitable alternatives to
antibiotics, studies into novel formulations that may enhance storage, international
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dissemination and act as dual-action therapy for minimisation of antibiotic resistance
are limited.
In this study, a synthetic biology based system which incorporates the use of the
dendrimeric nanoparticles (dendrons) was investigated for development of therapeutic
agents active against biofilms of P. mirabilis. Since most applications of non-viral
vectors have been based on gene therapy for cancer treatment, in vaccine development
and no published studies of non-viral based delivery of bacteriophage DNA to bacterial
cells were found, a unique strategy was assessed in this study, by investigating the
potential of these versatile nanoparticles as non-viral bacteriophage gene delivery
vectors towards development of dendron-based synthetic bacteriophages.
With these in mind, the overall aims of this thesis were: (i) to assess the therapeutic
potential of bacteriophages and dendron against P. mirabilis biofilms; and (ii) to
investigate the usefulness of the dendron as a novel synthetic biology-based
antimicrobial strategy towards the improvement of bacteriophage-based biofilm control.
These aims were assessed with the following four objectives:

1.6.1 Isolation, selection and characterisation of broad-host range lytic
bacteriophages specific for uropathogenic strains of P. mirabilis
Firstly, in depth isolation and characterisation of lytic bacteriophages active against
clinical strains of P. mirabilis was required in order to assess the usefulness of
bacteriophages against P. mirabilis strains known to be associated with urinary tract
infection. In this study, culture based approaches were utilised in the isolation of
bacteriophages from sewage samples. Those which were specific for P. mirabilis were
selected based on bacteriophage infectivity profiles and further characterised by
morphology and response to different environmental factors. Those bacteriophages
showing beneficial characteristics were used to generate a network of bacteriophages
capable of being used for biofilm control (Chapter 2). Also included was the
characterisation of the P. mirabilis strains that were susceptible to bacteriophage attack
(Chapter 3).
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1.6.2 Investigation into the ability of bacteriophages to combat P.
mirabilis biofilms
Bacteriophages selected following fulfilment of the first objective, were used to treat
mature biofilms of P. mirabilis (Chapter 4). Biofilms were formed on polystyrene
polymers, as a model for the bacterial colonisation of medical devices. To determine the
most effective dosing, different concentrations of the bacteriophages were assessed.
This highlighted any time and dose-dependent effects on bacteriophage success in
reducing biofilms.

1.6.3 Synthesis and characterisation of the dendron, and assessment of
dendron-based

strategy

towards

production

of

synthetic

bacteriophages
In this study, knowledge gained from bacteriophage experiments were then used in
devising an antimicrobial that had therapeutic advantages over bacteriophages for the
control of P. mirabilis biofilms. Firstly, Solid-phase peptide synthesis was used to
synthesise dendrons (a smaller unit of dendrimers), with characterisation techniques that
included mass spectrometry and high performance liquid chromatography (HPLC) to
define the structure and purity of the synthesised polymer (Chapter 5). Assessment of
the ability of the fully characterised dendron nanoparticles for eradication and
prevention of P. mirabilis biofilms was then performed and compared with
bacteriophages (Chapter 6). Further characterisation of the dendron led to establishment
of its potential as a clinical drug with toxicity studies against mammalian cell lines and
studies into its mechanism of action (Chapter 7). The latter was a novel contribution to
science as such reports have not been previously published in the literature.
A final investigation into how this dendron could be used as a non-viral vector for
bacteriophage DNA was performed (Chapter 8). Through assessing the potential for
development of a novel antimicrobial strategy that could incorporate both anti-biofilm
properties of dendrons and bacteriophages, these experiments were a first of their kind
towards improving research on anti-biofilm therapeutic agents. It is hoped that the data
presented will in combination with current knowledge yield novel strategies to combat
P. mirabilis biofilm-related infections.
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2. Isolation and characterisation of bacteriophages against clinical
strains of Proteus mirabilis
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2.1

Introduction

The first aspect of this study began with the isolation and characterisation of
bacteriophages that could specifically target and kill Proteus mirabilis bacteria. This
was important in demonstrating the presence of P. mirabilis bacteriophage against
clinical bacterial strains in the United Kingdom. As well as obtaining insight into the
potential limitations that might exist for bacteriophage therapy which were obtained
from the characterisation of these bacteriophages. Furthermore, the results obtained
formed the basis for downstream experiments in other chapters towards improving
current modes of treatment for P. mirabilis biofilm related infections.

2.1.1 Bacteriophage interaction with bacterial cells and methods of
isolation
Bacteriophages are viruses with a specific ability to kill bacterial cells. Following on
from the first official isolation of bacteriophage by Felix d’Herelle in 1917, from faecal
samples of soldiers (Sulakvelidze et al., 2001), bacteriophages have now been isolated
from lysogenic bacteria (bacterial cells which contain dormant bacteriophage DNA),
from water bodies, human and animal faecal matter and wastewater treatment plants
(Muniesa and Jofre, 1998, Weinbauer and Suttle, 1996, Lucena et al., 2003, Yasuike et
al., 2014).
Since bacteriophages reside anywhere bacteria are found, then they are most likely to be
resident in human faecal matter, as the human gut is home to a wide variety of bacteria
belonging to the Enterobacteriaceae family. Since these bacteria can gain access to the
urinary tract via the peri-anal region (Franz and Horl, 1999), then it is beneficial to use
human sewage samples for isolating new bacteriophage that target human urinary tract
infection pathogens.
When isolating a new bacteriophage from sewage, a bacterial enrichment technique is
commonly prepared to enhance chances of isolating bacteriophage against the bacterial
species under study. In the enrichment, an aliquot of sewage is usually mixed with the
bacterial strain(s) of interest, which in this case were P. mirabilis. An incubation step
then follows, in which it is expected that any bacteriophage which is able to infect the
bacterial strains will be increased in concentration, as the bacteriophage infects and
replicates in the bacterial cells. Finally, newly formed progeny are released from the
bacterial host. Following destruction of the bacterial cells by bacteriophage lysis (Figure
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2.1), the progeny are able to infect other rapidly dividing bacterial cells in the
incubation media. Two methods have been described in the literature for sewage
enrichment: enrichment with one bacterial strain or multi-strain enrichment (Jensen et
al., 1998). However, the multi-strain option has been reported as a method that favours
isolation of bacteriophage with a broad-host range.

Figure 2.1

Overview of steps involved in lytic bacteriophage destruction of

bacteria

Bacteriophages possess specific adhesins and lysins which control the bacterial species
and or strain that the bacteriophage is able to target and kill. This range of different
bacterial strains, species and genera which a bacteriophage is able to lyse is commonly
defined as the bacteriophage’s host range. The bacteriophage host specificity is due to
the receptors on the bacterial cell wall (Jensen et al., 1998) and the broad-host range
bacteriophages are usually preferred for therapeutic applications because different
bacterial strains, species and genera can cause one type of infection. Having one
bacteriophage that is able to kill all or most of the causative pathogens would be most
suitable for the patient and may save money towards the costs for large-scale production
of bacteriophages.

2.1.2 Characterisation of bacteriophage
Following the advent of antibiotics, the study of bacteriophage for therapeutic purposes
declined worldwide. However, the present case for use of bacteriophages in the race
against antibiotic resistance has caused resurgence in their characterisation as well as
the potential role they could play in designing novel antimicrobial strategies. The
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characterisation of bacteriophage has been based on a number of techniques including
electron microscopy, genome sequencing and random fragment length polymorphism
among others. As an initial basis of differentiation, the difference in plaque (region of
bacterial clearing on a solid agar plate) morphology is used after the isolation of the
bacteriophage.
Transmission electron microscopy (TEM) is a common technique in microbiology
useful for the visualisation of nano-sized particles. It was introduced in the early 1930s
(Haguenau et al., 2003, Ackermann, 2011). TEM enhances magnification and resolution
for samples which cannot be visualised using light microscopy. The light microscopes
enable visualisation of colours within the white light spectrum, hence stained cells can
be observed. In 1940, Pfankuch, Kausche and Ruska had observed the first
bacteriophage using electron microscopy (Pfankuch and Kausche, 1940, Ruska, 1940).
Ruska had obtained more detailed images of bacteriophage able to lyse Escherichia
coli, Shigella spp. and P. mirabilis by 1942 (Ruska, 1942). Early observations of viruses
were performed unstained, but latter images were performed after shadowing (coating
the bacteriophage with metal) to enhance contrast. However, shadowing was a tedious
process later replaced by negative and positive staining methods (Ackermann and
Heldal, 2010; Ackermann, 2011; Brenner and Horne, 1959). Stains commonly used
include phosphotungstic acid and uranyl acetate.
Positive staining is used to enhance contrast of specimens as the stain specifically
interacts with the specimen towards increasing its density, this causes a stained virus to
appear dark against a lighter background (Bozzola and Russell, 1999). With negative
staining, the morphology of the virus can be better observed, the stain does not bind to
the sample proteins and or DNA as in positive staining, but the sample is embedded in
the stain appearing light against a dark background (Ackermann and Heldal, 2010).
Viral taxonomy was made successful with the study of electron micrographs;
bacteriophages could then be divided in order, families and genera. The most common
order is the Caudovirales (tailed bacteriophage), comprising bacteriophage families
such as Siphoviridae, Myoviridae and Podoviridae. These refer to long tailed,
contractile tailed and very short-tailed bacteriophage respectively.
Another method by which bacteriophage can be differentiated is based on their DNA,
specifically the restriction sites within each bacteriophage genome. The method used is
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referred to as random fragment length polymorphism (RFLP). RFLP is based on
restriction patterns obtained after enzymatic digestion of the bacteriophage DNA by
restriction enzymes, such as EcoR1 and HindIII. Since each bacteriophage will have
different target sites for the restriction enzymes, different RFLP profiles are obtained
(Dear, 2001). The RFLP profiles refer to an agarose gel image of the distance moved by
each band of DNA, resulting from the digestion of the bacteriophage genome.

2.1.3 The bacteriophages of P. mirabilis
There are numerous reports on the use of bacteriophages to control bacterial pathogens.
However, the available literature on bacteriophages for P. mirabilis is scarce, old or
hardly known, because the literature can be in languages that are not easily accessible
(Coetzee, 1963, 1971 & 1977, Hascoet et al., 1982, Schmidt and Jeffries, 1974). Much
research into the use of P. mirabilis bacteriophages has focused on the differentiation of
bacterial strains using bacteriophage typing (Hickman and Farmer, 1976, Schmidt and
Jeffries, 1974). It is therefore unclear the extent to which bacteriophage against P.
mirabilis can be applied as anti-biofilm tools. With respect to bacteriophages targeting
other bacterial species known to cause urinary tract infections, a number of reports have
been made: E. coli and Pseudomonas aeruginosa have received much attention, as they
are commonly isolated from all types of urinary tract infections (Jacobsen et al., 2008,
Wazait et al., 2003). These bacteriophages have shown promising results with studies
reporting up to 99.9 % reduction of biofilm formation in vitro (Zhang et al., 2013,
Zhang and Hu, 2013, Carson et al., 2010). Moreover, these studies emphasise the need
for further investigation into the potential that bacteriophages hold for other bacterial
species.
With respect to P. mirabilis bacteriophages, one of the earliest reported in literature was
isolated from lysogenic bacterial strains. The first morphological study of a P. mirabilis
bacteriophage was derived from shadow-cast preparations in 1943, where metallic
coating on ultramicroscopic objects were used to enhance visualisation (Ruska, 1942,
Prozesky et al., 1965). Bacteriophages are usually induced spontaneously by ultraviolet
irradiation or treatment with antibiotics, when being isolated from lysogenic bacteria
(Prozesky et al., 1965, Wittmann et al., 2014, Otsuji et al., 1959, Zhang et al., 2000).
However, obligately lytic bacteriophages are preferred for therapeutic applications as
they rapidly divide in their bacterial host, destroying the bacteria by lysis and can be
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readily isolated from a variety of sources including: sewage and marine sediments
(Yang et al., 2010).
Bacteriophages of P. mirabilis belonging to bacteriophage families Siphoviridae,
Myoviridae and Podoviridae have been successfully isolated from sewage by Prozesky
et al., (1965), showing that P. mirabilis bacteriophages are present in the environment.
However, there are little or no current characterisation studies for P. mirabilis
bacteriophages. This lack of significant characterisation could hinder the assessment of
these bacteriophages as tools in the design of novel antimicrobials. Moreover,
bacteriophage characterisation is important because, the first step before harnessing the
therapeutic potential of bacteriophages is to isolate and characterise a bacteriophage
able to specifically target the pathogen of interest. Without characterisation there is
limited knowledge on the actual beneficial and limiting properties of bacteriophages.

2.2

Aim of the chapter

The aim of this chapter was to isolate and characterise new bacteriophages against
Proteus mirabilis clinical strains. This formed the first set of experiments in
demonstrating the usefulness and potential long-term limitations of whole
bacteriophages in clinical use.
In this chapter, bacteriophages isolated from sewage were characterised by morphology,
nucleic acid composition and sensitivity to environmental and chemical factors. The
aim of this chapter was achieved using the workflow below (Figure 2.2).
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Figure 2.2

Flow chart of the steps implemented for the isolation and

characterisation of P. mirabilis bacteriophages (phage)

2.3

Materials and Methods

The materials, equipment, reagents, media and chemicals used in this aspect of the
study are listed in Table 2.1, with their associated manufacturers.
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Items

Supplier/Manufacturer

Code/Model

Spectrophotometer

Jenway

6300

Microcentrifuge

Thermo Scientific

Heraeus PICO

Ultracentrifuge

Sorvall

RC6 PLUS

Orbital shaker

Stuart

SSL1

Vortex

Fisherbrand

WhirliMixer

Biosafety cabinet

BSC-EN

-

Water bath

Grant SUB

-

Electrophoresis power source

VWR

300V

Ultraviolet transilluminator

Syngene

Ingenius -

bioimaging
Tryptone soya broth

Oxoid

CM1016B

Agar technical (Agar No. 3)

Oxoid

LP0013

Filter units (0.2 µm and 0.4 µm)

Minisart Sartorius Stedim

16534 and 16555

Glass bottle (universal container)

Fisher, UK

J669

Formvar/Carbon

on

400

Mesh Agar scientific

AGS162-4H

Copper electron microscope grid
Agarose

Fisher

BP1356-100

Ammonium acetate

Fisher

A3446-50

Bovine serum albumin

Promega

R36D

Chloroform

Fisher

C42017

DNase I

Sigma

AMPD1 kit

EcoR1 restriction enzyme

Promega

R601A

Table 2.1

Equipment, Chemicals, Media and Reagents
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Chemicals/Reagents

Supplier/Manufacturer Code/Model

Ethanol (molecular biology grade)

Fisher

BP2818-500

Ethidium bromide

Promega

H5041

Ethylenediaminetetraacetic

acid BDH

10093

(EDTA) (analar)
Fosmid DNA (copy control fosmid Epicentre

CCFOS110

library kit)
Glycerol

Fisher

BP229-1

Hydrochloric acid

Fisher

J427017

Isopropanol (propan-2-ol)

Fisher

P750715

Magnesium chloride

Fisher

BP214-500

Magnesium

sulphate

heptahydrate Fisher

BP213-1

(MgSO4.7H2O)
Phenol-chloroform-isoamyl alcohol

Sigma

77617-100 ml

Phosphate buffer tablets (Dulbecco A)

Oxoid

BR0014G

Phosphotungstic acid

Taab Laboratories Ltd

PO13

Polyethylene glycol

Fisher

BP233-1

Proteinase K

Fisher

BP1700-100

RNase A

Epicentre

MRNA092

Sodium dodecyl sulphate

BDH

301754L

Sodium acetate trihydrate

Sigma

S8625

Trizma base

Fisher

BPE152-1

Zinc chloride

SureChem England

Z0602

1 kb ladder

Promega

G571A

6x loading dye

Promega

G190A

buffer Promega

R999A

Restriction

enzyme

(MULTICORE)
Nuclease free water

Fisher

BP2484-50

Sodium chloride

Fisher

BP358-1

Table 2.1 continued Equipment, Media, Chemicals and Reagents continued
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2.3.1 Bacterial strains and growth
In this study, the first set of P. mirabilis strains (n = 17) obtained from the diagnostic
microbiology laboratory of the Royal Sussex County Hospital, Brighton, UK and 1
culture collection P. mirabilis NCTC 11938 were used in a multi- bacterial strain
sewage enrichment for isolation of new bacteriophage. Once received, cultures were
plated for single colonies on MacConkey agar without salt (Sigma Aldrich) to verify
that pure single bacterial colonies were used.
For freezer stocks, a single bacterial colony was suspended in 5 ml sterile tryptone soya
broth (TSB), and incubated for 18 hours with aeration (130 rpm on an orbital shaker) at
37°C. 1 mL of each liquid culture was stored at -80°C in 10 % volume by volume (v/v)
glycerol.
Fresh cultures for each experiment were prepared from the freezer stocks by using a 5
µL sterile loop to obtain an aliquot of the stock and re-suspending collected cells in
sterile TSB. Growth was always performed for 18 hours with aeration at 37°C, except
otherwise stated.

2.3.2 Bacteriophage from University of Brighton stock
Previously uncharacterised bacteriophages P, Q and B were obtained from University of
Brighton stocks. These had previously been isolated from sewage, additional
bacteriophages were then isolated from sewage samples.

2.3.3 Sewage sampling for isolation of new bacteriophage
As sewage samples have been successfully used in other studies (Chai et al., 2010,
Synnott et al., Markel and Eklund, 1974) to isolate lytic bacteriophage against human
pathogens; the same sample was used here. Sewage samples were collected from
Hailsham North, UK wastewater treatment plant after formal permission had been
obtained from Southern Water, UK. During collection, safety precautions included: use
of personal protective equipment (high-vis jacket, steel toe cap boots, hard hats, safety
goggles and gloves), use of pedestrian routes around treatment sites with sewage
collection from sites specified by Southern Water, and following risk assessment
protocols as stated by the School of Environment, University of Brighton, UK. Samples
were collected by staff from the School of Environment, University of Brighton. Since
the sewage samples were anonymous (not from specific individuals), no ethics
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application was required. Upon return to the laboratory, aseptic techniques were
maintained while handling all samples. A sewage enrichment technique was performed
to amplify the number of bacteriophage present in the sewage sample. In this manner, a
variety of bacteriophages against different strains of P. mirabilis were isolated as
reported below.

2.3.4 Isolation of new bacteriophage using sewage enrichment
In this technique, the collected sewage samples were filter sterilised using 0.2 µm
cellulose-acetate filter units to remove debris and bacteria. Then, 1 % v/v of each
overnight culture of the 17 clinical P. mirabilis strains and 1 culture collection NCTC
11938, was transferred to a sterile tube to create a pool of different bacterial strains. A
0.5 mL aliquot of this pool was added to 4.5 mL of the filtered sewage sample. The
sewage-bacteria suspension was left to stand at room temperature for 10 minutes to
allow adsorption of bacteriophage to bacteria. Afterwards, 0.5 mL of a 10× concentrated
TSB medium was added and the suspension vortex mixed. Controls of host strains only
(4.5 mL phosphate buffered saline (PBS), 0.5 mL host, 0.5 mL 10× TSB) and sewage
only (4.5 mL sewage, 0.5 ml PBS, 0.5 mL 10× TSB) were set up in separate tubes. The
sewage enrichment and controls were incubated overnight at 37°C with aeration. The
next day, samples were centrifuged at 2,500 rpm for 10 minutes at 4°C. The supernatant
was filtered through a 0.45 µm filter to eliminate bacteria and debris, and obtain a
bacteriophage lysate that would contain a mix of different bacteriophages. For
comparison, the NCTC 11938 strain was used in a single-strain enrichment technique.

2.3.5 Determination of bacteriophage activity from sewage and
isolation of pure single bacteriophage plaques
Following sewage enrichment with bacterial cells, the spot test assay as described by
Chopin et al., (2005) was used to identify presence of bacteriophage activity in the
enriched sewage samples. For this, 0.1 mL of an overnight culture of each of the strains
used for the sewage enrichment was suspended in 5 mL sterile top agar (0.8 % TSA,
kept molten at 50°C in a water-bath). This bacterial suspension was briefly vortexed and
poured over a solid agar plate (1.5 % TSA) to form a bacterial lawn, this was left to
completely soak into the solid agar base. Afterwards, 5 µL of the filtered bacteriophageenriched suspension was dropped on the surface of each bacterial lawn. The sewageenrichment controls (sewage only, and bacteria only solutions) were also spotted
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alongside the test samples. All spots, were left to soak into the plates in a biosafety
cabinet, then transferred to 37°C for incubation. After overnight incubation, areas which
showed zones of lysis (clearing of bacteria) from the spot test were assumed to contain
bacteriophage. Half of each section was cut out using sterile scalpels and transferred to
a 2 mL tube containing 1 mL sterile Lambda buffer. Bacteriophages were allowed to
diffuse into the buffer at 4°C overnight. After overnight incubation, the bacteriophage
solution was serially diluted 10-1 up to 10-4.
For isolating pure single bacteriophage plaques, 0.1 mL of an overnight bacterial culture
was mixed in with molten top agar. 0.1 mL of each bacteriophage dilution from the spot
test assay above (10-1 up to 10-4) was then added and the suspension was vortex mixed.
Afterwards, the suspension was poured over a solid 1.5 % w/v agar plate, and allowed
to dry. Triplicate plates were prepared per dilution. Once dried, each plate was inverted
and incubated overnight at 37°C. The following day, zones of lysis on the plates (single
plaques) which looked different were observed and cut out using a sterile scalpel. Each
unique plaque was dropped in a separate 2 mL tube containing a smaller volume (0.4
mL) of Lambda buffer. Up to four different plaques with differing diameters and or
bacterial clearance were cut out with sterile scalpels. The whole process of
bacteriophage diffusion in buffer and single plaque isolation was repeated three times;
in order to ensure selection of a pure single bacteriophage (that is a plate with one
plaque morphology). The final single plaque present in 0.4 mL buffer was used in
generation of a high concentration bacteriophage stock.
For morphological differentiation of bacteriophage types, the plaques were described
based on diameter, shape and level of bacterial clearance (turbid or clear). At least ten
different plaques were measured and data presented as a range.

2.3.6 Optimisation of methods for preparation of concentrated stocks
of bacteriophage
2.3.6.1

Liquid broth/PEG method

A single plaque for each morphologically different bacteriophage was cut out from an
agar plate after the third round of single plaque isolation, and suspended in 0.4 mL
Lambda buffer. Bacteriophage particles were allowed to diffuse out of the agar plug
overnight at 4°C. The next day, the solution was added to 3.2 mL overnight culture of
P. mirabilis strain, the bacteriophage were allowed to adsorb over 5 minutes before
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adding 0.8 mL 10× TSB and incubated overnight. The next day the lysed cultures
(crude lysates) were centrifuged at 3,000 rpm for 10 minutes at 4°C to sediment
bacterial cells. The supernatant was then filtered through a 0.2 µm pore-size filter to
remove bacterial debris. The resulting crude lysate bacteriophage samples were kept in
autoclave sterilised universal 20 mL bottles, wrapped in foil and stored at 4°C. Each
bacteriophage stock was enumerated using the double agar overlay technique.
Subsequent enrichments to increase the bacteriophage concentration were performed.
The liquid broth lysates were further concentrated using polyethylene glycol (PEG
8000), which precipitates bacteriophage particles (Yamamoto, 1970). The precipitated
bacteriophage particles could then be re-suspended in a smaller volume of liquid in
order to increase bacteriophage concentrations. For this, to a prepared crude
bacteriophage lysate, sodium chloride (NaCl) was added to a final concentration of 1 M
and dissolved by swirling. The NaCl-bacteriophage suspensions were incubated for 2
hours at 4°C, and then centrifuged at 1,800 × g for 10 minutes to remove bacterial
debris. To the supernatant, 10 % weight by volume (w/v) PEG 8000 was added, and
dissolved by stirring with a magnetic flea at room temperature; the suspension was left
overnight at 4°C, to precipitate bacteriophage particles. Precipitated bacteriophages
were collected by centrifuging at 11,000 × g for 10 minutes at 4°C in an ultracentrifuge.
The supernatant was discarded and 1 mL Lambda buffer gently added to the
bacteriophage pellet. After storage at 4°C overnight, a pipette tip was used to gently resuspend the bacteriophage pellet. The suspension was centrifuged at 1,500 × g for 10
minutes to remove any remaining debris, and sediment PEG particles. Bacteriophage
suspensions were purified by filtration, first through a 0.45 µm filter then through a 0.2
µm pore-size filter.

2.3.6.2

Plate lysate method

In order to produce higher concentration (≥ 108 pfu/mL) stocks of bacteriophages for
downstream experiments the plate lysate technique was used based on the method of
Swanstrom and Adams (1951). Samples from the liquid broth enrichment were serially
diluted 1:10 and plated with bacteriophage susceptible bacterial hosts using the doubleagar overlay technique. Ten plates were prepared per dilution, and incubated overnight.
Plates with resultant semi-confluent lysis, which had a web-pattern containing areas of
un-lysed bacteria were selected. Using semi-confluent plates assured that bacteriophage
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progeny had been produced, in contrast to lysis-from-without on fully confluent plates.
Lysis-from-without, refers to destruction of bacterial cells due to adsorption of multiple
bacteriophages, which overwhelms the bacterial cell membrane causing bacteriophage
enzyme-induced destruction of bacterial cells without production of new bacteriophage
(Abedon, 2011).
From the semi-confluent plates, the top agar containing lysed bacterial cells and
bacteriophages were scraped into a sterile centrifuge pot using a sterile plastic wedgeshaped spreader. The top-agar scrapings were allowed to sit overnight at 4°C to allow
bacteriophages to diffuse out. The next day, the samples were centrifuged at 7,980 × g
for 10 minutes to sediment bacterial cells and top agar. The supernatant was collected
and filtered through a 0.2 µm unit for separation of bacteriophage particles from
bacterial cells and debris. The bacteriophage concentration was enumerated using the
double-agar overlay technique and stocks stored in glass bottles wrapped in foil at 4°C
as before.

2.3.7 Enumeration of bacteriophage
The standard double agar overlay method similar to that described by Adams (1959)
was used to enumerate bacteriophage. In this method, bacteriophage samples were
serially diluted 1:10, up to a dilution that would yield single bacteriophage plaques. For
production of single plaques, two different agar preparations were made: the bottom
agar and top agar. With the bottom agar prepared at a higher agar concentration than the
softer top agar, which would contain a mix of both the bacteriophages and a susceptible
host. The top agar is poured over the solid agar surface, once solidified; the plates can
be incubated at an adequate temperature for bacterial growth and development of single
plaques. Controls were also plated each time: a blank control (top agar only) in order to
identify bacterial contamination, and the host only control was included to ensure the
bacterial strain was able to grow and also rule out bacteriophage contamination in the
bacteria stock.
In this study, 0.8 % w/v TSA was used for top agar, when in use, the top agar was kept
molten in a water bath at 50°C. 0.1 mL of an overnight culture was added to 5 mL
molten top agar, followed by addition of 0.1 mL of bacteriophage stock or respective
serial dilutions (up to 10-10). Each dilution was plated in triplicate. The bacteriophagebacteria-top agar mix was briefly vortexed and then poured over solid 1.5 % w/v TSA.
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All plates were left to solidify at room temperature for 10 minutes before being inverted
and incubated overnight. Each bacteriophage was propagated on the host it was first
isolated on (homologous host). Resulting plaques were counted and the bacteriophage
concentration expressed as plaque forming units per ml (pfu/mL) (Equation 2.1).

[PC]= Mean plaque count × dilution factor × (1/0.1)

(Equation 2.1)

Where, [PC] represented the bacteriophage concentration in pfu/mL.

2.3.8 Characterisation of bacteriophages
2.3.8.1

Bacteriophage host range by spot-testing

To identify the range of bacterial strains and species the isolated bacteriophages of P.
mirabilis were able to infect and lyse, a modified spot test assay was used based on the
method described by Chopin et al., (2005). For determination of bacteriophage host
range, a further 15 clinical strains of P. mirabilis were obtained from the diagnostic
microbiology laboratory of the Royal Sussex County Hospital, Brighton, UK, making a
total of 33 P. mirabilis strains used in this study (18 used for bacteriophage isolation
plus these 15) . Each overnight culture of all P. mirabilis strains was used to make
bacterial lawns by mixing 0.1 mL of each with 0.5 mL molten agar, which was poured
over the solid agar plate. The plates were allowed to dry at room temperature, then 5 µL
of each bacteriophage at 106, 105, 104, 103 and 102 pfu/mL was dropped on a lawn of
each bacterial strain.
In addition, the ability of each bacteriophage to infect and lyse other important
uropathogens was assessed. The same bacteriophage concentrations as above were
spotted on lawns of 46 other uropathogens from culture collections: 12 Staphylococcus
aureus strains, 11 Escherichia coli, 10 Pseudomonas aeruginosa, 1 Morganella
morganii (and 4 clinical strains), 1 Proteus vulgaris (and 1 clinical strain), and 1 strain
each of Staphylococcus epidermidis, Enterobacter cloacae, Citrobacter freundi,
Klebsiella oxytoca, Klebsiella pneumoniae and Enterococcus faecalis. Successful
killing of the host bacterium by the bacteriophage was interpreted as a zone of lysis at
the site where the bacteriophage was dropped. By dropping different bacteriophage
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concentrations on the bacterial lawn, the limit of bacteriophage infection/lysis (LOI)
was identified. The LOI was defined as the lowest bacteriophage concentration at which
lysis was observed.

2.3.8.2

Bacteriophage efficiency of plating

To confirm host-range profiles from the spot-test assay, an efficiency of plating (EOP)
test was implemented. For EOP testing, the double-agar overlay method was used, and
each bacteriophage was plated on all strains which showed lysis in the spot test assay.
The EOP test also showed any differences in plaque counts due to propagation of
bacteriophage in different strains of P. mirabilis. Using a high concentration stock of
each bacteriophage (107 – 108 pfu/mL), serial dilutions were made and plated. After
overnight incubation of the plates, single plaques were counted and the resultant pfu/mL
calculated using Equation 2.1. Any plates not showing plaques resulting from lysis of
the bacterial host were incubated for a further 24 hours, after which any strains still not
showing plaques were recorded as bacteriophage lysis-negative.

The EOP was

expressed as a ratio of the bacteriophage concentration obtained on the strain of P.
mirabilis used to produce the bacteriophage lysate (homologous host) to that obtained
on a different bacteriophage susceptible host (heterologous host), as described by
Jensen et al., (1998).

2.3.8.3

Bacteriophage stability test: Long-term storage of high

concentration stocks
Bacteriophage plate lysate stocks held at 4°C were enumerated at monthly intervals
using the double-agar overlay technique to examine the stability of the bacteriophage
concentration over 4 months, as bacteriophage concentrations reportedly decrease over
time (Jonczyk et al., 2011, Zuber et al., 2008, Olson et al., 2004).

2.3.8.4

Bacteriophage stability test: Effect of temperature on

bacteriophage activity
To determine the effect of different temperatures on bacteriophage lytic ability and
concentration, bacteriophage lysates were standardised to 1 x 107 pfu/mL in Lambda
buffer. Each bottle was wrapped in aluminium foil to protect from light, and then the
bacteriophage samples were incubated at 37°C, 30°C, 25°C and 4°C. The bacteriophage
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concentration was enumerated before incubation (Day 0), and at weekly intervals for 12
weeks.

2.3.8.5

Bacteriophage sensitivity to chloroform

Chloroform and ether have been reported as a means of determining if a bacteriophage
has a lipid coating (Lederberg, 2000). In this study, different chloroform concentrations
were used to test the sensitivity of each bacteriophage to chloroform and thus the
presence of the chloroform susceptible lipid coating. To a standardised bacteriophage
suspension (1 x 108 pfu/mL) in Lambda buffer, chloroform was added to a final
concentration of 1 % or 10 % v/v chloroform. The tubes were capped and then shaken
to disperse the bacteriophage in chloroform and then left at room temperature for 1
hour, a chloroform-negative control was included for each bacteriophage tested.
Afterwards, 0.1 mL sample from the aqueous phase (in order to avoid the chloroform
layer) was withdrawn into sterile tubes, and serially diluted from 10-1 up to 10-7. The
activity of both treated and control bacteriophage samples were evaluated using the
double agar overlay method. The experiment was repeated three times. Each
bacteriophage was considered resistant to chloroform if single bacteriophage plaques
were obtained on the bacterial lawns. Resultant bacteriophage concentrations were
statistically compared with the untreated controls.

2.3.8.6

Determination of bacteriophage structure by scanning

transmission electron microscopy (STEM)
Each 1 mL-high concentration lysate stock (108 – 1010 pfu/mL) was centrifuged at
17,000 × g for 1 hour at 4°C, to pellet bacteriophage. Afterwards, 0.95 mL of the
supernatant was removed and replaced with same volume of 0.1 M ammonium acetate
(pH 7) and re-centrifuged. The supernatant was removed and 0.1 M ammonium acetate
added, the pellet was gently re-suspended and centrifuged. The supernatant was
discarded and the bacteriophage pellet re-suspended in 0.2 mL ammonium acetate (pH
7). On the matte side of a formvar-carbon coated 400-mesh copper electron microscopy
grid, 10 µL of the cleaned bacteriophage lysate was dropped and allowed to soak in for
1 minute; excess sample was removed by gently touching the sides of the grid with a
filter paper. Sample loading was repeated twice, after which 10 µL of a filter sterilised 2
% v/v phosphotungstic acid solution (pH 7.5) was dropped on the grid and allowed to
stain the sample for 1 minute and excess stain was removed by adsorption with a filter
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paper. The grids were allowed to dry overnight in a fume hood. Bacteriophage
morphology was visualised using a Zeiss SIGMA Field Emission-Scanning Electron
Microscope at 20 kV. Resulting micrographs of the different bacteriophages were
analysed, head diameters were measured between opposite apices based on reports by
Ackermann and Heldal (2010). Bacteriophage size measurements were performed
directly on micrographs at 250,000× magnification and above.

2.3.8.7

Estimation of genome size via restriction fragment length

polymorphism
Before starting DNA extractions, bacteriophage stocks were pretreated with DNase and
RNase to degrade DNA/RNA contaminants in the lysate. For this, 4.5 µL amplification
grade DNase I (1 unit/μL) and 20 µL RNase A (5 mg/mL) were added to 1 mL of each
bacteriophage lysate, and incubated at 37°C for 30 minutes. To inactivate the enzymes
and also degrade contaminating proteins within the lysate, 11.5 µL SDS (20 % w/v) and
4.5 µL proteinase K (10 mg/mL) were added and the samples further incubated at 37°C
for 30 minutes.
Bacteriophage DNA extractions were carried out in 5PRIME Phase-Lock gel light
tubes, using a phenol-chloroform technique according to method described by Pickard
(2008) with some modifications. Briefly, 0.5 mL of the DNase/RNase treated
bacteriophage lysate (107 – 1010 pfu/mL) was placed into pre-centrifuged (1,500 × g, 2
minutes) phase-lock gel tubes. The same volume of phenol:chloroform:isoamyl alcohol
(PCI) was added and the tube was invert-mixed five times and centrifuged (1,500 × g, 5
minutes). Then, 0.45 mL of the top phase was transferred to a new gel-tube and the PCI
step was repeated. The top aqueous phase was transferred to a new tube and 0.5 mL
chloroform:isoamyl alcohol added. The tube was invert-mixed and centrifuged (6,000 ×
g, 5 minutes). The aqueous phase was again transferred to a fresh tube and 0.7 mL 100
% ethanol with 45 µL 3 M sodium acetate (pH 5.2) were added, the tubes were invertmixed ten times, left at room temperature for 15 minutes and then centrifuged (17,000 ×
g, 20 minutes). The supernatant was discarded leaving the white DNA pellet, to this 0.7
mL 70 % v/v ethanol was added, the tube centrifuged (17,000 × g, 10 minutes) and the
supernatant discarded. This washing step was repeated twice, after which the DNA
pellet was left to air dry at room temperature. Once all residual ethanol had evaporated,
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the DNA was resuspended in 25 µL nuclease free water and stored at -20°C. The
concentration of DNA obtained was measured in a nano-spectrophotometer, this was
also used to identify the DNA purity (A60/A280 ratio ≥ 1.8). Only DNA samples with
A60/A280 ratio ≥ 1.8 were used in all DNA assays).
For restriction fragment length polymorphism, each bacteriophage DNA sample was
digested with the restriction enzymes EcoRI, HindIII, NotI and XbalGQ (New England
BioLabs). For this, 250 ng DNA was used each time. All reactions were done in a 15 µL
reaction in a 37°C water-bath for 1 hour. Each reaction contained 0.5 µL restriction
enzyme, appropriate volume of DNA to yield 250 ng, 3 µL of buffer/ bovine serum
albumin mix (respective buffers used were: multicore buffer- for EcoRI, buffer D- for
NotI, buffer E- for HindIII and XbalGQ). The digest reactions were made up to 15 µL
with nuclease-free water. DNA samples without restriction enzyme were included as
controls to assess the extracted DNA quality. Double digests were also performed using
EcoRI with NotI, NotI with XbalGQ and HindIII with XbalGQ. The digested DNA was
separated by gel electrophoresis at 100 V, a 1 kb DNA ladder (5 µL) and Lambda DNA
mixed-digest ladder were included to assess the quality and size of the DNA fragments.
The gels were stained with ethidium bromide, to enable visualisation of DNA bands
under an ultraviolet transilluminator.

2.3.9

Statistical analysis

All statistical analysis was carried out using IBM SPSS Statistics 22, unless otherwise
stated and significance level was set at p-value = 0.05. All graphs were plotted with
mean values and error bars representing standard error of the mean (SEM) of at least
two replicates.

2.4

Results

2.4.1 Sewage

enrichment

for

isolation

of

Proteus

mirabilis

bacteriophage
From the sewage enrichment, bacteriophage activity was observed against 9 of the 18
strains (50 %) used in the enrichment. On some strains, lysis was observed in the
control (host only) section (Figure 2.3). All strains on which control host lysis was
observed (38.8 %) were eliminated from further study because of suspected lysogenic
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activity. The remaining two strains (Pm570 and Pm289) on which only the sewageenrichment section (section P – Figure 2.3) was lysed were selected to extract the
bacteriophage from the lysis zones. From these two strains, the lytic area on strain
Pm289 was carried forward for single plaque purification. As strain Pm570 was already
susceptible to broad-host range bacteriophage present in the University of Brighton
bacteriophage collection, and strain Pm289 had none.

Figure 2.3

Preliminary test of bacteriophage activity following sewage

enrichment
Lysis in both the enrichment zone (P) and the culture control (C) only plate but no lysis in the unenriched sewage only (S) control. This bacteriophage was not studied further in this phase
because of suspected induced prophage present in strain (lysogenic strain). As this profile (lysis
in both P and C zones) was not seen on all strains, bacteriophage contamination of the control
(host alone) was eliminated. Only strains for which infection was confined in the P zone were
selected for further work.

2.4.2 Discrimination of bacteriophages based on differences in plaque
morphology
After single plaque purification on strain Pm289, two bacteriophages of different plaque
morphologies were obtained. These were named bacteriophages 289a and 289b, each
newly isolated bacteriophage was named based on the strains they were isolated from.
For example bacteriophage 289a: 289- strain name and ‘a’ denotes the first
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bacteriophage isolated on strain Pm289. Based on differences in plaque morphology, a
total of five bacteriophages were selected for further characterisation. These were
bacteriophage 289a, 289b and P, Q and B which were obtained from the University’s
stock of uncharacterised bacteriophages. For morphological descriptions, the diameter,
shape, presence or absence of halo and halo radii were recorded for each bacteriophage
plaque. Bacteriophage 289a appeared as a 1-mm, clear plaque with approximately 1mm halo, but bacteriophage 289b showed 1-mm, clear plaques with <1-mm halo on
strain Pm289. From the previous stocks of bacteriophage, bacteriophages P and Q
appeared as tiny dot-like bacteriophage on strain Pm674, and bacteriophage B had
plaques ranging from 4 - 5 mm with a 2-mm halo on strain Pm289 (Figure 2.4).

Figure 2.4

Bacteriophage plaque morphology

(a) Plaques of bacteriophage B on P. mirabilis strain 289 (Pm289) on a double-agar overlay, after
18 hours incubation at 37°C, the green arrow, shows the halo region around the lysed zone (red
arrow) of a single bacteriophage plaque. (b) Single plaques of bacteriophage 289a (red arrow)
appear as clearly lysed plaques of smaller diameter (1-2 mm). (c) Single plaques of
bacteriophage 289b showing haloes (red arrow) surrounding clear plaques on strain Pm289. (d)
single plaques of bacteriophage P (red arrow) without haloes on strain Pm674. (e) single plaques
of bacteriophage Q (red arrow) on strain Pm674.
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2.4.3 Assessment of bacteriophage lytic potential against Proteus
mirabilis
2.4.3.1

Spot-test assay for determination of bacteriophage host

range
The spot-test assay was used as an initial test of bacteriophage lysis of P. mirabilis
strains. Using the select bacteriophages, their ability to infect other uropathogens such
as Escherichia coli, Klebsiella pneumoniae and Pseudomonas aeruginosa was also
tested. All five bacteriophages were unable to infect most of these alternate
uropathogens, except bacteriophages P and Q which lysed a strain of Proteus vulgaris.
Bacterial infectivity and/or lysis was observed on a combined total of 13 P. mirabilis
strains (39.4 % of 33) by all five bacteriophages. Turbid plaques were observed on
some strains, which were defined as inefficient bacterial killing by the bacteriophage at
the highest bacteriophage concentration implemented (106 pfu/mL). The limit of
infection for each bacteriophage varied by up to four orders of magnitude, between the
different strains tested (Table 2.2).

Table 2.2

Host range infectivity profile based on spot testing

Bacteriophages P and Q were able to lyse one strain of P. vulgaris, other bacteriophages were
specific for P. mirabilis strains. Only strains for which lysis or inhibition of bacterial growth (turbid
plaques) were observed are reported. The limit of bacteriophage infection (LOI) of a bacterial host
was defined as the lowest bacteriophage concentration which produced bacterial lysis at the
bacteriophage drop site.
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Host sensitivity to bacteriophage was identified as clear or turbid zones in the areas
were bacteriophages had been added (Figure 2.5).

Figure 2.5

Spot test assay showing lysis of Pm289 and Pm160

Bacterial clearing at the bacteriophage drop site. Showing differences in confluent (complete
clearing of bacterial cells) (A) and turbid (very low bacterial killing) lysis (B).

2.4.3.2

Efficiency of plating (EOP)

The EOP assay demonstrated the effect of growing bacteriophage in different
susceptible hosts on progeny bacteriophage concentration. On each strain the resulting
plaques were counted and the bacteriophage concentration calculated using Equation
2.1. For bacteriophage B, 289a and 289b which were isolated on P. mirabilis strain
Pm289, all bacteriophage effectively lysed two strains (Pm289 and Pm551). Very turbid
plaques of bacteriophages 289a and 289b were observed on strains Pm603 and Pm991
compared with the clear lytic plaques of bacteriophage B on Pm603 and Pm991. Results
in Table 2.3 show that single plaque formation was not visible on all spot test positive
hosts.
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Bacteriophage
B

Isolation
strain
Pm289

Strain
tested
(heterologous)
Pm289
Pm551
Pm603
Pm991

Bacteriophage
titre (pfu/ml)a
2.06 × 108
2.16 × 108
2.76 × 108
2.10 × 108

Relative
EOP valueb
1.00
1.05
1.34
1.02

289b

Pm289

289a

Pm289

P

Pm674

2.82 × 108
3.29 × 109
3.28 × 104
2.84 × 104
0
2.53 × 108
2.96 × 109
2.57 × 104
2.27 × 104
0
8.28 × 106
6.47 × 106
5.46 × 106
5.93 × 106
1.23 × 106
4.80 × 103
0

1.00
11.67
1.16 × 10-4
1.01 × 10-4
0
1.00
11.72
1.02 × 10-4
8.99 × 10-5
0
1.00
0.78
0.66
0.72
0.15
5.80 × 10-4
0

Q

Pm674

Pm289
Pm551
Pm603*
Pm991*
^Pm674, Pm160
Pm289
Pm551
Pm603 *
Pm991 *
Pm674, Pm160 ^
Pm674
Pm743
Pm357
Pm425
Pm570
Pm160 *
Pm585,Pm647,
Pm625 ^
Pm674
Pm743
Pm357
Pm425
Pm570
Pm160 *

1.16 x 107
9.99 x 106
8.30 x106
7.25 x106
2.50 x 106
3.67 x 103

1.00
0.86
0.72
0.62
0.22
3.16 × 10-4

Table 2.3

Bacteriophage concentration on different strains following efficiency

of plating
a

Mean bacteriophage concentration in pfu/mL.

b

EOP = ratio of the bacteriophage obtained on

the test strain to that obtained on the strains used for isolating bacteriophage; *very turbid
plaques were obtained; ^no single plaques obtained.

In comparing results from the spot test and EOP assays, only bacteriophages B and Q
maintained their infectivity profile, lysing and producing single plaques on all strains.
However, on strain Pm160 bacteriophage Q showed poor lysis, appearing as very turbid
plaques. The lytic profile of bacteriophage P fell from nine P. mirabilis strains in the
spot test assay to six in the EOP assay. The susceptible strains of all 5 bacteriophages
fell into three categories: those EOP values that were 3 – 5 log below the bacteriophage
concentration on the isolation host, values that were 1 and 10 log above and values that
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were not significantly different from that obtained on the heterologous host (as was the
case for bacteriophage B). The refined combined lytic activity of all bacteriophages was
then 10 P. mirabilis strains, all with different plaque morphologies from the EOP assay
(Table 2.4).

Table 2.4

Description of bacteriophage plaques obtained on the different P.

mirabilis strains
a

Bacteriophage does not infect this strain. Only bacteriophages B, 289a and 289b showed

formation of halo around the clear plaques

96

2.4.4 Stability test - Long term storage of bacteriophages
Bacteriophage plate lysate stocks stored at 4°C in sterile glass bottles were wrapped in
foil to prevent any light damage of bacteriophage and sampled monthly. This was done
in order to detect any drop in bacteriophage concentration over the course of four
months
The concentration of some bacteriophages (289a, P and Q) showed increased
concentrations at months 1 and 3 respectively compared with the preceding
concentration. However, this anomalous increase in concentration did not continue over
the course of the four-month monitoring when the concentration decreased. The final
concentration at month four was statistically compared with the initial concentration
using Games Howell pairwise comparison, following an analysis of variance (ANOVA)
test. The concentration of bacteriophages B, 289a, 289b and P were significantly
reduced (p = 0.035, 0.031 and 0.002 respectively) compared with initial concentrations
at month 0. The rise in bacteriophage 289a concentration after one month was
significantly higher (p < 0.001, 86 % increase in bacteriophage concentration) compared
with the initial concentration. However, the rise observed at month 3 for bacteriophage
P and Q was still lower than the initial bacteriophage concentration (24 % and 35 %
decrease, p values = 0.166 and 0.025 respectively).
At month ‘0’, the lowest concentration of plate lysates preparations for bacteriophage
isolated from bacterial strain Pm289 (bacteriophage B, 289a and 289b), was obtained
for bacteriophage 289a (3.50 × 1010 pfu/mL) (Figure 2.6A). Whereas, for
bacteriophages P and Q infecting bacterial strain Pm674, P produced lowest
concentration at 1.25 × 108 pfu/mL (Figure 2.6B). In the course of four months, the
concentration of all bacteriophages showed decrease between 0.1 – 1.7 log, compared
with the initial concentration at month ‘0’ (Figure 2.6A - B).
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Figure 2.6

Long term storage of bacteriophage lysate in broth at 4°C

(A) Bacteriophages 289a, 289b and B propagated in P. mirabilis Pm289; (B) Bacteriophages P
and Q, cultivated in P. mirabilis Pm674. Data are mean ±SEM (n ≥2).
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2.4.5 Selection of bacteriophage for further characterisation
Bacteriophages B, 289b and Q were further characterised using electron microscopy,
restriction fragment length polymorphisms and bacteriophage sensitivity to temperature.
This selection was based on the host range profiles. Three bacteriophages were selected
due to their ability to infect more than one P. mirabilis strain (broad-host range), the
differences in plaque morphology and the ease with which a high bacteriophage stock
was obtained from the plate lysate (Table 2.5). Bacteriophage 289b was selected over
289a because it possessed slightly bigger halo around its plaque which was indicative of
enzymatic depolymerase activity that could be beneficial in anti-biofilm activity.

Table 2.5

Bacteriophage selection matrix

Total scoring was based on number of stars, more stars meant the bacteriophage had potentially
more favourable characteristics.

2.4.6 Stability test - Effect of temperature on bacteriophages B, 289b
and Q
Loss of bacteriophage activity due to temperature (4°C, 25°C, 30°C and 37°C) was
based on quantitative measure of bacteriophage concentration after incubation at weekly
intervals. As a control each bacteriophage was also incubated at 4°C, where there was
less variation in bacteriophage concentration over the course of 12 weeks. The 12 week
time-point was chosen because this is the longest recommended in situ time for
catheters in long-term catheterised individuals (Stickler, 2008). In most cases, it was
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observed that with increasing temperature bacteriophage concentrations reduced over
the course of 12 weeks thus highlighting the differences in thermo-stability between the
bacteriophages. Temperatures 4°C and 25°C were performed to take into consideration
cold storage and room temperature storage respectively. The higher temperatures
represented clinical scenarios of body temperature and reduced temperature at which
human urine could be while flowing through urinary catheters, which were 37°C and
30°C respectively. At all temperatures except 4°C, the bacteriophage concentration was
significantly reduced after 12 weeks incubation compared with the initial concentration
( p< 0.001). Overall, bacteriophage B was most thermostable followed by bacteriophage
289b and Q (the least thermostable). At high temperatures, the graphs show that the
bacteriophage concentration is inversely correlated with the duration of storage (Figure
2.7).

Figure 2.7

Effect of temperature on bacteriophage activity

The trend lines showed the overall effect of temperature on bacteriophage concentration
measured at weekly intervals for 12 weeks. The bacteriophage concentration after 12 weeks
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incubation at the highest temperatures (37°C and 30°C) was significantly lower than the initial
concentration (p <0.05). Bacteriophage Q was the most sensitive to high temperature, with
absence of bacteriophage plaques (zero activity) after 5 weeks incubation at 37°C. The least
change in bacteriophage concentration was observed with cold storage at 4°C.

2.4.7 Stability test – Sensitivity of bacteriophage to chloroform
This test was performed to identify if any of the selected bacteriophages were sensitive
to chloroform, an effect that is usually due to the damage of the lipid components of the
cell membrane. Statistical tests (one-way ANOVA with Tukey’s post hoc comparisons)
demonstrated that bacteriophage Q was significantly reduced by 42 % when treated with
10 % v/v chloroform compared with the non-chloroform control (p =

0.043,

significance level 5 %). No significant effect of chloroform treatment was observed on
bacteriophage 289b. However, an unusual result was observed for bacteriophage B
where the concentration was significantly reduced by 25 % (p = 0.026, significance
level 5 %) when treated with 1 % chloroform. As this was a lower concentration of
chloroform and no negative effects were obtained from treating with the more
concentrated 10 % v/v chloroform, this was regarded as an anomaly (Figure 2.8).
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Figure 2.8

Sensitivity of bacteriophage to chloroform

Bacteriophages were incubated in different concentrations of chloroform (10 % and 1 % v/v),
including controls without chloroform. Reduction in bacteriophage activity compared with the
control was observed for bacteriophages Q and B, when treated with 1 % and 10 % chloroform
respectively. Slight increases in bacteriophage concentration were obtained from B at 10 % v/v
chloroform and for bacteriophage 289b and Q at 1 % chloroform compared with the untreated
control samples. However, in all cases of reduced or increased bacteriophage concentration,
none of these were statistically significantly different when compared with the untreated controls
(one-way ANOVA test, p > 0.05). Data represented are the mean ± SEM (n =3).

2.4.8 Assessment of bacteriophage morphology using scanning
transmission electron microscopy (STEM)
Based on observed morphologies, the data suggested that bacteriophages B and 289b
were tailed bacteriophages of the order Caudovirales according to the International
Committee on Taxonomy of Viruses (ICTV, 2012). Images were not successfully
obtained for bacteriophage Q. However, of those obtained for bacteriophage B,
dimensions were: capsid (head) = 52.08 nm [standard deviation (SD) = 7.31 nm; n =
11]; tail length = 385.62 nm [SD = 34.60 nm; n = 6]; tail diameter = 15.80 nm [SD =
1.62 nm; n = 12]). Bacteriophage B appeared to have features suggestive of the
Siphoviridae family. Bacteriophage 289b also resembled bacteriophage of the
102

Siphoviridae family and the dimensions were: capsid = 57.78 nm [SD = 4.25 nm; n =
12]; tail length = 128.64 nm [SD = 1.93 nm; n = 2]; tail diameter = 10.30 nm [SD = 0.52
nm; n = 3]. Even with ammonium acetate cleaning, not all soluble contaminants in the
bacteriophage samples could be removed. STEM micrographs of negatively stained
bacteriophages B and 289b were obtained from ammonium acetate cleaned lysates
(Figures 2.9 and 2.10).

Figure 2.9

Electron micrograph of bacteriophage B

Images of tail-like features and bacteriophage heads (yellow and black arrows respectively)
negatively stained with phosphotungstic acid. Tail loss was high, which is reportedly common in
lysate samples (Ackermann and Heldal, 2010). Each bacteriophage commonly consists of a
capsid (head) and a tail, to which tail fibres may be attached (Ackermann, 2011). No tail fibres
were observed in these micrographs. This observation does not mean they are absent from the
bacteriophage as they may have been lost during sample preparation. The bacteriophage
observed here showed icosahedral type head and long Siphoviridae-like tails.
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Figure 2.10

Electron micrographs of bacteriophage 289b

Yellow and black arrows indicate the bacteriophage tail and heads respectively. Bacteriophage
samples were negatively stained with phosphotungstic acid. Areas within the bacteriophage head
appearing as lightened contrast or greyish areas (monograph A and B respectively) represent the
packaged viral DNA within the bacteriophage heads. Attached tails (yellow arrows) depict the
Siphoviridae-type tails which appeared thin and long. The bacteriophage heads were also
icosahedral-like. Scale bars are 100 nm and 20 nm, at microscope magnification 300,000× and
600,000× for images A and B respectively.
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2.4.9 Genomic

analysis

using

restriction

fragment

length

polymorphism (RFLP)
Further differential characterisation of bacteriophages 289b, B and Q was carried out by
determining the restriction profile of the bacteriophage DNA. Bacteriophage DNA was
extracted with a phenol-chloroform technique and digested with four restriction
enzymes (EcoRI, HindIII, NotI and XbalGQ) in single and double digests. The resulting
DNA fragments were separated in 0.8 % w/v agarose gel at 100 V for 1 - 2 hours and
stained with ethidium bromide. The genome size of each bacteriophage was estimated
using the distance moved by the restriction fragments in the gel relative to the known
sizes of the DNA markers (1 kb DNA ladder and Lambda DNA mixed digest) (Figure
2.11A-B).
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Figure 2.11

RFLP analysis of bacteriophage B, Q and 289b genomic DNA

The RFLP patterns were different for each bacteriophage, indicating that each bacteriophage was
unique. Each lane was named according to bacteriophage name and restriction enzyme used, for
example in gel A, lane 1: 289b_EcoRI meant bacteriophage 289b digested with EcoRI enzyme.
The genome size of bacteriophage Q could not be reliably estimated but lay in the range 10 - 48
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kbp (Figure B). Bacteriophage Q (gel image B) produced two visible fragments from the digestion
by HindIII, NotI and XbalGQ restriction enzymes and showed complete degradation by EcoRI.
Digestion of bacteriophage for shorter time (5 minutes) with EcoRI allowed better visualisation of
bacteriophage 289b fragments and estimation of its genome size (Figure 2.12A).

Figure 2.12

RFLP profile of bacteriophage 289b with EcoRI enzyme and

associated calibration curve for estimation of genome size
The genome of bacteriophage 289b and B were estimated at 56,303 ± 3,872 bp and 19,707 ±
922 bp respectively, based on respective equation of the regression line in Figures B and C
respectively. The calibration curves were obtained from distance migrated by DNA bands of the
controls (1 kb ladder and Lambda DNA mixed digest).
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2.5

Discussion

2.5.1 Isolation of Proteus mirabilis bacteriophages
Within this chapter, lytic bacteriophages against uropathogenic strains of Proteus
mirabilis have been isolated from a natural source and characterised. With the aim of
building a collection of well-characterised bacteriophages that can be engineered for the
prevention of P. mirabilis biofilms. At present, only a few bacteriophages able to infect
and lyse P. mirabilis strains have been characterised (Zhilenkov et al., 2006, Goodridge
et al., 2003, Carson et al., 2010). The majority of those bacteriophages reported in the
literature have been implemented for typing of P. mirabilis strains, in order to
differentiate strains of pathogenic P. mirabilis; and also for studying bacteriophage
adsorption and transduction of antibiotic resistance (Bradley et al., 1981, Zhilenkov et
al., 2006, Sekaninova et al., 1998, Schmidt and Jeffries, 1974a, France and Markham,
1968, Nakaya and Rownd, 1971). P. mirabilis accounts for a significant proportion of
catheter associated urinary tract infections in long-term catheterised patients (Stickler,
1996). With the rise of antibiotic resistance and the need for alternatives to antibiotics as
means of treating urinary tract infections (Kutateladze and Adamia, 2010, Kunin, 1993)
there is a need to enhance the library of bacteriophages. These bacteriophage should be
capable of killing clinical strains of P. mirabilis and may then act as alternatives to or in
combination with antibiotics for the prevention or treatment of biofilms. Currently, this
is the first study in over 30 years where lytic bacteriophage isolated from sewage and
specifically targeting P. mirabilis uropathogenic clinical strains have been
physicochemically characterised (Pretorius and Coetzee, 1979).
Here, two bacteriophages against clinical strains of P. mirabilis causative of catheterassociated urinary tract infections were successfully isolated from sewage samples. In
addition, three other uncharacterised bacteriophages of P. mirabilis held in stocks of
University of Brighton collection were assessed for their ability to effectively kill P.
mirabilis strains. Isolation of bacteriophages from sewage is commonly reported in the
literature (Kęsik-Szeloch et al., 2013, Zhilenkov et al., 2006, Bradley et al., 1981,
Souza et al., 1972), hence sewage was the bacteriophage source sample of choice.
Sewage would contain bacterial species which are capable of causing infection in the
human host; hence, it is a good source of bacteriophages.

More specifically, P.

mirabilis is a member of the Enterobacteriaceae which are common members of the
gastrointestinal tract of humans (Stecher et al., 2012, O'Hara et al., 2000). Hence, it was
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likely that bacteriophages targeting this particular bacterium would inevitably be found
in waste effluents, because bacteriophages abound wherever bacteria are found
(Sillankorva et al., 2004). In comparison to other samples types, such as human faeces,
sewage is easier to obtain in that there are no Human Tissue Act permissions needed
(HTA, 2004) and easier to handle for isolating bacteriophage.
To increase the numbers of bacteriophage specifically targeting a selection of P.
mirabilis strains a sewage enrichment technique was utilised. This involved the use of a
mix of different strains of P. mirabilis. The multi-strain technique has been reported as
an efficient means of isolating broad-host range bacteriophages (Jensen et al., 1998). In
this study, a total of nine bacterial strains used in the enrichment showed lysis.
However, one of the identified shortcomings of lytic bacteriophage isolation by using a
pool of different strains is the induction of suspected prophage resident in bacterial
hosts. Prophage induction may occur due to environmental pressure such as limitation
of nutrients and space in the culture medium (Choi et al., 2010). The presence of
prophage was suspected, as control enrichment tests containing only the bacterial
culture showed zones of lysis similar to the test spots (sewage enrichment) (Figure 2.3).
This resulted in elimination of those bacteriophages and bacterial strains from the study.
However, this method yielded more bacteriophages compared with other isolation
methods based on using one bacterial strain of P. mirabilis. The single-strain method
produced lysis on only three strains (Pm991, Pm674 and Pm357) compared with lysis
of nine strains obtained from multi-strain technique. From the multi-strain technique,
two bacteriophages were selected (bacteriophages 289a and 289b).

2.5.2 Plate lysate technique for concentrated stocks of bacteriophage
Following the propagation of bacteriophage for high concentration stocks, it was
observed that the broth lysate technique did not consistently yield high concentrations
(≥108 pfu/ml) for all bacteriophages. Hence, the plate lysate technique was implemented
which produced high concentrations for all bacteriophages for use in downstream
experiments. Another advantage noted for the plate lysate technique was the ability to
visually detect the lysis of bacteria within 1 hour for some bacteriophage (bacteriophage
B). This was better when compared with waiting overnight for harvesting
bacteriophages from liquid broth lysates that were never completely cleared by
bacteriophages. This finding was in line with a report by Raya and H’bert which noted
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that the efficiency of bacteriophage propagation is better on solid media than in liquid
culture (Raya and H’'bert, 2008). Concentrations ranging from 109 to 1011 pfu/ml were
obtained using the plate technique, and a description of the bacteriophage-cleared
bacterial zone (plaques) morphology could be obtained.

2.5.3 The dynamics of bacteriophage plaque growth and links to antibiofilm activity
The five bacteriophages initially selected for use in this study had varying levels of
bacteriophage diffusion on the agar plates, bacteriophages B and 289b showed visible
clearing of bacteria lawns within 1 hour, however plaques were only visible for
bacteriophages P, Q and 289a after 18 hours growth of bacteriophage. The implications
of using a bacterial lawn for bacteriophage growth provides a very simplified model for
preliminary investigation of the success of bacteriophages at clearing clusters of
bacterial cells, as would be depicted in a biofilm mode of growth. This is because agar
creates a spatially structured environment, as would be observed within biofilms
(Abedon and Yin, 2009). These biofilms are the common mode of living for bacterial
cells which can have commensal relationship with bacteriophage in their natural
environments.
In addition, the plaque morphology on an overlay identified those bacteriophages which
possessed haloes. These haloes are reportedly due to diffusion of low molecular weight
lysins from the bacteriophage, resulting in reduction in bacterial densities around the
bacteriophage plaques (Abedon and Yin, 2009). Haloes are attributed to the presence of
polysaccharide depolymerase activity which have been reported to offer advantages in
degradation of bacterial exopolysaccharide layer of biofilms (Hughes et al., 1998a and
1998b). In this study, bacteriophages B, 289a and 289b all possessed haloes, with
bacteriophage B showing the most depolymerase activity based on the diameter of its
halo (5 mm on strain Pm289 compared with ≤ 1 mm halo of bacteriophages 289a and
289b) after 18 hours incubation (Figure 2.4).

2.5.4 Extent of bacteriophage activity against P. mirabilis clinical
strains
The host ranges of P. mirabilis bacteriophages were assessed by spot testing and
efficiency of plating (EOP) analysis, with spot testing being used as a first test of the
110

lytic range of all bacteriophages. The spot test assay was based on a dilution series
which also allowed the limit of bacteriophage infection to be determined. With respect
to spot tests, bacteriophage P showed the greatest lytic profile, being able to infect nine
strains (27 %) of P. mirabilis and 1 P. vulgaris strain. Bacteriophages are species or
even strain specific (Chibani-Chennoufi et al., 2004) and the same characteristic was
found in this study as 3 of the bacteriophages (bacteriophage B, 289a and 289b) were
only able to infect P. mirabilis. Bacteriophage Q was also able to infect a strain of P.
vulgaris which is a close evolutionary relative of P. mirabilis (Hickman et al., 1982).
Other common uropathogens such as Pseudomonas aeruginosa, Escherichia coli and
Staphylococcus aureus were not susceptible to bacteriophage lysis using these
bacteriophages.
To ascertain if bacteriophage progeny could be successfully produced in the different
susceptible bacterial strains from the spot test, an EOP analysis was performed. With
the EOP analysis each bacteriophage from the spot test was plated using the double
agar-overlay technique for production of single plaques. The resultant single plaques
were counted and compared with the amount of plaques obtained on the strain used for
the isolation of bacteriophage (Pm289 for bacteriophages B, 289b and 289a; and Pm674
for bacteriophages P and Q). Any differences in plaque production could then be
attributed to the strain on which the bacteriophage was grown. The formation of single
plaques was mainly positive on strains for which the spot test showed clear lytic zones.
However, where turbid zones of lysis were observed from the spot test, no single
plaques were obtained from the EOP test (bacteriophage P on strains Pm585, Pm625
and Pm647). With an exception of the clear single plaques formed on strain Pm570, but
on this strain EOP was only 15 % and 22 % of the plaque production obtained from the
isolation strain Pm674 for bacteriophages P and Q respectively (Table 2.3). On some
strains an increased EOP was observed which was attributed to an enhanced productive
infection in these strains. On strain Pm603 the relative EOP for bacteriophage B
increased by 34 % and for bacteriophage289b and 289a an increase of 11 % was
obtained (Table 2.3).
Of additional interest, were those bacteriophage on which no plaques were observed,
these demonstrated the importance of confirming spot test assay results using the EOP
assay. EOP verification is important in order to ensure that susceptible bacterial strains
from the spot test are also able to support formation of single plaques which indicate
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release of bacteriophage progeny from infected bacteria. Where no single plaques were
obtained even though turbid lysis was obtained from spot test, it is proposed that the
bacteriophage were unable to vigorously infect the bacterial strains resulting in a low
and undetectable relative efficiency of plating. This is worth noting, as observation of
single plaques is usually used as a measure of bacteriophage viability (Abedon and Yin,
2009). With respect to the aim of isolating potential bacteriophages for biofilm control,
it was worth focusing on those bacteriophages that were virulent against P. mirabilis
and confirmed by EOP to be able to produce bacteriophage progeny. All bacteriophages
were able to infect and lyse more than one strain of P. mirabilis. Bacteriophages B and
289b displayed potential polysaccharide depolymerase activity and bacteriophage Q
yielded more plaques on each strain, possessing lower drop levels in concentration over
three months compared with bacteriophage P.
Of all the bacteriophages, bacteriophage B was the only one which maintained its range
of bacterial infectivity, with the absence of turbid plaques on any strains. Following on
from the spot test, the ease with which high concentration stocks (≥ 108 pfu/mL) were
readily obtained by each bacteriophage and the stability of each high concentration
stock over the course of four months; were used amongst other criteria (Table 2.5) to
select bacteriophages B, Q and 289b for more extensive characterisation.

2.5.5 Physicochemical

characterisation

of

select

P.

mirabilis

bacteriophages
As temperature is crucial to bacteriophage growth in bacterial hosts and an important
factor to consider for the maintenance of bacteriophages over time (Jonczyk, 2011), this
study also incorporated a characterisation scheme based on sensitivity to different
temperatures that are clinically important or with respect to storage/large-scale
manufacturing conditions. The bacteriophages B, 289b and Q had varying levels of
thermo-stability. At body temperature (37°C), bacteriophage Q was most sensitive,
showing reduced activity up to 100 % over the course of 12 weeks (Figure 2.7). Storage
at 4°C was observed to be the ideal temperature for maintenance of bacteriophages over
time, this was in line with findings from other studies where 4°C was reported as the
most favourable temperature for maintenance of bacteriophage stocks (Jepson and
March, 2004, Clark, 1962, Schmidt and Jeffries, 1974a).
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However, some significant decreases were observed after one week at 4°C compared
with the concentration at day 0 for bacteriophages 289b and Q. After one week at 25°C
the concentration of bacteriophage B significantly dropped compared with the
concentration at other temperatures except when compared with week 1 - 3 at 37°C,
where no significant difference was observed. Moreover, the decreases were less than 1
log fold, in line with reports by Schmidt and Jeffries, who showed that P. mirabilis
bacteriophage stored over several months at 4°C did not decrease by more than 0.5 log
(Schmidt and Jeffries, 1974a). This drop may be attributed to bacteriophage aggregation
resulting in production of one plaque for a number of aggregated bacteriophages
(Carlson, 2005). Moreover, a higher plaque count was obtained a week later which
would correspond to dissociation of the hypothesised bacteriophage aggregate to single
bacteriophages, a phenomenon previously also observed for Bacillus thuringiensis
bacteriophages (Serwer et al., 2007a and 2007b). Older studies looking at more
extended time points such as several years also reported fluctuations in bacteriophage
concentration during long-term storage. Clark showed increases of up to 3 log change in
concentration of Escherichia coli and Mycobacterium smegmatis bacteriophage, which
had been stored for up to 2 years at 4°C and 25°C in either liquid media or which had
been lyophilised (Clark, 1962). The same phenomenon was also reported by Zierdt for
Staphylococcus spp. bacteriophage (Zierdt, 1959). Apart from the theoretical
expectation of aggregates and attenuated bacteriophage counts, no further reasons could
be derived from the literature.
Secondly, the sensitivity of bacteriophages to chloroform was performed. This was
important because bacteriophages are often treated with chloroform, in order to prevent
microbial contamination during storage (Fortier and Moineau, 2009). Based on the
results obtained from treatment with 10 % v/v chloroform, it was demonstrated that
chloroform did not render all bacteriophages inactive as they were still able to produce
single plaques on lawns of bacteria although at reduced efficiency, which meant that
bacteriophages B and Q activity could be impaired by chloroform treatment. Thus
chloroform was not used in the storage of bacteriophage stocks. Non-significant
increases in bacteriophage titre compared with the control were obtained for all
bacteriophages after 10 % v/v (bacteriophage B) and 1 % v/v chloroform treatments
(bacteriophage 289b and Q), which could result from dissociation of bacteriophage
aggregates as earlier discussed.
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From the electron microscopy images the bacteriophages B and 289b were identified as
belonging to the Siphoviridae family, with long non-contractile tails, which are known
to account for over 61 % of the tailed bacteriophages (Ackermann, 2005). Images could
not be obtained for bacteriophage Q, but based on plaque morphology, bacteriophage Q
was distinct from bacteriophages B and 289b and the restriction digest profiles
confirmed that all three bacteriophages were genetically distinct with different digestion
patterns obtained (Figure 2.12).

2.6

Conclusion

The data obtained in this chapter have demonstrated that sewage remains an important
source for isolation of lytic bacteriophage that have the ability to infect a variety of
pathogenic bacteria. With the isolation of a variety of bacteriophage comes the need for
characterisation. A total of five lytic bacteriophages were identified and shown to be
able to lyse a total of 13 P. mirabilis uropathogenic strains. Of these, three
bacteriophages were further selected which were mostly of the Siphoviridae family as
assessed by morphological and physicochemical analysis. The bacteriophages were
particularly susceptible to high temperatures and favoured colder storage at 4°C. After
performing searches within peer-review literature databases, this appears to be the first
study to look into the effects of different temperatures on viability of P. mirabilis
bacteriophage. The effect of temperature is beneficial in the characterisation of
bacteriophages in order to determine the most effective conditions that would enhance
the outcome of bacteriophage therapy.
Of all three bacteriophages (B, 289b and Q) that were characterised by thermo-stability,
sensitivity to chloroform and host range analysis. Bacteriophage Q was the least
thermo-stable, but with the greatest lytic range infecting up to six different P. mirabilis
strains, followed by bacteriophages B and 289b. Bacteriophages B and 289b produced
the highest concentration stocks up to 1010 pfu/mL having haloed plaques, which depict
potential

exopolysaccharide

depolymerase

activity.

Based

on

bacteriophage

antibacterial and enzymatic activity, it is hypothesised that these bacteriophages will be
useful anti-biofilm tools in destruction of bacterial biofilm and their exopolysaccharide
matrix. With bacteriophage B expected to produce most amount of enzyme compared
with bacteriophage 289b due to the diameter of the haloes.
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The results from this chapter serve to advance the knowledge of lytic bacteriophages
capable of lysing clinical strains of P. mirabilis and demonstrated a potential for
biomedical applications. These details began to form the basis for determination of what
part P. mirabilis bacteriophages could serve in the design of a bioengineered antibiofilm strategy. Thus, the next chapter involved the assessment of the biofilm forming
potential of the P. mirabilis strains that were susceptible to bacteriophage lysis (Chapter
3), before assessment of the therapeutic potential of these bacteriophages towards the
control of P. mirabilis biofilm-related infections (Chapter 4).
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3. Characterisation of biofilm formation in bacteriophage susceptible
strains of Proteus mirabilis strains with assessment of antibiotic
susceptibility
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3.1

Introduction

In the previous chapter, three bacteriophages (B, 289b and Q) which were active against
uropathogenic strains of Proteus mirabilis were characterised and selected for further
study. These bacteriophages had a combined lytic activity against clinical strains of P.
mirabilis. This suggested they could eventually be used as antimicrobial agents. Firstly,
it was important to further characterise these bacterial strains, which although had been
identified as P. mirabilis from the hospital, their biofilm forming capability had not
been assessed. Also their susceptibility to commonly used antibiotics was unknown. It
was thought that further characterisation would give an indication of antibiotic
resistance of P. mirabilis within this subset population of P. mirabilis strains obtained
within the United Kingdom. As well as form the basis for anti-biofilm assays in other
chapters. Therefore, in this chapter characterisation studies such as: antibiotic
susceptibility profiles and biofilm forming ability of these previously uncharacterised
bacterial strains were performed.

3.1.1 Proteus mirabilis swarming and biofilm-related urinary tract
infections
P. mirabilis is a member of the Enterobacteriaceae family of bacteria, a Gram negative
rod and member of the human gastrointestinal microbiota. This bacterial specie is
known to have a characteristic bull’s eye pattern of migration (swarming) on solid
surfaces like solid nutrient agar.

Swarming is a multicellular, surface-associated

motility where cells differentiate into long, multinucleate and hyper-flagellated rods of
over 50 µm length, compared with vegetative undifferentiated (free swimming
planktonic) cells which are 1-2 µm long (Gibbs et al., 2011, Morgenstein et al., 2010).
The swarmer cells usually have between 500-3,000 flagella compared with 6-10 flagella
possessed by vegetative swimmer cells (Hola et al., 2012). Differentiated cells align
closely, forming multicellular rafts which migrate over the solid media.

This is

followed by a de-differentiation (consolidation) phase in which the cells convert to
vegetative cells, which have the characteristic size and shape of Gram negative rods. It
is these periodic cycles of differentiation and consolidation that result in the
characteristic bulls-eye pattern of P. mirabilis cells when grown on solid growth media
(Alavi and Belas, 2001, Morgenstein et al., 2010).
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P. mirabilis infections are significant in wounds, respiratory tract and bloodstream
infections (Endimiani et al., 2005). Most significant is the role P. mirabilis plays in
urinary tract infections of long-term (over 28 days) catheterised patients (Armbruster
and Mobley, 2012). These patients usually experience catheter blockage the most
common being due to P. mirabilis, it is possible that the swarming characteristic
facilitates bacterial cell migration from faeces or skin microbiota around the periurethral surface into the urinary tract (Jacobsen et al., 2008, Jones et al., 2004, Sabbuba
et al., 2002, Stickler and Hughes, 1999). Upon entry into the urinary tract, P. mirabilis
cells are able to proliferate in the nutritious human urine. These bacteria also rapidly
hydrolyse urea in urine into ammonia and carbon dioxide, the ammonia makes the urine
more alkaline (Jones et al., 2007). Alkalinity promotes the precipitation of calcium and
magnesium ions from solution. Both properties enhance the formation of P. mirabilis
biofilms within the catheters, if these biofilms continue to proliferate it eventually
blocks catheters (Stickler and Morgan, 2006). Biofilms are phenotypically different
from their planktonic cells, instead of being free swimming, biofilms are simply sessile
aggregates of bacterial cells attached to surfaces (Garrett et al., 2008). Notable
observation of biofilms were performed in 1674, by Antonie van Leuwenhoek when he
microscopically observed scrapings from teeth (Costerton, 1999). The biofilm
associated bacteria are usually encased in a sticky extracellular matrix that can inhibit
antibiotic action (Goldberg, 2002), thus, studying biofilm formation could help in drug
discovery.

3.1.2 In vitro models for assessment of biofilm formation
In vitro tests are usually performed to assess novel antimicrobial tools or agents. In
designing anti-biofilm strategies, it is therefore crucial to optimise biofilm growth and
quantification methods. These enable the anti-biofilm tool to be thoroughly assessed in
conditions where bacterial species such as P. mirabilis is capable of forming dense
biofilms are tested.
Published reports have used a variety of biofilms models, growth medium and
quantification methods for P. mirabilis biofilms. Since P. mirabilis usually form
crystalline biofilms in human catheterised urinary tract, some studies have utilised the
growth of the bacterial strains in an artificial urine medium. The artificial urine which
mimics components of human urine contains urea which is necessary for P. mirabilis to
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form these crystalline biofilms (Griffith et al., 1976, Morris and Stickler, 1998). With
the use of artificial urine, the biofilm model used by these studies was a bladder model
(Rani et al., 2014, Jones et al., 2005, Sabbuba et al., 2005, Stickler et al., 2003b, Morris
et al., 1997). The bladder model consists of a catheter attached to an artificial bladder
which depicts similar flow of urine through a catheter with drainage of waste urine over
time (Figure 3.1). However, in comparison with the microtitre plate model, one may
find less flexibility in using the bladder model to screen potential anti-biofilm molecules
at multiple doses, on different strains and with measurements at different time points.

Urine into artificial bladder, flow
maintained by peristaltic pump

Water at 37 °C
Flowing within
the inner walls
of the artificial
bladder

Catheter
Inserted into
the artificial
bladder

Waste urine,
flows out into
drainage bag
Figure 3.1

Schematic representation of a catheterised bladder model

The parameter mainly measured with bladder models, is 'the time to blockage' for antimicrobial
agents which have been co-incubated with the bacterial strain of interest (Stickler et al., 2003a,
Jones et al., 2005). However, other studies also utilise the micro-titre plate model (Figure 3.2).
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Figure 3.2

The micro-titre plate model

This model consists of 96 wells within which biofilms can be grown. Purple coloured liquid in
wells, show the presence of crystal-violet stained biofilms solubilised with ethanol.

This micro-titre plate model consists of a 96-well plate which allows screening with the
effect of varied conditions being more easily observed over time (O'Toole et al., 1999,
O'Toole and Kolter, 1998). With the micro-titre model, the biofilm forming ability of a
larger variety of strains or species can be assessed including the impact of antimicrobial
agents compared with the bladder model. As a consequence, it should be noted that the
micro-titre model does limit the advantage of more closely mimicking normal
conditions which are better observed in the artificial bladder model. However, the 96well plate can be used to identify the best dose and timing for treatment with
antimicrobial tools which can then be assessed using the bladder model. Hence, the
micro-titre model was used here as the most appropriate model to fulfil the aims of this
chapter.
In the growing phase, the biofilms are usually quantified by staining. Such stains
include crystal violet, safranin-O and numerous DNA stains such as: acridine orange,
propidium iodide and SYTOX orange. These stains interact with different parts of the
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biofilm, thereby providing different means by which the biofilm can be characterised
(Table 3.1).
Stain
Crystal violet

Safranin

Component of biofilm
stained
Primary stain for monitoring
biofilm formation in vitro.
Binds components of the
extracellular matrix and
bacterial cells. Common
concentrations used include
0.1 %, 0.4 % and 1 % w/v
Stains bacterial cells and
extracellular
matrix,
published
concentrations
used: 0.1 % w/v

Acridine orange

References
Jansen et al., 2004, Nucleo et
al., 2010, Czerwonka et al.,
2014, Arabski et al., 2013,
Hannig et al., 2010

Hannig
et
al.,
2010,
Thompson et al., 2010,
Patterson et al., 2010,
Lembke et al., 2006, Standar
et al., 2010
Nakao et al., 2012, Balaji et
al., 2013, Harrison et al.,
2006, Pour et al., 2011,
Dusane et al., 2008, Bruno et
al., 1996
Schwartz et al., 2003

Binds DNA and ssRNA of
both dead and viable
bacterial
cells.
Concentrations commonly
reported: 0.01 – 1 % w/v
DAPI
(4′,6- Adenine-thymine
rich
diamidino-2regions of double-stranded
phenylindole)
DNA of live and dead cells
Concanavalin A
Binds extracellular matrix
Hannig et al., 2010, Harrison
et al., 2006
Ethidium bromide Binds DNA of mostly dead Hannig et al., 2010, Dangl et
bacteria and some viable al., 1982, Decker, 2001,
cells
Bruno et al., 1996
Propidium iodide
High affinity DNA stain for Peeters,2008, Beletsky and
dead bacterial cells
Umansky, 1990
SYTO-9
Binds DNA of both dead and Peeters et al., 2008, Nakao et
viable bacterial cells
al., 2012
5-cyano-2,3To stain vital (respiring) Schwartz et al., 2003
ditolyl tetrazolium bacteria
chloride (CTC)
1,9-dimethyl
Biofilm matrix quantification Peeters et al., 2008
methylene
blue
(DMMB)
Table 3.1
Example
of
stains
and
concentrations
used
for
quantification/microscopic visualisation of biofilms
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3.2

Aim of chapter

The aim of this chapter was to assess the susceptibility of P. mirabilis planktonic forms
to commonly used antibiotics using standard clinical disc diffusion method, and
secondly, to evaluate the ability of select strains of P. mirabilis to form biofilms. In
order to optimise P. mirabilis biofilm growth conditions in micro-titre wells, factors
such as type of growth medium and type of biofilm stain used for quantification were
taken into account. An empirically determined biofilm quantification technique was
utilised.
The biofilm forming potential of these uropathogenic strains of P. mirabilis in standard
laboratory media was compared with urea supplemented artificial urine media. The
microscopic inspection of the biofilm architecture allowed further comparison of the
data, and offered new insights into the effects of laboratory growth media on biofilm
density data especially where very low biofilm forming potentials are reported.
The light microscopic technique offers an alternative that is simple and quick for
analysing biofilms of P. mirabilis in vitro in combination with the biofilm stains for
biofilm density. It is envisaged that this microscopic technique would also be helpful in
understanding mechanism of action of anti-biofilm tools where the anti-biofilm agent
effect on biofilm components can be visually observed over time.

3.3

Materials and Methods

3.3.1 Bacteria maintenance and growth
The same strains of P. mirabilis strains from the Royal Sussex, Hospital in Chapter 2
were used here. All clinical strains were maintained in freezer stocks at -80oC as
described in Chapter 2 Section 2.3.1. Also for growth the strains were cultured in
tryptone soya broth (Oxoid, UK) for 18 hours at 37°C with aeration at 130 rpm unless
otherwise stated. All strains had been verified as P. mirabilis based on the unique bullseye swarming pattern that P. mirabilis gives on solid agar (Figure 3.3) (Armbruster and
Mobley, 2012).
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Figure 3.3

Proteus mirabilis strain Pm289 swarming motility with characteristic

bull's eye pattern on 1.5 % solid agar after 24 hours at 37°C
Swarming occurs in cycles of swarm (S) and consolidation (C) over the agar surface. At these
phases of swarming the bacterial cells have unique morphology. In C-phase the cells resemble
planktonic cells with short rods (1-2 µm length) with peritrichous flagella. However, in S-phase
the cells can be up to 50-fold elongated with numerous flagella migrating over the agar surface in
rafts (Armbruster and Mobley, 2012). These phases create the bull’s eye pattern that is unique to
P. mirabilis. The finger-like projections of the C-phase correspond to descriptions of consolidation
phase by Tuson et al., (2012) where C-phase P. mirabilis cells were usually <10 µm long.

3.3.2 Count of viable bacterial cells
Viable counts were performed using the Miles-Misra method (Miles et al., 1938). For
this, 1:10 serial dilutions of bacterial cultures in sterile phosphate buffered saline (PBS)
(Oxoid, UK) were made. Then using a pipette, 5 µL of the appropriate dilution in
triplicate was dropped onto dried MacConkey without salt agar plates. This agar was
used to prevent swarming of the bacterial cells and obtain single colonies that could be
counted. The drops were allowed to soak into the agar plate, before inversion of the agar
plates and incubation at 37°C for 18 hours. The next day, bacterial colonies were
counted at a suitable dilution at which singly spaced colonies could be identified. Then,
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the bacterial concentration in colony forming units (CFU/mL) was calculated with
Equation 3.1.
CFU/mL = Mean colony count × dilution factor × 200.

(Equation 3.1)

3.3.3 Antibiotic susceptibility testing
To evaluate the resistance of P. mirabilis to selected antibiotics, the standard discdiffusion technique as described by the British Society for Antimicrobial Chemotherapy
(BSAC) was used. The clinical strains previously used for bacteriophage susceptibility
tests (Chapter 2, Section 2.3.8.1) represented a subset of P. mirabilis strains and four
commonly used antibiotics were implemented namely: amoxicillin (10 µg/mL),
cephalexin (30 µg/mL), ciprofloxacin (1 µg/mL) and nalidixic acid (30 µg/mL). Briefly,
a 1:20 dilution of an 18-hour culture was streaked in three parallel directions on the
surface of an isosensitest agar plate (Oxoid, UK), with a sterile swab. The antibiotic
discs were placed on the agar plate adequately spaced from each other. Duplicate plates
were prepared, and the plates were inverted then incubated at 37°C for 18 hours, all
experiments were repeated at least twice. The zone of bacterial growth inhibition was
measured with a ruler in millimetres, and the mean of each duplicate calculated. Table
3.2 summarises the different classes of antibiotics used and their mode of action.
Concentration of
antibiotic in disc Antibiotic class
-µg, [µmole]
Nalidixic acid 30 [0.129]
Quinolone
Ciprofloxacin
1 [0.003]
Fluoroquinolone
Cephalexin
30 [0.086]
Cephalosporin (β-lactam)
Amoxicillin
10 [0.027]
Penicillin (β-lactam)
Table 3.2
Antibiotic class and mode of action
Antibiotics
tested

Mode
action

of

Inhibit DNA
synthesis
Inhibit
cell
wall synthesis

3.3.4 Characterisation of bacteriophage susceptible strains of P.
mirabilis – Dienes test
The eight bacterial strains (Pm160, Pm289, Pm357, Pm425, Pm551, Pm570, Pm674
and Pm743) against which bacteriophages B, 289b and Q were strongly active (Chapter
2 Section 2.4.3.2) were selected in this study. These were representative subset samples
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used to understand the significance of biofilm formation by clinical strains of P.
mirabilis. Firstly, the strains were verified as unique using the Dienes test.
The Dienes mutual inhibition test is based on the unique swarming characteristic of P.
mirabilis strains (Skirrow, 1969, Dienes, 1946,1947). The Dienes test is a simple
method for identification of unique strains within the specie. Basically, two or more
strains are spotted onto an agar plate such as TSA, which allows P. mirabilis swarming.
If the two strains are different a Dienes demarcation line develops, but if the strains are
the same, they swarm over each other and no demarcation line is observed (Pfaller et
al., 2000). For the Dienes test, P. mirabilis were cultured at 37°C for 18 hours, then 5
µL of each overnight culture were dropped onto a 1.5 % w/v TSA agar plate, the spots
were allowed to dry, each plate was inverted and incubated at 37°C for 18 hour. The
experimental design was prepared so that all strains were paired against each other, so
that swarm fronts could come into contact over the course of incubation (Figure 3.4).
The next day, pictures of each plate including controls (plates containing spots of the
same P. mirabilis strain) were obtained using a UV camera without UV source, the
white light was switched on and time of camera exposure set to 1 minute. The
characteristic bull’s eye swarming pattern of P. mirabilis was also used as verification
that the strains belonged to the species P. mirabilis.

Figure 3.4

Dienes line between two different strains of P. mirabilis

P. mirabilis strains Pm289 and Pm425 were different based on the Dienes test, as there was a
clear demarcation line between the swarm fronts of these strains.
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In addition, the identity of the P. mirabilis strains lysed by bacteriophage B, 289b and Q
were verified using the API 20E kit. The API20E kit (bioMérieux, UK) comprises a
series of chemical reactions in miniature tubes, for the identification of bacteria
belonging to the Enterobacteriaceae family (Holmes et al., 1978). Samples were
prepared according to the manufacturer’s instructions. Briefly, a single bacterial colony
was re-suspended in 5 mL sterile PBS and aliquots were transferred into each tube of
the kit as directed by the manufacturer. After 18 hours incubation, the reactions were
analysed and an identification code obtained for each strain. The identification codes
were compared with reference codes in the API identification manual to identify the
bacteria as P. mirabilis.

3.3.5 Assessment of biofilm formation in bacteriophage susceptible
strains of P. mirabilis
Optimisation of suitable conditions for biofilm growth, quantification and microscopic
examination of the biofilm architecture was needed in order to fully characterise the
biofilms of P. mirabilis. An in vitro model was used in order to obtain a highthroughput method for biofilm growth and also allow flexibility for analysis of the
antimicrobial tools investigated in further chapters.

3.3.5.1

Optimisation of conditions for biofilm growth

All biofilms were grown in micro-titre wells of non-tissue culture treated, flat bottomed,
96-well plates (Corning, Inc.). Each bacterial strain, which had been incubated in TSB
at 37°C for 18 hours, was centrifuged at 7,000 × g for 5 minutes. The harvested
bacterial pellets were resuspended in PBS and standardised to optical density (OD) of 1
at wavelength 600 nm. Each bacterial strain was then further diluted 1:50 in the growth
media to obtain a concentration of 1 x 107 CFU/mL bacterial concentration which lies
above the most common diagnostic threshold (105 CFU/mL) for urinary tract infections
(Schmiemann et al., 2010). To each one of the triplicate wells of the micro-titre plate,
0.2 mL of this bacterial suspension was added. The plates were incubated statically at
37°C for 24 hours to allow for biofilm formation. For negative controls, at least three
wells of each micro-titre plate were handled in the same way, containing only growth
media without bacteria.
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Two different growth media were tested: LB broth (containing 10 g/L tryptone, 5 g/L
yeast extract and 10 g/L NaCl) representing standard laboratory medium and different
urea containing artificial urine (AU). AU is commonly used for the analysis of P.
mirabilis biofilms to promote crystalline biofilm formation which is normally seen in
blocked catheters (Morris et al., 1997, Chakravarti et al., 2005, Jones et al., 2007,
Stickler and Morgan, 2006). The components of the AU medium were the major
constituents of human urine with respect to their concentrations. The recipe used in this
aspect was based on that devised by Griffith et al., with concentrations corresponding to
mean values of adult human urine sample collected over 24 hours (Torzewska and
Rozalski, 2014, Griffith et al., 1976). Each synthetic urine base consisted of CaCl2 (0.65
g/L), NH4Cl (1 g/L), MgCl2 (0.65 g/L), NaCl (4.6 g/L), Luria-Bertani broth (10 g/L),
Na2SO4 (2.3 g/L), sodium citrate dihydrate (0.65 g/L), sodium oxalate (0.02 g/L),
KH2PO4 (2.8 g/L), KCl (1.6 g/L), varying amounts of urea and creatinine (1.1 g/L)
(Chibeu et al., 2012, Griffith et al., 1976). The synthetic urine was set to pH 5.8 to
closely resemble the pH of urine from healthy adults and filter-sterilised through 0.20
µm pore-size hydrophilic low-protein retention filter units.
The effect of urea (a major human waste product) on biofilm formation was also
assessed. This was done because, due to high background staining, initial growth of P.
mirabilis in AU media containing 25 g/L urea gave results which were lower than the
blank negative control. It was assumed that the high background values were generated
by the precipitation of urea at high temperatures. Also anti-biofilm effects of urea have
been reported in the literature (Chen and Stewart, 2000). Hence, the amounts of urea
were varied in the AU medium (0 g/L, 12.5 g/L, and 25 g/L) and the amount of biofilm
density obtained was quantified. After the 24 hour growth of biofilms in the different
types of growth media, planktonic cells were separated from the adhered cells by rinsing
each well twice with sterile reverse osmosis water. The plates were allowed to dry in a
biosafety cabinet. After these steps, the biofilms in each well were quantified. All
assays were repeated three times.

3.3.5.2

Optimisation of biofilm quantification

Biofilm quantification for each strain was evaluated using two different stains:
fluorescent acridine orange (Fisher, BioReagents, UK) and crystal violet (Acros
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organics, UK). For each stain, two different concentrations were tested corresponding to
the most common concentrations reported in published studies: crystal violet, 0.1 % w/v
and 1 % w/v (Cornelissen et al., 2011, Bjarnsholt et al., 2013, Djordjevic et al., 2002)
and acridine orange at 0.01 %w/v and 0.1 % w/v. All stains were prepared by dilution of
the appropriate weighed stain in sterile water. Staining solutions were stored at 4°C in
dark brown bottles to minimise any effect of light. Stain solutions were used within 2
weeks.
For the fluorescent-based quantification of biofilms, the 24 hour biofilm in each microtitre well of a 96-well plate was separated from planktonic cells as above. For each
strain, 100 µL of acridine orange solution (0.1 % w/v and 0.01 % w/v) was added and
allowed to stain the adherent biofilm cells, the plates were wrapped in foil to ensure
dark conditions. The biofilms were stained at 4°C, for 10 minutes, 30 minutes and
overnight. Following the staining period, the stain was decanted from each well, each
well was rinsed, and refilled with PBS. Fluorescence was measured using a fluorescent
96-well plate reader (BioTek Synergy HT) with excitation wavelength of 485 ±20 nm
and emission wavelength of 528 ±20 nm (Mason and Lloyd, 1997). The 30 minutestaining time was selected as the optimal incubation time as it allowed quantitative
measurements to be taken with manageable turnaround of experiments. The 24-hour
staining time caused reduction in fluorescence compared with the incubation for 30
minutes which was stable compared with 10 minutes where the fluorescence kept
increasing.
For crystal violet staining, after growth of biofilm, the planktonic cells were discarded
and each well rinsed with sterile reverse osmosis water. Each well was allowed to dry
before the addition of 0.2 mL crystal violet (CV) and staining was performed for 20
minutes. Afterwards, each well was rinsed as previously described and plates were
tapped dry on a paper towel. To dissolve the adhered stain 95 % v/v ethanol at 600 nm
was used. Before selecting 95 % v/v ethanol as a choice solvent, dimethylsulphoxide
(DMSO) and 30% v/v acetic acid were tested at 590 nm and 550 nm respectively, as
they have been reported in literature as suitable crystal violet desolubilisers (Arabski et
al., 2013). Therefore, their efficiency at dissolving crystal violet stain attached to
adhered biofilms was tested. The 95 % v/v ethanol was selected as solvent for 0.1 %
w/v crystal violet staining as it produced minimum background readings in negative
control biofilm wells.
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For classification of biofilm forming ability, P. mirabilis strains were placed into four
categories (none biofilm former, weak, moderate and dense), based on the method used
by Kwiecińska-Piróg et al., (2013) (Table 3.3). Classification was based on the
measured biofilm optical density (OD) of the ethanol supernatant following
solubilisation of adhered stains (Kalai Chelvam et al., 2014, Kwiecinska-Pirog et al.,
2013).
.
Range of optical density (OD)

Classification of biofilm production

OD ≤ ODc*

No biofilms

ODc < O.D. ≤ (2 × ODc)

Weak

(2 × ODc) < OD ≤ (4 × ODc)

Moderate

(4 × ODc) < OD

Dense

Table 3.3

Classification of strains based on biofilm production

* ODc is the calculated optical density cut-off value (the mean OD of the negative
control + 3 × standard deviation).

3.3.6 Microscopic analysis of P. mirabilis biofilms
To observe spatial differences in biofilm adherence to the micro-titre polystyrene plates,
crystal violet-stained biofilms were observed with an Axiovert 25 inverted microscope
(Zeiss, USA). This allowed biofilms adherent to the bottom of the wells to be
visualised, and allowed qualitative assessment of extracellular matrix associated with
biofilms of each strain. The images were observed using a 32× objective lens, and
images captured using an attached live camera (QIClick Digital CCD Camera,
QIMAGING, USA). Images were analysed using the Image-Pro-Insight software.

3.3.7 Statistical analysis
Graphical evaluations were made using Microsoft Excel. Analysis of variance
(ANOVA) was used to evaluate significant differences from n= 3, using IBM SPSS
statistics software version 22. P values <0.05 were considered statistically significantly
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different from the controls. The selection of ANOVA test was based on initial tests of
normality. This is because ANOVA is a parametric test used on data which are normally
distributed (symmetric data) (Olsen, 2003). The normality test was used to statistically
assess the distribution of the data, using the Ryan-Joiner test (similar to Shapiro-Wilk)
which is applied on samples with less than 2000 observations (Henderson, 2006,
Makeyev et al., 2013).

3.4

Results

Bacterial strains on which the select bacteriophage (bacteriophage B, 289b and Q)
formed single plaques after efficiency of plating tests in Chapter 2 were further
characterised. Characterisation included confirmation of P. mirabilis identification,
swarm cycle assessment, antibiotic susceptibility testing and determination of optimal
conditions for growth of the biofilm. This was done in order to determine optimal
conditions for biofilm growth and visualisation, which would aid the study of the
interaction between the select bacteriophages (bacteriophage B, 289b and Q) and P.
mirabilis biofilms in following chapters.

3.4.1 Characterisation of planktonic cells of P. mirabilis
All P. mirabilis strains were identifiable using the API kit. Each identification code
obtained from the API kit was compared with reference codes in the API identification
manual. All strains which were susceptible to bacteriophage lysis were confirmed as P.
mirabilis (Table 3.4).
Strain

API
numeric

20E API

20E %

similarity

identification reference

profile

to API

strain in manual

API manual

description

Pm289 0136000
Pm674 0336000
Pm743
Pm551 0536000

P. mirabilis

99.9

Pm160 0736000

Excellent
ID

Pm357
Pm425
Pm570
Table 3.4

Bacterial identification codes and corresponding identification
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3.4.2 Dienes test for differentiation and confirmation of P. mirabilis
strains
Each P. mirabilis strain, was confirmed to be unique using the Dienes test. Unique
swarming patterns were observed for each strain and clear Dienes lines forming
boundaries between different strains were observed for all bacterial combinations
(Figure 3.5). Combinations of all other strains showed that each strain was unique and
all control plates showed no demarcation lines.

Figure 3.5

Representative result of the Dienes test for P. mirabilis strains

Strains Pm160 and Pm289 (left) and the control plate of Pm160 (right). Red arrow: Dienes line
which confirmed that strains Pm160 and Pm289 were different strains of P. mirabilis.

3.4.3 Antibiotic susceptibility
With each antibiotic, some strains showed resistance at the antibiotic concentrations
implemented. With 79 % of these uropathogenic P. mirabilis strains resistant to
cephalexin (30 µg), 33 % resistant to amoxicillin (10 µg) and 24 % resistant to nalidixic
acid (30 µg). Ciprofloxacin was the most effective antibiotic for all strains with 6 % of
the 33 P. mirabilis strains showing resistance (Figure 3.6).
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Figure 3.6

Antibiotic susceptibility profiles of P. mirabilis isolates

The quinolones (ciprofloxacin and nalidixic acid) were most effective at bacterial growth inhibition
compared with the β-lactams (amoxicillin and cephalexin). All strains were either resistant or
susceptible to the antibiotics. No intermediate susceptibilities were identified based on the BSAC
guidelines for disc diffusion testing for bacteria in the Enterobacteriaceae family (BSAC, 2013).
Further analysis demonstrated that there were no correlations relating bacteriophage
susceptibility to antibiotic susceptibility (Table 3.5).
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Table 3.5

Investigation of correlation between the antibiotic susceptibilities of the bacteriophage lysed bacteria with their

bacteriophage susceptibility
*BSAC: British Society for Antimicrobial Chemotherapy (BSAC, 2013), reference values to determine susceptibility (S), resistant (R) and intermediate (I)
susceptibility to antibiotics. +: bacteriophage efficiency of plating refers to the ratio of the titre obtained on the heterologous host to that obtained on the
strain from which the bacteriophage was isolated (Pm674 for bacteriophage Q and Pm289 for bacteriophages B and 289b) (homologous hosts).
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3.4.4 Biofilms of P. mirabilis
3.4.4.1

Optimum conditions for biofilm growth, quantification and

visualisation
The conditions for biofilm growth, quantification and visualisation were optimised
based on selection of biofilm stains and microscopic observations. Table 3.6 shows the
different parameters tested to select the growth medium, concentration and type of stain
for quantification of biofilm density by the different strains of P. mirabilis. In addition,
the biofilms formed on the polystyrene surface, using the optimised parameters, were
qualitatively assessed based on light microscopy images.
Condition

Parameter 1

Parameter 2

Biofilm

Acridine

stains

(0.01 % w/v, 0.1 % w/v, 1 % w/v)

Parameter 3

orange Crystal violet (0.1 % -

w/v)
Biofilm

Ethanol

Acetic acid

stain

Dimethylsulphoxide
(DMSO)

solvents
Growth

Artificial urine (urea Luria Bertani broth -

medium

concentration: 0 g/L, (LB)
12.5 g/L and 25 g/L)

Table 3.6

Parameters used to optimise conditions for P. mirabilis biofilm

formation
Different destaining solvents were tested on crystal violet stained biofilms and 95 % v/v
ethanol proved to be the most effective. The lowest optical densities of the negative
controls (either artificial urine alone or LB broth alone) were lowest when either ethanol
or acetic acid were used. Acetic acid and DMSO were not suitable as the optical density
of the biofilms grown in artificial urine were usually lower than that of the negative
control, even though the microscopic data showed adherent bacteria in the test samples
and none in the negative control. Hence, ethanol was selected as the chosen solvent for
all crystal violet stained biofilms.

3.4.4.2

Acridine orange staining of P. mirabilis biofilms
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Acridine orange was used for the selective staining of bacterial cells in the biofilms.
There was no agreement in biofilm classification when different concentrations of the
stain were implemented. The lower concentration (0.01 % w/v) was more effective at
staining biofilms compared with the 0.1 % w/v acridine orange. For all strains (except
Pm425 and Pm743 for those grown in artificial urine and Pm570 grown in LB) the
amount of fluorescence was the highest when the lower acridine orange concentration
was used. In artificial urine, strains Pm357 and Pm570 produced significantly higher
biofilms compared with the control when stained with 0.01 % w/v acridine orange, but
only the biofilm of Pm425 was significantly higher when stained with 0.1 % w/v
acridine orange. When strains were grown in the LB broth, which is more nutritious, the
biofilm densities of all strains were significantly higher than the control (LB broth only)
for both concentrations of acridine orange implemented. The only exception was strain
Pm551 when stained with 0.1 % w/v acridine orange (Figure 3.7).

Figure 3.7

The quantification of P. mirabilis biofilms grown in artificial urine

and Luria-Bertani (LB) broth by acridine orange fluorescent staining
+ao-acridine

orange; AU- artificial urine; LB – Luria Bertani broth. Two concentrations of acridine

orange (0.01 % w/v and 0.1 % w/v) were used to stain 24 hour biofilms of P. mirabilis. * p < 0.05
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meaning there was significantly higher biofilm density compared with the negative control (blank:
containing growth medium only).
For biofilms grown in LB broth, the biofilm fluorescence densities were significantly higher
(p<0.05, one-way ANOVA, Tukey-Kramer post-hoc test) for all strains except Pm357 and Pm551
compared with biofilms grown in artificial urine. The lower acridine orange concentration (0.01 %
w/v) stained the biofilms more intensely compared with the higher acridine orange concentration.
Based on fluorescence data, there were more bacterial cells in the LB-grown biofilms compared
with biofilms grown in AU.

3.4.4.3

Assessment of P. mirabilis biofilm formation based on

crystal violet staining
P. mirabilis biofilm formation in Luria Bertani broth and artificial urine showed that all
bacterial strains were able to adhere to surfaces towards formation of biofilms encased
in an extracellular matrix. In artificial urine medium all strains formed weak biofilms
less than twice the value of the cut-off. Presence of urea in the artificial urine medium
produced a film around the polystyrene wells causing a high background reading for the
negative control wells. This was reduced but not completely cleared by preconditioning
the wells for 24 hours in artificial urine before formation of biofilms in the wells the
next day. In LB broth, strains Pm289, Pm357, Pm425, Pm570, Pm674 and Pm743
showed significant production of biofilms compared with the negative control (Figure
3.8).
Urea is a waste product in human urine and its presence in the artificial urine medium
caused a reduction in P. mirabilis biofilm production with an increasing concentration
of urea from 12.5 g/L to 25 g/L (data not shown). The data shown below correspond to
artificial urine media containing the highest amount of urea (25 g/L) which
corresponded to the mean urea concentration in pooled 24 hour urine of a healthy adult
(Torzewska and Rozalski, 2014, Griffith et al., 1976).
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Figure 3.8

Crystal violet based quantification of biofilms grown in different

growth media
+Artificial

urine (AU), LB broth (LB) and Crystal violet (CV). * p < 0.05 meaning there was

significantly higher biofilm density compared with the negative control. P. mirabilis strains which
supported visible bacteriophage plaque formation during efficiency of plating tests were all able to
form biofilms in LB broth and artificial urine. All strains showed reduced biofilm formation in the
artificial urine growth media. Using 0.1 % w/v crystal violet to stain biofilms grown in artificial urine
showed biofilm measurements that were not significantly different from the negative control (p >
0.05, one-way ANOVA; Tukey HSD post-hoc test).

With respect to inter-strain differences, there were no significant differences in density
of biofilm formed by strains lysed by bacteriophage Q (Pm160, Pm357, Pm425, Pm570,
Pm674 and Pm743) when either 0.1 % or 1 % w/v CV was used (p > 0.05). However, of
the two common strains (Pm289 and Pm551) lysed by bacteriophage B and 289b, strain
Pm289 produced significantly higher biofilm density than strain Pm551. Using 0.1 %
w/v CV resulted in a reduced background staining when both growth media were used.
Hence, 0.1 % w/v CV was selected as the choice concentration of crystal violet for
staining biofilms in further experiments. In artificial urine, a reduced number of strains
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(Pm357, Pm425, Pm551 and Pm570) produced significantly higher biofilm densities
compared with the negative control (growth medium only). This was measurable only
when a higher concentration of crystal violet stain (1 % w/v) was used. Biofilm
producers could be classified into three categories:

moderate, medium and dense

biofilm formers based on the optical density of ethanol destained biofilms (Table 3.7).
The optical density ranges were defined in the footnote of Table 3.7.
Growth medium

Artificial urine

Luria-Bertani broth

Crystal violet concentration (% w/v)
P. mirabilis strains

0.1 %

1%

0.1 %

1%

Pm551

w

w

m

m

Pm289

w

w

d

d

Pm160

w

w

m

m

Pm674

w

w

d

m

Pm425

w

w

d

d

Pm357

w

w

d

d

Pm743

w

w

d

d

Pm570

w

w

d

d

+

0.144

0.167

0.100

0.118

2 x ODc

0.288

0.334

0.200

0.236

4 x ODc

0.576

0.669

0.401

0.472

ODc (negative control OD + 3 × sd*)

Table 3.7

Differences in biofilm classification due to difference in growth

medium
All biofilms grown in artificial urine medium were classed as weak (w) biofilm formers. When
strains were grown in higher nutrient broth, the strains produced biofilms within the moderate (m)
to dense (d) classification. ODc represents the cut-off value, based on the optical density of the
negative control (blank). w- weak biofilm former ODc < O.D. ≤ (2 × ODc); m –moderate biofilm
former (2 × ODc) < OD≤ (4 × ODc); d-dense biofilm former (4 × ODc) < OD; +ODc – biofilm
optical density cut-off; *sd – standard deviation.
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3.4.4.4

Link between antibiotic susceptibility and P. mirabilis

biofilm formation
With respect to antibiotic susceptibilities and biofilm formation, no overall patterns
were observed. However, of those strains lysed by bacteriophage Q which formed
medium biofilms in LB broth (Pm160 and Pm674), these were susceptible to
cephalexin, but all other strains capable of forming dense biofilms (Pm357, Pm425,
Pm570 and Pm570) were all resistant to cephalexin. No other distinctive patterns were
observed.

3.4.5 Microscopic visualisation of crystal violet stained P. mirabilis
biofilms
Light microscopy was used to obtain images of crystal violet stained biofilms. The
differences in extracellular cell matrix were significant between biofilms grown in the
different growth media. Most bacteria showed heightened production of extracellular
matrix in Luria-Bertani growth medium. Table 3.8 shows images of the biofilms of
bacteriophage susceptible strains which had been stained with the selected stain: 0.1 %
w/v crystal violet concentration. No biofilms or adhered bacterial cells were observed in
negative control wells which contained only either LB broth or artificial urine.
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Table 3.8

Light microscopy images of 24 hour biofilms grown in artificial

urine and LB broth
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Table 3.8

continued (Light microscopy images of 24 hour biofilms grown in

artificial urine and LB broth)
Biofilms grown in LB broth, were mostly patchy, having interstitial spaces between the aggregates
of cells. The biofilms obtained from growth in artificial urine medium appeared more as singly
attached cells, only with strain Pm160 were bacterial aggregates akin to biofilm extracellular
matrix observed. Strain Pm743 had very little biofilm coverage compared with the growth of the
same strain in LB broth. Scale bars are 44 µm.
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3.5

Discussion

As biofilm formation remains a major clinical challenge in treatment of biofilm-related
wounds and implant infections (Tenke et al., 2004, Tenke et al., 2012), it is important to
identify how biofilm formation can be thoroughly analysed in the laboratory usng
techniques that provide optimum growth of the biofilm. This would also be useful in
selecting high biofilm formers to challenge potential antimicrobial candidates in highthroughput assays that are essential before animal and clinical trials. In this chapter, two
aspects in relation to P. mirabilis biofilm formation were studied; these included
antibiotic resistance and characterisation of biofilm forming ability of uropathogenic
strains of P. mirabilis.

3.5.1 Antibiotic resistance in Proteus mirabilis
The first objective of this chapter was to further characterise the strains which were
identified in Chapter 2 to support replication of the select bacteriophages (B, 289b and
Q). Two of these strains (Pm289 and Pm551) were commonly lysed by bacteriophages
B and 289b and the remaining six strains (Pm160, Pm357, Pm425, Pm570, Pm674 and
Pm743) by bacteriophage Q. The identification of these strains was confirmed as P.
mirabilis and as unique strains using the API identification kit for Enterobacteriaceae
and the Dienes test respectively.
With respect to antibiotic susceptibility, ciprofloxacin was the most effective with 94 %
of strains susceptible. This was much higher than other reports of P. mirabilis
susceptibilities. Kwiecińska-Piróg et al. indicated 60 % susceptibility to ciprofloxacin
by P. mirabilis strains isolated from both urine and wound swabs (Kwiecinska-Pirog et
al., 2013). These findings for ciprofloxacin were also higher than that reported by
Gales et al. where 81.5 % of uropathogenic P. mirabilis strains showed susceptibility to
ciprofloxacin (Gales et al., 2002). As 6 % of the strains studied here were resistant to
ciprofloxacin, this correlates with the findings of Wagenlehner et al. who determined
that 0 to 11.6 % of uropathogenic Proteus spp. strains were ciprofloxacin resistant in the
study conducted between 1994 and 2000 (Wagenlehner et al., 2002).
The P. mirabilis strains used here only represented a subset of UK based samples. This
is an important issue as, in other regions such as China, 80 % resistance to quinolones
has been reported against uropathogenic strains of P. mirabilis, observed between 2007
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and 2008 (Wu and Cai, 2010) clearly indicating a differing trend in antimicrobial
resistance in different regions of the world. No correlations between bacteriophage
susceptibility and antibiotic susceptibility were observed. Other antibiotics tested (i.e.
amoxicillin, cephalexin and nalidixic acid) were not as effective as ciprofloxacin.
However, nalidixic acid which is also a quinolone like ciprofloxacin was second best
compared with ciprofloxacin. This is in line with findings based on a review by Jumbo
et al. who showed that ciprofloxacin and nalidixic acid were among the most effective
antibiotics against P. mirabilis, with antibiotic activities ranging between 59.1 % and
96.6 % (Jombo et al., 2012). Also, in line with this review, amoxicillin was included in
the list of the least effective antibiotics and the same was identified in this study where
there was 33 % resistance to the antibiotic. The impact of antibiotic resistance
represents a continuing clinical challenge and this is highlighted in this study as no
antibiotic was 100 % effective against all P. mirabilis strains.

3.5.2 Differences in biofilm density due to growth media and biofilm
staining agents
The second objective of this chapter was to optimise methods for P. mirabilis biofilm
growth and quantification. P. mirabilis biofilms are frequently studied in bladder
models which mimic the flow of urine though a catheterised bladder (Curtin and
Donlan, 2006). However, this method would not be high-throughput and is inconvenient
for a relatively rapid assessment of different strains of P. mirabilis; especially strains for
which no previous laboratory based studies have been performed. Hence, the micro-titre
plate technique was implemented which is relatively rapid and useful for screening
purposes (Niu and Gilbert, 2004, O'Toole, 2011). In addition, for reliable quantitative
classification of the biofilm forming ability of the different strains of P. mirabilis, two
staining methods were tested (crystal violet and acridine orange). It was demonstrated
that uropathogenic strains of P. mirabilis is able to form biofilms to different degrees in
vitro when incubated in a suitable growth medium.
With respect to the chosen experimental design, the different concentrations of biofilm
stain gave differing classifications of biofilm-forming ability. This was important in the
classification of P. mirabilis biofilm formers as it informed downstream experiments for
the assessment of anti-biofilm tools. Using different stain concentrations caused
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differences in the background stain optical density. Hence, it is wise to implement
biofilm stain concentrations that produce less background staining on the substrate
being implemented for biofilm development. It was observed that lower concentrations
of acridine orange generally produced higher biofilm density readings observed, which
was observed for 75 % (6 of 8) of the strains regardless of the growth medium
employed. Also on staining with crystal violet, the less-concentrated stain (0.1 % w/v)
produced higher biofilm density readings for 6 out of the 8 strains grown in LB broth.
With growth in artificial urine, the 1 % w/v crystal violet stain was the most effective
showing higher biofilm density measurements for 7 of the 8 strains tested.
Crystal violet is a basic dye that readily dissociates into CV+ (Figure 3.9) and chloride
(Cl-) ions. CV+ will bind negatively charged components of the biofilm matrix (nucleic
acids and proteins) and bacterial cells such as the lipopolysaccharide layer of P.
mirabilis cell walls (Talaro, 2009, Hannig et al., 2010).

Figure 3.9

Crystal violet ion chemical structure (simplified as CV+)

Crystal violet stains all components of the biofilm, including bacterial cells and the extracellular
matrix, but acridine orange which is a fluorescent based stain will only bind nucleic acid
molecules. Hence, staining bacterial cells and extracellular matrix associated DNA of the biofilms
(Nakao et al., 2012, Zimmerman et al., 1994). With more nutrients present in the LB broth
medium, the biofilm matrix would be expected to be thicker than those of strains grown in artificial
urine.
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In the more concentrated crystal violet solution, there are more of the crystal violet ions
present which were proposed to readily saturate the negatively charged components of
the dense biofilms formed in LB medium. Meaning that the lower concentrated stain
with less crystal violet ions should have less negatively charged binding sites for the
crystal violet ions. This would then explain the reduced amount of staining and reduced
measurable biofilm density. However, the biofilm density measured was usually higher
at lower stain concentration which may mean that lower amounts of ions dissociated
less from the biofilm components compared with the higher concentration of stain
(Figures 3.7 and 3.8). Even though there were differences in measured biofilm density
based on the different concentrations of stains used, the differences observed between
both concentrations of either crystal violet or acridine orange were not significantly
different. The lower concentration of crystal violet was implemented as it produced less
background staining.
Although crystal violet is a commonly used stain for quantification of bacterial biofilms
(Hannig et al., 2010, Sule et al., 2009), biofilm density quantification by fluorescence is
less common. This study has shown that acridine orange can be a useful alternative stain
for the quantification of biofilms in vitro. Most studies reported in vitro methods for
crystal violet-based high-throughput screening for assessing biofilm forming ability of
uropathogenic P. mirabilis strains (Kwiecinska-Pirog et al., 2013, Nucleo et al., 2010,
Wasfi et al., 2012) in different kinds of standard laboratory media, but they were limited
for artificial urine (Jones et al., 2007). Hence, this study has shown that a crystal violet
based preliminary assessment can be conveniently implemented in laboratories for P.
mirabilis biofilms, grown in both LB broth and artificial urine. In addition, using
acridine orange specifically stains bacterial cell DNA which could be used as a measure
of bacterial cell density independent of the non-nucleic acid components of the biofilm
extracellular matrix.
The in vitro assessment of biofilm formation by P. mirabilis strains relies on the growth
medium employed. In artificial urine P. mirabilis strains formed a weaker biofilm with
lower density and or fluorescence as measured by crystal violet and acridine orange
staining respectively. The biofilm formation over 24 hours in artificial urine was
compared with biofilm formation in a laboratory media (LB broth). In the latter, the
biofilm density was significantly enhanced to at least twice the density obtained when
strains were grown in artificial urine. This reduced biofilm density was consistent with
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findings by Jones et al. where P. mirabilis biofilms grown in LB broth showed thicker
sizes when compared with those grown in artificial urine medium (Jones et al., 2007).
Therefore, a thicker biofilm would inadvertently produce biofilms with higher optical
density.
In previously published reports, a variety of artificial urine recipes were employed and
all commonly contained the urea concentrations employed in this study at 25 g/L
(Griffith et al., 1976, Broomfield et al., 2009, Macleod and Stickler, 2007, Stickler et
al., 2003b). In this study, by increasing the concentration of urea from 0 to 12.5 g/L in
the artificial urine composition, a decrease in biofilm density was observed thus
highlighting a natural anti-biofilm property of this normal waste product of the human
urine. Chen and Stewart, also demonstrated that urea has biofilm removal capabilities
against Klebsiella pneumoniae and Pseudomonas aeruginosa. They suggested that, with
urea being able to disrupt hydrogen bonding, it may promote removal of attached
biofilms by disruption of the cohesive extracellular matrix (Chen and Stewart, 2000). In
line with this suggested mechanism, microscopic images of crystal violet stained
biofilms grown in artificial urine with 25 g/L (0.42 M) urea lacked the abundant
cohesive extracellular matrix observed in strains grown in LB broth. Brindle et al. also
showed that, in combination with sheer force, urea at 30 g/L (0.5 M) effectively
removed 71 % of Staphylococcus epidermidis biofilms (Brindle et al., 2011).
In addition to the proposed anti-biofilm effect of urea, P. mirabilis hydrolysis of urea
via its urease enzyme causes increase in pH to alkaline conditions. This could be
important for antimicrobial activity, as Chen and Stewart, (2000) demonstrated that
alkaline pH of 11 killed 39.8 % more cells of Pseudomonas aeruginosa and Klebsiella
pneumoniae within their biofilms and reduced biofilm proteins by 31 % more compared
with pH 2.9. Also reported was a 79 % reduction in biofilm proteins by 2 M urea
(approximately 120 g/L). Thus, it is proposed that the reduced biofilm density observed
after growth in artificial urine where the extracellular matrix were reduced was due to
presence of urea as the extracellular matrix also consists of proteins (Moryl et al.,
2014). Czerwonka et al. also showed that using a 2 % w/v urea concentration (20 g/L)
caused reduction in bacterial aggregates of a 24 hour biofilms with increased bacterial
spacing (Czerwonka et al., 2014) as also observed here (Table 3.8). However, this may
not be the case in other bacterial species because Hostacká et al., demonstrated that
raising the pH from 5.5 to 8.5 caused increased biofilm mass in Pseudomonas
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aeruginosa and Klebsiella pneumoniae (Hostacka et al., 2010). In addition, other
components such as NH4Cl may have had subtle effects on biofilm reduction which was
used at 1 g/L, as Chen and Stewart also reported that NH4Cl at 5 mg/L was able to
reduce biofilm protein concentration and kill viable bacterial cells by 56 % and 95 %,
respectively (Chen and Stewart, 2000). This natural anti-biofilm properties of urea, may
be useful in designing novel biofilm therapies for non- P. mirabilis strains. The biofilm
formed was still detectable showing that urea or other anti-biofilm components of the
artificial urine were not 100 % efficient in the prevention of P. mirabilis biofilm
formation.
The assessment of P. mirabilis biofilm formation is important especially for the
selection of dense biofilm formers to investigate the efficiency of novel anti-biofilm
tools. In this high-throughput assessment of P. mirabilis, the growth of biofilms in
artificial urine required a pre-conditioning of the bottom surface of the 96-well plates.
Without pre-conditioning, the surface of the control wells usually produced high
background density readings greater than the bacterial isolates even though no cells
were observed in the control wells. This pre-conditioning included incubation of the
plates for 24 hours with only artificial urine. This ensured that the urea and other
medium components which precipitate at high temperature could form a conditioning
film on the surface of each well. Afterwards, the wells could be used to grow biofilms
and the background staining of the negative control wells was reduced.

3.6

Conclusion

Within this chapter it has been demonstrated that uropathogenic strains of P. mirabilis
show resistance to most commonly used UTI antibiotics. Compared with amoxicillin,
nalidixic acid and cephalexin, the strains were most sensitive to ciprofloxacin (1
µg/mL). It was observed that the quinolone antibiotics (nalidixic acid and ciprofloxacin)
were best for inhibition of planktonic bacterial growth. Whether this trend will apply to
a larger cohort of samples will have to be determined. The data presented here
demonstrated that antibiotic resistance is still a problem. With reference to
bacteriophage-based therapy, the bacterial strains which were resistant to antibiotics
were lysable by bacteriophage from Chapter 2, further supporting the potential for
bacteriophage-based anti-biofilm tools.
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It has also been determined that these clinical strains of P. mirabilis were able to form
biofilms which is in line with general knowledge that bacteria predominantly live in
biofilms. The characterisation of these biofilms was dependent on the method of
quantification exerted. Therefore, it is necessary to empirically determine a suitable
method for growing P. mirabilis biofilms when assessing the biofilm forming ability of
previously uncharacterised strains. The commonly used crystal violet stain was effective
at quantifying biofilm density which was in agreement with published reports. The
biofilm forming ability and distribution of biofilm related extracellular matrix was strain
dependent meaning that different strains of P. mirabilis produce biofilms to varying
degrees. This biofilm mass was also dependent on availability of nutrients and presence
of urea in the medium which at high concentrations was able to deplete the extracellular
matrix as shown by microscopic observations.
The combination of crystal violet and microscopic analysis allowed an improved and
robust assessment of biofilm formation, especially in comparison with the differences in
extracellular matrix deposition in biofilm grown in the different growth media.
Based on biofilm density in LB broth and the ability of each strain to support
bacteriophage growth, P. mirabilis strains Pm289 and Pm425 were selected for
assessment of interaction between bacteriophage and biofilms. Strain Pm289 formed
denser biofilms in LB compared with strain Pm551 which were the two common strains
infected by bacteriophages B and 289b. For bacteriophage Q, the bacterial strain Pm425
formed slightly denser biofilms than other susceptible strains.
All bacteriophage-biofilm studies in the next chapter where performed in LB broth in
order to ensure maximum biofilm formation, as biofilm formation in the artificial urine
medium was weak. Thus, even though artificial urine would be suitable for closer
modelling of P. mirabilis biofilms in human urinary tract, the biofilms formed on other
infection models such as in wounds would not be in presence of urine hence the follow
up studies would also be relevant in these cases (non-crystalline biofilms of P.
mirabilis) and as well as inform antimicrobial dosing in future experiments of urinary
catheter related studies. The crystal violet stain at 0.1 % w/v was implemented which
was demonstrated in this chapter to be reproducible and convenient for high-throughput
quantitative and qualitative microscopic assessment of P. mirabilis biofilms in
polystyrene 96-well plates. To the purpose of thoroughly assessing the efficiency of
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each bacteriophage in prevention and eradication of P. mirabilis biofilms, the bacterial
strains were exposed to select bacteriophages (B, 289b and Q) in the following chapter
(Chapter 4).
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4. The use of Proteus mirabilis bacteriophages for the prevention and
eradication of biofilms - an in vitro analysis
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4.1

Introduction

If bacteriophages are to be used as tools in novel anti-biofilm strategies, then it is
necessary to first determine to what extent the bacteriophages on their own are able to
disrupt biofilms. Since it had already been demonstrated in Chapter 2 that the select
bacteriophages were able to kill clinical strains of P. mirabilis in their planktonic state
and on solid agar media, in this chapter the suitability of the select bacteriophages as
tools for control of P. mirabilis biofilms was assessed.
The biofilm structure acts as a physical barrier to antibiotics limiting the action of such
antimicrobials, which results from the stabilising sticky extracellular polymeric matrix
that could limit the control of biofilms by antibiotics (Shigeta et al., 1997). The
potential role that bacteriophages could play is based on the need for new anti-biofilm
agents due to the growing concern over antibiotic resistance (Abedon, 2015, Parasion et
al., 2014). Therefore, bacteriophage therapy may offer a viable alternative to antibiotics
or serve as a tool for development of novel anti-biofilm strategies. Lytic bacteriophages,
which are those capable of killing bacterial cells via lysis, are the current focus for
bacteriophage-based therapy (Carlton, 1999). The lytic bacteriophages are preferred for
therapy compared with bacteriophages resulting from lysogeny (prophages), as the
DNA of the latter can co-exist with the bacterial host without resulting in lysis which
therefore may transfer deleterious genes such as those for antibiotic resistance to
bacterial cells (Colomer-Lluch et al., 2011a, Colomer-Lluch et al., 2011b). Also
favouring the use of bacteriophage as anti-biofilm agents is the presence of
depolymerase enzymes which can degrade the extracellular matrix of biofilms
(Cornelissen et al., 2011). The breakdown of the EPS would mean that the EPS-encased
bacterial cells would be exposed to antimicrobials.
Therefore, the main agents for any therapeutic intervention would have to be lytic
(Carlton, 1999, Sillankorva et al., 2011). The obligately lytic bacteriophages are able to
replicate within the bacterial cells using the bacterial cellular machinery to produce
bacteriophage progeny. The progeny develop to infect neighbouring bacterial cells after
lysis. Thus, bacteriophages have the advantage of being self-replicating antimicrobials
which will only proliferate in the presence of their specific bacterial host. This gives
bacteriophage-based therapy an advantage over antibiotics offering the opportunity to
reduce the incidence of antibiotic-resistant related diseases (such as Clostridium difficile
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infections) as bacteriophages will only target susceptible bacterial strains (Riede et al.,
1985, Hargreaves et al., 2014). Those bacteria which are not susceptible to the
bacteriophage are left intact, hence the balance of microbiota in the human body is
unaffected (Verbeken et al., 2014, Inal, 2003, Mandal et al., 2014).
From determining the extent to which these natural bacteriophages can be used as
biocontrol agents against biofilms of P. mirabilis, improvements to any identified
limitations can be designed. That is what the results from this chapter have indicated.
The data in this chapter demonstrated the possible limitations of clinical use of
bacteriophages for biofilm-related infections and from these data a synthetic approach
was implemented in further chapters that offered an improved antibiofilm strategy for P.
mirabilis biofilm control. There are also three previous studies of bacteriophage-biofilm
interactions that have focused on P. mirabilis biofilms (Carson et al., 2010, Lehman et
al., 2015, Nazakizwanayo et al., 2015). These studies demonstrated that bacteriophages
targeted at P. mirabilis were able to limit biofilm formation in micro-titre plate models
and hydrogel-coated urinary catheters (Carson et al., 2010, Lehman et al., 2015). As
well as when co-incubated with bacterial cells in in vitro catheterised urinary bladder
models, where prevention of catheter blockage was established within an eight day
period (Nzakizwanayo et al., 2015).
The current study in this chapter expanded upon such previous research by studying a
wider range of bacteriophage doses and their influence on bacteriophage-biofilm
interactions at both prevention and eradication scenarios. Although, the P. mirabilis
biofilms implemented here were non-crystalline in nature, they mimicked non-urinary
tract infection scenarios. Hence, it must be noted that translation of the results obtained
into catheterised urinary models could yield different results, but the data did highlight
the response of bacteriophage to different stages of biofilm formation within a 24 hour
period. The microtitre model implemented could be judged as being similar to clinical
laboratory testing of antibiotics (minimum inhibitory testing-MIC) preceding selection
of most effective antibiotic dosing in clinical treatment. Also, a model of established
infection was used here by implementing a highly infectious bacterial population, with
this the influence of such bacterial pressure on bacteriophage therapeutic success was
taken into account. The study by Nzakizwanayo et al., (2015) demonstrated limited
ability of bacteriophage based prevention of catheter urinary tract infection when such
high bacterial density was incorporated with their bacteriophage cocktail mix. The data
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from this study demonstrate possible reasons why high bacterial pressure could limit
bacteriophage success. Further chapters then show how using the synthetic biology
approach could improve biofilm treatment. Since the success of bacteriophage based
control of biofilms is based on their being able to replicate at the site of infection, in
order to maintain high concentration of infectious particles that can target and kill both
planktonic and biofilm bound bacterial cells, the other aspect focused on was the use of
select bacteriophages with depolymerase activity which is thought to be beneficial for
the destabilisation of the biofilm structure. This is because the bacteriophage
depolymerase could degrade the biofilm extracellular polysaccharide matrix (Parasion
et al., 2014), which as earlier mentioned would be beneficial in promoting antibiotic
killing of biofilm sequestered bacterial cells.

4.2

Aim of chapter

The aim in this chapter was to investigate the ability of bacteriophages selected in
Chapter 2 (B, 289b and Q) to act as anti-biofilm agents against clinical strains of P.
mirabilis.
For this, a time-dose dependent approach was utilised with the optimised conditions for
biofilm growth and quantification from Chapter 3. Based on the results obtained in this
chapter, it was shown that all bacteriophages were able to prevent biofilm formation.
The use of a time-dose experimental design demonstrated that both factors have a
significant effect on bacteriophage success in the prevention of biofilms. Their effects
on eradication of mature biofilms were also investigated. The latter although less
clinically important, demonstrated that a prevention mechanism would be better in the
use of bacteriophage therapy applications using the bacteriophages selected in this
study.
With regards to bacteriophage-biofilm interactions towards eradication of pre-formed
biofilms, two in vitro models were studied: (i) the success of biofilm clearance when
bacteriophage replication was supported in a nutritious growth medium and (ii) biofilm
clearance within a non-nutritious medium. The latter demonstrated the impact of
minimal bacterial numbers on bacteriophage based removal of pre-formed biofilms. The
significance of this would be relevant with very low bacterial numbers which may not
be at the threshold required for bacteriophage replication and how this may impact
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treatment success over time. The collected data informed about the therapeutic potential
of bacteriophage specific for P. mirabilis and determined the basis of future strategies
for biofilm control.

4.3

Materials and Methods

4.3.1 Selection of bacterial strains for bacteriophage-biofilm assay
Using the information obtained from biofilm forming assessment, common strains for
bacteriophage B and 289b and one for bacteriophage Q with the ability to form dense
biofilms in LB broth were selected. The LB broth was chosen because most strains were
able to form dense biofilms with abundant extracellular matrix compared with weak
biofilms in artificial urine. With these strong biofilm forming strains, anti-biofilm
potential of each bacteriophage could be highly challenged.

4.3.2 Selection of bacteriophages for bacteriophage-biofilm assay
The bacteriophage used in this part of the study were isolated and propagated as
previously described in Chapter 2. These bacteriophages had been isolated from sewage
and high titre stocks propagated using the plate-lysate technique which yielded
bacteriophage titres with ≥109 pfu/mL.

4.3.3 Micro-titre plate model for anti-biofilm assays
The micro-titre model is a high-throughput system that is important in assessing the
usefulness of potential drug candidates. In research and clinical environments the microtitre plate model is also commonly implemented for antibiotic susceptibility tests. In this
aspect of the study it was suitable for testing the ability of bacteriophages to prevent and
eradicate biofilms of P. mirabilis. Based on these tests, the most efficient bacteriophage
could be identified having challenged the biofilms under different assay conditions such
as time, dose and different growth conditions.
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4.3.4 Bacteriophage – biofilm interactions (prevention and eradication
of Proteus mirabilis biofilms)
To assess the ability of bacteriophages to prevent biofilm formation, a co-incubation
technique was implemented. To this end, filtered bacteriophage lysates were diluted in
LB broth to achieve five different concentrations: 109, 107, 105, 103 and 101 pfu/mL. To
these bacteriophage solutions, the bacterial strains (Pm289 for bacteriophages B and
289b and Pm425 for bacteriophage Q) were added to obtain a final concentration of 107
CFU/mL. This resulted in different bacteriophage-bacteria ratios known as multiplicity
of infection (MOI) at the onset of the assay (Table 4.1). To each well of a micro-titre
plate, 0.2 mL of the bacteriophage-bacterial solution was added. The biofilm density
was quantified using the 0.1 % w/v crystal violet (CV) assay at 2, 4, 6, 8, 16, 20 and 24
hours. In this way, a time-dose dependent effect of bacteriophage on biofilm
development could be evaluated.
Bacteriophage
concentration (pfu/mL)

Bacteria concentration Multiplicity of infection
(MOI)* =
ratio of
(CFU/mL)
bacteriophage
to
bacteria

109

107

102

107

107

1

105

107

10-2

103

107

10-4

101

107

10-6

Table 4.1

Initial multiplicity of infection for biofilm prevention assay

*The MOI refers to an estimate of the number of bacteriophage available to infect one bacterial
cell, and was calculated by dividing the bacteriophage concentration (pfu/mL) by the
concentration of bacteria (CFU/mL).

The second aspect of the study was to investigate the ability of each bacteriophage to
remove pre-formed biofilms of P. mirabilis, each bacteriophage at different doses (109,
107, 105, 103 and 101 pfu/mL) was used to treat 24 hour biofilms. Two different
conditions were implemented here. Firstly, the bacteriophages were prepared at
different doses in Lambda buffer (0.0025 % w/v MgSO4 (7H20), 0.006 % v/v of a 1M
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Tris-HCl pH 7.2 solution and 0.0025 % v/v of a 2 % w/v gelatine stock solution). The
Lambda buffer served as a non-nutrient medium that would not support further bacterial
growth. Hence, the effect on the bacteriophage and the 24 hour biofilm could be
assessed. Also, the hypothesis that bacteriophage require growing bacterial cells could
be evaluated. It was hypothesised that the bacteriophage would deplete the mature
biofilms, but the biofilm density of the untreated bacteria control would be maintained
over time or decline gradually as a result of lack of nutrients.
The second condition was to prepare the bacteriophage dilutions in a nutrient-medium
(LB broth). In this manner, the bacterial cells associated with the biofilms would be
allowed to proliferate. For no-bacteria controls, the wells contained either buffer or LB
broth alone. This latter experimental set-up in LB broth is commonly reported in the
literature (Carson et al., 2010, Lu and Collins, 2007). In both experimental designs
biofilm eradication was assessed via CV staining. All CV staining and biofilm
quantification were performed as described in Chapter 3, Section 3.3.5.2.

4.3.5 Statistical analysis
Graphical evaluations were made using Microsoft Excel. Analysis of variance
(ANOVA) was used to evaluate statistically significant differences with at least 3
independent replicates performed per assay. P values < 0.05 were considered
statistically significantly different from the untreated controls. The selection of ANOVA
test was based on initial tests of normality. This is because ANOVA is a parametric test
used on data which are normally distributed (symmetric data) (Olsen, 2003). This test
was used to statistically assess the distribution of the data by the Ryan-Joiner test
(similar to Shapiro-Wilk) which is applied on samples with less than 2000 observations
(Henderson, 2006, Makeyev et al., 2013). For all data the error bars represented
standard error of the mean (SEM) and the mean biofilm density at 600 nm was always
used to plot the data points from at least 3 independent replicates.
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4.4

Results

4.4.1 Prevention of P. mirabilis biofilms by bacteriophages B, 289b and
Q
Co-incubation of bacteriophages at different doses (109, 107, 105, 103 and 101 pfu/mL)
with bacteria at 107 CFU/mL (OD600 0.0.2) was done to assess the ability of each
bacteriophage to prevent biofilm formation. Differences in time and dose-dependent
responses to presence of bacteriophages were observed for each bacteriophage on its
respective bacterial host. Figures 4.1 to 4.3 show the data corresponding to
bacteriophages B, 289b and Q respectively. For all statistical analysis a repeated
measures ANOVA test was used to compare the different groups at different time points
with the untreated control (bacteria without bacteriophage).

Figure 4.1
+B9

Prevention of Pm289 biofilm by bacteriophage B

– bacteriophage B at 109 pfu/mL. Pm289: untreated P. mirabilis strain Pm289. Data are

mean biofilm density ± SEM (n = 3). For bacteriophage B, between two to eight hours after coincubation of bacteriophage and bacteria, the biofilm density produced by strain Pm289 was
significantly lowered at all the implemented bacteriophage doses (109, 107, 105, 103 and 101
pfu/mL) compared with the untreated control (Pm289 - orange curve). With the maturation of the
biofilm after eight hours of growth, only the 101 pfu/mL dose significantly prevented biofilm
formation by 26 % at the point of highest biofilm density (hour 20) (p <0.001). However, the
greatest inhibition of biofilm formation was observed 8 hours after bacteriophage treatment at
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dose 107 pfu/mL, with a 55.5 % prevention of biofilm. The highest bacteriophage dose used (109
pfu/mL) caused significant increase in biofilm density at the latter stages of biofilm maturation (16
– 24 hours) (p < 0.001). The biofilm formation of the untreated control showed the phases of
biofilm formation attributed to the bacterial strain Pm289. There was a six-hour lag phase of
bacterial adhesion, followed by rapid bioﬁlm growth (from 6 to 20 hours). After 20 hours, the
biofilm density was subdued which may relate to detachment of bacterial cells to form biofilms at
other sites or to bacterial cell death caused by decreased nutrient levels. The bioﬁlms were
formed at the bottom and sides of the 96-well plate.

Figure 4.2 shows the data obtained when P. mirabilis strain Pm289 was co-incubated
with bacteriophage 289b, with improved biofilm prevention compared with
bacteriophage B. The co-incubation of bacteriophage 289b with P. mirabilis strain
Pm289 had some different and enhanced inhibitory effect compared with bacteriophage
B above. Up to eight hours into treatment, the formation of biofilm was significantly
reduced at all bacteriophage doses implemented. However, as the biofilm began to
mature after eight hours, the effect of the different bacteriophages showed different
patterns.

Figure 4.2
+

Prevention of Pm289 biofilm by bacteriophage 289b

289b -9: bacteriophage 289b at 109 pfu/mL. Pm289: untreated P. mirabilis strain

Pm289. At hour 16-20, the bacteriophage doses 103, 105 and 107 pfu/mL significantly inhibited
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biofilm formation by 64.4 %, 65.3 % and 42.0 % respectively (p value < 0.05). At the lowest dose
of 101 pfu/mL, biofilm density was also reduced at hour 16, but this reduction of 29.3 % was not
statistically significant when compared with the untreated control. The inhibition of biofilm
formation was maintained up to 24 hours by doses 101, 103 and 105 pfu/mL. With bacteriophage
289b the biofilm density was also increased after 8 hours of co-incubation as observed with
bacteriophage B. At the highest point of biofilm density (hour 20), using bacteriophage 289b at
103 pfu/mL prevented the formation of biofilms by 70.2 %.

The last selected bacteriophage (Q) was used to treat a different P. mirabilis strain,
strain Pm425 as this bacteriophage could not lyse strain Pm289 that was used above.
With bacteriophage Q, the significant prevention of biofilm formation was only
observed after 6 hours of growth once the biofilm began to exponentially mature,
compared with within two hours with bacteriophages B and 289b. With respect to
increase in biofilm formation by bacteriophage Q, this occurred as for bacteriophage B
and 289b. However, increases in biofilm formation were observed mainly at the least
and highest bacteriophage dose used (101 and 109 pfu/mL). These increases were
significant compared with the untreated control within 6-24 hours of treatment.
Moreover, for bacteriophage Q on strain Pm425, the 109 pfu/mL showed significant
decrease (p<0.05) in biofilm density at hour 6 and 8 (22.9 % and 48.2 % respectively)
as observed for bacteriophage B and 289b on strain Pm289. Biofilm formation of
Pm425 was similar to Pm289 with a six hour lag phase and rapid increase in biofilm
density between 6 – 20 hours, followed by a decline (Figure 4.3).
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Figure 4.3
+Q9:

Prevention of Pm425 biofilm by bacteriophage Q

bacteriophage Q at 109 pfu/mL. Pm425: untreated P. mirabilis strain Pm425. Data points

are mean ± SEM (n =3). Bacteriophage doses at 105 and 107 pfu/mL were most efficient yielding
between 48 % - 51 % preventive effect against Pm425 biofilm formation. The highest preventive
capability was observed for the 105 pfu/mL dose at 16 hour post-incubation with 50.8 % decrease
in biofilm formation. No further significant decreases were observed after 20 hour bacteriophage
treatment.

4.4.2 Eradication of P. mirabilis biofilms by bacteriophages
The ability of each bacteriophage to eradicate biofilms formed by the selected P.
mirabilis strains was further assessed. Here, 24 hour-old biofilms were challenged with
bacteriophage at different doses (109, 107, 105, 103 and 101 pfu/mL). All changes in
biofilm density were quantified via CV staining at periodic intervals. Two different
experimental conditions were implemented. Firstly, biofilms which had been formed in
LB broth were rinsed to separate planktonic bacterial cells from the attached biofilms.
Each bacteriophage dose was prepared by dilution in Lambda buffer (a non- bacterial
growth medium) and added to the biofilm. This highlighted the effect of treating the 24
hour-formed biofilms with bacteriophage in a buffer which does not support bacterial
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growth. It was hypothesised that lack of bacterial growth would hinder bacteriophage
replication as rapid bacteriophage growth depends on the presence of moderate to high
number of bacterial cells (Schmerer et al., 2014). In the second set of experimental
conditions, the bacteriophages were diluted in LB broth growth medium to obtain the
different doses (109, 107, 105, 103 and 101 pfu/mL) and added to the pre-formed
biofilms. This set-up showed the effect on bacteriophage-biofilm interactions when both
entities were present in growth medium. These conditions yielded different results.

4.4.2.1

The interaction between bacteriophage and mature biofilms

in a non-nutrient medium (Lambda buffer)
Within 4 hours of incubation, the biofilm density of the untreated controls (Pm289 for
bacteriophage B and 289b; Pm425 for bacteriophage Q) had significantly reduced.
Therefore, downstream effects could not be reliably attributed to only the presence of
bacteriophage. However, the first two hours showed reliable effects of bacteriophage.
Figures 4.4A – C show the observed effect using bacteriophage B, 289b and Q,
respectively.
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For bacteriophage B (Figure 4.4A), the untreated control reduced in biofilm density by
4.2 %, 32.8 %, 45.0 %, 37.8 %, 59.1 %, 48.2 % and 54.8 % from 2 to 24 hour
respectively. This occurred after the broth in which the biofilms were grown for 24 hour
was removed and replaced with Lambda buffer. Within the first 2 hours bacteriophage
presence caused slight increases or maintenance of biofilm density compared with the
untreated control. Moreover, at 4 hours the presence of bacteriophage at all doses
further eradicated some biofilms. The decrease observed was by 2 % in addition to the
32.8 % decrease naturally occurring in the untreated control. The effect of the
bacteriophage could not be attributed to bacteriophage alone as the reduction in the
untreated control could mean that the attached biofilms were being sloughed off and/or
bacterial cells were dying over time. After 8 hours of treatment, the presence of
bacteriophage at all doses except 107 pfu/mL maintained biofilm density above the
untreated control.
In Figure 4.4B, four hours after treatment with bacteriophage 289b, the formed biofilm
had been significantly reduced using bacteriophage doses 107, 105, 103 and 101 pfu/mL
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by 27.4%, 26.9 %, 29.6 % and 31.7 % respectively. At each time point where
significant reductions (hour 4 and 8) in biofilm density were observed, the
corresponding decrease in biofilm density for the untreated control was always greater
than that due to bacteriophage treatment.
With bacteriophage Q (Figure 4.4C), the same pattern as observed for bacteriophages B
and 289b occurred. The same decrease in biofilm density was observed in the first six
hours for the untreated control. At the highest dose (109 pfu/mL), the biofilm density
was maintained above that of the untreated control, with the highest biofilm density
observed at hour 2 (> 100 % increase in biofilm density). This increase was followed by
a rapid drop in biofilm density corresponding to the time when the biofilm of the
untreated control decreased by 45 %.

4.4.2.2

The interaction between bacteriophage and mature biofilms

in presence of the nutritious LB growth medium
The effect of bacteriophage at different doses on mature biofilms was tested to
investigate the eradicative ability of each bacteriophage on mature 24 hour-old biofilms.
Figures 4.5A - C show the time-dependent interaction between P. mirabilis biofilms and
the select bacteriophages B, 289b and Q respectively. In this part of the study, the
biofilms were maintained in a nutritious growth medium allowing the identification of
any differences in the results obtained from maintenance of the biofilms in the nonnutritious Lambda buffer medium.
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For bacterial strain Pm289, bacteriophages B and 289b were used for treatment of the
mature 24 hour-old biofilm (Figure A and B). In the presence of the growth medium,
the biofilm of the untreated control (Pm289, orange curve) was able to mature for a
further two hours compared with the decrease observed with biofilms in Lambda buffer.
Here, the biofilm density of the untreated control significantly increased by 77.7 % (p<
0.05) compared with initial biofilm density at the beginning of the experiment. The
biofilm density then decreased and remained relatively stable up to 24 hours.
With regards to treatment with bacteriophage B (Figure 4.5A) there was a wave pattern
consisting of troughs and peaks when biofilms were treated with bacteriophage. With
bacteriophage B, the effect of bacteriophage on biofilm eradication was only effective
in the first two hours of biofilm growth, when the highest and lowest bacteriophage
dose implemented (109 and 101 pfu/mL) eradicated 19.3 % and 15.5 % of the biofilm,
respectively. No further decrease in biofilm formation was observed. Instead, an
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increase was observed after 2 hours at all doses compared with initial biofilm density at
the start of the experiment (hour 0).
The presence of bacteriophage 289b caused an increase in biofilm formation (Figure
4.5B). The increase was mainly significant at bacteriophage dose of 109 pfu/mL within
the first two hours of bacteriophage treatment with a 98 % increase in biofilm density (p
< 0.05). As observed for bacteriophage B, the biofilm density reduced after two hours
but did not reduce below the density of the untreated control Pm289.
For P. mirabilis strain Pm425, the untreated control and bacteriophage Q treated
samples showed a rise in biofilm density within the first two hours (Figure 4.5 C).
However, with bacteriophage Q, all bacteriophage doses were able to eradicate some of
the biofilm after two hours of bacteriophage treatment. A decrease of 66.0 %, 22.0 %,
21.6 %, 25.0 % and 23.8 % was obtained with bacteriophage doses 109, 107, 105, 103
and 101 pfu/mL respectively. Only the decrease by the highest bacteriophage dose was
significantly different from the untreated control (p< 0.05). After two hours, the biofilm
density was further reduced at each time point. However, all reductions were above the
value of the untreated control up to 24 hours.

4.5

Discussion

Biofilm formation remains a major clinical challenge especially in implants such as
urological stents and catheters (Tenke et al., 2004, Tenke et al., 2012). Research interest
in the search for biofilm preventive and destruction tools has increased in recent years,
especially as numerous chronic infections including urinary tract infections, dental
plaques and ear infections can usually be complicated by bacterial biofilms (Lewis,
2001). So with the continued rise in antibiotic resistance, bacteriophage therapy appears
as a useful alternative or potential combinatorial treatment option (Wagenlehner et al.,
2002, Wu and Cai, 2010). Just like any other novel clinical option, an in-depth
assessment of its therapeutic potential is required. To date, very few studies have been
performed regarding bacteriophage treatment of P. mirabilis biofilms especially against
uropathogenic strains. Therefore, in this chapter the ability of the selected
bacteriophages from Chapter 2 were evaluated against P. mirabilis biofilm prevention
and eradication.
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4.5.1 Bacteriophage prevention of P. mirabilis biofilms
The ability of each bacteriophage to prevent biofilm formation was assessed by coincubation of the bacteriophage at different doses with a standardised concentration of
bacterial cells, then biofilm development was measured at different time intervals over
24 hours. Bacteriophages B and 289b, which both had a common bacterial host Pm289,
were able to prevent biofilm formation up to 20 and 24 hours respectively. However,
these preventive effects were both time and dose dependent. As the biofilm develops to
varying degrees over time, it was expected that, at different phases of biofilm formation
the bacteriophage could respond differently. At the initial stages of biofilm development
(first 6 hours) when bacterial attachment to the polystyrene surface began,
bacteriophages B and 289b were able to significantly reduce bacterial attachment
compared with the untreated control (Figure 4.4 A-B). This preventive ability was
successfully maintained for a further 2 hours coinciding with the first rise in biofilm
density for strain Pm289. Bacteriophage B was more effective in the first two hours of
biofilm development yielding a 30 % reduction in biofilm density compared with 22 %
by bacteriophage 289b. This finding corresponded to the suspected faster replication
rate hypothesised for bacteriophage B as plaques of bacteriophage B were visible on
solid agar plates within one hour of incubation (Chapter 2, Section 2.4.2).
In the following four to eight hours, both bacteriophages were somewhat equally
effective at prevention of Pm289 biofilms: hour 4 – bacteriophage B: 32.9 %,
bacteriophage 289b: 32.0 %; hour 6 – bacteriophage B: 35.2 %, bacteriophage 289b:
37.0 % and hour 8 – bacteriophage B: 55.5 %, bacteriophage 289b: 56.8 %. The
percentage reduction in biofilm formation by bacteriophage B peaked at eight hours
using the 107 pfu/mL dose, after which the lowest dose of 101 pfu/mL maintained
reduction in biofilm formation although at a lower rate compared with the 107 pfu/mL
dose. For bacteriophage 289b, doses 105 and 103 pfu/mL maintained reduction in
biofilm formation throughout the 24-hour experimental period with a peak reduction
level of 70.2 % at hour 20 which reduced to 45 % by the 24-hour time point. Based on
the earlier observations of depolymerase activity from the haloed plaques of each
bacteriophage (Chapter 2, Section 2.4.2), it is possible that bacteriophages B and 289b
penetrated into the biofilm extracellular matrix and sustained bacterial killing over time.
The presence of haloes surrounding plaques has long been demonstrated to be indicative
of depolymerase activity (Eklund and Wyss, 1962, Hughes et al., 1998a, 1998b).
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Therefore, the findings here were in line with studies which showed that bacteriophages
with ability to penetrate the biofilm through the activity of depolymerase enzymes had
increased activity against biofilms (Tait et al., 2002, Cornelissen et al., 2011, Lu and
Collins, 2007). Bacteriophage Q did not show depolymerase activity (haloed plaques)
and on biofilms of its susceptible host Pm425, its highest inhibitory effect was lower
than that of bacteriophages B and 289b which were active against strain Pm289. In
addition, strain Pm425 formed slightly more biofilms in LB (based on 0.1 % w/v crystal
violet quantification, Chapter 3 Figure 3.8). Therefore, it was expected that
bacteriophage Q without depolymerase activity may not be equally efficient at biofilm
prevention compared with bacteriophages B and 289b.
Carson et al. showed that by pretreating a Foley catheter surface with P. mirabilis
bacteriophage at 1 x 106 pfu/mL, 90 % reduction in biofilm coverage was obtained after
24 hours (Carson et al., 2010). Although their study did not include time-dependent
effects for bacteriophage biofilm prevention, the high reduction of biofilm coverage was
in line with the data presented here for bacteriophage 289b, which after 20 hours
effectively prevented biofilm formation by 70 %. Another difference between the data
presented in this chapter and those of Carson et al., is that in this study bacteriophages
and bacterial cells were pre-mixed before introduction into polystyrene wells for biofilm
formation. However, Carson et al. used a pretreatment of the catheter surface before
introduction of bacterial cells. This meant that bacteriophages could have been able to
bind to the catheter surface and thus may have further prevented bacterial adhesion
(Carson et al., 2010). In the catheterised human urinary tract the technique implemented
in this study, would be suitable if the catheter were to be periodically rinsed with the
bacteriophage solution to prevent biofilm formation when the catheter is in situ. In
addition, the time-course technique would be clinically beneficial for appropriate
selection of dosing times. Whether the observations obtained in this study would be
maintained in the human catheter remain to be established.
Also Lehman et al. demonstrated that using a cocktail of two different bacteriophages
was effective at preventing mixed species biofilm of P. mirabilis and Pseudomonas
aeruginosa when hydrogel-coated silicone catheters were pretreated with the
bacteriophage solution in artificial urine medium (Lehman and Donlan, 2015). No
further reports were available at time of writing that have assessed the impact of
bacteriophages on P. mirabilis biofilms in vitro. The data presented in this chapter have
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provided a more in-depth study showing that P. mirabilis bacteriophages have a doseand time-dependent effect on biofilm formation.
An unexpected effect of increased biofilm formation was observed by all
bacteriophages (B, 289b and Q) on biofilm formation, but this effect was strain
dependent. At high levels of predation (109 pfu/mL dose), bacteriophages B and 289b
led to increased biofilm density, though the data were significantly different only at the
later stages of biofilm formation (16 – 24 hour), but for bacteriophage Q a significant
increase in biofilm density was observed as early as two hours post treatment (Figure
4.4). In the presence of bacteriophage Q, strain Pm425 responded by increasing biofilm
density at all bacteriophage doses up to four hours post-treatment. Then bacteriophage
Q was able to circumvent this increase after six hours of growth with a significant
reduction in biofilm formation at the 105, 107 and 109 pfu/mL doses which corresponded
to initial bacteriophage-bacterial ratios of 1:100, 1:1 and 100:1 respectively. This
inhibitory effect was maintained for 20 hours. Based on this latter finding, it appears
that the threshold value for effective biofilm inhibition for each bacteriophage differs.
With bacteriophages B and 289b on strain Pm289, there were significant inhibitory
effects within two hours which were maintained for 24 hours in a dose-dependent
manner. This further demonstrated the impact of dosing and stage of infection on
bacteriophage success, as described by Nzakizwanayo et al., (2015) where their P.
mirabilis bacteriophage cocktail was only able to prevent catheter blockage indefinitely
(> 8 days) when the initial bacterial burden was low, and represented early stage of
infection at 103 CFU/mL. However, with greater bacterial burden of 1010 CFU/mL
which represented late stage of infection with bacteriophage:bacteria ratio of 1:1, the
catheter blocked after two days. This was proposed to be attributed to resistance of
bacterial cells to bacteriophage action, because the high bacteriophage dose would
initially quickly deplete susceptible planktonic bacterial concentration, an observation
also observed in this study. The latter would have allowed bacteriophage-resistant or
less-sensitive strains to preferentially proliferate. This increase in evolutionary selection
of bacteriophage resistant or tolerant strains has been described by Lacqua et al., (2006).
Using different bacteriophages in a cocktail that targets both susceptible and resistant
strains may be useful in preventing such rise in biofilm density. Furthermore, it is
possible that using antimicrobials with different mechanisms of action would eliminate
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the rise of resistant strains, this additional aspect was investigated in following chapters
with the synthetic nanoparticle called dendrons.
Studies on other bacterial species are frequently reported, Hosseinidoust et al. (2013)
showed that by using bacteriophage against Pseudomonas aeruginosa, which is a
common uropathogen and a Gram-negative rod like P. mirabilis, the bacteriophagebacterial ratios of 10:1 and 0.1:1 significantly inhibited biofilm formation for up to 24
and 12 hours, respectively. Although, no increase in biofilm density above the untreated
control was observed for Pseudomonas aeruginosa, other bacteriophages against
Staphylococcus aureus resulted in increased biofilm density at the same bacteriophagebacteria ratio of 0.1:1. This further emphasised that any anti- or pro- biofilm effects
could be highly dependent on the type of bacteriophage used. This means that the
strategy of characterising the bacteriophage as performed in previous chapters is
beneficial for reliable selection of suitable anti-biofilm agents. Also, a well-coordinated
assessment of bacteriophage-dosage is recommended before implementation of
treatment. These assessments can easily be conducted as shown here using the 96-well
plate model which allows for a quick evaluation of different bacteriophage doses,
including their effect on biofilm formation over time as frequently done for calculation
of antibiotic MIC in clinical laboratories. It was demonstrated that a 24-hour assessment
will highlight any significant increases or inhibition of biofilm formation. This time
point was sufficient in this study and by Hosseinidoust et al. to show bacteriophage with
pro-biofilm capabilities (Hosseinidoust et al., 2013). More studies are required to define
the mechanisms by which bacteriophage are able to initiate increased biofilm formation.
This unusual phenomenon of pro-biofilm effects was unexpected. Moreover, a variety
of mechanisms have been proposed such as: phenotypic change in bacterial cells
maximising the appearance of bacteriophage-resistant colonies (Hosseinidoust et al.,
2013) or the inability of the bacteriophage to gain access to bacterial cells embedded
within the inner regions of the biofilm (Lehman and Donlan, 2015, Kay et al., 2011).
Another proposed reason for bacteriophage-mediated biofilm increase is “spatial
refuge” (Schrag and Mittler,1996, Brockhurst et al., 2006) which is a host-parasite
coexistence phenomenon. With spatial refuge, bacteriophage-sensitive bacterial cells
obtain refuge against bacteriophages by adhering to walls of an incubation vessel.
Since, the P. mirabilis strains used here also formed biofilms on the walls and bottom of
the 96-well plates and the same micro-titre plate technique used in this study was
169

implemented by Hosseinidoust et al., (2013), it is possible that spatial refuge is a
possible mechanism by which bacterial cells and the bacteriophage could co-exist as the
micro-titre wells provide spatial heterogeneity.
Additionally, as the increase/inhibitory effects of bacteriophage on biofilm formation
was also time-dependent, it is proposed that biofilm growth can be further prevented by
treating the biofilms with the most favourable bacteriophage dose at specific intervals
(multiple dosing) before an increase in biofilm density occurs. For instance, with
bacteriophage B and 289b the biofilm was inhibited for up to eight hours (Figure 4.4 AB). Therefore, at hour 6 the biofilm could be further treated with another bacteriophage
dose thus maintaining a protracted inhibition of the biofilm as is commonly done in
antibiotic treatment of infections (McKenzie, 2011).

4.5.2 Bacteriophage eradication of P. mirabilis biofilms
With the success obtained by bacteriophage for the prevention of biofilm formation,
bacteriophage-biofilm interactions were further studied to identify any eradicative
biofilm potentials, the same bacteriophage doses were used to treat pre-formed biofilms
of P. mirabilis.
It was expected that aggregation of bacterial cells in biofilm mode of growth would
promote bacteriophage lysis as the cells are closer to each other which would enhance
the chance of bacteriophage contact with its bacterial host leading to a decrease in
biofilm density over time. This hypothesis was in line with the model predicted by
Abedon where the biofilm mode of growth brings bacterial cells closer together and
bacteriophage progeny could easily infect and lyse neighbouring cells (Abedon, 2012).
Thus, for bacterial cells in the LB growth medium (Figure 4.5A-C) where increased
biofilm growth was observed in the first 2 hours, decrease in biofilm density was also
observed at some bacteriophage doses, especially for bacteriophage Q (Figure 4.5C).
Therefore, the more bacteriophage susceptible bacteria are present in the biofilms, the
greater the chance of significant eradication. However, when biofilms were subjected to
non-nutritive medium (Lambda buffer) (Figure 4.4 A-C), there was no increase in
biofilm density of untreated control samples within the first two hours as previously
observed in LB broth growth medium. Instead, the biofilm density was relatively
170

stationary in the first two hours, for bacterial strain Pm425 there was a more rapid
decline in biofilm density and no bacteriophage-based decrease was observed at the low
biofilm densities. This pattern supported the hypothesis that bacteriophages are reliant
on their bacterial hosts being able to divide and support maintenance of bacteriophage
replication over time.
In most cases, increased biofilm density was observed when bacteriophages were
assessed for ability to eradicate pre-formed biofilms of P. mirabilis. To further explain
these increases in biofilm density, other published studies have shown that with
increased amounts of extracellular DNA (eDNA) in the medium, biofilm formation is
enhanced. Godeke et al. reported that bacteriophage lysis of bacterial cell was
associated with release of mainly eDNA and other factors which promoted cell-cell and
cell-surface attachment of Shewanella oneidensis, a Gram-negative bacteria (Gödeke et
al., 2011). This could explain the increase in biofilm formation especially at high
bacteriophage doses. At high bacteriophage dose, a sub-population of bacterial cells
would be quickly infected and lysed. This results in an increased level of eDNA which
reportedly increases the structural stability of the biofilm (Montanaro et al., 2011, Das
and Manefield, 2012). These processes would limit bacteriophage lytic activity, as the
bacterial cells are protected from further bacteriophage lysis in the biofilm extracellular
matrix. The low metabolic activity within the innermost parts of the biofilm would also
reduce concentration of actively proliferating cells which are required for efficient
bacteriophage lysis (Cerca et al., 2007).
Since the untreated control also showed a decline in biofilm density, all further
reductions in the presence of bacteriophage could not be completely attributed to the
presence of bacteriophage alone (Figures 4.4 and 4.5). It was thought that the decline in
the untreated controls observed in non-nutritive medium was due to an absence of
growth nutrients. With the same phenomenon observed in the presence of growth
medium, it appeared that other mechanisms of biofilm eradication occurred such as
dispersal of bacterial cells from the biofilm. With regards to the bacteriophage treated
cells, having pre-formed biofilms in new medium would mean that the bacterial cells
could be sloughed off (dispersed) to establish attachment at other sites of the
polystyrene polymer. Thus, the sloughed off cells would be in the planktonic state, and
have increased likelihood of being killed by bacteriophage lysis. Therefore, reestablishment of biofilm over time would be decreased thus explaining why at some
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time-points (hour 4 – 8) bacteriophage 289b at 101 pfu/mL significantly decreased
biofilm density below that of the untreated control (Figure 4.4B).
Overall, better methods of eradicating pre-formed biofilms are still required, as seen at
the 24 hour end point (Figures 4.4 and 4.5), all bacteriophages were unable to eradicate
the residual biofilms compared with the untreated controls. Eradication of pre-formed
biofilms is particularly important for chronic clinical infections such as wounds where
the biofilms need to be resolved to enhance efficiency of antibiotic action.

4.6

Conclusion

The studied bacteriophages (289b, B and Q) were able to reduce biofilm formation but
their efficiency was dependent on the strain of bacteriophage used. It was observed that
although each bacteriophage had an ability to reduce biofilm formation, they were not
equally capable at eradication of formed biofilms. Also, an increase in biofilm
formation was observed mostly at high bacteriophage doses, which supports the
commensal relationship between bacteriophage and bacteria co-existing naturally within
biofilms in the environment, but also meaning that biofilm reduction could be obtained
at very low doses of bacteriophage. Therefore, high-titre stocks can always be diluted
for

clinical

use.

With

regards

to

bacteriophage-depolymerase

activity,

the

bacteriophages with haloes which are typical of depolymerase activity showed better
ability to reduce biofilm formation over time. Therefore, it is thought that
bacteriophages

with

exopolysaccharide

depolymerase

capability

should

be

preferentially selected as therapeutic tools as they could potentially prevent biofilms by
attacking both the bacterial cells and the exopolysaccharide component of the biofilm
matrix. All bacteriophages showed a time-dose dependent effect on biofilm prevention,
with the most effective doses being those corresponding to initial multiplicity of
infection <1 for up to 8 hours.
In the micro-titre assay used here, it was demonstrated that bacteriophages had little
effect on eradication of pre-formed 24 hour-old biofilms in vitro. A bladder model may
be more appropriate in which there is a constant flow of urine and bacteriophages can
be used to treat catheters once they have been blocked by P. mirabilis biofilms.
172

However, in clinical scenarios once a catheter is blocked it is usually replaced.
Therefore, the conclusions drawn from preventative ability of bacteriophage on the
developing biofilm are more clinically relevant for medical device biofilm-related
infections.
In summary, bacteriophages were able to reduce biofilm formation (Table 4.2), but were
less efficient at eradication of pre-formed biofilms.

Bacteriophage Effective on Best bacteriophage dose Percentage(%)
bacterial

(pfu/mL);

after reduction in biofilm

strain

treatment for (x hours)

formation

(mean

±

SD*)
289b
B
Q
Table 4.2

Pm289
Pm425

103; (20 hours)

70.2 ± 0.12

107; (8 hours)

55.5 ± 0.01

105; (16 hours)

50.8 ± 0.06

Ability of bacteriophage to prevent biofilm formation

*SD: standard deviation. Bacteriophage 289b was most effective.

This chapter served as proof of concept that bacteriophage against P. mirabilis have
significant biofilm-reducing capabilities that can be implemented in the design of novel
anti-biofilm tools, but did not completely prevent biofilm formation. Limitations such as
biofilm eradication, standardised delivery formulations and stability of bacteriophage
stocks over prolonged periods of time as observed in Chapter 2 (Section 2.4.4 and 2.4.5)
may limit bacteriophage-therapy implementation on a large scale.
Therefore, the next section of this study focused on the development of synthetic
macromolecules called dendrons paving the way towards the implementation of a
bioengineered approach that could combine the synthetic macromolecules with the antibiofilm capability of bacteriophages in a new antimicrobial strategy. These dendrons are
a class of synthetic hyperbranched molecules mimicking some of the physical
characteristics of bacteriophages and have been previously used as carriers of DNA in
transfection of mammalian cells. This novel approach may then serve as a therapeutic
means whereby the impact of antibiotic resistance with respect to bacterial biofilms
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could be significantly alleviated. The synthesis and characterisation of the dendrons was
performed in the next chapter towards a more reliable and industrially-sustainable
approach for control of P. mirabilis biofilm-related infections.
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5. Synthesis and characterisation of generation 3 poly (epsilon-lysine)
dendron
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5.1

Introduction

The previous chapter established the usefulness and limitations of bacteriophages as a
therapeutic tool against Proteus mirabilis biofilms. In order to improve the eradication
and preventive actions of bacteriophage on biofilms, a relatively novel molecule with a
simplistic resemblance to the branching nature of the tail fibres of bacteriophages
(Figure 5.1) was synthesised and characterised. This would prompt its application in
downstream in vitro analysis as a potential therapeutic tool in the search for alternatives
to antibiotics for prevention of biofilm related infections and the evaluation of its
innovative ability to act as a carrier for transfection of bacteriophage DNA in P.
mirabilis.

Figure 5.1

Representation of dendron and bacteriophage showing the similarity

in branching structure. Images are not to scale as the size of dendrons and virus are
significantly different.

5.1.1 An overview of dendrons and dendrimers
Dendrimeric patterns are frequently encountered in nature such as tree branches and
neurons. This branching architecture of biological systems may have evolved in order to
enhance nutrient extraction, promote information dissemination and retrieval across a
larger body surface area (Tomalia and Fréchet, 2002). The ability to artificially design
dendrimeric structures began in the 1970s when D. A. Tomalia, who had a
horticulture/gardening hobby, performed the first synthesis of a core-shelled molecule
without the aid of a biological system, a first in synthetic polymer science (Tomalia et
al., 1985, Tomalia and Fréchet, 2002). The Fritz Vogtle’s group reported the concept of
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repetitive branching with synthesis of low molecular weight amines. Around the same
time, the Tomalia’s group had independently synthesised ‘dendrimers’ (Buhleier et al.,
1978). By the early 1990s, an explosive acceptance of dendrimers was recorded with an
increase in primary research articles. Currently, these molecules continue to be
synthesised with new constituent monomers and novel applications arising in drug
delivery, non-viral genetic vectors for transfection in mammalian cell lines, tissue
regeneration and alternatives in injury repair following surgery. Table 5.1 shows
examples of these applications and the associated dendrimeric molecules.

Molecule
Polyamidoamine-based
(PAMAM)

Application
dendrimers Non-viral
gene
(DNA and siRNA)
carrier and delivery
Poly(L-lysine)
dendron-poly(Llactide) dendrimeric block
Polyglycerol-based
amphiphilic
dendrons
Poly(epsilon-lysine) based dendrons Tissue regeneration

Poly(epsilon-caprolactone)poly(epsilon-caprolactone) triblock
copolymers
Poly(D,L-lactide-co-glycolide)dendron structures
Sialic-acid-terminated
glycerol
dendron functionalised to gold
nanoparticles
Poly-lactide-co-glycolide (PLGA)DNA dendriplex
Piperazine
core
1,3,5-triazine
dendrimer
functionalised
with
ciprofloxacin

Citation
Sato et al. 2001
Hung et al. 2015
Yu et al. 2011
Li et al., 2007
Tschiche et al., 2014

Raucci et al., 2014
Meikle et al., 2013
Modulator
of Issa et al., 2014
quorum sensing in
bacteria
Drug delivery
Yang et al., 2009

Costantino et al., 2006
Antiviral therapy

Papp et al., 2010

DNA vaccines

Ribeiro et al., 2007

Antibacterial/
Vembu et al., 2015
antibiotic
drug
delivery in Gram
positive/negative
bacteria
Table 5.1 Examples of current biological applications of dendrimeric molecules
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With respect to dendrons, which were the focus of this study, dendrons are a sub-class
of dendrimeric molecules. Dendrimers consist of two or more dendron components
(Figure 5.2), hence the dendrons may have smaller molecular weight compared with
dendrimers. Dendrimers can be seen as having a core that is capped with layers of
repeating dendron components (Carlmark et al., 2009).

Figure 5.2

A generation 3 dendrimer comprised of 4 dendron components

Dendrons also have a core, but theirs is unattached to other dendrimeric molecules.
Hence, dendrons are relatively simple structures, with less branching compared with the
more radial dendrimers (Hirst and Smith, 2005). Their usefulness as antimicrobial
agents, drug and gene delivery tools are now only currently being given intense research
consideration. Especially with regards to peptide dendrimers which consist of amino
acids.
The use of amino acids has the advantage of using peptide-coupling techniques and
solid phase peptide synthesis (Cloninger, 2002); this is in contrast to other dendrimeric
molecules such as glycodendrimers. These consist of peptide-carbohydrate interactions,
which could make solid-phase synthesis more difficult. With regards to application, the
synthetic method is well established for the production of the dendrons and dendrimers
in the development of alternative novel antimicrobial tools. Thus, this could ease the
rising antibiotic resistance burden currently faced by healthcare providers and patients
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by the synthesis of potentially new antimicrobial agents. This study is to the best of our
knowledge the only one to have focused on the use of the hyper-branched monodisperse dendrons as an alternative treatment for P. mirabilis biofilm-related infections.
Public Health England reports showed that of all bacteraemia caused by Proteus
species, P. mirabilis accounted for 86-90 % of these infections between 2009-2013,
with incidence greatest in the over 75 years age group (PHE, 2014). Making studies into
the development of novel antimicrobials clinically relevant and important especially as
the current population trend increases for the elderly group.

5.1.2 Analytical methods of characterisation in small molecules drug
development
Characterisation of small molecules can be performed using a variety of methods such
as:

chromatographic

techniques,

spectroscopic/spectrometric,

solid-state

characterisation and microscopic techniques. Each technique highlights the properties of
the molecules that may help in identification of molecules synthesised, validate methods
of synthesis or identify impurities in the final product. Methods which were used for
characterisation of the poly (epsilon-lysine) dendron in this study are introduced below.

5.1.2.1

High performance liquid chromatography (HPLC)

HPLC is a common technique used for the analysis of molecules, such as peptides.
HPLC is used for the identification of the components of a mixture. Usually, an aliquot
of the sample is injected into the HPLC apparatus under high pressure and is passed into
the mobile solvent phase, which is passed through a column, containing the stationary
phase (Figure 5.3). The interaction between the sample and the stationary phase is
measured in terms of retention time (Rt), defined as the time spent from injection of
sample to elution from the stationary phase. The Rt value is higher for components of
the sample which spend a longer time bound to the stationary phase and vice versa for
lower Rt values (Lundanes et al., 2014). A graphical plot of absorbance versus time is
obtained. With peaks characteristic to different components of the sample, a pure
sample made up of one component would be expected to contain one main peak.
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Figure 5.3

Simplified representation of the main parts in an HPLC set-up

5.1.2.2

Transmission electron microscopy (TEM)

TEM enables the researcher to determine the size and surface attributes of a nano-sized
entity. In the microscope, a beam of electrons is directed at the sample, which then
creates a spatial representation of the image that is passed through series of magnetic
lenses. The latter directs the image for capture by a detector such as a photographic
plate or cathode ray tube camera (Figure 5.4). Then a black and white image is obtained
and viewed on a computer. Corresponding size measurements can be processed by
using a third party software such as the National Institutes of Health, image processing
and analysis Java tool: ImageJ (Abramoff et al., 2004)

Figure 5.4

Overview of image processing in a transmission electron microscope

(TEM)
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5.1.2.3

Mass spectrometry (MS)

Mass spectrometry is used for the identification of the fragment ions of compounds
based on the mass to charge ratio (m/z), the protocol employed in this study was timeof-flight mass spectrometry (ToF-MS). This technique differentiates samples based on
the mass/charge ratio of ionised particles in a mass spectrometer, with a limit of 3000
m/z. The ionised peptide fragments are accelerated by a constant kinetic energy, and the
time it takes for ions of different mass/charge to reach an ion detector is recorded
(Guilhaus, 1995). The particles of small mass/charge ratio reach the detector before
heavier particles. This creates a mass spectral profile, which consists of different peak
values that can be used to calculate the molecular weight of the compound under study
(Figure 5.5).

Figure 5.5

Schematic representation of time-of-flight mass spectrometry (ToF-

MS)

5.2

Aim of chapter

The aim of this chapter was to synthesise and characterise poly (epsilon-lysine)
dendrons that had the potential for controlling biofilms with ability for carriage and
delivery of DNA.
Dendrons were chosen for this purpose, owing to their reported ability to be used as
non-viral DNA vectors (Kostiainen et al., 2007, Hardy et al., 2006), with focus being to
use the dendron for transfection of bacteriophage DNA into P. mirabilis cells towards a
novel antimicrobial strategy in bacteriophage-based control of P. mirabilis biofilms.
Secondly, dendrons have been shown to have the potential to act as anti-biofilm
181

forming agent in other bacterial species (Issa et al., 2014), thus their effect against P.
mirabilis was warranted. Thirdly, the hyperbranched nature of dendrons with
modifiable free amino groups at its periphery depicts a simplistic physical resemblance
to the tail fibres of bacteriophage which are used to bind bacterial cell surfaces; hence,
their selection at this stage of the study.
Dendrons used here were produced by solid-phase Fmoc based peptide synthesis and
the dendrons were successfully characterised by analytical HPLC, microTOF mass
spectrometry and transmission electron microscopy. Downstream experiments in other
chapters included demonstrating the mechanism of action of this dendron. Therefore,
the fluorescently labelled dendron was also synthesised and characterised to be used in
fluorescent-based techniques to study the interactions between the dendron and P.
mirabilis.

5.3

Materials and Methods

5.3.1 Synthesis
Three generational poly (epsilon-lysine) dendrons were synthesised manually using
solid phase peptide synthesis, with Fmoc (9-fluorenylmethyloxycarbonyl) protected
amino acids. Fmoc Rink amide linker, Nα, Nε-Bis Fmoc-L-lysine and TentaGel S-NH2
resin (bead size 90 µm) were supplied by Iris Biotech, GmbH. All solvents purchased
were of analytical quality. N,N-diisopropylethylamine (DIPEA), trifluoroacetic acid
(TFA), piperidine, triisopropyl silane and fluorescein isothiocyanate (FITC) were
purchased

from

Sigma

Aldrich.

Diethylether,

methanol,

acetonitrile

and

dichloromethane were all of high performance liquid chromatography quality (HPLC)
grade and were obtained from Fisher Scientific, UK. N, N –dimethylformamide
(anhydrous solvent synthesis grade) was purchased from AGTC Bioproducts, UK.
The synthesis reactions were carried out in a stepwise manner as previously described
by Meikle et al., (2011). Firstly, 0.5 g tentaGel S-NH2 resin was allowed to swell for 15
minutes in 5 mL N, N – dimethylformamide (DMF). After which, the solvent was
expelled from the syringe. The Rink amide linker was then attached to the resin, by
addition of 0.4 mmol linker molecules and 0.4 mmol HBTU dissolved in 140 µL of
DIPEA and 3 mL DMF. The reaction was left to occur at room temperature for 30
minutes, followed by removal of the solvent and triple washing steps with 3 mL DMF.
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In order to attach the Fmoc-Lysine-Fmoc-OH protected amino acids, a 4× molar excess
(0.4 mmol) of Fmoc-protected amino acid with 0.4 mmol HBTU dissolved in 140 µL of
DIPEA and 3 mL DMF was maintained for each amino acid coupling. Fmoc-protecting
groups were removed in a deprotection step using 3 mL 20 % v/v piperidine in DMF.
Each deprotection step was always followed by five DMF washing steps to remove
waste products. The coupling and deprotection reactions were all conducted for 30
minutes at room temperature without shaking. The synthesised generation-3poly(epsilon-lysine) dendron still attached to the resin was then washed eight times each
with 5 mL dichloromethane, methanol and finally with diethylether, before cleavage of
the resin from the dendron.
To

cleave

the

dendron

from

the

resin,

a

solution

of

trifluoroacetic

acid/H2O/triisopropylsilane (95:2.5:2.5 v/v/v) was used. The resin was mixed with the
solution in a fritted syringe and left to stand at room temperature for 3 hours. After, a
glass Pasteur pipette was stoppered with glass wool up to a depth of 0.5 cm, to act as a
filter. This was clamped over a 50 mL tube containing 20 mL diethylether and placed
on ice. In small aliquots a second Pasteur glass pipette was used to transfer the cleaved
dendron solution into the glass wool containing pipette. Over time, the cleaved dendron
was filtered through and collected as a white precipitate in the diethylether. The
precipitate was collected by centrifugation at 3,500 rpm for 5 minutes, the supernatant
diethylether solution was discarded and the precipitate washed in 20 mL diethylether
three more times. Afterwards, the crude peptide was allowed to air dry in a fume hood
overnight before being freeze dried (Christ Alpha2-4, UK). A faint yellow, sticky solid
of generation-3- poly (epsilon-lysine) dendron (Gen3K) was obtained. The percentage
yield was calculated based on the expected amount of obtaining 0.1 mmol peptide from
using 0.5 g Tentagel resin.

5.3.2 HPLC analysis of Gen3K
The HPLC method consisted of timed gradients of acetonitrile and water: first 15
minutes 95 % water (A) and 5 % acetonitrile (B), to 20 % A and 80 % B, 3 minutes 20
% A and 80 % B, 1 minute 0 % A and 100 % B, 1 minute 95 % A and 5 % B, 20 µL
injection volume, at 1 mL/minute flow rate, with UV detection wavelength at 223 nm.
The HPLC separation of the peptide (1 mg/mL in methanol) was performed on a
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column of size 150 x 4.60 mm, Luna 3u C18 100 Å, Phenomenex, UK) at 25°C
(Column chiller Model 7955, Jones Chromatography, UK) using an HPLC instrument
(WatersTM 2487 dual absorbance detector, and Waters

TM

717plus autosampler, UK).

Resulting chromatograms were recorded on a UV detector (SPO-6A, Shimadzu, UK),
and analysed by HPLC software, TotalChrom-TC Navigator (Perkin Elmer).

5.3.3 Mass spectrometry (MS) analysis of Gen3K
For MS analysis 1 mg/mL Gen3K was dissolved in methanol and analysed using a
Bruker microTOF MS instrument. Theoretical molecular weights based on total number
of lysine molecules in the dendron, were obtained from the Swiss Institute of
Bioinformatics computation tool for theoretical isoelectric point (pI) and molecular
weight (MW) (Gasteiger, 2005). The MS analysis was performed with the following
acquisition parameters: dendrons underwent electrospray ionisation, the scan range was
set between 50 – 3000 m/z, positive ion polarity and 4 litre/minute of 0.4 bar nebulizer
gas with dry heat at 180°C. Each peptide ion from the mass spectrometer, was
represented by a single peak labelled with its specific charge, hence the calculated
molecular weight was obtained by using equation 5.1.
(Equation 5.1)

m/z = (MW+nH)/n
m/z = mass charge ratio
MW = molecular weight of the sample
n = number of charges on the ions
H = mass of a proton (1.008 Daltons (Da))

The molecular weight of generations 1-3 of the poly (epsilon-lysine) dendrons: namely
Gen1K, Gen2K and Gen3K respectively were determined. This was to ensure the final
Gen3K product did not contain a mixture of peptides of different or incomplete
generations and that a single product type had been obtained. Mass spectrometry of the
Gen3K dendron was performed each time a new batch was synthesised. The associated
molecular structures of each generation of the dendron depicting their branching nature
and molecular formulae were modelled with ChemDraw Professional 15 (Perkin
Elmer).
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5.3.4 Transmission electron microscopy (TEM) of Gen3K
TEM analyses were performed in a Hitachi H-7100 electron microscope with an
acceleration voltage of 100 kilovolts. For sample preparation, 5 mg dendron was
dissolved in 1 mL of 0.22 µm filter sterilised 15 mΩ distilled water. A 10 µL aliquot of
dendron was dropped on the matte surface of a formvar/carbon on 400 mesh copper grid
(Agar Scientific, UK), each drop was allowed to settle for 1 minute and repeated twice.
Each time excess liquid was removed by absorption, by gently placing a filter paper
next to the grid. Afterwards, a drop of 0.5 % w/v uranyl acetate was applied to the grid
to stain the sample. Excess stain was also blotted off using filter paper. Stained samples
were dried at room temperature in a Petri dish lined with filter paper. Dendron size
determinations were performed using Image J software version 1.48 (Abramoff et al.,
2004).

5.3.5 Synthesis of fluorescent Gen3K
For fluorescent labelling, the resin-bound dendron was reacted with fluorescein
isothiocyanate (FITC) which is a derivative of the fluorescein fluorophore. FITC reacts
with the free peripheral amino groups of the dendron. For this labelling reaction, 0.025
mmol of FITC was mixed with 0.005 mmol of the dendron and 0.05 mmol (8 .69 µl)
DIPEA in 3 mL DMF. The solution was left to react at room temperature, on an orbital
shaker (100 rpm) in the dark for 16 – 18 hours. After this, the conjugate (Gen3K-FITC)
was cleaved using the same process as done for Gen3K, an orange solid was obtained.
The synthesised molecule was characterised by Fourier Transform Infra-Red
spectroscopy (FTIR) and ultraviolet-visible light spectroscopy (UV-Vis).

5.3.6 Characterisation of Gen3K-FTIC using Fourier Transform
Infra-Red (FTIR) and Ultraviolet-visible (UV-Vis) spectroscopy
In FTIR, infrared light is passed through a sample and upon contact; some of the light
either passes through the sample (transmitted) or is absorbed. Both occurrences are
captured by a detector and the user is presented with a molecular fingerprint of the
sample. The molecular fingerprint is a spectrum of peaks; each peak represents a
specific molecular bond (Socrates, 2001). Therefore, FTIR is suitable for identifying
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unknown materials and their components. It was used here for the confirmation of
Gen3K coupling to the fluorescent FITC molecule. For this, about 5 grams of each
sample (Gen3K-FITC, Gen3K and FITC) was placed in the sample compartment and
subjected to FTIR spectroscopy.
In like manner, UV-Vis spectroscopy was performed to identify characteristic
absorption spectra of each of the molecules (Gen3K-FITC, Gen3K and FITC). UV-Vis
spectroscopy involves the passage of light through a sample. This light is of wavelength
in the ultraviolet and visible light range. With UV-Vis spectroscopy, the components of
a sample will absorb most of the light at a particular wavelength (s). The most
absorbance usually occurs at a maximum wavelength known as the molecule’s Lambda
max (λmax).
Hence, using UV-Vis each sample was characterised. An appropriate concentration of
each sample was made in methanol, 1 mL of this solution was placed in a quartz cuvette
and a UV-Vis spectrum reading within 190 nm – 800 nm was obtained. The peaks
obtained from Gen3K and FITC were overlapped with that of the fluorescently labelled
dendron Gen3K-FITC to identify common peaks. It was hypothesised that if coupling
between Gen3K and FITC had been successful, then the λmax peaks corresponding to
Gen3K and FITC would also be found in the Gen3K-FITC conjugate.

5.3.7 Quantification of FITC attached to dendron
The trinitrobenzene sulfonic acid (TNBSA) assay was used to determine the number of
free amino groups on Gen3K-FITC, which was compared with the non-conjugate
sample (Gen3K). This assay was used as an indirect quantitative verification of
conjugation between FITC and Gen3K to form the Gen3K-FITC molecule. The acid
2,4,6 trinitrobenzene sulfonic acid (TNBSA) is a sensitive assay for determination of
free amino groups in a peptide. As TNBSA binds to free amines in an alkaline medium,
the reaction with the free amino groups generates a coloured compound, and the
absorbance of this compound at 340 nm can be used as a quantitative measure of amino
groups (Cayot and Tainturier, 1997, Roche et al., 2009). Therefore, from a calibration
curve of a known compound, in this case glycine, the number of amine molecules was
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calculated using the equation of the linear regression line obtained from the calibration
curve.
Here, glycine amino acid was implemented for obtaining a calibration curve, as it
contains one amino acid. Concentrations of glycine from 0 – 20 µg/mL were prepared
in 0.1M sodium bicarbonate buffer (pH 8.5). Using a 500-fold dilution of 5 % v/v
TNBSA, 0.25 mL of the TNBSA was added to 0.5 mL of glycine, and 0.5 mL of 0.1
mg/mL Gen3K-FITC and Gen3K, and vortexed. All tubes were incubated at 37°C for 2
hours. Throughout the experiment, the tubes containing Gen3K-FITC were wrapped in
foil to prevent the degradative effect of light on the fluorescent compound. After
incubation, 0.25 mL of 10 % w/v sodium dodecyl sulphate (SDS) and 0.125 mL 1M
HCl were added to each reaction, and vortex mixed to stop and stabilise the reaction. To
a 96-well microtitre plate 0.1 mL from each tube was added to triplicate wells. The
absorbance was measured at 340 nm. Thus, the calibration plot of absorbance versus
number of amine molecules present in each concentration of glycine was used to obtain
an equation. The equation was then implemented for determination of free amine
molecules in Gen3K-FITC.

5.4

Results

5.4.1 Molecular weight of dendrons
The obtained mass spectra of each generation of the poly (epsilon-lysine) dendron and
how it led to generation 3 are presented in Figures 5.6 – 5.8. With every increasing
generation the molecular weight increased as expected and all were approximately 100
% of the expected theoretical molecular weight.
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Figure 5.6

Mass spectrum of Gen1K

Gen1K had positive charge with presence of a singly charged peak ion M+ at 402.30223
m/z
Hence the calculated MW was:
402.30223 = (MW+nH)/n
Which gave 402.30223 x 1 = MW + (1 x 1.008)
Therefore MW = 401.29 Daltons (Da) (2 decimal places)
The molecular structure of Gen1K (Figure 5.7) showed four peripheral amino groups,
with an exact molecular weight of 402.54 Da and chemical formula C18H38N6O4.
Therefore, the calculated molecular weight of 401.29 Da was 99.69 % of the theoretical
molecular weight of 402.54 Da, hence the synthesised molecule had a reliable molecular
weight.

188

Figure 5.7

Molecular structure of Gen1K

Having obtained Gen1K the next step was to synthesise generation 2 (Gen2) poly
(epsilon-lysine) dendron (Gen2K). The mass spectra confirmed synthesis of molecule of
reliable molecular weight (Figure 5.8).

Figure 5.8

Mass spectrum of Gen2K
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Gen2K had presence of a singly charged ion M+ at 914.67263 m/z and a doubly charged
peak ion M2+ at 457.83610 m/z
Hence the calculated MW was:
457.83810 = (MW+nH)/n
Which gave 457.84636 x 2 = MW + (2 x 1.008)
Therefore MW = 913.66 Da (2 decimal places)
The calculated molecular weight was 99.83 % of the theoretical molecular weight of
915.23 Da, hence the synthesised molecule had a reliable molecular weight. The
structure of Gen2K is depicted in Figure 5.9.

Figure 5.9

Molecular structure of Gen2K

The corresponding chemical formula of Gen2K was C42H85N14O8 having eight
peripheral amino groups, to which more lysine molecules were bound to form Gen3K
(Figure 5.10).

190

Figure 5.10

Mass spectrum of Gen3K

Gen3K had a variety of mass peak ions with the most intense being: the doubly charged
ion M2+ at 970.76152 m/z and triply charged peak at M3+ ([Gen3K+H]

3+

) at 647.52

m/z, none of the peaks corresponding to either Gen2K or Gen1K were present,
supporting the synthesis of one molecule type and not a mix of different incomplete
generations of the dendron, The M+ was present at 1940.46.
The calculated MW was performed as before, using the mass peak with the most
positive charge (M3+):
647.51925 = (MW+nH)/n
647.51925 x 3 = MW + (3 x 1.008)
So MW = 1942.55775 – 3.024
Therefore MW = 1939.53 Da (2 decimal places)
The calculated molecular weight was 99.94 % of the theoretical molecular weight of
1940.64 Da, hence the synthesised molecule had a molecular weight close to the
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expected value. The associated molecular structure of Gen3K having chemical formula
of C90H182N30O16 corresponded with the mass spectra data (Figure 5.11).

Figure 5.11

Molecular structure of Gen3K

The structure possessed 16 free amines at the periphery and a core of carboxylic acid functional
group, with molecular formulae C90H182N30O16.

5.4.2 Yield of Gen3K dendron after synthesis
The manual Fmoc-based solid phase synthesis of Gen3K proved to be a reproducible
and efficient method of synthesis. The Gen3K dendron were obtained with a 90 % yield
at 174.6 mg. The yield was calculated based on the cleavage of a third of the dendron
(Equation 5.2 and 5.3).
1
3

(Equation 5.2)

𝑥𝑥 = y

𝑥𝑥 = total mass of dendron obtained after synthesis
y = mass of dendron obtained after cleavage
𝑥𝑥

(Equation 5.3)

Percentage yield = 𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦 × 100%

Where the expected yield was 0.1940 g (0.1 mmole of theoretical MW (1940.64) of
Gen3K), as the maximum yield (100 %) expected from the resin on which the peptide
was synthesised was 0.1 mmole of the dendron.
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5.4.3 Purity analysis of Gen3K using HPLC
HPLC traces were used to confirm the presence of only one type of synthesised peptide.
The HPLC chromatograms showed a single major peak (Figure 5.12). Apart from the
solvent peaks at the start and towards the end of the chromatogram, no other peaks were
observed around the Gen3K peak.

Figure 5.12

HPLC profile of Gen3K

The Gen3K dendron had a retention time of approximately 11.2 minutes.

5.4.4 Transmission electron microscopy of Gen3K
To determine the size and physical structure of the Gen3K dendron, electron
microscopy was used. The Gen3K dendron appeared as nano-sized spherical dot-like
structures. The majority of the particles were clumped together to form nanoaggregates.
In some cases the nanoaggregates were observed to have an overall branched style of
aggregation (Figure 5.13C). It was observed that 81.8 % of the dendron particles from
all images measured below 5 nm2 (Figure 5.13D). Hence, three sections per image of
three different images of the sample were analysed for non-aggregated particles, with
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measurements of all particles in the range 1-5 nm, the dendron possessed an average
size of 2.4 nm2 ± 1.2.

Figure 5.13

TEM images and histogram of Gen3K area population

A-C: Triplicate images of Gen3K at different sites of the sample, (D) Histogram of dendron size
range for all three images combined. The red arrows highlight some nanoaggregates, and the red
broken lines in (C), highlight the branched style of aggregation. The scale bars in all three TEM
images are 100 nm at 300,000× magnification.
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5.4.5 Synthesis and characterisation of the fluorescently labelled
Gen3K dendron (Gen3K-FITC)
5.4.5.1

Quantification of FITC attached to Gen3K dendron

To obtain Gen3K-FITC, the solid-phase reaction between fluorescein isothiocynate
(FITC) and amino groups at the periphery of the Gen3K dendron was performed.
Firstly, for the quantification of FITC conjugated to Gen3K, a chemical method based
on trinitrobenzene sulphonic acid (TNBSA) was used. TNBSA assay is a colorimetric
assay in which TNBSA reacts with free amines of primary amino groups to form a
coloured product that can be spectrophotometrically measured. It was hypothesised that
there would be reduced amounts of free amino groups in the conjugate (Gen3K-FITC)
as the FITC molecule would bind all or some of the free peripheral amino groups,
compared with the control Gen3K. Using a calibration curve (Figure 5.14), and
arithmetic calculations (Table 5.2), the number of free amines in the conjugate were
determined.
0.25

Absorbance (340 nm)

0.2
0.15
0.1
0.05
0

2

Figure 5.14

4

6

8
10
NH2 molecules (x 1016)

12

14

Standard curve of TNBSA reacted with glycine

The number of amines per mole of glycine was calculated using Avogadro’s constant (1 mole =
6.02 x 1023 molecules). The equation of the line was y = 0.0172х - 0.0231, with an
R-squared (R²) value of 0.9888, which meant that the data were closely fitted to the linear
regression line. Thus, the absorbance values were highly positively correlated with number of
NH2 molecules, and the calibration curve could be reliably used for calculations of bound FITC
molecules.
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Dendron

Absorbance Number of free amine molecules using
(340 nm)
equation of the linear regression line

Gen3K-FITC

0.155

1.035 x 1017

Gen3K

0.181

1.187 x 1017

Table 5.2

Number of free amines in Gen3K and Gen3K-FITC (0.1 mg/mL)

Based on the observed values, there were 1.3 x 1016 bound amines (free amine molecules in
Gen3K-FITC subtracted from free amines in Gen3K) which meant that approximately 12.7 % (2
amines out of a possible 16) of the dendron surface amine groups were bound to FITC. This
chemical quantification was further evidence that some amino groups of Gen3K has been
successfully bound to FITC.

5.4.5.2

Verification of Gen3K-FITC formation by FTIR

Furthermore, the synthesis of Gen3K-FITC was verified by Fourier Transform Infrared
spectroscopy (FTIR) and UV-Vis spectroscopy and compared with literature values
(Suleman et al., 2015, Bhirde et al., 2011, Ghosh et al., 2013, Socrates, 2001). An
online database of reference infrared wavenumbers was also used to interpret the peaks
(Steffen, 2015). The formation of Gen3K-FITC was supported by observing shifts in
characteristic peak of the isothiocyanate group between FITC and Gen3K-FITC. The
dendron was identified by observing for the characteristic amide groups within the
wavenumber range of 650 to 4000 cm-1. The isothiocyanate (N= C= S) group in FITC
was identified at 2030 cm-1, and the characteristic peak amide bonds (C=O and –NH) of
Gen3K were observed between 1500 – 1700 cm-1 (Bhirde et al., 2011). Figure 5.15
shows the FTIR spectra of Gen3K and Gen3K-FITC.
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Figure 5.15

FTIR spectra of: a) FITC, b) Gen3K and c) Gen3K-FITC

Some peaks characteristic of Gen3K, Gen3K-FITC and FITC are depicted in the figure. These
bonds characteristic of Gen3K-FITC, verified the conjugation of FITC to Gen3K. For example, in
Gen3K-FITC, the isothiocyanate peak is absent, as this has formed an amide bond with the –NH2
of Gen3K to form a thioamide bond -C=S in Gen3K-FITC (1116 cm-1), with peaks at 1662 cm-1
and 1665 cm-1 for amide N-C= O bond in Gen3K and Gen3K-FITC respectively, also the –C-N
amine-bonds were observed at 3279 cm-1 and 3250 cm-1 for Gen3K and Gen3K-FITC
respectively. The –C=S bond confirmed the formation of Gen3K-FITC at wavenumber 1116 cm-1,
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with disappearance of the isothiocyanate bond present in FITC. These results confirmed the
conjugation between FITC and Gen3K. Other associated bonds are shown in Table 5.3 below.
Functional group (wavenumber cm-1)
FITC

Gen3K

Gen3K-FITC

-O-H,

stretching -N-H, Amine, (3279)

-N-H, Amine, (3250)

vibration, intramolecular
H-Bond, (2568)
-N=C=S, Isothiocyanate -C-H

vibration, (2943)

(2031)
=
C C

stretching -C-H

vibration, (2938)

stretching N-C=O, Amide (1662)

vibration, (1641)

stretching

N-C=O, Amide (1665)
N-H, Amide (1636)
-N-H, Primary amine

Aromatic

keto

(1603)

=
C O

-1

(around 1500 cm )
O-H

out-of-plane -NH, Secondary amide -NH, Secondary amide

bending, phenolic ring (1537)
(666)

-C-N,

(1535)
Amine

1181)

(1130, -C-N,

Amine

(1130,

1176)

R-NH2, primary amines,
=
-C S,

Suspected

(650-900)

thioamide,

secondary
(1116)

O-H deformation and CO stretching vibration
interaction (1253)
Table 5.3

FTIR analysis of FITC, Gen3K and Gen3K-FITC

The highlighted sections in the table correspond to characteristic peaks of each molecule as
identified from the FTIR spectrum in Figure 5.14.
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5.4.5.3

Verification

of

Gen3K-FITC

formation

by

UV-Vis

spectroscopy
The UV-Vis spectra further confirmed the conjugation of FITC to Gen3K (Figure 5.16),
maximum absorption peaks were obtained and compared between the molecules.

Figure 5.16

UV-Vis absorption spectra of FITC, Gen3K and Gen3K-FITC

The entire range of the absorption spectrum was presented to incorporate all peaks obtained for
each molecule. The non-conjugated dendron (Gen3K) (blue line) showed absorption maximum
peak at 205 nm, and a corresponding peak was observed for the conjugate (Gen3K-FITC) with a
slight shift to 207.5 nm. For FITC, absorption maxima was observed at 492 nm and 238.5 nm, for
Gen3K-FITC a corresponding peak at 492.5 nm was obtained aligning with the FITC maximum
absorption peak. Also, a third peak was obtained at 239 nm for Gen3K-FITC aligning with the
second FITC peak around 238.5 nm.

As far as the synthesis of Gen3K-FITC was concerned, the fluorescently labelled
derivative of the Gen3K dendron was successfully performed as demonstrated by
characteristic peaks from FTIR and UV-Vis spectroscopy. This would then allow the
Gen3K-FITC dendron to be used in downstream experiments to track the localisation of
the dendron during interaction with bacterial cells.
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5.5

Discussion

In this chapter, the synthesis and characterisation of the prospective molecule poly
(epsilon-lysine) dendron (Gen3K) was performed. There is a constant need for the
development of novel generations of antibacterial agents. Although medicinal chemists
have been successful at the modification of structures of current antibiotics to minimise
antibiotic resistance, there is still limited advancement in completely novel
antimicrobial strategies/molecules (NRC, 2006).
The search for alternatives to antibiotics continues worldwide in order to minimise the
effect of antimicrobial resistance. However, with sessile bacterial forms as seen in
biofilms, resistance can be significantly heightened and current control strategies are
underdeveloped (Davies, 2003, Mah and O'Toole, 2001). This is important, as biofilmassociated bacteria express different physicochemical properties compared with
planktonic cells which can limit the antimicrobial efficacy of antibiotics (Mah and
O'Toole, 2001). Therefore, this study has taken a step to further research in identifying
potential antimicrobial agents that could be suitable for controlling biofilm-related
infections, with the focus on the bacterial species P. mirabilis.
Cationic dendrimeric peptides have been identified as a novel class of molecules with
antimicrobial potential, mainly due to their cationic nature. Which is proposed to
interact with negatively charged surface components of bacterial cells such as: the
phosphate groups of Gram-negative lipopolysaccharides and lipoteichoic acids of Gram
positive bacteria (Weidenmaier and Peschel, 2008, Jenssen et al., 2006). In addition,
their hyperbranched nature offers chemically reactive groups to which other molecules
can be attached; hence dendrimeric molecules such as dendrons could be modified to
acquire therapeutic properties (Shi et al., 2007). The latter could serve as a tool for the
development of novel formulations of antibacterial agents or as an improvement of
current antimicrobial compounds.
The need to have peptide synthesis methods that are reproducible and suitable for
industrial scale-up resulted in the wide acceptance of the solid-phase peptide synthesis
(SPPS) method (Merrifield, 1964). This involves the stepwise addition of dendron
monomers such as amino acids to a growing polypeptide chain that is anchored by its
carboxyl-end via a linker to a non-reactive support (Merrifield, 1963). The method can
be performed manually and automatically (microwave synthesis), with the latter suitable
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for industrial scale up. Hence, it is the standard method for peptide synthesis, the
improvement by microwave application which shortens synthesis reaction times by
application of heat also now allows for commercialisation (Erdélyi and Gogoll, 2002).
The manual method implemented here was suitable for the purposes of this research.
Use of the SPPS method allowed for reliable control of the nano-sized shape and
physical functionality of the dendron resulting in high yield of the product. This is
important as historical methods of peptide synthesis such as azide coupling
methodology were limited by factors such as poor yield and purity (Curtius, 1902,
Kimmerlin and Seebach, 2005).
In this part of the study, the aim was to synthesise Gen3K dendrons with sufficient yield
that could be applied in downstream assessment of its anti-biofilm potential. The
Gen3K dendrons were synthesised with an unmodified core which has the free carboxyl
group as initiator, repeating lysine amino acids throughout the rest of the polymer and
free amino groups at the periphery of the molecule thus giving the dendron an overall
positive charge in aqueous solutions. This dendron was reliably synthesised as shown
by the different characterisation methods employed (Figures 5.6-5.12). Mass
spectrometry analysis showed that ion peaks of Gen1K – Gen3K dendrons were
approximate to theoretical molecular weights (Figures 5.6 - 5.10). Less than 1 %
deviation from theoretical molecular weight was obtained showing absence of structural
errors with high correlation between theoretical and experimentally-measured molecular
weights, with comparable purity to theoretical parameters. The synthesis, yield and
molecular weight were reproducible each time the dendron was synthesised.
The nano-sized nature of this molecule, which was shown by images obtained from
electron microscopy (Figure 5.13), supports a role for this type of molecule as a
potential antimicrobial agent comparable to the nanoscale size of bacteriophages
previously described in Chapter 2. Nanoparticles as antimicrobial agents have been
proposed by other authors who showed their effectiveness against both Gram positive
and Gram negative bacteria (Gurunathan, 2014, Brown et al., 2012). The benefits of
nano-sized molecules include their ease of manipulation, desirable physical and
chemical properties and continually improving methods of synthesis that are
reproducible. The advent of nanoparticles aids in the search for development of novel
antimicrobial drugs that are capable of not only killing bacterial cells, but which may
enhance the effect of antibiotics if used in combination.
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Nanoparticles have also been shown to have drug carriage capability as reactive sites
could be used to bind antibiotics creating an improved tool to target antibiotic-resistant
bacteria. Brown et al, used silver nanoparticles to treat antibiotic-resistant strains of
Pseudomonas aeruginosa which is a potent pathogen in cystic fibrosis patients (Brown
et al., 2012). Their study also showed that nanoparticles in addition to having
antimicrobial potential can also be used as a novel means of carrying drugs and
improving their efficacy. When both the silver and gold nanoparticles were bound to
ampicillin, the antibiotic resistant mechanisms of the bacterial strains were significantly
undermined. This effect was seen across a variety of bacterial species including
Enterobacter aerogenes and Methicillin-Resistant Staphylococcus aureus of which the
latter is an important clinical pathogen commonly known as MRSA.
With regards to the use of amino acids such as the lysine used in this dendrimeric
peptide (poly (epsilon-lysine) dendron), lysine is an essential amino acid commonly
found in food products but not produced by the human body. Lysine is one of three
basic amino acids with a positively charged epsilon (ε) amino group which renders its
polymers positively charged in polar solvents (Kango, 2010). Hence, this was thought to
be a beneficial property with regards to drug solubility as one of the main criteria for
assessment of a compound’s potential to function as a drug is based on its solubility
potential (Hughes et al., 2011). Historically, the synthesis of unbranched poly (epsilonL-lysine) peptides has been possible only by biological means through aerobic
fermentation in Streptomyces albulus strains. The linear polymer known as epsilonpoly-L-lysine which consists of 25-30 lysine residues is a natural antimicrobial
commonly used in the food industry to prevent microbial contamination (Hiraki et al.,
2003). Compared with linear polymers, dendrimeric peptides such as dendron have a
relatively monodisperse structure because their synthesis can be relatively controlled to
yield molecules of same size, shape, and mass compared with linear polymers (Abbasi
et al., 2014). Therefore, the use of the well-established SPPS method supports current
research strategies focusing on the use and development of non-biosynthetic dependent
methods of polymer production which offer reliable control of the physical properties of
novel molecules.
In this study, the electron micrographs also showed that the Gen3K dendrons were
closely similar in shape and size (Figure 5.13). With regards to the aggregation seen, it
is possible that as samples dried on the grid, the molecules would have become more
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compact to form nanoaggregates (Dieckmann et al., 2009, Domingos et al., 2009).
However, it was interesting to note a dendrimeric pattern of aggregation in some image
sections, which could be due to either van der Waals forces, hydrogen bridging or both
(Michen et al., 2015).

A current study by Michen et al., 2015 has reported that

nanoaggregates experienced due to drying artefacts can be eliminated by applying
bovine serum albumin (BSA) to the sample. The bovine serum albumin acts by
shielding individual molecules preventing interactions that lead to aggregation and
improves measurement of sample size. With regards to this study, measurement of
sample size was still possible as not all molecules formed aggregates. BSA was not used
and the molecules were viewed unaltered as they were dissolved in purified water.
Peptides possessing antimicrobial properties are receiving increasing consideration as
novel antimicrobials due to the discovery of cationic antimicrobial peptides (CAMPs)
which make up the innate immune defence of most species. These CAMPs have been
shown to have potential as a novel antibiotic class (Bjarnsholt et al., 2013, Jenssen et
al., 2006, Bahar and Ren, 2013, Hancock, 1999). The current development in research
looking at dendrons as a novel class of antimicrobials could be attributed to reports
highlighting the beneficial antimicrobial properties of these naturally occurring CAMPs.
It is possible that the ease with which cationic antimicrobial polymers such as poly
(epsilon-lysine) dendron described here can be synthesised is an added advantage for
industrial scale up as novel antimicrobial agents are being sought after. In particular, the
hyperbranched nature of the poly (epsilon-lysine) dendron gives it an increased surface
area. It is this increase in surface area that may be beneficial for interaction of the
molecule with target molecules important for its antimicrobial activity or its proposed
ability to act as a vector in carrying molecules such as the bacteriophage DNA.
Therefore, the branched nature could be an improved advantage in comparison to other
non-branched peptidic antimicrobial polymers.

5.6

Conclusion

Data from this chapter began a new section of the study, having assessed the potential
of bacteriophages as potential anti-biofilm agents and identified possible limitations due
to re-isolation of bacteriophages and suitability for biofilm eradication (Chapter 4). In
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this chapter dendron nanoparticles were introduced as potential therapeutic tools that
could be used on their own and for improving bacteriophage-based therapy.
For this chapter, the divergent route of peptide synthesis was used for the synthesis of
the generation three poly (epsilon-lysine) dendron. The compound synthesised was
soluble in water and other polar solvents such as methanol. On visual inspection, the
dendron appeared as a sticky pale yellow solid. Characterisation of the dendron showed
that molecular weight increased with increasing generation number with calculated
molecular weight of the generation-3 poly (epsilon-lysine) dendron being 1939.53 Da.
The SPPS method of synthesis was reproducible and each generation of dendron
synthesised was thorough based on the absence of lower generations, as shown by mass
spectrometry. The SPPS method gave reproducibly high yields (≥90 %) of the molecule.
The poly (epsilon-lysine) dendron possesses reactive amino functional groups at its
periphery (Figure 5.11) which like other cationic dendrimeric molecules can become
protonated at physiological conditions (Cakara et al., 2003). This property could
potentially be manipulated for DNA transport across membranes, possibly towards new
bacteriophage formulations and for treatment of biofilm-related infections. This reactive
nature of its peripheral amino groups was also implemented to synthesise Gen3K-FITC,
which is a fluorescent derivative of the dendron that was used further in the study to
obtain insight into the mechanism of action of the dendron against P. mirabilis. The
successful synthesis of the Gen3K dendron meant that its biofilm preventive and
eradicative properties against P. mirabilis could be assessed; this type of investigation
was performed in the following chapter (Chapter 6).
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6. Generation three poly (epsilon-lysine) dendron as antimicrobial
agents against Proteus mirabilis bacteria
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6.1

Introduction

When infections such as those related to urinary catheters or wounds are diagnosed, the
current clinical strategy is antibiotic therapy (Hoiby et al., 2015). However, it is known
from studies highlighted in previous chapters that planktonic cells (the free-swimming
bacterial cells in the growth medium that are unattached to a surface) are more
susceptible to antibiotics compared with the bacterial cells within a biofilm (Mah and
O'Toole, 2001, Costerton et al., 1995, Prosser et al., 1987). This is because planktonic
cells are phenotypically distinct from the sessile biofilm cells, even though the cells
belong to the same bacterial species. Therefore, cells found within a biofilm can be
more tolerant to antibiotics, causing differences in treatment success (Mah and O'Toole,
2001, Costerton et al., 1995, Macia et al., 2014). According to the Center for Disease
Control and Prevention and the National Institutes of Health between 65 % - 80 % of
human bacterial infections in the developed world involve a biofilm component (Cos et
al., 2010, NIH, 2002, Potera, 1999). The insurgence of about 50 % of nosocomial
infections being associated with indwelling medical devices including urinary catheters,
dentures, implants and so on (Paredes et al., 2014, Wu et al., 2015) further exacerbates
the problem of antibiotic resistance due to the protected mode of growth afforded to
bacterial cells by the biofilm structure (Hall-Stoodley et al., 2004). Ineffective
treatments can result in recurrent chronic infections and in some cases complications
that cause death particularly in high-risk patient groups such as the immunosuppressed
and elderly patients (Warren et al., 1987, Potera, 1999). These reasons further
emphasise the need for improved antimicrobial strategies.
In Chapter 3, the data demonstrated the effectiveness of bacteriophages as an alternative
antimicrobial strategy for the treatment of Proteus mirabilis biofilms. However,
limitations with respect to re-isolation and long-term storage could limit their use
clinically in different parts of the world. Although, the potential for bacteriophage-based
therapy remains, there is still a need for antimicrobials that can be widely applied across
continents and that can be used in combination to improve antibiotic or bacteriophage
therapy, but also have the ability to be effective on their own. For this reason, the
dendrimeric molecule known as generation three poly (epsilon-lysine) dendron (Gen3K)
is presented as a suitable alternative. As mentioned earlier, dendrimeric nanoparticles
are currently an interestingly used tool in development of novel antimicrobial strategies,
however from the literature there are currently no assessments of their suitability for P.
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mirabilis. Another major reason for dendron application in biofilm therapy is their
ability to be chemically modified to suit different antimicrobial needs/situations due to
their hyperbranched nature and reactive surface groups (Lazniewska et al., 2012). This
modifiable property may also be of benefit in curbing antibiotic resistance, for this
reason a current surge in various research applications of dendrimeric nanoparticles has
been observed.
Due to these reasons and following the successful synthesis and characterisation of the
dendron in Chapter 5, the next aspect of the work was to assess its antimicrobial
properties against P. mirabilis. Towards this end, the in vitro microtitre plate model was
used. This enabled comparisons to be made with bacteriophage antimicrobial data
reported in Chapter 3. From the work performed in this chapter, conclusions regarding
how the Gen3K dendron can improve current anti-biofilm strategies such as
bacteriophages and antibiotics could be reliably made.
A promising strategy for biofilm treatment is the use of antimicrobial agents that are
able to reduce or eliminate the exopolysaccharide (EPS) matrix which acts as an
antimicrobial barrier (Hoiby et al., 2010). Therefore, light microscopic studies were
performed to identify the effect of the dendron on the biofilm structure. Bacterial cells
within the biofilm are usually aggregated, with the EPS forming a mesh structure on the
solid surface on which the biofilms have formed. The whole biofilm biomass can be
stained using crystal violet which interacts with all components of the biofilms such as
bacterial cells and extracellular matrix materials (Kwasny and Opperman, 2010, Merritt
et al., 2005) and enables biofilm structure characterisation using light microscopy.
Experimental design strategies involving assessment of novel therapeutic agents mainly
focus on prevention of biofilms. This has usually been achieved by using co-incubation
of the agent with bacterial cells or by coating a biomaterial with the antimicrobial agent
before introducing the bacterial cells. Such studies have included anti-biofilm agents
like bacteriophages (Carson et al., 2010), chitosan with the antibiotic gentamicin (Mu et
al., 2014), vinegar (Halstead et al., 2015), gentamicin with L-arginine amino acid
(Lebeaux et al., 2014) and dendrimeric agents (Kadam et al., 2011, Hou et al., 2009)
amongst others. Using a microtitre plate-based assay Hou et al., used argininetryptophan modified dendrimeric peptide (RW)4D at 0 - 40 µm (molecular weight of
molecule = 1843.3) to obtain 93.5 % reduction in Escherichia coli biofilms. While
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Kadam et al., used a glycopeptide dendrimer to inhibit formation of Pseudomonas
aeruginosa biofilms on steel materials. They achieved over 60 % biofilm inhibition by
using generation 2 dendrimers after a 48-hour treatment. These further highlighted the
potential of dendrimeric nanoparticles as therapeutic agents.
The majority of the biofilm control studies have focussed on biofilm prevention because
this is assumed to be more clinically relevant than eradication of formed biofilms as
infected catheters are usually changed when blocked (NICE, 2012). P. mirabilis and
Providencia stuartii are the most common colonisers in blocked catheters but no
catheters are currently capable of completely resisting P. mirabilis catheter blockage
(Kunin, 1989, Hooton et al., 2010). Hence, there is a justified reason for the current
focus on the use of dendrons to eradicate P. mirabilis infections in catheters. It is
proposed that an antimicrobial molecule which possesses both preventive and
eradicative properties would be beneficial to extend the longevity of the implanted
catheter and possibly to enhance patient’s comfort as the agent acts to eliminate
biofilms formed over time and to prevent more accumulation. The eradicative potential
of an antimicrobial is important as it also gives insight into its ability to effectively
breach the biofilm barrier (Kavanaugh and Ribbeck, 2012, Lewis, 2001). Therefore,
both the preventive and eradicative properties of the dendron were assessed in the
present research project.
Studies have shown that antibiotics are not completely effective against biofilm
prevention for reasons including the inhibitory action of biofilm EPS matrix and limits
imposed by existence of different growth phases of bacterial cells within the biofilm
(Stewart, 1996, Brown et al., 1988, Xu et al., 2000). Therefore, interest is also growing
in the use of combination treatments that can eliminate or reduce the barriers posed by
biofilms against antimicrobial therapy. The combination strategy is already used
clinically against infections, by combining antibiotics with different mechanisms of
action in order to reduce incidence of antibiotic resistance.
Cephalosporins (β-lactam antibiotic) and clavulanate are commonly implemented
against

extended-spectrum-beta-lactamase

(ESBL)-producing

bacteria

of

the

Enterobacteriaceae family which includes species such as P. mirabilis. In the
combination, the clavulanate inhibits the enzymatic action of β-lactamase producing
bacteria (Campbell et al., 2012, Rupp and Fey, 2003). β-lactamase producing bacteria
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would usually hydrolyse the β-lactam ring of the cephalosporin in absence of the
clavulanate antibiotic. This combination therapy ensures that the cephalosporins are
effective against target bacteria that may have developed resistance to β-lactam
antibiotics (Campbell et al., 2012). Other combinations of the antibiotics minocycline
and rifampin have been tried for the prevention of catheter-associated urinary tract
infections. It was demonstrated that the combination of these broad-spectrum antibiotics
reduced the insurgence of catheter-associated urinary tract infection, but did not
eliminate the development of antibiotic resistant strains and were effective up to 2
weeks (Darouiche et al., 1999). Therefore, long-term treatment options are still
required.
Antibiotic combination treatments can reduce emergence of antibiotic resistant strains
provided that the antibiotic resistance genes of both drugs are not carried on the same
plasmid, because in the latter case this might result in development of doubly resistant
strains (Bonhoeffer et al., 1997). In this case, the benefit of using two different
antimicrobials such as dendron and antibiotic is that these are much more distinct, thus
reducing the probability that resistance to either would be carried on the same bacterial
plasmid. Hence, it has become imperative to examine other combination treatments
especially against biofilms. Such combinations usually rely on development of a
synergistic response. Whereby, an increased anti-biofilm effect is generated from the
combination of the multiple antimicrobial agents compared with sum of the effect
generated from the sole use of these agents (Kohanski et al., 2010). Therefore, both the
sole use of the dendron and its use in combination with either antibiotics or
bacteriophages were assessed in this chapter.

6.2

Aim of chapter

The aim of this chapter was to assess the antimicrobial potential of poly (epsilon-lysine)
dendron in combatting Proteus mirabilis biofilms in vitro, and identifying how
dendron-based combination treatments can improve biofilm prevention. Several stages
were involved namely:
1. The co-incubation of dendrons with bacterial cells to determine their ability to
prevent P. mirabilis biofilm formation
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2. The treatment of preformed mature biofilms of P. mirabilis using dendrons
3. The effect of using combination treatments to improve bacteriophage and
antibiotic-based prevention of biofilms
With results from this chapter, it was determined whether the dendron could be
considered as an equal or arguably better treatment than current clinical (antibiotics) and
experimental (bacteriophage) therapeutic strategies.

6.3

Materials and Methods

6.3.1 The basis for bacterial strain selection
Based on the results obtained in Chapter 4, bacteriophage 289b was found to be the
most effective in the reduction of P. mirabilis biofilm formation. Therefore, the P.
mirabilis strain on which this bacteriophage was first isolated was used in the study to
assess the biofilm preventive and eradicative properties of the Gen3K dendron. This
clinical strain Pm289 was also determined to be a strongly dense biofilm former
(Chapter 2); hence it was considered as a suitable candidate to challenge the
antimicrobial properties of the Gen3K dendron in this chapter.

6.3.2 Anti-biofilm assay – Biofilm prevention
To assess the ability of the dendron to prevent biofilm formation in vitro, P. mirabilis
was co-incubated with different concentrations of the dendron. The dendron was
dissolved in the Luria Bertani (LB) broth and filter-sterilised through 0.22 µm filter
units (Sartorius Minisart), the concentration of the dendron was adjusted using LB broth
to obtain final concentrations of 2 – 0.25 mg/mL. An aliquot (0.1 mL) of the dendron
was placed in triplicate wells of a 96-well microtitre plate. The bacterial cells (OD600 =
1) were added to give a final concentration of 1 x 107 CFU/mL as done in Chapter 4, the
plates were incubated statically at 37°C. At intervals, total cell and biofilm densities
were spectrophotometrically measured at 600 nm. Both total cell and biofilm densities
of dendron-treated cells were compared with the untreated controls. Triplicate wells
were always incubated and all experiments repeated at least twice on different days.
After incubation, the absorbance of the planktonic cells within the wells where biofilms
were formed was measured by placing the plate in a microplate reader (Asys UVM 340)
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and collecting readings at 600 nm (OD600). This was done to assess the antibacterial
potential of the dendron with respect to its ability to inhibit planktonic bacterial growth.
For biofilm formation assessments, all crystal violet staining, dissolution and
spectrophotometric measurements were performed as described in Chapter 3 (Section
3.3.5.2). For data analysis, the mean value of the negative control (wells containing only
LB broth) was subtracted from the obtained optical density (OD) values of wells
containing bacterial cells. This way the data were mathematically corrected to identify
only values corresponding to the presence of biofilms. The prevention of biofilm
formation was defined as a statistically significant reduction in biofilm density when
compared with the untreated host control, and the percentage prevention of biofilm
formation was calculated using equation 6.1:
% 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 = 100 ×

𝑶𝑶𝑶𝑶(𝒖𝒖𝒖𝒖𝒖𝒖𝒖𝒖𝒖𝒖𝒖𝒖𝒖𝒖𝒖𝒖𝒖𝒖 𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄)−𝑶𝑶𝑶𝑶(𝒕𝒕𝒕𝒕𝒕𝒕𝒕𝒕𝒕𝒕𝒕𝒕𝒕𝒕 𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔)
𝑶𝑶𝑶𝑶(𝒖𝒖𝒖𝒖𝒖𝒖𝒖𝒖𝒖𝒖𝒖𝒖𝒖𝒖𝒖𝒖𝒖𝒖 𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄)

(Equation 6.1)

6.3.3 Anti-biofilm assay – Biofilm eradication
For analysis of the dendron’s potential to eradicate preformed biofilms, the biofilms
were allowed to form for 24 hours in microtitre wells using the same bacterial inoculum
as earlier. After incubation, planktonic cells were rinsed off using sterile phosphate
buffered saline and allowed to air dry in a microbiological safety cabinet class II for 10
minutes. Then, 0.1 mL of the filter-sterilised dendron solution in LB broth at
concentrations of 1 – 0.25 mg/mL was added to wells containing the preformed
biofilms. The plates were incubated at physiological body temperature of 37°C, then at
intervals the total planktonic cell and biofilm densities were spectrophotometrically
evaluated. Biofilm density was measured after crystal violet staining and elution of stain
with 95 % v/v ethanol. Untreated controls contained the bacterial host in LB broth only.

6.3.4 Combination treatments against Proteus mirabilis biofilms using
dendron with either antibiotics or bacteriophages
This aspect of the study was conducted to identify if synergistic activity was present
when the dendron and either the antibiotic (ciprofloxacin) or bacteriophage 289b were
utilised in a combination-treatment strategy.
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In the ciprofloxacin and dendron combinations, the dendron concentration was kept
constant at 1 mg/mL, to which different concentrations of the ciprofloxacin antibiotic
(0.004 – 128 mg/L) were added. Ciprofloxacin was selected as a choice antibiotic
because it was the most effective antibiotic during susceptibility tests (Chapter 3
Section 3.4.3). The antibiotic concentration range used was the recommended standard
for testing the minimum inhibitory concentration (MIC) of ciprofloxacin (Andrews,
2001). As previously detailed, bacterial cells were added to microtitre wells and
biofilms were allowed to form for 24 hours. Biofilms were formed for 24 hours because
at this time point an extensive EPS matrix with high biofilm density was obtained for
the biofilm positive control. The resulting total cell density and biofilm density of
crystal violet-stained wells was measured after 24 hours of treatment. From these data,
the efficacy of the combination treatment for biofilm prevention was analysed by
comparison with the non-combined treatment strategies and untreated controls.
Percentage inhibition of bacterial growth was calculated using equation 6.2.
𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 𝑖𝑖𝑖𝑖ℎ𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 𝑜𝑜𝑜𝑜 𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔ℎ =

(Equation 6.2)

𝑂𝑂𝑂𝑂 (𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐)−𝑂𝑂𝑂𝑂 (𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠)
𝑂𝑂𝑂𝑂 (𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐)

× 100 %

Having assessed the ability of the bacteriophage and dendron as separate entities to
prevent and eradicate P. mirabilis biofilms, it was necessary to also investigate presence
of synergistic activity when both were used simultaneously to control biofilms. To an
inoculum of bacterial cells (1 x 107 CFU/mL), the dendron concentration was kept
constant at 1 mg/mL and to this, bacteriophage 289b was added to final concentrations
of 1 x 109, 1 x 107, 1 x 105 and 1 x 103 pfu/mL. Each dilution was tested in
quadruplicate wells and the plates were incubated for 24 hours at 37°C. After doing the
same biofilm assay to assess preventive ability, planktonic cells were transferred to a
new plate and the viable bacterial cell number obtained using the Miles-Misra technique
(Chapter 3 Section 3.3.2). Bacteriophages were enumerated using the double agar
overlay technique as described in Chapter 2 Section 2.3.7. The biofilm plates were
gently rinsed with sterile reverse osmosis water leaving only the biofilm bacteria
attached to the microtitre plate. Crystal violet staining of the biofilm was performed and
biofilm density measured as previously described. The assay was repeated twice to
determine reproducibility.
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6.3.5 Light microscopy of biofilm architecture
For physical assessment of the biofilm architecture, which included the adherent
bacteria and biofilm-associated EPS formation in treated and untreated samples,
inverted light microscopy was employed. The images were obtained using 32×
objective lens captured with an attached live camera (QIClick Digital CCD Camera,
QIMAGING, USA) in the Axiovert 25 inverted microscope (Zeiss, USA).

6.3.6 Statistical analysis
Data were presented as mean with standard error of at least two independent repeats of
experiments. Before analysis, all raw data values were normalised by subtracting the
background control (no bacteria in LB broth) from the raw data. This ensured that only
the data associated with the samples were analysed. All statistical analyses were
performed using SPSS version 22 (IBM Inc.) and p values < 0.05 were considered
statistically significant. Unless otherwise stated, one-way statistical analysis of variance
(one-way ANOVA) test was used to analyse data.

6.4

Results

6.4.1 Effect of Gen3K on prevention of P. mirabilis biofilm
The ability of the dendron to prevent biofilm formation by P. mirabilis cells was
evaluated over 48 hours using the microtitre plate model, the resultant biofilm density
after treatment for different timely intervals are shown in Figure 6.1. Two rapid
population expansion phases were observed in Pm289 biofilm development, occurring
within hours 8 – 16 and 20 - 24 hours. Within the first 8 hours, dendron doses below 2
mg/mL were unable to prevent the rise in biofilm density and as such the biofilm
density increased for these treatment groups. The dendron showed a significant
interaction effect between dendron dose and duration of treatment on the overall
reduction of biofilm density. This interaction effect was observed at different time
points. At the early biofilm formation phase (8 hours), the only dose to prevent biofilm
formation was 2 mg/mL, but the doses 1 - 0.25 mg/mL were effective after 8 hours and
significantly prevented (p < 0.001) biofilm formation after 16 – 48 hour treatment
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compared with the untreated control. The most effective dose for P. mirabilis biofilm
prevention at all time points was 2 mg/mL and there were no statistically significant
differences in biofilm prevention within all treatment times when the 2 mg/mL dose was
used. Prevention of biofilm formation was in the range 43.9 % – 98.5 %, with the
highest preventive ability observed after a 48-hour treatment with the 2 mg/mL dendron
dose.
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0

*
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Treatment duration (hour)
Figure 6.1

Effect of Gen3K dendron on the biofilm formation of P. mirabilis

Pm289
*indicates values which were statistically significantly different (p<0.05) from the untreated
control. The total biofilm biomass formed after treatment were quantified using a crystal violet
assay after growth in the presence of Gen3K for 8 – 48 hours, at 37°C under static conditions. At
each time point, the difference in biofilm density between the dendron-treated samples and the
untreated control (0 mg/mL) was statistically significantly different (p value <0.001). The
differences in biofilm density as a result of dendron dose were greatest at hour 8, where the
difference between the treated groups and untreated control (0 mg/mL dendron -blue line) varied
between doses. Statistical analysis was performed using the repeated measures ANOVA test
214

with post-hoc pairwise-comparisons. All reported p values underwent a Bonferroni correction to
reduce type-1 error (false positives) due to the multiple comparisons done; this meant that the
risk of identifying a significant result simply due to chance was reduced below the significance
level of 5 % (p < 0.05). The error bar represents the standard error of the mean of two
independent repeats performed on two different days.

6.4.2 Effect of Gen3K against planktonic cell growth
The ability of the dendron to inhibit bacterial growth was assessed by absorbance
measurements. The absorbance of the planktonic cells within the wells where biofilms
were formed was measured by placing the plate in a microplate reader (Asys UVM 340)
and collecting readings at 600 nm (OD600). These readings were obtained before the
crystal violet staining of the biofilm. From these absorbance measurements, it was
demonstrated that the P. mirabilis growth was only slightly inhibited by the dendron at
the highest concentration used compared with the untreated control (Figure 6.2). The
bacterial cells were cultured in LB broth culture medium and treated with different
concentrations of Gen3K dendron. The same concentrations as used for biofilm
prevention were implemented here. The in vitro growth inhibition of Gen3K dendron
against P. mirabilis was statistically analysed using the repeated measures one-way
ANOVA test accompanied by pairwise comparisons, with Bonferroni adjustment of pvalues.
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Figure 6.2

Inhibition of P. mirabilis Pm289 bacterial growth by Gen3K

*indicates values which were statistically significantly different (p < 0.05) from the untreated
control. Statistical analysis demonstrated that bacterial growth after 8 and 16 hours were
significantly inhibited by the dendron at doses 2, 1 and 0.25 mg/mL (p values 0.007, 0.003 and
0.011 respectively) for 8 hours treatment and at all doses (p values 0.002, <0.001, 0.001 and
0.004) after 16 hours of treatment. The 16-hour treatment produced the greatest inhibitory effect
in the range 20.8 % – 23.9 %, and the highest inhibitory activity (23.9 %) was observed with 1
mg/mL dendron after the 16-hour treatment. Further increase in treatment duration did not have a
statistically significant effect.

6.4.3 Gen3K eradication of preformed P. mirabilis biofilms
To further explore the anti-biofilm property of the Gen3K dendron, its eradicative
potential against preformed mature biofilms of P. mirabilis Pm289 was investigated.
The same dendron doses, as applied in the biofilm prevention experiments, were
employed again. Firstly, the biofilm was allowed to form for 24 hours in wells of a 96
well microtitre plate in the absence of the dendron. After this incubation time,
planktonic cells were rinsed off, the dendron solution was diluted in culture media and
added to the wells containing the preformed biofilms. Overall, the data showed that 0.25
mg/mL dendron had the least eradicative effect against P. mirabilis biofilms and 2
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mg/mL exhibited the greatest eradicative effect with 83.5 % of the biofilm eradicated
after 24 hour treatment. The trend of biofilm deposition was similar between treated and
untreated samples. However, the presence of the dendron still significantly eradicated
biofilms especially after 24 hours of treatment Figure 6.3

Figure 6.3

Ability of Gen3K to eradicate preformed biofilms of P. mirabilis

Pm289
* indicates values which were statistically significantly different from the untreated control, the
broken lines indicate the specific groups per treatment duration that were significantly different
from the untreated control. The most effective treatment duration for eradication of the 24 hour
preformed biofilms were 3 and 24 hours. At these time points, the preformed biofilm density was
significantly reduced at doses 0.5 – 2 mg/mL after 3 hours and all doses (0.25 - 2 mg/mL) after 24
hours (all p values ≤0.002). A statistically-significant increase in biofilm density of 16.9 % was
observed at hour 3 compared with the untreated control (p <0.001). All other increases in biofilm
density were not statistically significant when compared with the mean value of the untreated
control. The data points are the means of two independent repeats ± standard error. The values
were compared with the untreated control (0 mg/mL dendron) at *p < 0.05 using repeated
measures one-way ANOVA test accompanied by pairwise comparisons and Bonferroni
adjustment of p-values.
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6.4.4 Microscopic examination of biofilm structure after dendron
treatment
Further investigations into the effect of the dendron on biofilm structure were conducted
with inverted light microscopy. In both anti-biofilm assays for prevention and
eradication, the dendron was effective at eliminating the biofilm associated EPS matrix
in a dose-dependent manner. For prevention of biofilms, the representative
photomicrographs were for 48 hour after treatment and for eradication of biofilms after
24 hour treatment. These were the most effective treatment durations at all doses.
Images of biofilm structure from the bottom of the wells of the microtitre plate in which
the biofilms had formed were obtained, visually assessed for differences and compared
with the untreated control as illustrated in Figure 6.4.
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Figure 6.4

Representative photomicrographs of P. mirabilis crystal violet

stained biofilms formed on the bottom of the wells of microtitre plates
The dendron was either co-incubated with bacterial cells for biofilm prevention or used to treat
preformed biofilms for eradication. Biofilm structure after 2 mg/mL dendron treatment
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demonstrated prevention of the biofilm associated EPS (A), and eradication of the EPS from
preformed biofilms (B). Other concentrations of dendron used were 1 mg/mL (C and D), 0.5
mg/mL (E and F), 0.25 mg/mL (G and H) and the untreated control (I). The connective meshwork
of EPS against which the dendron was active is highlighted in the untreated control (red circle).
Scale bars: 20 µm.

6.4.5 Combination treatment strategies against Proteus mirabilis
infections
6.4.5.1

Inhibition

of

bacterial

growth

following

Gen3K-

ciprofloxacin combination treatment
Further investigations into improvements in inhibition of bacterial growth by the
dendron and a standard antibiotic were performed using simultaneous dosing of cells
with the dendron and ciprofloxacin. This selection was based on antibiotic sensitivity
data obtained in Chapter 3 (Section 3.4.3), where ciprofloxacin showed greatest
inhibitory effect against the growth of P. mirabilis. The 1 mg/mL dendron dose was
used here as it showed the most bacteriostatic effect in previous Gen3K treatments
(Figure 6.2). The ciprofloxacin concentrations implemented included the standard
recommended range for determining minimum inhibitory concentration (MIC) in
clinical laboratories. A Welch ANOVA was conducted to determine if the percentage
inhibitory effect was statistically significantly different between treatment groups:
ciprofloxacin alone, Gen3K+CIP and Gen3K alone. At Gen3K+CIP 0.004 mg/L and
Gen3K+CIP 0.008 mg/L the inhibitory activity was improved by 9.2 and 4.6 times that
of using ciprofloxacin alone at concentrations 0.004 mg/mL and 0.008 mg/mL
respectively. With ciprofloxacin alone the MIC50 (the lowest concentration of the
antibiotic that led to > 50 % reduction in bacterial growth) was 0.031 mg/L, however,
upon combining Gen3K with ciprofloxacin, the MIC50 was further reduced to 0.008
mg/L, which was an approximate four-fold reduction. Within the 24-hour period, the
dendron at 1 mg/mL had only achieved a 14 % inhibition of growth comparable with
the sub-inhibitory concentration of ciprofloxacin (1/32 MIC and 1/16 MIC) (Figure 6.5).
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Figure 6.5

Inhibition of bacterial growth by ciprofloxacin (CIP), Gen3K

dendron and the combination of ciprofloxacin with Gen3K (Gen3K + CIP)
The significance level was set at *p < 0.05, showing bacteriostatic effects that were significantly
different when the non-combined ciprofloxacin and combined Gen3K with ciprofloxacin were
compared. The dendron caused 14 % inhibition of bacterial growth and was significantly lower (p
<0.001) than that observed by the ciprofloxacin MIC90 value of 0.125 mg/ml, defined as the lowest
concentration of the antibiotic leading to > 90 % reduction in bacterial growth, based on
absorbance measurements at OD600. However, when the dendron and the antibiotic were used
together, the combination caused a significant improvement in growth inhibitory activity at subinhibitory concentrations of the antibiotics: 1/32 MIC and 1/16 MIC which corresponded to 0.004 and
0.008 mg/L ciprofloxacin. The alternative Welch test was conducted as the majority of the data
violated the assumption of homogeneity of variances required for the one-way ANOVA test. The
data represented are the means of at least two independent repeats with error bars representing
the standard error of mean.
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6.4.5.2

Co-incubation of dendron and antibiotic for P. mirabilis

biofilm prevention
After it was found that the dendron on its own could effectively reduce P. mirabilis
biofilm formation with significant removal of the biofilm EPS matrix (Section 6.4.4),
and that the combination treatment with ciprofloxacin improved bacteriostatic activities
of both the dendron and sub-MIC values of ciprofloxacin against planktonic cells,
further investigations involved assessing the anti-biofilm effect of this combination
strategy. The dendron concentration used was 1 mg/mL and clinically-relevant
ciprofloxacin concentrations between 0.004 – 1 mg/L were implemented. The
ciprofloxacin concentrations were in the range of 8 - 1/32 times the MIC.
Statistical analysis focused on identifying any significant differences in biofilm density
between the combined treatments and when ciprofloxacin was used on its own. In
comparison of combined (Gen3K+ CIP) and non-combined ciprofloxacin (CIP)
treatments, the statistical analysis showed that the combined treatments significantly
improved biofilm prevention at sub-MIC ciprofloxacin values of 0.004 - 0.016 mg/L
mg/L (all p values ≤ 0.008). Also, anti-biofilm effect at these concentrations was
significantly lower than the untreated control (p <0.001). This anti-biofilm action was
advantageous because when ciprofloxacin was used on its own the biofilm density
increased at the sub-MIC values 0.004 mg/L and 0.008 mg/L (21.8 % and 33.5 %
respectively) compared with the untreated control. At the MIC value (0.125 mg/L) and
above, the biofilm density was lower compared with the combination treatment. These
reductions in biofilm density due to the sole use of ciprofloxacin were not statistically
different from when the dendron was used on its own. No other statistically significant
differences between combined and non-combined treatments were observed.
The resultant biofilm densities after 24 hours treatment with the combination treatment
(Gen3K + CIP) and non-combined ciprofloxacin controls are represented in Figure 6.6.
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Figure 6.6

Effect of combination treatment Gen3K and ciprofloxacin on the

prevention of P. mirabilis Pm289 biofilm
Gen3K (1 mg/mL) retained its anti-biofilm activity compared with the untreated control (p<0.001)
with up to 80 % biofilm formation prevented from forming. The combination treatments improved
ability of ciprofloxacin to prevent biofilm formation at sub-inhibitory concentrations of the
antibiotics. With regards to statistical analysis, the data here violated the homogeneity of variance
assumption for performing the one-way ANOVA statistical test, hence a Welch’s ANOVA test was
performed with Games-Howell post-hoc pairwise comparison, with significance level set at
*p<0.05. The data are the mean of two independent repeats with error bars representing the
standard error of the mean.

6.4.5.3

Dendron and bacteriophage combination for biofilm

prevention
Having established the improvements in both biofilm prevention and bacteriostatic
activity when combination treatment of dendron with the ciprofloxacin antibiotic was
implemented, it was necessary to identify if similar improvements in bacteriophage
anti-biofilm activity would be observed. To this end, the dendron and bacteriophage
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were co-incubated with bacterial cells for 24 hours and resultant biofilm densities were
calculated and reported in Figure 6.7.

Figure 6.7

Biofilm prevention using combination treatment of Gen3K dendron

and bacteriophage (ɸ) 289b against P. mirabilis strain Pm289
Pairwise comparisons between the untreated control and treated samples showed that the biofilm
density after treatment with Gen3K and all dendron-phage combination treatments (Gen3K + ɸ9,
ɸ7, ɸ5 and ɸ3) were statistically significantly lower compared with the untreated control. The
associated *p values were all < 0.001. Using phage alone did not significantly prevent biofilm
formation after the 24 hour treatment duration. Mean values of two independent repeats ±
standard error were plotted. Bacteriophage was implemented at concentrations 109, 107, 105 and
103 pfu/mL (ɸ9, ɸ7, ɸ5 and ɸ3) corresponding to concentrations used in Chapter 4. Since some
of the data did not correspond to a normal distribution based on Shapiro-Wilk test of normality,
the Kruskal-Wallis H-test was performed, which is a non-parametric alternative to the one-way
ANOVA test.

The presence of synergistic activity was also investigated as it was hypothesised that
using the dendron and bacteriophage would further prevent biofilm formation.
However, no such synergistic activity was observed from the data. Moreover, the
dendron maintained the anti-biofilm properties in the presence of the bacteriophage, but
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at a slightly reduced level. After the 24-hour treatment, the sole use of the dendron
significantly improved anti-biofilm effect compared with using the bacteriophage alone
at all concentrations of bacteriophage implemented (109 – 103 pfu/mL; p value < 0.001 0.008 respectively). There were also increases in biofilm formed after a 24-hour
treatment with phage 109 pfu/mL and 107 pfu/mL (17.3 % and 16.1 % increase
respectively), but these were not statistically significantly higher than the untreated
control group.

6.4.5.4

Effect of bacteriophage 289b with dendron combination

treatment against growth of planktonic P. mirabilis cells
In this part of the investigation, the bacteriophage, dendron and combination treatments
exhibited different antimicrobial activities against P. mirabilis Pm289. To assess
bactericidal activity, surviving bacterial cells were enumerated using the Miles-Misra
technique (section 6.3.4). Pairwise statistical comparisons were performed between
treatment groups and the untreated control (depicted as having 0 % bactericidal activity,
as the untreated control was the host Pm289 alone). Bacteriophage concentration after
treatment was also enumerated using the double-agar overlay technique as described in
the methods. Statistical analysis was performed using the Kruskal-Wallis nonparametric test with pairwise comparisons.
The greatest antibacterial activity was obtained by using a combination of the dendron
and bacteriophage in which the initial bacteriophage concentration was 105 pfu/mL.
However, there were no statistically-significant synergistic responses when dendron and
phage were combined compared with the sole use of either. Overall, the bactericidal
activity was increased when combination treatment of bacteriophage and dendron were
implemented compared with either sole use of the bacteriophage or dendron, except
when the dendron was used in combination with bacteriophage at 103 pfu/mL (Figure
6.8).

225

Figure 6.8

Bactericidal activity against planktonic cells and bacteriophage

counts after combination treatment (Gen3K with bacteriophage 289b)
The bacteriophage was used at concentrations 109, 107, 105 and 103 pfu/mL (ɸ9, ɸ7, ɸ5 and ɸ3).
*p values were <0.05, hence combination treatments Gen3K with bacteriophage at 107, 105 and
103 pfu/mL demonstrated significant bacterial killing against Pm289 in comparison with the
untreated control. The bactericidal activity of Gen3K with bacteriophage 105 pfu/mL was also
significantly higher than when Gen3K was used on its own (**p = 0.032). For bacteriophage
counts (red diamonds- ), no significant differences in bacteriophage concentrations were
observed when grown with or without the dendron. Only when the dendron was co-incubated with
bacteriophage titres of 107 and 105 pfu/mL was there a slight decrease in number of phage
progeny lysed from the bacterial cells observed. Nonetheless, this decrease was not significantly
different from the bacteriophage concentration when only bacteriophage and bacterial cells were
incubated. The mean of two independent experimental repeats with error bars representing the
standard error of the mean were presented.

6.5

Discussion

The synthesis and characterisation of novel antimicrobial molecules and newly
identified applications for molecules which were previously untested for antimicrobial
activity have been receiving increased attention (Zhou et al., 2006, Wang et al., 2006,
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de la Fuente-Nunez et al., 2014). This is still because novel antimicrobial strategies and
tools are required in the face of the global crisis of antibiotic resistance. These strategies
are required to prevent a catastrophe that shifts treatment back to the pre-antibiotic era
in which treatment of common bacterial infections becomes difficult (Spellberg et al.,
2008). With this in mind, the data reported in this chapter have assessed the potential for
application of Gen3K dendron in the treatment of P. mirabilis biofilms using in vitro
assays. In addition, its synergistic properties have been assessed in combination
treatment strategies to identify improvements in anti-biofilm properties of antibiotics
and bacteriophages, which is a novel contribution to scientific knowledge.

6.5.1 Time-dose effect of Gen3K dendron for prevention and
eradication of biofilms
Biofilm growth is essential for survival of bacteria in the natural environment (HallStoodley et al., 2004), but in a clinical environment, biofilm formation is a major
virulence factor which facilitates colonisation through bacterial adherence to
biomaterial surfaces (Sanchez et al., 2013). With regards to the data in this study it was
demonstrated that a time-dose effect was an important factor in the prevention of P.
mirabilis biofilms using Gen3K dendron. The dendron which possesses peripheral
lysine amino groups that can be positively charged in polar solvents has been shown to
possess the potential to significantly prevent P. mirabilis biofilm formation. However,
its effect on bacterial growth after 24 hours was limited. Reports have shown that other
lysine containing polymers such as the naturally occurring ε-poly-L-lysine (ε-PL) are
commonly used as an antibacterial agent especially in the food industry (Geng et al.,
2014). Even at low concentrations of 5 μg/mL, ε-PL was able to reduce viable cell
numbers of Escherichia coli O157:H7 by 90 % (Ye et al., 2013). The natural ε-PL used
by Ye et al., (2013) consisted of 25–30 L-lysine residues, which has approximately
twice the number of lysine amino groups contained in Gen3K dendron (15 lysine
residues) used in this study. It is possible that, with increasing amounts of positively
charged amino groups, the antibacterial activity could increase (Shih et al., 2006). More
importantly, the results of the in vitro study presented here demonstrated that, even with
the reduced amount of lysine residues, a significant reduction in biofilm formation of up
to 98.5 % was established (Figure 6.1).
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Within the early phases of biofilm formation when the bacterial cells establish
attachment (around 8 hours), an unexpected increase in biofilm density at dendron doses
below 2 mg/mL was observed (Figure 6.1). Since, bacterial cells were rapidly
multiplying at this stage (logarithmic phase), from Figure 6.2 the bacterial cells
responded to lower Gen3K doses by increasing biofilm deposition. Therefore, it is
proposed that at the higher dose (2 mg/mL) the dendron overwhelms the bacterial cells
and prevents bacterial attachment. However, at doses below 2 mg/mL which resulted in
increased biofilm density an ecological response to prevent anti-biofilm action occurs at
hour-8. Buchholz et al. showed that tetracycline, a bacteriostatic antibiotic, was
inhibited by biofilm cells of Pseudomonas putida through active pumping out of the cell
within the first 10 hours of treatment. Despite this, it was assumed that some antibiotics
which had already interacted with cellular targets were able to cause reduction in viable
cell numbers after the initial ten hours (Buchholz et al., 2010). This may also be how
the dendron was then able to then reduce biofilm formation at doses lower than
2mg/mL, when the treatment duration was increased.
Based on the latter, it was observed that by increasing treatment duration all doses
tested were effective in the prevention of growth of a biofilm to a statistically significant
degree compared with the untreated control. These data indicated that the increased
biofilm layer previously observed did not inhibit the dendron effect. The dendron
cleared the biofilms and prevented any further increase throughout the duration of the
48-hour assay. Some antimicrobial agents are reportedly able to show both forms of
antimicrobial activity: bactericidal and bacteriostatic over time (Pankey and Sabath,
2004). From the microscopic data, it was demonstrated that the dendron’s main effect
was to reduce adherence and synthesis of the EPS matrix (Section 6.4.4) which is a
major component of the biofilms for anchoring adhered bacterial cells to surfaces.
Prevention of biofilms is clinically relevant as it could reduce the chance of biofilms
developing on the surface of the medical devices such as urinary catheters and in
chronic wounds. Also, in cases of infections which are not medical device-related
(chronic wounds), it is possible that the clearance of the EPS matrix may result in
improved bactericidal activity of antibiotics as the bacterial cells become unprotected
from the EPS barrier.
Establishing that the dendron was able to minimise deposition/synthesis of the EPS
matrix, a second assay tested the ability of the dendron to eradicate preformed 24-hour
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biofilms. The dendron was able to completely eradicate the EPS matrix and reduce
biofilm density by up to 83.5 % after 24-hour. This is a clinically beneficial finding as it
is reported that, once biofilms have been established, it becomes increasingly difficult to
remove because antibiotic concentrations required for eradication are difficult to reach
in vivo (Wu et al., 2015, Hengzhuang et al., 2011, Belfield et al., 2015). Being a
nanoparticle, it may be that the dendron is small enough to either penetrate the EPS
matrix to exercise some bacteriostatic activity as well as to act against the bacterial cells
or EPS layer resulting in the disintegration of the matrix holding the bacterial cells
together. This is in line with the commonly accepted theory that an antimicrobial which
inhibits biofilm growth is able to diffuse through the biofilm and act normally against
the biofilm-associated bacteria (Lewis, 2001). As observed in the prevention assay, a
dose–dependent response was in effect with the higher concentrations of 1 – 2 mg/mL
being more effective at eradication after the 24-hour treatment.

Alternatively, the

dendron may have a detergent-like effect as it was able to degrade the exopolymeric
biofilm matrix which is rich in anionically charged molecules such as DNA and
polysaccharides, that the positively charged dendron could interact with (Vu et al.,
2009). This could be further studied using peptide–lipid membrane interactions between
the positively charged dendron and the anionic charged lipid membrane of bacterial
cells as described by Bechinger and Lohner, (2006).

6.5.2 Assessment of synergistic response from combining dendron
with antibiotics
Having established that the dendron possessed both preventive and eradicative
properties against P. mirabilis biofilms, the presence of a synergistic or additive
response from combining the dendron with either antibiotics or bacteriophage was
assessed. When the combination treatment produced a preventive or bactericidal
response greater than the sum of the individual treatments, this was said to be
synergistic. However, if the response was equal to the sum of the individual treatments
then it was said to be additive (Kohanski et al., 2010).
With respect to combining antibiotics with the dendron, the focus for biofilm prevention
was at sub-inhibitory (sub-MIC) concentrations of ciprofloxacin. This was because the
development of antibiotic resistance is reportedly heightened at sub-inhibitory
concentrations of antibiotics, due to evolutionary responses which promote antibiotic
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tolerance (Andersson and Diarmaid, 2014, Gullberg et al., 2011). Based on the data
obtained, an increased biofilm density was obtained at sub-MIC values when
ciprofloxacin was used on its own, which agrees with the hypothesis above. Although
no synergistic responses occurred in regards to biofilm prevention for the combination
treatment, the simultaneous use of dendron and sub-inhibitory concentrations of
ciprofloxacin resulted in a significant reduction of biofilm density when compared with
the sole use of the antibiotic (Figure 6.6). In cases where antibiotic entry into the
biofilm matrix is inhibited by the EPS matrix, which results in sub-inhibitory
concentrations of antibiotic within the biofilm, the data illustrated that the dendron had
the potential to prevent the associated increase in biofilm formation. This could be an
antimicrobial strategy to reduce the development of antibiotic resistance in biofilmrelated infections.
With respect to bacteriostatic activity against planktonic cells from using the
combination treatment, the data presented here supported those reported by other
authors, which have combined other antimicrobial agents with antibiotics such as
bacteriophage and antibiotics with resultant synergistic response (Ryan et al., 2012).
From Figure 6.5, a synergistic response was noted at the sub-MIC doses, with a
significant increase in inhibition of planktonic cell growth when the dendron was used
in combination with ciprofloxacin. Since cationic antimicrobial agents are reported to
function by creating pores in the bacterial membranes, it is probable that the dendron
improved ciprofloxacin access through the bacterial membrane (Nuding et al., 2014).
Further insight into the dendron’s mechanism of action is required to understand the
synergistic mechanism underlying the antibacterial effect that occurred from 7.1 %
when 0.004 mg/L ciprofloxacin was used on its own and 14 % when the dendron was
used on its own, to 65.6 % when Gen3K was combined with the same concentration of
ciprofloxacin.

It may be speculated that dendrons can form complexes with the

antibiotic molecules and act as an efficient drug delivery system enhancing either the
antibiotic penetration and/or its bioavailability.
Other studies have also reported synergistic response when other types of dendrimers
were combined with antibiotics. Such combinations highlight the modifiable property of
dendrimeric nanoparticles in which the sub-units of the particle can be changed to select
for more bacterial toxic properties. For example, Bahar et al., reported a synergistic
bactericidal response when dendrimers that consisted of arginine and tryptophan
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subunits were combined with ciprofloxacin, tobramycin, and carbenicillin antibiotics to
eliminate multi-drug tolerant persister cells of Pseudomonas aeruginosa (Bahar et al.,
2015). This showed a potential benefit of combination treatment in reducing the burden
of antibiotic resistance as well as reducing the concentration of the dendrimer required
to kill persister cells (Bahar et al., 2015). These persister cells are the small population
of cells within the biofilm that are metabolically inactive and highly tolerant to
antibiotics (Wood et al., 2013).

6.5.3 Bactericidal activity of the dendron against planktonic cells
when combined with bacteriophage
Having demonstrated that the anti-biofilm potential of antibiotics could be improved by
using the dendron, it became interesting to know whether a similar improvement would
occur when bacteriophages were combined with the dendron. Therefore, the second
strategy involving combination of the dendron with bacteriophages with 24-hour
treatment was performed. Since the bacteriophage 289b showed reduced biofilmpreventive potential after 24 hours of treatment as reported in Chapter 4 (Section 4.4.1),
the combination with dendron was used to identify if any improvements in
bacteriophage antimicrobial activity would occur at this time point. As the
bacteriophages were lytic to bacterial cells, it was hypothesised that the bacteriophages
being used simultaneously with the dendron would increase the bactericidal activity of
the dendron against planktonic cells. The data obtained supported this hypothesis, but
only at the highest phage concentration of 109 pfu/mL was an additive effect seen
(Figure 6.8).
No synergistic responses were obtained at the concentrations tested, but what is referred
to here as an ‘enhanced effect’ against planktonic cell death was observed. This
supports previous data that the dendron is slightly bacteriostatic and then combined with
the phage an enhanced planktonic cell killing was obtained. Using bacteriophagebacteria ratios <1 resulted in higher concentrations of free bacteriophage progeny
produced after 24 hours. This might be explained by co-evolutionary dynamics working
in order to maintain stable communities of bacteriophage and its bacterial host. Hence,
it is proposed that the observed differences (Figure 6.8) were based on the initial free
bacteriophage-bacteria ratios at inception of the assay. The mass-action kinetics relates
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the density of bacterial host and amount of free bacteriophage to rate of the adsorption
between host and bacteriophages (Shao and Wang, 2008). At high bacteriophagebacteria ratios (100:1 - corresponding to bacteriophage concentration of 109 pfu/mL and
host of 107 CFU/mL) the adsorption rate is low as there would be too many
bacteriophages relative to bacteria. Thus, the majority of the hosts are quickly
eliminated, resulting in abortive infections in which bacterial cell numbers are reduced
without bacteriophage progeny production, because too many bacteriophage bind to one
bacterial cell resulting in abortive death of bacterial cells (Abedon, 2011, Shao and
Wang, 2008). Moreover, at the lower ratios the high bacterial density compared with
bacteriophages rapidly increases the chances of bacteriophage production over time.
Based on this, a correspondingly enhanced bactericidal effect was observed for ratios <1
(Figure 6.8).
As bacteriophage concentrations increase with increased treatment duration, a
bacteriophage-host arms race dominates, host bacterial cells numbers increase as well as
bacteriophage numbers towards maintaining a balance between lysis of bacterial cells
by bacteriophages and stability of bacterial cells for continual viral production (Stern
and Sorek, 2011). These data indicated that any bacteriophage-based therapy can be
influenced by the bacteriophage-bacterial ratios which will continually change over
time.

6.5.4 Anti-biofilm activity of the dendron-bacteriophage combination
With respect to the effect of dendron and bacteriophage combination on biofilms, the
enhanced bacterial killing response obtained from the combination treatment was
neither translated into an enhanced, synergistic nor additive anti-biofilm response. The
sole use of the dendron showed the greatest anti-biofilm property compared with the
combinations with bacteriophages.
Moreover, having the dendron in the combination meant that at doses where an increase
in biofilm formation occurred due to the sole use of bacteriophages, the dendron
prevented these increases in biofilm density and reduced biofilm densities below the
untreated control (Figure 6.7). Since these reductions were never lower than the effect
observed from sole use of the dendron, this could also be interpreted that the
bacteriophage lowered the anti-biofilm effect of the dendrons which may have occurred
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due to previously mentioned evolutionary responses in which the bacteriophage resists
extinction by maintaining its host population in vitro (Dennehy et al., 2006, Gallet et
al., 2012). Gallet et al. showed that at the stationary phase of bacterial growth, which is
a nutrient limiting phase, a residual fraction of bacteriophage exhibit low absorption to
the host to prevent bacteriophage extinction (Gallet et al., 2012).
In line with this, Sillankorva et al. demonstrated that biofilm embedded bacteria were
less rapidly lysed by bacteriophage compared with planktonic cells (Sillankorva et al.,
2004b); hence increased biofilm deposition could reduce bacteriophage action. From
these results, it was shown that bacteriophage lysis is influenced by limited growth
stage of bacterial cells within the biofilms. If bacteria are not rapidly dividing,
bacteriophage lysis is reduced due to reduced protein synthesis in the cells, thus reduced
metabolic capacity for replication of bacteriophage DNA and synthesis of viral progeny
which resulted in the reduced bacterial destruction by bacteriophage (Ricciuti, 1972,
Propst-Ricciuti, 1976, Sillankorva et al., 2004a, Hanlon, 2007). Bacterial cells can all be
at different growth stages while embedded in the biofilm-EPS matrix, within which
oxygen and nutrient concentrations vary. Therefore, the cells may be composed of more
stationary phase states at deeper regions of the biofilms compared with those exposed to
the nutrient medium (Anderl et al., 2003, Brown et al., 1988). As speculated in the case
of a combined use with antibiotics, it can also be argued that dendrons form complexes
with the capsid or other components of the bacteriophage but in this case unlike with
antibiotics, the dendrons are prevented from exerting their full activity against the
bacterial cells.
Overall, although the concentration of bacteriophage susceptible bacterial cells may be
reduced, the presence of the dendron which was able to eliminate the biofilm
extracellular matrix and reduce biofilm density ensured that P. mirabilis biofilm
formation was significantly reduced in the combination treatment, although to a slightly
lesser extent compared with the sole use of the dendron.

6.6

Conclusion

Data from this chapter answered some important questions regarding the use of
generation three poly (epsilon-lysine) dendron as a potential therapeutic agent for the
treatment of P. mirabilis biofilms; either as a sole treatment or in combination with
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ciprofloxacin or P. mirabilis bacteriophage. The dendron was a potent agent against
formation of P. mirabilis biofilms as well as eradication of mature biofilms, where
significant eradication of the biofilm matrix was demonstrated by the dendron. It is
hypothesised that the latter may be due to detergent-like effects which has also been
demonstrated for other cationic antimicrobial agents (Bechinger and Lohner, 2006) or
other means that may involve disruption of biofilm gene expression, thus more insight
as to the interaction of the dendron with bacterial cells was obtained from studies in the
next chapter.
Combined treatment using Gen3K and ciprofloxacin resulted in antimicrobial synergism
at sub-minimum inhibitory concentrations of the antibiotic from 1/2 - 1/32 MIC. The
dendron was more effective at biofilm prevention compared with bacteriophages as
when bacteriophage 289b was used it caused up to 70.2 % prevention (Chapter 4,
Section 4.4.1) compared with 98.5 %, obtained by Gen3K dendron (Figure 6.1). The
dendron also eliminated the rise in biofilm density that occurred with bacteriophages at
the latter stages of biofilm development by using the dendron and bacteriophages
together (Figure 6.7). The combination treatments gave rise to a ‘multiple-hurdle’
antimicrobial strategy. With this multiple-hurdle approach, the bacterial cells would
have to the bypass the antibiofilm action of not just the dendron but both the dendron
and either ciprofloxacin or bacteriophage in the combination treatments. Thus, the
dendron was able to eliminate anti-biofilm shortcomings due to the sole use of either
ciprofloxacin or bacteriophage 289b.
Following on from this chapter, it became necessary to develop insight into the
dendron’s mechanism of action. In order to improve scientific knowledge and provide
further explanation for the effects observed during the single and combination
treatments in this chapter. Therefore, in the next chapter (Chapter 7), a greater
understanding of the dendron’s interaction with P. mirabilis was obtained. This would
improve scientific knowledge on the mechanism of action of this nanoparticle.
Differently from reports on other cationic particles, at the present time there are no
published reports concerning the mechanism of action of the Gen3K dendron against
uropathogenic P. mirabilis. Also, with regards to their future in vivo use, the
cytotoxicity of the Gen3K dendron on eukaryotic cells at biofilm eradicative doses was
investigated in the following chapter (Chapter 7).
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7. Interactions between poly (epsilon-lysine) dendron and Proteus
mirabilis bacterial membranes with an insight into their mechanism
of action
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7.1

Introduction

After demonstrating that the generation three poly (epsilon-lysine) dendron (Gen3K)
possessed anti-biofilm properties in the previous chapter (Chapter 6), the interaction of
the dendron with Proteus mirabilis bacterial cells was investigated using fluorescence
spectrophotometry, confocal and electron microscopy. These were performed as first
steps into a more in-depth understanding of the mechanism of action of dendrons on
bacterial cells.

7.1.1 Epifluorescent assay
The main method used was based on fluorescent labelling, which is an important
technique that has previously been used to assess the interaction of antimicrobials with
their bacterial targets (Imran et al., 2013). Fluorescent markers have been successfully
attached to peptides (Gazit et al., 1994, Imran et al., 2013, Bindman and van der Donk,
2013), antibiotics (Daddi Oubekka et al., 2012) and nanoparticles (Issa et al., 2014) to
identify their mode of action in bacterial cells. In this chapter, fluorescent labelling of
the dendron produced the molecule Gen3K-FITC. The dendron was labelled with
fluorescein isothiocyanate (FITC) which specifically reacts with amino groups of
compounds (Maeda et al., 1969). Other fluorescent markers which have been applied in
the study of biomolecules in bacterial cells include: BODIPY (4,4-difluoro-5,7dimethyl-4-bora-3a,4a-diaza-s-indacene-3-propionic acid) (Daddi Oubekka et al.,
2012), fluorescein-5-maleimide (Chu et al., 2008) and rhodamine (Gazit et al., 1994)
amongst others. Site-specific labelling of Gen3K was possible due to the presence of
one carboxyl (the C-terminus) at its core, and its 16 free peripheral amino (-NH2)
groups.
This high chemo-selective coupling method was useful in the application of fluorescent
labelling as multiple labelling of different reactive groups was avoided. Hence, the exact
location of the fluorescent tag was known (Bindman and van der Donk, 2013) thus
encouraging the use of the FITC molecule. Indeed, the reactive peripheral -NH2 groups
of the dendrons could be easily targeted as they were the only moieties available to the
fluorescent molecule. As demonstrated in Chapter 5, approximately two FITC
molecules per dendron molecule were attached by this type of reaction. This meant that
fourteen amino groups were still free in case these were responsible for dendron236

bacteria interaction. The fluorophores are able to absorb light of particular wavelengths
and emit the light at another wavelength (Figure 7.1), thereby, producing a colour that
can be quantitatively measured within a fluorescent spectrophotometer and or
qualitatively observed under a fluorescent microscope such as in the confocal laser
scanning microscope. This means that fluorescently tagged biomolecules can be
monitored in different biological environments, either in real-time to track the path of
the biomolecule or at specific end-points to determine the localisation of the molecule.

Figure 7.1

Schematic representation of process of excitation and emission

within the fluorescent tag
Light energy is absorbed by the fluorescent molecule, which causes electrons (e-) to become
excited (1) and move from a low energy state to a higher energy state. Afterwards, the electrons
drop back to a ground state, which causes energy to be released (emitted). The emitted energy
causes visible light to be released. Since the FITC fluorophore emits green light, the areas
appearing green within the bacterial cells would correspond to the localisation of the FITC
labelled dendron, provided the bacterial cells were not fluorescent themselves. Since the bacterial
strain used here did not emit green fluorescence, the selection of the FITC molecule for
fluorescent tagging of the dendron was considered suitable.

During the study, the bacterial cells were treated with the fluorescently labelled
dendrons which had been synthesised in Chapter 5 and either subjected to quantitative
fluorescence spectrophotometry or confocal laser scanning microscopy. In confocal
laser scanning microscopy, a double-staining method based on fluorophores: FITC
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(attached to Gen3K) and the nucleic acid stain 4', 6-diamidino-2-phenylindole
dihydrochloride (DAPI) were implemented. Use of DAPI enabled verification of cell
penetration as the nucleic acid stain acted as a reference for internal localisation of the
dendrons.

7.1.2 Transmission Electron Microscopy
Transmission electron microscopy (TEM) was then performed on dendron-treated
bacterial cells in order to determine if the dendron had any effect against bacterial
membrane integrity. It was expected that the dendron could act by disrupting the
integrity of the bacterial membrane. Also, other studies about the mechanism of action
of polycationic antimicrobials have shown that these types of molecules can interact
with anionic components of the cell membrane such as the techoic acids and anionic
lipids. These interactions would cause disruption of the bacterial cell membrane of both
Gram positive and Gram negative bacteria (Peterson et al., 1987, Friedrich et al., 2000,
Silhavy et al., 2010, Lehrer et al., 1989, Chen and Cooper, 2002). In accordance with
other studies, planktonic cells were used. It was expected that preceding biofilm
formation, the dendrons would interact with planktonic cells. Potentially, the effect on
the planktonic cells could have caused the resultant bacterial cell death and/or reduced
biofilm formation as observed in the previous chapter (Chapter 6).
Alongside the spectrometric and microscopic-based assessments of Gen3K interactions
with bacterial cells, the basis of their influence on two virulence factors specific to P.
mirabilis were also established. These included the effect on urease activity and
swarming. In P. mirabilis biofilm formation, the urease enzyme is significant as it
hydrolyses the urea in human urine to carbon dioxide which initiates formation of
urinary stones: magnesium ammonium phosphate (struvite) and calcium phosphate
(apatite) (Griffith, 1979, Nicholson et al., 1991). In medical devices, this creates a
unique crystalline biofilm which is prevalent in long-term catheterised patients
(Jacobsen et al., 2008). An inhibitory effect against urease activity would be useful in
the design of future studies of dendron activity in human urine. Since it was
hypothesised that the dendrons may target anionic components of the bacterial cell such
as the bacterial DNA, it was interesting to determine if DNA disruption would influence
urease and or swarming activity. For P. mirabilis, the swarming pattern is unique
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compared with other swarming bacteria because a bulls-eye pattern is created by P.
mirabilis strains on solid laboratory agar (Bjarnsholt et al., 2013). Swarming is a
coordinated activity which provides bacterial cells with the ability to migrate over solid
surfaces moving from one location to another (Jacobsen et al., 2008). Therefore, an
inhibitory effect of the dendrons against P. mirabilis swarming could be clinically
useful by limiting P. mirabilis movement. In relation to the dendron mechanism of
action, the data obtained provided a better understanding of the different scenarios in
which the dendron demonstrated both antibacterial and anti-biofilm activities.

7.1.3 Cytotoxicity assays
For the last part of this chapter, the in vitro cytotoxic effects of the dendron against
mammalian cells were also studied using two high throughput assays. The 3-(4, 5dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide tetrazolium reduction assay
(MTT) was implemented to identify the dendron’s influence on viable cell metabolism.
Upon interaction with the MTT compound, viable metabolically active cells convert
MTT to a coloured formazan product. The absorbance measurement of the formazan
product is proportional to presence of metabolically active cells (Riss et al., 2013).
Thus, treated and untreated cells can be compared to assess the biological effects of
most compounds.
Secondly, the lactate dehydrogenase (LDH) assay was conducted to identify the necrotic
effect of the dendron. Once cell membrane is damaged, cells release LDH (a cytosolic
enzyme) into the extracellular space. The LDH assay implemented also included the
formation of a formazan product (Madaan et al., 2014). Therefore, the amount of LDH
released would be directly proportional to the purple coloured formazan produced.
These were measured spectrophotometrically correlating the absorbance measurements
to the amount of cellular damage caused by the dendrons (Burd and Usategui-Gomez,
1973, Chan et al., 2013). It was important to identify the cytotoxic effects of the
dendrons as other amine-terminated dendrimeric molecules have been shown to be
highly cytotoxic compared with anionic charged molecules (Chen et al., 2004, Madaan
et al., 2014). However, these cytotoxic molecules were the much larger dendrimers
(generation 5 and greater), which have a high number of amine terminal groups. The
cytotoxic analyses are the first steps necessary for the assessment of the Gen3K
dendrons to determine their safe use as antimicrobial agents.
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Through shedding light on the mode of action of Gen3K and possibly that of other εlysine based dendrons, the technique used in the present project demonstrated the
advantages of combining confocal and electron microscopy, with double-staining
towards exploring the mechanism of action of membrane-active and cell penetrating
nanoparticles.
The data acquired from this chapter established the basis for the understanding of the
mode of action of generation three poly (ε-lysine) dendrons against Gram-negative
bacteria, using P. mirabilis as a model of pathogenic bacteria.

7.2

Aim of the chapter

The aim of this study was to characterise the interactions between Gen3K dendrons and
the Gram-negative bacterial cells using P. mirabilis strain Pm289 as a model pathogenic
bacterium. The data obtained led to a greater understanding of the mechanism of action
underlying antibacterial and anti-biofilm properties of the Gen3K dendron.
In addition, in vitro tests of the dendron interaction with mammalian cells were
performed as a first step in the assessment of the dendron cytotoxic properties against
mammalian cells using rat kidney epithelial cell lines.

7.3

Materials and Methods

7.3.1 Materials
All bacterial growth media and phosphate buffered saline (PBS) (Oxoid) were
purchased from Fisher Scientific: Luria Bertani broth (LB) (Oxoid, UK) was used to
grow bacterial cells. For P. mirabilis swarming assays, agar was made by solidifying
Luria Bertani broth with Technical agar (Oxoid, UK) to 1.5 % w/v. Trypan blue and
molecular biology grade ethanol were purchased from Sigma Aldrich, UK. When
required, all materials were sterilised by autoclaving (121°C for 20 minutes) or by
filtering through a Minisart Sartorius filter with 0.2 µm pores. For mammalian cell
culture and cytotoxic assays the reagents: Dulbecco's Modified Eagle Medium (DMEM)
with non-essential amino acids (NEAA), Penicillin-streptomycin and fetal bovine serum
(FBS) were purchased from PAA Cell Culture Company. Lithium L-lactate salt, Triton
X-100,

3[4,5Dimethylthiazol2yl]2,5diphenyl
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tetrazolium

bromide

(MTT),

dimethyl sulphoxide (DMSO), β-Nicotinamide adenine dinucleotide (β-NAD), 1methoxyphenazine methosulphate (MPMS) and Trizma hydrochloride buffer solution (1
M, pH 8.0) (Tris-HCl) were obtained from Sigma Aldrich.

7.3.2 Bacterial strain and dendrons
The same P. mirabilis strain Pm289 as used in the previous chapter for dendron antibiofilm analysis was adopted here. In Chapter 5, the dendrons had previously been
modified through the coupling of fluorescein isothiocyanate (FITC) giving a
fluorescently-labelled Gen3K-FITC derivative. Hence, for fluorescence based analyses
the fluorophore-labelled dendrons (Gen3K-FITC) were used, while non-fluorescence
Gen3K dendrons were used unattached in those experiments not relying on fluorescence
measurements.

7.3.3 Membrane penetration by Gen3K using fluorescence quenching
The interaction between the Gen3K dendron and bacterial cells was assessed to gain an
understanding of the mechanism of action of this type of dendron. Two aspects were
involved: trypan blue fluorescence quenching and ethanol/trypan blue permeabilisation
of the bacterial membrane. Trypan blue (TB) was selected for the quenching assay
because it absorbs light emitted by green fluorophores such as FITC and it is nonpenetrating to bacterial cells whose membranes have not been damaged (Busetto et al.,
2004, Bjerknes and Bassoe, 1984). Therefore, FITC-labelled molecules had reduced
fluorescence intensity upon interaction with trypan blue and only those with internalised
Gen3K-FITC retained their green fluorescence intensity.
Bacterial sample preparation involved using a standardised inoculum of the bacterial
strain (OD600 0.02 corresponding to 1 × 107 CFU/mL) as used for all biofilm studies.
The bacterial cells were incubated for 24 hours with 1 mg/mL Gen3K-FITC dissolved
in Luria Bertani (LB) broth for 24 hours at 37°C. To identify if the dendron was
internalised or membrane attached, fluorescence spectrometry of treated cells and
associated controls was performed. An overall schematic of the process is shown in
Figure 7.2.
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Figure 7.2

Overview of method for bacterial membrane penetration using

fluorescence quenching with trypan blue (TB)
From the Gen3K-FITC treated batch of cells, aliquots of 0.5 mL were placed into three different
sterile Eppendorf tubes (labelled A- C). All samples were gently centrifuged at 3,500 × g for 1
minute and the supernatant was discarded, this washing step was repeated twice, to remove
unbound Gen3K-FITC, leaving only those that were irreversibly bound to the bacterial cell. To
tube A, the cell pellet was resuspended in 0.5 mL sterile phosphate buffered saline (PBS),
centrifugation was repeated with final resuspension of the bacterial pellet in PBS and cells were
kept on ice till tubes B and C treatments were finished.

The second set of tubes (Tube B) underwent a TB fluorescence-quenching assay. This
was performed to identify if the dendrons were attached to the membrane or internalised
by the cells. Indeed, TB is known to quench fluorescence of FITC-labelled molecules
(van Bracht et al., 2014). As only TB is excluded from the intact bacterial cell
membranes, it can be ascertained that only the extracellular fluorescence associated with
membrane-bound Gen3K-FITC would be quenched during the assay (Benincasa et al.,
2009). For this, 0.5 mL TB (0.1 % w/v in sterile deionised water) was used to resuspend
the bacterial pellet in tube B. The tube was incubated at room temperature for 10
minutes, based on the method described by Benincasa et al., (2009), 10 minutes was the
time sufficient for membrane-bound dendrons to be quenched; no bacterial toxicity by
TB was observed within this time range. Afterwards, the cells were centrifuged twice,
each time the pellets were resuspended in sterile PBS and the supernatants were
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discarded. These steps were followed by a final resuspension of the cells in PBS. It was
expected that if the dendrons were internalised by the bacterial cells, the cells would
remain fluorescent.
To confirm that the unquenched fluorescence was actually due to presence of
internalised dendrons, a pre-treatment with ethanol followed by a TB assay was
performed on cells in tube C. Through this ethanol treatment, bacterial cell membranes
were completely permeabilised as described by Walberg et al., (1997). Complete
permeabilisation of the bacterial cell membrane meant TB could diffuse into the cells
(Darlington, 2007). Since ethanol disrupts the cell membrane, TB would quench any
intracellular Gen3K-FITC, if present. To this end, the bacterial pellets in tube C were
treated with 70 % v/v ethanol and incubated on ice for 10 minutes. After ethanol
treatment, the cells were centrifuged. The bacterial pellets were resuspended in 0.1 %
w/v TB and incubated for 10 minutes at room temperature, as performed before.
Finally, all cells were resuspended in sterile PBS.
From each tube (A – C, after their specific treatments), 0.1 mL of bacterial cells was
placed into wells of a 96-well plate. Also, the experiment included negative control
samples (non-dendron treated cells) which had been treated in the same way with TB or
with ethanol plus TB. Fluorescence measurements were obtained using a BioTek
Synergy HT fluorescence spectrophotometer using filter set centre value/bandpass
values of 485/20 nm and 528/20 nm for excitation and emission wavelengths,
respectively. All measurements were taken using bottom reading setting which
produced better signal-to-noise ratio readings. Five experimental replicates were
performed.

7.3.4 Confocal microscopy for determination of dendron localisation
within P. mirabilis
Bacterial strain Pm289 was incubated with 1 mg/mL Gen3K-FITC which had been
dissolved in LB broth. The cells were incubated as above for 24 hours at 37°C. The
treated cells were harvested by centrifuging. The cell pellet was resuspended in an equal
volume of sterile PBS, from which a 10 µL aliquot was dropped on a glass slide and
overlaid with a cover slip. Another aliquot of cells was also stained with the nucleic
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acid stain DAPI. To this purpose, one drop of the stain was placed on the glass slide and
the bacterial sample was placed on the cover slip and gently overlaid on the glass slide.
All these unfixed bacterial samples were viewed with Leica Microsystems confocal
laser scanning microscope with 100× oil immersion objective lens. To observe Gen3KFITC, the argon laser was used at excitation and emission wavelengths of 488/526 nm
respectively, while for DAPI stain, the UV laser was used. Differential inference
contrast images were also obtained from the confocal microscope in order to observe
both Gen3K-FITC treated and untreated control cells.

7.3.5 Transmission electron microscopy of dendron treated P.
mirabilis
Dendron-treated cells were fixed in 2.5 % v/v glutaraldehyde in 0.1 M NaPO4 buffer for
2 hours at room temperature, and then stored at 4°C overnight. Afterwards, a postfixation step was performed in 1 % w/v OsO4 in 0.1 M NaPO4 buffer for 5 hours at
room temperature. Finally, the bacterial cells were dehydrated in an ethanol series (20
minutes each in 50 %, 75 % and three times in 100 % v/v ethanol, the ethanol was
diluted in distilled water) and samples were passed through propylene oxide and
embedded in TAAB Low Viscosity resin. Thin nanometre sections were cut and stained
in 0.5 % w/v uranyl acetate for 1 hour at room temperature. The stained sections were
picked up on Formvar - carbon coated grids (Agar Scientific) and examined in a Hitachi
7100 transmission electron microscope at 100 kV. Digital images were acquired with a
Gatan Ultrascan (2K × 2K pixel) CCD camera.

7.3.6 Effect of dendron on P. mirabilis virulence factor activity
The effect of the dendrons on two virulence factors of P. mirabilis: urease activity and
swarming was investigated. For the effect on urease activity, 4 mL urea agar (Oxoid,
UK) was added to four 16 × 100 mm glass test tubes, to three of these tubes, the agar
was supplemented with 1 mg/mL dendron just before it solidified. Two of these were
inoculated with P. mirabilis, a positive control containing a urease producing culture
collection (NCTC 11938) strain was also included. The negative control containing only
the dendron-supplemented agar was included in the experimental matrix. All tubes were
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incubated at 37°C for 24 hours; urease production was identified when the agar turned
pink indicating the hydrolysis of urea by the P. mirabilis urease enzyme.
To assess the effect on swarming, 20 mL 1.5 % w/v TSA was poured into Petri dishes
and allowed to solidify, then 5 mL dendron (1 mg/mL) was spread on the surface of the
agar using an L-shaped spreader to ensure even distribution. The dendron solution was
allowed to dry on the agar surface in a laminar flow hood to prevent contamination. A
5-µL aliquot of an overnight culture of P. mirabilis was dropped on the agar surface and
allowed to completely soak into the agar. The plates were incubated in triplicate for 24
hours at 37°C, after which the swarming pattern was compared between treated and
untreated samples. The experiment was repeated in duplicate.

7.3.7 In vitro cytotoxicity assessment of Gen3K dendron against rat
kidney cells
Cytotoxicity assays were performed on the same cell line. Both MTT and LDH assays
were evaluated on the same samples in order to ensure that any cytotoxic effects would
be reliably determined. The assays were conducted in line with ISO guideline: ISO
10993-5 (ISO, 2009), by bringing the dendrons in contact with mammalian cell lines as
a first-point assessment of their cytotoxicity.

7.3.7.1

Cell culture

Rat kidney epithelial (NRK-52E) cell lines were obtained from American Type Cell
Culture (ATCC, USA). The cells were grown and maintained in DMEM (pH 7.4)
supplemented with 5 % v/v FBS, NEAA and 1 % v/v penicillin-streptomycin solution at
37°C in an atmosphere of 5 % CO2. Passage 7 was used for all cytotoxicity assays and
cells were fully confluent.

7.3.7.2

MTT (3

[4,

5



Dimethylthiazol2yl]

2,

5



diphenyl tetrazolium bromide) assay
The MTT assay is a standard test for the indirect measurement of the metabolic impact
of molecules on mammalian cells. The MTT dye is usually reduced within
metabolically active cells to a purple coloured water-insoluble formazan by the
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enzymatic action of succinate dehydrogenase within cells (Slater et al., 1963). Hence,
the absorbance of the purple coloured formazan, once dissolved with organic solvents
such as DMSO, is directly proportional to the level of metabolic activity within the cells
(Chakrabarti et al., 2000). To determine the influence of the Gen3K dendron on cellular
metabolic activity, confluent NRK-52E cells cultured in a 24 well plate at 37°C were
treated with 0.125 – 2 mg/mL dendron solutions for 24 hours. Cells treated with only
culture medium served as a negative control group. Quadruplicate wells were incubated
for each dendron concentration. After 24 hours, the medium was gently pipetted off and
to each well, 0.5 mL MTT solution (0.2 mg/mL MTT in DMEM plus 1 % FBS, warmed
to 37°C) was added and the cells incubated for 4 hours.
After incubation, the supernatant medium from each well was transferred to a fresh
plate to be used for the LDH assay (below). To the cells in the MTT assay plate, 0.125
mL DMSO was added to dissolve the formazan crystals arising from the MTT assay.
Then, two aliquots of 0.05 mL from each well were transferred to a fresh 96-well plate
and the absorbance at 540 nm was measured using a microplate reader (Asys UVM
340). All experiments were repeated three times and the percentage metabolic activity
was expressed relative to the untreated control cells (Equation 7.1).
𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑜𝑜𝑜𝑜 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

Metabolic activity = 𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑜𝑜𝑜𝑜 𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 × 100 %

(Equation 7.1)

To eliminate false-positive results, the reductive effects of the dendron on the MTT
solution were assessed. For this, the dendron solution in the absence of the cells was
incubated with the MTT solution for 24 hours. No colour changes were observed
indicating the dendron on its own had no reductive effects on the MTT reagent. Hence,
all changes in absorbance during cell/dendron treatments were attributed to effects of
the dendron against the cell lines. All experiments were repeated three times.

7.3.7.3

Lactate Dehydrogenase (LDH) Release Assay

To identify if the dendron was capable of damaging the cell membrane of mammalian
cells, an LDH assay was used because LDH is released by membrane-disrupted cells
(necrotic cells) and can be measured in similar way to the MTT assay (Abe and
Matsuki, 2000). This assay was conducted in line with the method described by Abe et
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al. Firstly, the LDH enzyme substrate mix was prepared comprising of: 2.5 mg/mL
Lithium L-lactate, 2.5 mg/mL β-NAD, 600 µM MTT, 100 µM MPMS in 1 M Tris-HCl,
pH 8. After overnight incubation of the cells with the dendron, the culture supernatant
was completely removed from one control well (untreated with dendron), to this well
0.125 mL Triton X-100 was added to completely permeabilise the cells thus achieving
100 % necrosis. From the culture supernatant of other dendron-treated, untreated and
Triton-X-treated cells, three 0.05 mL aliquots were transferred to three wells each of a
96-well plate. To these, 0.05 mL LDH substrate mix was added, while for background
measurement controls the LDH substrate mix was added to empty wells and wells
containing only 0.05 mL DMEM. Then the plates were incubated for 15 minutes at
37°C. The absorbance was immediately measured in a microplate-reader at 540 nm.
Three independent repeats were performed.

7.3.8 Statistical analysis
The statistical analysis was performed using analysis of variance (ANOVA) and
Tukey's post-hoc test unless otherwise stated. All analyses were performed with IBM
SPSS software version 22.0. The significance level adopted was stated as p < 0.05. All
experiments were repeated at least twice and the mean ± standard error of the mean
(SEM) was used to analyse the data obtained.

7.4

Results

7.4.1 Penetration of Gen3K into bacterial cells using fluorescence
quenching
To analyse whether the dendron was able to penetrate P. mirabilis or was preferentially
attached to the cell surface, the fluorophore labelled dendron Gen3K-FITC was
implemented. Firstly, the bacterial cells (1 x 107 CFU/mL) were co-incubated with
Gen3K-FITC and allowed to interact for 24 hours in LB broth. Afterwards, all the
bacterial cells were collected by centrifugation and then subjected to either only trypan
blue or trypan blue with ethanol treatments as depicted in Figure 7.2 above. The data
demonstrated that compared with the negative control which were bacterial cells not
treated with Gen3K-FITC, the treated cells showed significantly higher fluorescence
intensity (p < 0.001) (Figure 7.3).
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Figure 7.3

Fluorescence quenching in P. mirabilis cells treated with Gen3K-

FITC
P. mirabilis cells (1 × 107 CFU/mL) were incubated with Gen3K-FITC (black bars) and the
untreated controls (white bars) did not contact the dendron solution. The cells were either treated
with only trypan blue (TB) to quench membrane bound Gen3K-FITC or underwent pre-treatment
with ethanol (EtOH) for complete permeabilisation of the cell membrane before being TB treated
(EtOH + TB). The average mean fluorescence intensity ± standard error (n= 5) is shown. *:
statistically significant data (p ≤ 0.05) for all treatment groups compared with non-TB/EtOH
treated cells of Gen3K-FITC.

Following trypan blue treatment, the fluorescence intensity of the Gen3K-FITC treated
cells was significantly reduced by 25.7 % (Figure 7.3, p < 0.001) compared with the
non-trypan blue treated group. Since the amount of fluorescence quenching in presence
of TB was 25.7%, indirectly this meant that 25.7 % of the dendrons were bound to the
external part of the bacterial cell membrane. As TB had no bacterial toxicity within the
time of the assay, all reductions in fluorescence were considered due to fluorescence
quenching by TB and not due to changes in bacterial proliferation. Also the Gen3K
dendrons do not induce bacterial cell proliferation as shown in Chapter 6, Figure 6.2.
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To verify that the unquenched fluorescence observed after trypan blue treatment was
actually due to entry of the dendron into bacterial cells, aliquots of the Gen3K-FITC
treated cells were completely permeabilised with ethanol before trypan blue treatment.
The data showed a further statistically significant reduction (84.1 %, p < 0.001) in
fluorescence intensity between the trypan blue treated and ethanol/trypan-blue treated
group. The reduction in fluorescence after ethanol treatment was not significantly
different from that observed for the negative control group (bacterial cells not treated
with Gen3K-FITC) as seen above in Figure 7.3, demonstrating that Gen3K-FITC had
been internalised and then quenched by EtOH/TB treatment.

7.4.2 Determination of dendron localisation by confocal laser scanning
microscopy
This aspect of the study was conducted parallel to the membrane penetration assay
above, to verify the internalisation and characterise the localisation of the dendron
within P. mirabilis. Aliquots of the Gen3K-FITC treated cells, those which had been
treated with trypan blue and the associated controls were observed. Use of nucleic acid
staining suggested that the dendrons were accumulated within the bacterial cell, in the
same regions as the bacterial nucleic acid (Figure 7.4).
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Figure 7.4

Localisation of Gen3K by confocal microscopy of Gen3K-FITC

treatment of P. mirabilis
Representative images above suggested that the Gen3K-FITC (1mg/mL) was internalised in P.
mirabilis. Images presented included (A)- Gen3K-FITC internalised in bacterial cells; (B)- Gen3KFITC treated cells stained with the nucleic acid stain DAPI and (C) and (D)- differential inference
contrast of the Gen3K-FITC treated and untreated cells, respectively. Scale bars are 5 µm except
for (D)- 2.5 µm. No significant differences in the differential inference contrast images of the
treated and untreated cells were observed, further insight was obtained from the TEM
micrographs below.

7.4.3 Transmission electron microscopy of Gen3K treated cells
To gain direct insight into the interaction between the dendron and P. mirabilis, the
cells which were incubated with the Gen3K dendrons (1 mg/mL, non-FITC labelled) for
24 hours, were also analysed using transmission electron microscopy (Figure 7.5).
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Figure 7.5

Effect of Gen3K on P. mirabilis cells by transmission electron

microscopy
Representative image of untreated cells (A) and Gen3K treated bacterial cells (B). From the
images, three observations were made on the effect of the dendron on bacterial cells. Firstly, in
(B) the membrane of some treated cells appeared protruded (red arrow) compared with the
smooth intact membranes of the untreated bacterial cells (A). Secondly, pinched in regions (black
arrows) were observed in treated cells giving an overall irregular shape compared with the
untreated group. Thirdly, the treated cells appeared slightly swollen when looking at the internal
cytoplasmic area (off-white, less electron dense region within the cells) in comparison with the
untreated cells. The black dots were deposits of lead carbonate accumulated from post staining
of bacterial cells. Scale bars – 0.2 µm at 10 000× magnification.

7.4.4 Influence of Gen3K on P. mirabilis virulence factors
The assessment of the dendron ability to inhibit the action of two virulence factors in P.
mirabilis was also assessed. These included: (i) the enzymatic urease activity and, (ii)
the unique migration of P. mirabilis on solid surfaces known as swarming. Both
processes are unique to P. mirabilis cells with regards to biofilm formation and
migration of bacterial cells over medical devices respectively.

7.4.4.1

Urease activity

Urease is an important virulence factor in the establishment of P. mirabilis catheter
associated urinary tract infections, as the urease enzyme hydrolyses urinary urea to
carbon dioxide and water; this hydrolytic action increases the pH of the urine. The
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alkaline pH would initiate precipitation of calcium and magnesium ions which make up
the crystalline biofilm that characterises P. mirabilis CAUTI and effectively blocks
catheters. Hence, any inhibitory effect of the dendron against urease activity would be
beneficial. Figure 7.6 provides visual evidence of the lack of effect of the dendron on
the bacterial urease activity. Dendron-treated bacteria in urea-agar were able to sustain
similar levels (pink staining) of urea catalysis.

Figure 7.6

Effect of dendron on P. mirabilis clinical strain Pm289 urease

activity
Each tube contained urea agar, tubes B –D contained urea agar supplemented with 1 mg/mL
Gen3K dendron. Tube A represented the positive bacteria control (untreated with dendron), tubes
B and C contained dendron with bacteria and tube D was a negative control with dendron only.
Within an hour tubes A –C began to turn pink indicating the hydrolysis of urea by P. mirabilis
urease enzyme. Therefore, the dendron did not inhibit the bacterial urease activity. The pink
produced was not different from the positive control urease producing strain NCTC 11938.

7.4.4.2

Effect of Gen3K on P. mirabilis swarming

Swarming of P. mirabilis was only slightly limited by the presence of Gen3K at the
most effective anti-biofilm doses identified from assessment of biofilm prevention and
eradication in Chapter 6. The first swarm cycle was assessed (first 6 hours); it
comprised an initial lag phase of 3 hours, a migration phase between hour 3 and 4, and a
consolidation phase between hour 4 - 6, when the elongated swarmer cells dedifferentiated to shorter rod-shaped cells (Rauprich et al., 1996) (Figure 7.7). The data
in Figure 7.7 showed that Gen3K reduced the migration velocity (4-hour time point) of
P. mirabilis cells in the first swarm cycle.
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Figure 7.7

P. mirabilis swarming in presence of Gen3K dendron

The dendron at the highest concentrations (2 mg/mL and 1 mg/mL) which were most effective for
eradication and prevention of biofilms caused a slight reduction in P. mirabilis migration. (A) swarm cycle: the bacterial cells were dropped on the surface of agar plate which had been pretreated with the dendron. After the first 3 hours (lag phase), bacterial cells from both treated and
untreated samples began to migrate, after 4 hours the peak of bacterial velocity (migration phase)
across the solid agar surface was only slightly reduced in the presence of the dendron. Overall,
the dendron was unable to inhibit swarming of P. mirabilis across the solid agar surface after 24
hour growth (B and C). (B)-control and (C)-dendron treated cells at the concentrations tested.

7.4.5 MTT assay for assessment of the metabolic effect of Gen3K
against NRK-52E mammalian cell lines
As a first step in assessment of the safety of the dendrons for human use, cytotoxic
assays were performed. For the MTT assay, the different dendron concentrations which
were implemented for biofilm prevention and eradication were tested for their effect on
metabolism of the rat kidney epithelial cells line (NRK-52E). Having compared treated
and untreated cells, it was demonstrated that the dendrons caused between 1.8 – 15 %
reductions in metabolism of the NRK-52E cell line. The reduction in cellular metabolic
activity at each dose was compared with the untreated control at p < 0.05 using the oneway ANOVA Tukey test. There were no statistically significant differences (p = 0.628)
between the treated and the untreated cells (negative control).
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The effect of the dendron against mammalian cells was plotted as a relative value which
was calculated using Equation 7.2.
1

(Equation 7.2)

𝑦𝑦 = 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 (𝑚𝑚𝑔𝑔) × 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴

Where y = relative effect on metabolic activity per milligram dendron, and absorbance
was the measured optical density at 540 nm, after treatment of each cell with dendron.
The effect of Gen3K against metabolic activity of cells is shown in Figure 7.8, based on
calculations from equation 7.2.

Figure 7.8

The metabolic effect of Gen3K against mammalian cell line NRK-

52E using MTT assay
Spiking of the cells with the Gen3K dendron caused a dose-dependent decrease in cellular
metabolic activity per milligram dendron. At 2 mg/mL the cells were less metabolically active
compared with the lowest concentration of 0.125 mg/mL Gen3K. The relative metabolic activity
was significantly different between doses (p < 0.05), except between the 1 mg/mL and 0.05
mg/mL dose. The 2 mg/mL dose caused the greatest reduction of metabolic activity compared
with other doses. However percentage metabolic activity was not significantly different between
treated and untreated cells with reference to equation 7.1 (the decrease in metabolic activities
compared with the untreated control (100 % metabolic activity) were 0 %, 7 %, 2 %, 15 % and 10
% for dendron doses of 0.125 mg/mL to 2 mg/mL respectively). The mean values (n= 3) ±
standard error were plotted.
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7.4.6 LDH assay for assessment of the cytotoxic effect of Gen3K
against NRK-52E cell lines
The data demonstrated minimal release of LDH from the treated cells compared with
cells treated with Triton-X 100 (maximum LDH release positive control, 100 %
necrosis). Thus, the dendron showed minimal cytotoxicity as the LDH released at each
dendron dose was within 2 - 6 % of that observed on the negative untreated control of
the NRK-52E cell line as shown in Figure 7.9.

Figure 7.9

Cytotoxic effects of dendron on mammalian cell line

The percentage LDH release from treated and untreated cells are shown. The amount of LDH
released at all dendron doses tested was compared with the Triton-X 100 treated cells (100 %
necrosis). The data showed that the dendron treatment at all doses was significantly lower (p <
0.05, non-parametric Kruskal Wallis test) compared with the Triton-X control, with no statistically
significant differences observed within the dendron doses implemented. The data were
represented as mean values (n=3) ± standard error.
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7.5

Discussion

In this chapter, different investigations into the interaction between the Gen3K dendrons
and P. mirabilis have been conducted. The aim of this chapter was to provide insight
into the mechanism of action of the dendrons on P. mirabilis. In addition, in vitro tests
of the dendron interaction with mammalian cells were performed as first steps in the
assessment of the dendron’s biocompatibility. The ability of the dendron to prevent and
eradicate biofilms of P. mirabilis, which were demonstrated in the previous chapter
(Chapter 6), meant that an understanding of its interaction with bacterial membranes
was required as a step to further explain the effects seen in biofilm formation. Several
methods were used to determine the interaction between the P. mirabilis and Gen3K
dendrons.

7.5.1 Dendron internalisation and localisation within P. mirabilis
Although the antimicrobial activities of a variety of dendrimeric molecules have been
documented, there is still a limited understanding of their mechanism of action.
Fluorescent labelling of potential antimicrobials has proved effective as an innovative
tool for bio-analytical purposes as molecules under study can be tracked within cells
across a wide range of detection limits (Imran et al., 2013). Therefore, the use of the
fluorescently-labelled dendrons (Gen3K-FITC) was implemented here. Based on
fluorescence quenching data performed using trypan blue, it was demonstrated that the
dendron was mainly internalised within the bacterial cells. The majority of the dendrons
used to spike the bacterial cell culture were able to gain access into the bacterial cells
after a 24 hour treatment with the fluorescently-labelled dendrons. As the trypan-blue
fluorescence quench assay highlighted a reduction in fluorescence after interaction with
the trypan blue, it was assumed that a proportion of the dendron was either attached to
the surface or the reduction in fluorescence was due to elimination of fluorescence
arising from non-viable cells (Figure 7.3). The latter would be possible where the
dendron disrupts the integrity of the cell membrane resulting in the entry of trypan blue
to further quench the internalised Gen3K dendrons.
However, if there was partial disruption of the cell membrane by the dendron, in that it
was able to create pores in the cell membrane, this would result in a slight bactericidal
activity causing some fluorescence within non-disrupted cells to be maintained. It has
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been demonstrated that where there are pores present in the cell membrane, trypan blue
would gain access into the bacterial cell (Tran et al., 2011). This explanation would be
in line with the low bacteriostatic activity of the dendron observed in Chapter 6, the
dendron showed up to 23.9 % bacteriostatic activity. This was in line with studies
demonstrating that cationic antimicrobials can disrupt the bacterial membrane upon
interaction of the cationic moieties of the antimicrobial with the anionic cell membrane
of Gram-negative bacteria (Brogden, 2005, Huang and Yousef, 2014).
To exclude the possibility that the observed fluorescence was due to factors other than
the entrance of the dendron into bacterial cells, complete permeabilisation of the
bacterial cell membrane with ethanol further confirmed that the observed fluorescence
was due to the internalisation of Gen3K-FITC (Figure 7.3). To corroborate these
findings, confocal microscopic data supported internal localisation of the dendrons.
Gen3K-FITC was primarily internalised within the bacterial cells and evenly distributed
in the cytoplasm of the cells (Figure 7.4). This result indicated that Gen3K can penetrate
both the cell wall and the cell membrane with a consequent accumulation inside the P.
mirabilis. At first, it was assumed that the dendrons could localise at the poles of the
bacterial cells, but based on nucleic acid staining it was observed that the dendrons were
situated at regions corresponding to the bacterial nucleic acid. Based on these data, it is
proposed that the dendrons may interact with the negatively charged phosphate-groups
of bacterial DNA within the cell, as confocal microscopy images in combination with
the trypan blue assay suggested that the fluorescently-labelled dendrons could penetrate
and become localised within the bacterial cells.
Interactions between the positively charged lysine residues of the dendron and bacterial
DNA could mean that DNA transcription and/or translation are impaired. In relation to
data from the previous chapter, where it was shown that the dendron inhibited
production of the exopolysaccharide matrix (Chapter 6 Section 6.4.4), it is proposed that
the manner in which the biofilm EPS formation was inhibited was through disruption of
exopolysaccharide synthesis at the nucleic acid transcription or translation. This
proposition is supported by recent studies which have shown that antimicrobials with
cationic charge are capable of interacting with bacterial nucleic acid resulting in
mutations (Limoli et al., 2014) and inhibition of protein synthesis (Mardirossian et al.,
2014) amongst others. Further investigations to determine if the dendrons possessed
inhibitory effect on transcription/translation of bacterial nucleic acid would need to be
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confirmed by future studies. Such investigations could identify presence of electrostatic
interactions between the dendron and P. mirabilis nucleic acid as well as RNA isolation
to identify if dendron-treated cells have reduced RNA synthesis, as performed by
Mardirossian et al., (2014).
Other possible mechanisms by which the dendron may act include detergent-like effect
due to interactions with anionic components of bacterial lipid membrane and biofilm
matrix or loss of membrane potential following accumulation of the dendron within the
bacterial cells. At present these are hypotheses and will require further investigation to
confirm the mechanisms by which the dendron is able to reduce biofilm formation and
eradicate pre-formed biofilms of P. mirabilis.

7.5.2 The influence of dendron on bacterial membrane integrity and
effect on virulence factors
Having established that the dendron penetrates bacterial cells of P. mirabilis, the
specific influence of this interaction on bacterial membrane integrity was further
investigated using transmission electron microscopy studies (Figure 7.5). Based on
transmission electron microscopy results, altered bacterial shapes were observed after
treatment with the dendron. It was predicted that dendrons were able to bind bacterial
membranes by electrostatic interactions promoting access into the cytoplasm.
Electrostatic interactions would be possible as a result of the structure of the dendron as
depicted in Chapter 5. The dendron would have possessed an overall positive charge
due to the peripheral amino groups becoming protonated in aqueous solutions at closeto-neutral and at neutral pH (Choi et al., 2014). This was possible because the pH of the
Luria Bertani broth in which the bacterial cells and dendrons were incubated was in the
range 6.5 – 7. This proposed mechanism would be similar to that proposed by Ye et al.,
(2013). In their study the non-dendrimeric polymer of poly-L-lysine was shown to cause
bacterial membrane damage with lysis of Escherichia coli bacterial cells, which is also a
Gram negative bacterium like P. mirabilis. In contrast to the lysine-based dendron used
in this study, the poly-L-lysine is a natural antimicrobial food additive, consisting of 2530 lysine residues that is produced by biological fermentation (Hiraki et al., 2003,
Nishikawa and Ogawa, 2006).
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Using this same poly-L-lysine, Li et al, also demonstrated a change in bacterial cell
morphology after treatment of E. coli and Staphylococcus aureus bacterial cells (Li et
al., 2014). Using scanning electron microscopy in their study, it was demonstrated that
poly-L-lysine-treated cells showed irregular and withered surfaces compared with the
smooth unaltered surfaces of the untreated controls (Li et al., 2014), this was in line
with the irregular surfaces observed for treated bacterial cells (Figure 7.5). Further
investigations into leakage of cytoplasmic content as a result of bacterial membrane
damage would support this proposed mechanism of action. One way this may be
achieved is by using electrical conductivity assessment of treated cells (Lee et al.,
1998).
In addition to the disruptive effects that the dendrons potentially have on the bacterial
membrane integrity, tentative observations from transmission electron micrographs
highlighted possible swelling of the treated bacterial cells (Figure 7.5). The swelling
may be attributed to increased osmotic pressure as a result of dendron entry into the
bacterial cells, because the confocal microscopy data suggested that the dendrons were
capable of penetrating and localising within the bacterial cells (Figure 7.4). The
pinched-in regions (black arrows in Figure 7.5) were similar to TEM images obtained
following a 24-hour treatment of Staphylococcus epidermidis bacteria with an
antimicrobial leaf extract (Kamonwannasit et al., 2013); these regions were described as
damaged cell walls. However, in the present study further complementary data will be
required to confirm damage to the cell wall by using scanning electron microscopy.
Kamonwannasit et al., (2013) proposed that the altered bacterial shape could also
disrupt attachment of cells to surfaces, which is the most important aspect required for
biofilm formation (Mack et al., 2006). Since bacterial cell surface adhesins are required
for cell-cell and cell-matrix interactions (Stones and Krachler, 2015), any disruption to
the cell surface may limit availability of these adhesins and minimise or prevent cellextracellular matrix (ECM) stability, thus preventing a stable ECM rich biofilm
structure from forming or being maintained. Also because the type of dendron here
studied possesses cationic charge, electrostatic interaction with bacterial DNA and
subsequent impairment of DNA replication and/or translation within the bacterial cells
are also possible. Coupled with the distorted bacterial shape that could impair
interactions between cells and ECM, these gave insight into possible mechanisms of the
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dendron’s anti-biofilm action reported in Chapter 6, Figure 6.4 where the dendron was
able to reduce biofilm formation and eradicate the biofilm matrix.
To improve the assessment of bactericidal activity, some studies have suggested that
using the non-chemically defined nutrient media (Luria Bertani broth) which was
implemented here could reduce the observed bactericidal activity of highly cationic
antimicrobial polymers (Choi et al., 2014, Hiraki et al., 2003). Choi et al., showed that
the polyanionic peptides such as the tryptone supplement of the Luria Bertani broth may
interfere with positively charged antimicrobials. This effect can arise when the anionic
components of the nutrient media bind with the cationic polymers, thus limiting
availability of free cationic polymers against the anionic bacterial surface (Choi et al.,
2014). It was suggested that the use of chemically-defined minimal nutrient media may
promote antibacterial sensitivity to cationic polymers.
For the linear polymer poly-L-lysine, it was demonstrated that when used against E. coli
bacterial cells, the minimum inhibitory concentration reduced by 50-fold (50 to 1
µg/mL) when the growth medium was changed from the peptone containing nutrient
buffer to a chemically-defined Davis medium, which was depleted of either tryptone or
peptone (Hiraki et al., 2003). This was also supported by reports of bacteria being more
virulent in minimal media, hence using minimal media could be more suitable for future
studies in improving assessment of the dendron antibacterial activity (Yoon et al., 2009,
Kim et al., 2002). The use of minimal media would more closely reflect the reduced
nutrient amounts in human urine compared with the laboratory LB growth medium.
Therefore, with respect to the data collected in the present study, this may explain the
reason why not all bacterial cell surfaces showed extensive irregularity as well as could
justify the low antibacterial activity against planktonic cells observed in the previous
Chapter 6. Although the micrographs were inconclusive on their own and only tentative
observations could be obtained, from the fluorescence based data more reliable
inferences were made on the dendron mode of action.
Since the dendrons were also internalised and could potentially interact electrostatically
with the negative moieties of bacterial DNA, it was worth identifying if such
hypothesised disruption at molecular level would influence phenotypic characteristics
such as urease production and swarming activity. The investigation into the dendron
influence on virulence factors relevant to biofilm formation showed minimal disruption
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of P. mirabilis swarming (Figure 7.7). No inhibition of the urease enzyme was observed
at the concentrations tested. Although it was shown in the previous chapter that the
dendron was capable of reducing bacterial density, the lag phase of swarming was not
inhibited. It would have been expected that dendron-mediated reduction of bacterial
density would extend the lag phase (period of initial bacterial growth) of cells on the
dendron-treated agar surface. This is because studies have shown that the initial density
of the bacterial inoculum influences the lag phase of swarming (Rauprich et al., 1996,
Itoh et al., 1999). This would be in line with the requirement for a critical bacterial
population density that has been shown to be necessary for coordinated action of all
cells, which is essential in coordinated processes such as swarming and biofilm
formation on solid surfaces (Daniels et al., 2004, Shapiro, 1998).
Since the dendron solution was dried on the agar surface, it may be possible that the
antibacterial interaction with bacterial cells was limited, especially if the dendron was
inhibited by anionic components of the Luria Bertani agar, as discussed earlier. Since
bacterial population density is critical for swarming (Eberl et al., 1999), when the
dendron was able to exert its bacteriostatic activity, this would correspond with the
observed decrease in migration for dendron-treated surfaces at the first six hours.
However, this inhibitory effect was only minimal as after 24 hours the agar plates of
both treated and untreated cells demonstrated similar swarming patterns. With respect to
the TEM micrographs where distortion of bacterial cell shape was observed (Figure
7.5), it is also thought that the same reductive effect on cell-cell interactions due to
disrupted bacterial cell surfaces would limit availability of cell surface adhesins with
reduction of cell-cell communication, which is required for the highly coordinated
swarming cycle of P. mirabilis (Belas et al., 1998), explaining the reduced swarming
migration during the 4th hour (Figure 7.7). It may also be argued that the dendrons
increased the solute concentration of the agar, causing reduced migration on the agar
surface. Such a finding would be in line with report by Rauprich et al. (1996) were
swarming was slower with shorter swarm phases at higher agar concentrations.

7.5.3 Cytotoxicity effects of Gen3K dendron
Establishment of the biological effects of polycationic charged polymers are still poorly
understood, and the increased positive charge have been shown to influence tissue cell
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cytotoxicity (Roberts et al., 1996). Therefore, this study aimed to further improve
understanding of polycation cytotoxicity by identifying the toxicity potential of the
Gen3K dendrons, since they also possess terminal amino groups that can become
protonated to give the molecule an overall positive charge.
Using both MTT and LDH in vitro assays, it was shown that Gen3K was not toxic to
mammalian cells (Figures 7.8 and 7.9). Both assays were conducted on rat kidney
epithelial cell lines NRK-52E while varying the amount of dendrons loaded into the
cells. According to the ISO 10993-5 (2009) guidelines, a < 70 % reduction in
metabolism compared with the untreated controls is regarded as non-cytotoxic. Gen3K
displayed a 0 – 15 % reduction in metabolism at the doses implemented compared with
the untreated controls, with minimal reduction of 2 - 6 % in cell damage by the LDH
assay for tests on mammalian cell membrane damage. The type of dendron studied was
regarded as non-cytotoxic, which was in agreement with other studies where dendrons
have shown little or no toxicity in comparison with their much larger counterparts, the
dendrimers (Lee et al., 2006). The data also corresponded to toxicity studies of other
polymeric molecules comprising ε-L-lysine linkages, where linear polymers of ε-polyL-lysine were non-toxic to rats when used at concentrations of up to 30,000 ppm (Neda
et al., 1999, Hiraki et al., 2003). Other polycations such as unmodified PAMAM
dendrimers with unmodified terminal amino groups (–NH2), reportedly have generation
and concentration dependent cytotoxicity (Duncan and Izzo, 2005, Lee et al., 2006). In
this study the Gen3K dendron which also had terminal –NH2 groups showed only a
minimal concentration-dependent effect on metabolic activity per milligram of dendron.
These data provide the basis for more extensive in vivo studies to address
biocompatibility.

7.6

Conclusion

The data presented in this chapter have provided an understanding into the mechanism
of action of Gen3K dendrons in its anti-biofilm and bacteriostatic activity against P.
mirabilis. Knowledge of the Gen3K mechanism of action has the potential to facilitate
the design of potent therapeutic strategies in this time of increased antibiotic resistance.
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Fluorescent labelling techniques allowed specific detection, quantification and study of
the interaction between the Gen3K dendrons and P. mirabilis. This method was unique
in its implementation of 96-well microtitre fluorescence spectroscopy model in the
analysis of dendron internalisation in bacterial cells. This method provided quantitative
and high-throughput screening to complement the qualitative confocal microscopic data.
Data obtained from confocal laser scanning microscopy suggested that the dendrons
were localised within bacterial cells and spread through the cytoplasm to converge in
the same location as the bacterial nucleic acid. Overall, this did not give a conclusive
antibacterial or anti-biofilm mechanism of the dendron, however it is proposed that
bacterial damage and anti-biofilm activity may have occurred through:
1. Disruption of DNA translation activities to inhibit biofilm exopolysaccharide
production or maintenance of already formed biofilms
2. Detergent-like effect to solubilise the exopolysaccharide rich biofilm matrix, and
3. Through minimal disruption of bacterial membrane integrity as highlighted by
the pinched-in regions of the electron micrographs (Figure 7.5B), future studies
are required to conclude the dendron’s mechanism of action.
The type of dendron in this study did not prevent swarming and urease production of P.
mirabilis, therefore it can be concluded that the anti-biofilm effects were not related to
inhibition of swarming or urease activity. The dendron also has the potential to be
implemented in clinical applications as it has low cytotoxicity against mammalian cells.
Gen3K is therefore a promising therapeutic agent which has the potential to
complement conventional antibiotic therapies or to be used as a standalone therapy in
combatting P. mirabilis biofilms.
Having shown that the dendron may penetrate bacterial cells and retain internalisation
within these cells, the last aspect of the present project was to determine its usefulness
in bioengineering of an innovative antimicrobial strategy. The latter was thought to be
necessary because, even though the dendron was capable of prevention and eradication
of biofilms, it still did not possess the self-replicating property of bacteriophages. So
using a synthetic biology approach, the ability of dendrons as carrier to deliver
bacteriophage DNA to P. mirabilis and trigger the self-replicating property of
bacteriophages was assessed. The findings of this approach are reported in the next
chapter (Chapter 8).
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8. A poly (epsilon - lysine) dendron carrier of Proteus mirabilis
bacteriophage DNA as an alternative treatment for infections
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8.1

Introduction

The final set of experiments of the present project draws together the most relevant
insights to provide a novel solution to infections by Proteus mirabilis. Previous chapters
showed the significance of P. mirabilis in biofilm formation and biofilm-related
infections, highlighting the antibiotic resistance patterns present in the subset of
uropathogenic bacteria studied (Chapter 3). The newly isolated bacteriophages that
specifically target this bacterial specie were effective against biofilm prevention, but
their characterisation highlighted some limitations for bacteriophage therapy, in terms
of both long-term storage and re-isolation (Chapter 2 and 4). Hence, a novel strategy
was proposed through the synthesis and characterisation of the poly (epsilon-lysine)
dendrons (Gen3K) developed during the project (Chapter 5).
This type of macromolecule was shown to enhance biofilm prevention and eradication
where bacteriophages and antibiotics showed limited effects (Chapter 6). A significant
contribution to knowledge was made in analysing the dendron’s mechanism of action,
where an assessment of its capability to penetrate P. mirabilis cells and localise within
the cytoplasm was reported (Chapter 7), demonstrating a potential for targeted delivery
of antimicrobial drugs into bacterial cells. In order to capitalise on this advantage, the
next step was to pave the way for a synthetic biology approach towards the
development of a bioengineered antimicrobial molecule with potential for clinical
applications. With this in mind, the dendron and bacteriophage were brought together in
one system to consider the ability of the dendron to bind bacteriophage DNA and to
serve as its potential non-viral carrier. It was thought that this strategy would add a
significant therapeutic advantage as it would introduce the self-replicative property of
bacteriophages into the dendron-based anti-biofilm treatment. Hence, the efficacy of
bacteriophage-based therapy could be combined with the ability of the dendrons to
prevent and disrupt biofilms while not being limited by the bacteriophage storage
instability.

8.1.1 Synthetic biology based modification of therapeutic agents
Over the years synthetic biology has enabled the modification of biological entities to
improve their function and characteristics. This study is among a few which have
sought to engineer favourable properties onto already effective antimicrobials. For
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example Lu et al., (2007) modified a T7 bacteriophage to express biofilmexopolysaccharide (EPS) degrading enzymes, which was done to improve the biofilm
dispersing properties of the bacteriophage. In their strategy, the required gene (dspB
gene) coding for the EPS degrading enzymes was cloned into the bacteriophage.
Subsequent biofilm assays demonstrated that the engineered bacteriophage had better
biofilm removal capability compared with the non-engineered bacteriophage. Such
modifications of antimicrobial agents highlight the benefits of synthetic biology in
solving biomedical issues. In a different study, poly(propylene imine) (PPI) dendrimers
were used in combination with amoxicillin antibiotic to improve the therapeutic
effectiveness of amoxicillin against Pseudomonas aeruginosa and Escherichia coli
bacteria. In combination with the PPI dendrimer, lower doses of amoxicillin were
required and the antibacterial effect of the antibiotic was increased compared with using
the antibiotic on its own (Wronska et al., 2015). Worley et al., (2015) also reported an
improvement in anti-biofilm activity when PAMAM dendrimers were modified with
nitric oxide (NO)-releasing alkyl chains. Michaud et al., (2016) utilised lectin ligands
attached to their dendrimers to inhibit the formation of Pseudomonas aeruginosa
biofilms. These lectins are essential carbohydrate-binding proteins required for cell-cell
interaction and implicated in biofilm formation (Berg et al., 2002). Hence, their
glycopeptide dendrimers targeted at these lectins were to prevent the lectin-based
cellular interaction and inhibit biofilm formation.
These examples highlight the use of synthetic biology as a means through which
advantageous properties of current therapeutic agents could be improved towards
development of novel therapeutic agents. The overall aim was to improve the
antimicrobial effectiveness of these agents and or possibly create dual-action
antimicrobials. The dual-action approach may limit the development of antibiotic
resistance by ensuring the bacterial cells have to work twice as hard to develop
resistance to two different antimicrobial entities when they both have different
mechanisms of action (Tevyashova, 2015, Pokrovskaya and Baasov, 2010). It is based
on such modifications that the current study proposed to engineer the Gen3K dendron
with bacteriophage properties. Wherein the complex would not only target the bacterial
cells but also aim to provide data to support future development of synthetic
bacteriophages that are independent of current re-isolation procedures necessary to
maintain bacteriophage stocks over the years.
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The DNA delivery property of dendrimeric nanoparticles have mostly been assessed for
delivery of chemotherapeutic agents and nucleic acid towards the treatment of cancer,
HIV infections and genetic disorders in mammalian cells (Medina and El-Sayed, 2009,
Santander-Ortega et al., 2014, Goncz et al., 1998, Lori et al., 2007). Moreover, there is
less attention on how this DNA carrying capacity of dendrimeric carriers can be applied
in the treatment of bacterial infections. Advantages arising from use of DNA-based
therapy lie in the simplicity of DNA manipulation and versatility of modification of the
dendrimeric carrier to suit different clinical situations. With regards to the current
project, it is anticipated that the use of bacteriophage DNA nanomedicines could boost
development of novel anti-biofilm strategies that are readily accessible to users
worldwide.

8.1.2 Study of the interactions between non-viral carriers and their
DNA cargo
With regards to dendrons and bacteriophages, a common feature of both polycationic
dendrons and lytic bacteriophages is their ability to carry DNA. The bacteriophage
nucleic acid is a significant component of lytic bacteriophage-based killing of bacterial
cells, as the DNA is injected into the bacterial cell; the viral genes are expressed
followed by assembly of bacteriophage particles (Drulis-Kawa et al., 2012). Without
transfer of its nucleic acid into the bacterial cytoplasm, neither replication nor the latter
fully mature bacteriophages are formed. Therefore, it is imperative that the
bacteriophage nucleic acid is transferred across the cell wall through the periplasmic
space of the Gram-negative bacterial cells, and into the cytoplasm for production of
mature lytic bacteriophages that lead to lysis of the bacterial cells. Since other
polycationic dendrimeric molecules have been demonstrated to carry plasmid DNA
(Hardy et al., 2006), it was expected that the current Gen3K dendrons which have
positive charge at physiological pH would be able to carry bacteriophage DNA. Based
on this, the ability of the Gen3K dendrons to penetrate bacterial cells and become
localised in the cytoplasm was proposed here as an avenue for non-viral delivery of
bacteriophage DNA into P. mirabilis towards development of synthetic lytic
bacteriophages.
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In assessing how the dendrons from the present study could be engineered to
incorporate the self-replicative property of bacteriophages, the first approach was to
study the interactions between the dendron and extracted bacteriophage DNA. The most
common technique identified from published literature was the fluorescent dye-based
exclusion assay (Chen et al., 2000a). Firstly a complex is formed between a fluorophore
and its ligand; secondly titration of the potential DNA-binding molecule of interest
would be expected to displace the fluorophore causing initial fluorescence of the
fluorophore-DNA complex to diminish over time. A standard fluorophore commonly
used to form the initial complex is ethidium bromide which is able to intercalate DNA
(Chen et al., 2000b, Kostiainen et al., 2005). The resultant ethidium bromide-DNA
complex produces a quantifiable level of fluorescence but subsequent addition of the
molecules of interest in this case the Gen3K dendron would cause formation of the
Gen3K-DNA complex resulting in displacement of the ethidium bromide with
corresponding drop in fluorescence levels, which can be quantitatively assessed.
The fluorescence-based assay was corroborated with an electrophoretic mobility shift
assay to confirm the formation of Gen3K-DNA complexes in an agarose gel system.
Where the Gen3K-DNA complexes are formed, it was expected that these would be
larger in size compared with the free DNA molecules. The larger complexes would then
migrate at a slower pace through the agarose gel pores demonstrating the formation of
Gen3K-DNA complexes. These assays provided insight into factors affecting the
formation of dendron-DNA complexes and how this might influence delivery of DNA
into bacterial cells. The common techniques reported in the literature to study
interactions between different molecules such as drugs and DNA included: mass
spectrometry, gel shift electrophoresis and fluorescence assay (Achyuthan et al., 2010,
Palchaudhuri and Hergenrother, 2007, Tse and Boger, 2004). Hence, in this study
electron microscopy, electrophoresis and ethidium bromide-fluorescence were used.
These methods enabled different aspects of the dendron-DNA interactions to be studied,
giving an insight into the structure, binding and influence of positive-negative charge
ratios on the dendron-DNA complex formation.
The last aspect of the experiments then assessed the possibility of transfecting P.
mirabilis with either free bacteriophage 289b DNA or in complex with the dendron.
With regards to transfection of bacterial cells with bacteriophage DNA, other studies
have demonstrated that free bacteriophage DNA can be transcribed within Gram268

positive and negative bacterial cells independent of the whole bacteriophage particles
(van Rensburg, 1969, Sjöström et al., 1972). One of such studies utilised spheroplast P.
mirabilis (van Rensburg, 1969), which are cells that have little or no bacterial cells
walls. By removing the cell walls, the cells are made permeable to free nucleic acids,
thus the bacteriophage DNA was able to gain access to the cells and replicate with
production of whole bacteriophages. However, these studies did not focus on utilising a
non-viral carrier for delivery of bacteriophage DNA neither was a clinical use of such
strategy reported. In this present project, the ability of the dendron to function as a
delivery tool for bacteriophage DNA into non-chemically compromised and chemically
compromised P. mirabilis was assessed.
Here, a bioengineering strategy was implemented to obtain dendrons modified with
bacteriophage DNA (Gen3K-DNA complex), it was hypothesised that the dendron
would be able to carry and deliver the bacteriophage DNA through bacterial cell wall
and become localised within the cytoplasm. Therefore, the Gen3K-DNA complex
would act as a dual action antimicrobial agent for treatment of bacterial infections.
Figure 8.1 demonstrates the hypothesised sequence of events.

Figure 8.1

Overview of hypothesised antimicrobial action of Gen3K-DNA

complex as a dual-action hybrid treatment for bacterial infections

269

Where the Gen3K-DNA complex has formed it was expected that the Gen3K dendron
would provide access across the bacterial cell membrane; thus, delivering the
bacteriophage DNA into the bacterial cell. Successful dissociation of the DNA from the
Gen3K-DNA complex would begin the process of DNA replication followed by
translation into bacteriophage components to make the final whole bacteriophages as
would have happened if the DNA was delivered to the cell by bacteriophages.
Therefore, the lytic action of the bacteriophages on the cell would then result in
disruption of the biofilm forming bacterial cells. In addition, the dendron could also act
on the bacterial cell to limit the formation of the biofilm associated exopolysaccharide
possibly through its proposed action on the bacterial DNA as reported in Chapter 6;
which would provide a means for the dendron and bacteriophages to work together
towards control of bacterial infections.

8.2

Aim of chapter

Given that the Gen3K dendron had a defined number of amino groups at its periphery
which can be positively charged at physiological pH, it was hypothesised that the
dendron would be able to interact with the negatively charged polyanionic
bacteriophage DNA molecules to form Gen3K-DNA complexes. In addition, it was
thought that these complexes would be able to transfect P. mirabilis and produce
infectious bacteriophages in a similar manner to when the whole bacteriophages were
used to infect susceptible strains of P. mirabilis. The overall objective was then to
develop and evaluate a combined strategy of dual antimicrobial activity towards
treatment of bacterial infections.
Therefore, the aims in this chapter were to:
1.

Probe interactions between P. mirabilis bacteriophage DNA and Gen3K

dendron.
2.

Establish the ability of Gen3K to function as a non-viral carrier and delivery

vector in P. mirabilis biofilm forming bacteria.
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8.3

Materials and Methods

8.3.1 Materials and Chemicals
Calcium chloride (CaCl2) was purchased from Sigma-Aldrich. Luria–Bertani (LB) broth
(Oxoid), all growth media components, ethidium bromide solution, DNA loading dye
(6X), sterile DEPC-treated nuclease free water and phenol-chloroform-isoamyl alcohol
(25:24:1) were purchased from Fisher Scientific, UK. For DNA extraction the Phase
Lock Gel -light 1.5 mL tube and chloroform-isoamyl alcohol (24:1) were purchased
from VWR International Limited, UK. Formvar/Carbon on 400 mesh copper grids for
transmission electron microscopy were purchased from Agar Scientific, UK.

8.3.2 Extraction of bacteriophage DNA
Since bacteriophage 289b showed the most biofilm preventive effect against P.
mirabilis biofilms (Chapter 4, Section 4.4.1), the DNA isolated from this bacteriophage
was used to assess the potential of Gen3K as a non-viral DNA vector and transfection
agent. The DNA was extracted from the bacteriophage using a phenol-chloroform
method with the Phase Lock Gel™ Nucleic Extraction 5PRIME kit in accordance with
the manufacturer’s instructions as performed in Chapter 2 (Section 2.3.8.7).

8.3.3 Bioengineering Gen3K-DNA complexes
Gen3K was diluted in sterile nuclease free water to make stock solutions of 1 mg/mL.
The dendron solution was sterilised by filtration through 0.2 µm Minisart Sartorius
filters. Gen3K and DNA samples were allowed to interact at room temperature in sterile
nuclease free Eppendorf™ tubes. Since both molecules carried opposite charges, the
Gen3K-DNA complexes were expected to form through immediate electrostatic
interactions. The interactions were allowed to occur for 30 minutes at room temperature,
the suitability of this incubation time was assessed when the complexes were
characterised using both electrophoretic mobility and ethidium bromide displacement
assays. Different ratios of Gen3K and DNA were obtained by keeping the DNA
concentration constant and changing the volume of Gen3K (1 mg/mL) added to the
solution. This method was applied for all assays to characterise the resulting Gen3KDNA complexes.
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8.3.4 Calculation of Gen3K-DNA charge ratios
The different dilutions of Gen3K interacting with DNA resulted in different Gen3KDNA polymer charge ratios. The charge ratio was defined as the number of positive
charges of the dendron divided by the number of negative charges present on the DNA.
Positive and negative charges referred to the protonated amino groups of the dendron
(NH3+) and the phosphate groups (PO4−) of the DNA nucleotides. The charge of DNA
was always constant, while that of Gen3K was varied by volume of Gen3K added to
DNA. The negative charge was calculated according to the steps below. The genome
size of bacteriophage 289b was estimated to be 56,303 base pairs (bp) from restriction
fragment length polymorphism analysis conducted on the extracted DNA in Chapter 2,
Section 2.4.9. Firstly, the molar mass of DNA in gram/mole (g/mol) was calculated
using Equation 8.1:
Molar mass of a dsDNA fragment = [Number of bp] × 649

(Equation 8.1)

Here, assuming that the average molar mass of 1 DNA base pair in a double-stranded
DNA fragment is 649 g/mol (Tancsics et al., 2008, Gossl et al., 2002).
Next, the number of molecules present in the amount of DNA (219 × 10-9 g) used for
formation of Gen3K-DNA complexes was calculated using Equation 8.2:
N =

𝑨𝑨𝑨𝑨𝑨𝑨𝑨𝑨𝑨𝑨𝑨𝑨 𝒐𝒐𝒐𝒐 𝑫𝑫𝑫𝑫𝑫𝑫 𝒖𝒖𝒖𝒖𝒖𝒖𝒖𝒖
𝑴𝑴𝑴𝑴𝑴𝑴𝑴𝑴𝑴𝑴 𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎

× Avogadro′ s constant

(Equation 8.2)

Where N = number of DNA molecules present in the reaction and Avogadro’s constant
= 6.02 × 1023 molecules (the number of molecules in 1 mole).
Finally, to calculate the number of negatively charged phosphates based on the number
of DNA molecules in the reaction. Since the bacteriophage DNA contained 56,303 bp
(1 mole DNA), there would effectively be 112,606 negatively charged phosphate groups
( 2 x genome size) as there are usually 2 phosphates per DNA base pair. Hence, the
number of negatively charged phosphates (Nneg) that were present in each Gen3K –
DNA complex were determined using Equation 8.3:
𝑁𝑁neg = 𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 𝑜𝑜𝑜𝑜 𝐷𝐷𝐷𝐷𝐷𝐷 × 2 × 𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

(Equation 8.3)

Where, the number of molecules of DNA was obtained from Equation 8.2.
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For the calculation of positively charged amino groups in Gen3K, a similar procedure
was used. Firstly per mole of Gen3K it was assumed that all 16 peripheral amino groups
were protonated (-NH3+). Therefore the number of positive charge (Npos) was
determined using Equation 8.4:
𝑁𝑁𝑝𝑝𝑝𝑝𝑝𝑝 = 𝑁𝑁𝑁𝑁. 𝑜𝑜𝑜𝑜 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑜𝑜𝑜𝑜 𝐺𝐺𝐺𝐺𝐺𝐺3𝐾𝐾 𝑖𝑖𝑖𝑖 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 × 16

(Equation 8.4)

Where the number of molecules of Gen3K in the reaction was obtained using Equation
8.5:
𝑁𝑁 = 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑜𝑜𝑜𝑜 𝐺𝐺𝐺𝐺𝐺𝐺3𝐾𝐾 𝑖𝑖𝑖𝑖 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 × (6.02 × 1023 )

(Equation 8.5)

And 6.02 × 1023 represents Avogadro’s constant.

Based on values obtained for the number of negative and positive charges, the charge
ratio (rcharge) at any point in the assays performed was calculated using Equation 8.6:
𝑟𝑟𝑐𝑐ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 =

𝑁𝑁(𝑝𝑝𝑝𝑝𝑝𝑝)

(Equation 8.6)

𝑁𝑁(𝑛𝑛𝑛𝑛𝑛𝑛)

8.3.5 Characterisation of Gen3K-DNA complex
The formed Gen3K-DNA complexes were characterised using agarose gel based
electrophoretic mobility shift assay, which relies on the impaired movement of Gen3KDNA complexes compared with free DNA controls. This would occur because the
complexes would possess a larger molecular weight compared with the free DNA.
Secondly, the interaction between Gen3K and bacteriophage DNA was studied using an
ethidium bromide displacement assay. Ethidium bromide is the most widely used dye
for fluorescent-based assays in studying DNA-drug interactions (Tse and Boger, 2004;
LePecq and Paoletti, 1967). If the molecule of interest is capable of binding to DNA,
then it displaces the intercalated ethidium bromide from DNA and causes a decrease in
fluorescence compared with the fluorescence of DNA-ethidium bromide complexes in
absence of the dendron.
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8.3.5.1

Electrophoretic mobility shift assay (EMSA)

The Gen3K-DNA complexes were allowed to form at room temperature in nuclease free
water at charge ratios corresponding to 132:1 to 0.06:1 positive amino groups of Gen3K
to negatively charged phosphates of DNA. The volume of DNA used was kept constant
at 1 µL in a final volume of 20 µL. Aliquots of Gen3K stock solution (1 mg/mL) were
used to make up the final volume. After incubation, the samples were mixed with 3.3
µL 6× loading dye and the whole volume was loaded into wells of an ethidium bromide
(2 µg/mL) stained 0.75 % w/v agarose gel (Sigma Aldrich). Electrophoresis was run at
80 Volts for 1 hour. The gels were visualised in a UV transilluminator.

8.3.5.2

Use of ethidium-bromide displacement to probe interactions

between dendron and DNA
Ethidium bromide displacement assay experiments were performed in 96-well
microtitre plates at 25°C. Each well contained 50 µL of water with final concentrations
of ethidium bromide 20.3 µM (400 ng) and DNA concentration of 0.120 nM (219 ng).
Firstly, the DNA-ethidium bromide (DNA-EtBr) complex was allowed to form and
equilibrate for 30 minutes at room temperature. The initial fluorescence (Fo) was then
measured at excitation wavelength 590 nm and emission wavelength of 530 nm by a
BioTek Synergy HT fluorescence spectrometer.
To analyse binding between the Gen3K dendron and bacteriophage DNA, the
concentrated solution of Gen3K (1 mg/mL, 515.6 µM in water) was titrated in 5 – 40
µL volumes. Once Gen3K was added, the complexes were allowed to equilibrate at
room temperature for 5 minutes, before measuring fluorescence intensity (F). Control
experiments were performed by adding identical aliquots of buffer solution (in place of
dendron) into other wells containing DNA-EtBr complex. This allowed appropriate
evaluation of non-specific fluorescence decrease as a result of dilution. Fluorescence
measurements were taken until the fluorescence had decreased below 80 % of the initial
value (approaching 100 % Gen3K saturation of DNA).
For data analysis, the average background fluorescence of ethidium bromide alone was
subtracted from all data generated. For plotting graphs, the relative change in

274

fluorescence intensity was calculated for all wells containing Gen3K-DNA complexes
using Equation 8.7 in accordance with the method used by Shakhbazau et al., (2010):
𝑌𝑌 =

𝐹𝐹−𝐹𝐹𝐸𝐸𝐸𝐸

(Equation 8.7)

𝐹𝐹𝑜𝑜 −𝐹𝐹𝐸𝐸𝐸𝐸

Where Y = change in fluorescence intensity, F = fluorescence of sample when Gen3K
was added to the DNA-EtBr complex, Fo = fluorescence of the DNA-EtBr in the
absence of Gen3K and FEB = fluorescence of the free ethidium bromide (obtained from
wells containing only ethidium bromide). This corrected the data for volume changes
obtained after Gen3K titration and when buffer was added to the control wells (DNAEtBr and EtBr only) in place of Gen3K.
After relative fluorescence was determined, data were plotted using GraphPad Prism®
version 6 and fitted using least squares (ordinary fit) method towards obtaining some
quantitative assessment of the binding between Gen3K and the bacteriophage DNA.
Thus the IC50 value which was an estimate of the concentration of Gen3K required to
reduce the fluorescence of the DNA-EtBr complex by 50 % following binding of
Gen3K to the DNA molecule was obtained. This relative IC50 value was calculated
automatically from the GraphPad Prism® software using the competition binding ‘one
site - Fit logEC50’ model according to Equation 8.8:
𝑌𝑌 =

𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵+(𝑇𝑇𝑇𝑇𝑇𝑇−𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵)

(Equation 8.8)

1/(10(𝑋𝑋−log 𝐼𝐼𝐼𝐼50)) )

Where: Y = relative fluorescence, X = log10 of Gen3Kconcentration (µM), Top and
Bottom =

plateaus in relative fluorescence units, and LogIC50 =

log10 of the

concentration that displaced 50 % of EtBr intercalated in the DNA molecule. An
approximate value of Gen3K binding constants was calculated as the reciprocal of the
IC50 (Vijayanathan et al., 2001), based on a derivative of the Cheng–Prusoff equation
(Klotz, 1985; Cheng and Prusoff, 1973; Shakhbazau et al., 2010) as denoted in Equation
8.9:
𝐾𝐾𝑏𝑏(𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑) =
Where Kb

1 +[𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸]× 𝐾𝐾𝑏𝑏 (𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸)

(dendron)

(Equation 8.9)

𝐼𝐼𝐼𝐼50

= the binding constant of Gen3K to DNA, IC50 = concentration of

Gen3K required to displace 50% ethidium bromide from the DNA-EtBr complex
(Neubig et al., 2003), [EtBr] = total concentration of ethidium bromide used in the study
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and Kb

(EtBr)

= binding constant for EtBr to bacteriophage DNA. Three experimental

replicates were performed.

8.3.6 Transfection assays
The ability to obtain whole bacteriophages from DNA and Gen3K-DNA transfected
cells was assessed in this part of the study. Firstly, transfection of P. mirabilis cells was
conducted in cells with intact cell membranes and cell walls. Then, in chemicallytreated (DNA permeable/competent) bacterial cells in order to ensure that any lack of
transfection would not be due to inability of the Gen3K-DNA complexes to penetrate
inside the bacterial cells. Transfection of free DNA was performed first in order to
confirm that the extracted bacteriophage DNA would retain its biological activity being
transcribed within the bacterial cells and lead to formation of whole lytic
bacteriophages.

8.3.6.1

Optimisation of P. mirabilis competent cell preparation for

transfection assays
Since first attempts at transfection of bacterial cells with non-complexed DNA proved
unsuccessful, methods to render the bacterial cells permeable to DNA entry were
optimised. Two main techniques were tried: spheroplast formation and calcium chloride
(CaCl2) treatment to produce DNA permeable cells.
For spheroplast formation, bacterial cells have their cell walls impaired by enzymatic
reaction to remove cell wall peptidoglycan and reduce cell rigidity (Silhavy et al., 2010;
Ansari et al., 2015; Voss, 1964). This was the most reported in the literature to
demonstrate the formation of whole bacteriophages from bacterial cells transfected with
bacteriophage DNA (van der Schans et al., 1971; Benzinger et al., 1967; Chase and
Benzinger, 1982; Benzinger and Kleber, 1971). In the present study, P. mirabilis cells
were treated with different synthetic media containing lysozyme as the main ingredient
for digestion of the bacterial cell wall (Salton, 1956; Salton, 1957). The lysozyme
spheroplasts and ethylenediaminetetraacetate-lysozyme (EDTA-lysozyme) spheroplasts
were prepared in accordance with the method described by Birdsell and Cota-Robles
(1967). For these assays both physiologically young (logarithmic phase) and older
(stationary phase cells) cells of P. mirabilis were used. The logarithmic phase of
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bacterial growth was empirically determined. The mid-log phase cells were obtained
after 2 hour growth of a 1:100 dilution of an 18 hour culture in Luria Bertani broth (LB
broth). Cells were grown in a rotary (100 rpm) water bath at 37°C. The bacterial cells
were centrifuged at 17, 000 × g for 5 minutes and resuspended in tryptone broth at pH
7.5, which contained 10 g/L tryptone, 5 g/L sodium chloride and 1 mg/L thiamine all
dissolved in deionised water and autoclave sterilised.
To the mixture of resuspended bacterial cells, conversion to spheroplasts was
commenced by testing the components listed in Table 8.1.

Treatment mixture

Respective

final Reference

concentrations
Sucrose
serum

+

Bovine 1.5 M, 0.5 % v/v, 20 Benzinger

albumin*

+ µg/mL

et

al.,

1967,

Birdsell and Cota-Robles,
1967

lysozyme

Sucrose + EDTA (pH 1.5 M , 0.001 M, 20 Birdsell and Cota-Robles,
8.1) + lysozyme

µg/mL

1967)

Sucrose + lysozyme

1.5 M, 20 µg/mL

Table 8.1 Methods tested to prepare DNA competent spheroplasts of P. mirabilis
cells
*Albumin was added after lysozyme treatment to aid adsorption of DNA to spheroplasts cells and
inactivate lysozyme (Benzinger et al., 1967), and medium without albumin was included to
compare to when albumin was added.

Cells were treated in their respective media at room temperature for 10 minutes and
competence for DNA used as measure of spheroplast formation. Sucrose was usually
added to maintain osmotic balance and prevent lysis of the osmotically fragile
spheroplasts (Voss, 1964). After treatment, all cells were collected by gentle
centrifuging at 4,000 × g for 10 minutes and resuspended in tryptone soya broth (Oxoid,
UK) containing 20 % w/v sucrose. All cells were transfected with bacteriophage DNA
by mixing DNA at 0.1 – 100 ng with 0.1 mL bacterial cells and incubating at 37°C for
24 hours. At 1, 2 and 24 hours the bacterial samples were plated for bacteriophage.
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The second method tested for preparing DNA competent cells was the calcium chloride
method (CaCl2). The ability of CaCl2 to make bacterial cells DNA competent was first
demonstrated by Michael and Higa on E. coli (Mandel and Higa, 1970). For this, an
overnight culture of P. mirabilis was diluted 1:100 (0.5 mL in 50 mL TSB) and subcultured at 37°C with aeration at 100 rpm. After 2 hours, cells at mid-exponential phase
were obtained with bacteria concentration of 3 × 108 CFU/mL. These cells were
immediately centrifuged at 3,000 rpm for 16 minutes at 4°C. The bacterial pellets were
resuspended in half volume cold CaCl2 (50 mM), and incubated on ice for 20 minutes.
Afterwards, the cells were centrifuged again as before. The pellets were resuspended in
2.5 mL of ice-cold 50 mM CaCl2 containing 10 % v/v glycerol. Transfection was
performed on the cells using both free P. mirabilis bacteriophage DNA and Gen3KDNA complex.

8.3.6.2

Transfection of P. mirabilis CaCl2 competent cells with

bacteriophage DNA and Gen3K-DNA complexes
The first aspects of transfection were based on sole use of the bacteriophage DNA
unbound to Gen3K dendron. For this, different amounts of bacteriophage DNA were
tried (1 ng/µL, 10 ng/µL and 100 ng/µL). To 100 µL of the DNA competent cell stock,
1 µL bacteriophage DNA was added and the cell-DNA mixture was incubated on ice for
30 minutes, duplicate tubes were prepared per DNA concentration. Immediately after,
the cells were heat shocked at 42°C for 1 minute and transferred to ice. To each tube in
a duplicate set, 1 mL LB broth was added and cells were incubated at 37°C. At intervals
transfection was detected by the formation of bacteriophage plaques using the double
agar overlay technique. This aspect of the study was used to verify that the replicative
ability of the extracted DNA had not been impaired by the DNA extraction method
used. This initial transfection was also used to test all methods for competent cell
preparation to identify which method (spheroplast or CaCl2) made P. mirabilis cells
prone to DNA entry with resulting production of infectious bacteriophages.
For transfection of cells with Gen3K-DNA complex, 100 µL competent cells were
treated in the same way. Gen3K-DNA complexes were added at Gen3K-DNA charge
ratios of 132:1, 4:1 and 1:1 (based on using 10 ng DNA and different volumes of
Gen3K) giving high, medium and low DNA complexation based on electrophoretic
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mobility shift assay results. Six replicates were performed and DNA (10 ng) only
controls were also included in the assay.

8.3.6.3

Assay of bacteriophage plaques from transfected cells

Intracellular development, multiplication and lytic spread of P. mirabilis bacteriophages
from transfected cells were studied using the double agar overlay technique as described
in Chapter 2, Section 2.3.7. Briefly, samples of dendron-DNA or DNA only transfected
cells were mixed with molten 0.8 % w/v agar containing bacteriophage susceptible P.
mirabilis strain Pm289, then the solution was poured over a 1.5 % w/v solidified agar.
The agar plates were left to dry at room temperature (usually 10 minutes) before being
incubated at 37°C overnight. The following day, bacteriophage plaques were visualised,
counted and photographed. Development of bacteriophage plaques showed that the
bacteriophage DNA had been successfully transfected into bacterial cells and retained
its biological activity resulting in development of lytic bacteriophages.

8.3.6.4

Assessment of Gen3K-DNA complex internalisation within

cells
Since bacteriophage plaque production was not detected from transfection of nonchemically modified bacterial cells with either Gen3K-DNA complex and DNA on its
own, the internalisation of Gen3K-DNA complexes into P. mirabilis cells was further
assessed using transmission electron microscopy and confocal laser scanning
microscopy. The bacterial cells used had not been made competent by CaCl2 treatment;
therefore these bacterial cells would have possessed intact cell membranes and cell
walls. This helped establish the ability of cell penetration by the Gen3K-DNA complex
at high charge ratio (high complexation of DNA). The Gen3K dendron (1mg/mL) was
dissolved in LB broth and filter sterilised as was done in the anti-biofilm assays in
Chapter 6.
For transmission electron microscopy analysis, the Gen3K-DNA complex was allowed
to form at room temperature for 30 minutes (0.2 mL Gen3K with 444 ng DNA,
corresponding to a high charge ratio of 1205:1 positive-negative charge ratio). Based on
EMSA data, this very high charge ratio was thought to be sufficient for complete
complexation of the DNA molecules, as an excess of the dendron was used. Then 20 µL
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of an 18 hour grown (stationary phase) P. mirabilis cell culture was added to 0.2 mL the
Gen3K-DNA complex mixture and allowed to interact for 20 minutes at room
temperature, after which 1.78 mL LB broth was added and cells were incubated at 37°C
for 24 hours. The treated cells were then subjected to transmission electron microscopy
analysis. For control samples, molecules of Gen3K-DNA only, DNA only, Gen3K only,
Gen3K treated cells and DNA treated bacterial cells were also visualised.
Pre-microscopic treatment of bacterial cells was performed as done in Chapter 7 Section
7.3.5. For free DNA visualisation, the electron microscopy grids were pre-treated with
ethidium bromide (50 µg/mL). Pre-treatment of the grids was performed by floating the
grids for 15 minutes on droplets of ethidium bromide on parafilm. Excess ethidium
bromide solution was removed by dipping the grids in two different 1.5 mL tubes of
water, and drying on filter paper before use. Treatment with ethidium bromide
reportedly increases DNA adsorption to the grids, as the grids are made positively
charged which enhances interaction between the grids and DNA molecules
(Hajibagheri, 1999). Samples of Gen3K-DNA and DNA were spotted onto the grids and
allowed to air-dry at room temperature. TEM analyses were performed in a Hitachi H7100 electron microscope with an acceleration voltage of 100 kilovolts. To identify
DNA samples, comparison of the images was made with the negative control (water
only) and with standard DNA electron micrographs from Spiess and Lurz (1988). In
cases where ethidium bromide pre-treatment was not used no DNA was observed,
which demonstrated the advantage of ethidium bromide grid pre-treatment.
For confocal microscopy, the fluorophore labelled dendron (Gen3K-FITC) which was
synthesised and characterised in Chapter 5 Section 5.3 was used. This was incubated
with DNA to form a fluorescent Gen3K-DNA complex, and then used to treat bacterial
cells as done above. Both treated and untreated cells were observed using confocal laser
scanning microscopy using the same parameters as in Section 7.3.4.

8.3.7 Statistical analysis
Where required, statistical analysis was carried out using repeated measures analysis of
variance with Bonferroni's correction (significance level p-value = 0.05), using IBM
SPSS Statistics software version 22.
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8.4

Results

8.4.1 Gel electrophoretic mobility shift assay of Gen3K-DNA
complexes
Gel electrophoresis has been used since the 1980s to detect formation of complexes
between proteins and nucleic acids (Hellman and Fried, 2007; Garner and Revzin,
1986), referred to as the electrophoretic mobility shift assay (EMSA). The formation of
the dendron-DNA complexes was studied by varying the dendron concentration with a
constant concentration of the bacteriophage DNA to produce different positive to
negative charge ratios (rcharge) of the dendron and DNA respectively. From the EMSA it
was observed that charge ratio influenced the degree of DNA condensation by the
dendron (Figure 8.2). It was hypothesised that as the complex formed it would be larger
than the free DNA and therefore would migrate at a slower pace compared with the free
DNA. The lack of DNA bands at the Gen3K:DNA high charge ratios of 132:1 – 8:1
were similar to data reported by Zhang et al., (2012) where ratios above 0.5:1 lacked
DNA bands and the migration of the dendrimer-small interfering RNA (siRNA)
complex was retarded compared with the free DNA control. It is proposed that at these
high charge ratios, the DNA staining agent (ethidium bromide) used for visualisation of
any free DNA molecules would be prevented from interacting with the DNA due to
complex formation with the Gen3K dendron.
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Figure 8.2

Analysis of the formation of Gen3K-DNA complexes at different

charge ratios using electrophoretic mobility shift assay
For calculation of charge ratio (rcharge), it was assumed that the peripheral amine groups were
protonated under the conditions used. The distances moved by Gen3K-DNA complexes reduced
with increasing rcharge compared with the free DNA control. With increasing rcharge, the degree of
Gen3K-DNA complexation was also increased up to a point where no DNA bands were observed,
as complexes approached charge neutrality (rcharge ≥ 8). The complete retardation of the Gen3KDNA complex occurred at 4:1 charge ratio indicating formation of the larger Gen3K-complex
compared with the free uncomplexed DNA control.

8.4.2 Use of ethidium-bromide displacement to probe interactions
between dendron and DNA
To corroborate the observed condensation of DNA by Gen3K via the electrophoretic
mobility shift assay, an ethidium bromide displacement assay was performed allowing
the assessment of the interactions that occurred between Gen3K and the bacteriophage
289b DNA over time. This was based on the ability of the dendron to bind to the
negatively-charged phosphate groups of the DNA molecules and to quench the
fluorescence of the DNA-intercalated ethidium bromide complex (DNA-EtBr) by
displacement of the ethidium bromide (Haley and Geng, 2010; Chen et al., 2000). To
this end, aliquots of 1 mg/mL Gen3K dendron (corresponding to concentrations of 0 –
432.4 µM) were titrated against the bacteriophage 289b DNA-EtBr complex. The
decrease in fluorescence due to the addition of Gen3K to the DNA-EtBr complex was
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represented as relative fluorescence intensity versus concentration of Gen3K added
(Figure 8.3).

Figure 8.3

The displacement of ethidium bromide from DNA by Gen3K

following Gen3K-DNA complex formation
All data were normalized (F/Fo) relative to the maximum fluorescence obtained when the DNA
was bound to ethidium bromide (F: fluorescence of when Gen3K displaced ethidium bromide, Fo:
initial fluorescence of ethidium bromide bound to DNA). A decrease in the relative fluorescence
was observed corresponding to addition of Gen3K for displacement of ethidium bromide from the
DNA molecules. Data were represented as mean ± standard error (n = 3), with non-linear
regression fit used to calculate the IC50, which was the concentration of Gen3K at 50 %
fluorescence (the concentration required to displace 50 % ethidium bromide from the DNA
molecule). An IC50 of 133.3 µM (95 % confidence interval - 99.8 to 178.1 µM) of Gen3K was
obtained. With respect to Equation 8.9, it was inferred that the binding constant is inversely
proportional to the IC50, therefore, the binding constant of Gen3K to DNA was estimated as the
reciprocal of the IC50 (Vijayanathan et al., 2001) giving a value of 7.5 × 10-9 µM-1.
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8.4.2.1

The quality of Gen3K binding to bacteriophage DNA based

on charge ratio
Using the data from the ethidium bromide displacement assay, Figure 8.4 further
demonstrated the relationship between Gen3K:DNA charge ratio and the drop in
relative fluorescence. It was observed that the fluorescence intensity of DNA-EtBr was
decreased with increasing charge ratio (0 - 3178). The IC50 of 133.3 µM corresponded
to a charge excess (or charge ratio: positive (P) dendron to negative (N) DNA amounts)
of approximately 0.2:1 which denotes a very good DNA binder according to Kostiainen
et al., (2005), in which they reported that charge ratio values below 1.0 implied the very
best DNA binders. Within the range of charge ratio 2 to 3.2, Gen3K approached 100 %
displacement of ethidium bromide from the DNA, which corresponded to (F/Fo) ≤ 0.15,
indicating close to complete binding between Gen3K and DNA and confirming the
interactions between Gen3K and DNA demonstrated in the electrophoretic mobility
shift assay data where the Gen3K-DNA interaction was shown to increase in direct
proportion to the charge ratio.

Figure 8.4

Influence of charge ratio on the displacement of ethidium bromide

from bacteriophage 289b DNA by Gen3K
The data show the progress of ethidium bromide displacement monitored by the decrease in
fluorescence emission due to increasing charge ratio after Gen3K addition. All data were
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normalized (F/Fo) relative to the maximum fluorescence obtained when the DNA was bound to
ethidium bromide. (F: fluorescence of when Gen3K displaced ethidium bromide, Fo: initial
fluorescence of ethidium bromide bound to DNA).

8.4.3 Transfection of P. mirabilis cells with Gen3K-DNA Complexes
Having studied the interaction between the Gen3K dendron and bacteriophage 289b
DNA, the next steps involved transfection assays. These were performed to assess the
ability of the dendron to deliver bacteriophage DNA to P. mirabilis and to detect the
formation of bacteriophage progeny via this non-viral strategy.
Firstly, transfection with Gen3K-DNA complexes and associated DNA only controls
was carried out using P. mirabilis cells that had reached the stationary and logarithmic
phase of bacterial growth. However, no bacteriophage plaques were detected following
growth of the transfected samples on the double agar overlays.

8.4.3.1

Assessment of the internalisation of Gen3K-DNA complex

within bacterial cells
Here confocal laser scanning microscopy and transmission electron microscopy were
used to assess the interaction between the complex and the bacterial cells from which no
mature bacteriophages were detected after transfection with Gen3K-DNA complex.
After transfection assays showed that no bacteriophage progeny was detected when the
dendron-DNA complex was used at high charge ratio, it became necessary to use an
alternative method to investigate the internalisation of the dendron-DNA complex
(Gen3K-DNA). For this, the fluorophore labelled dendron (Gen3K-FITC) was
combined with bacteriophage DNA to derive a fluorescent Gen3K-DNA complex. This
complex was used to treat cells of P. mirabilis for 24 hours. The non-fixed bacterial
cells were visualised with confocal laser scanning microscopy. It was expected that the
cells would show green fluorescence internalised within the cells if the fluorophorelabelled, free dendrons and or Gen3KFITC-DNA complex penetrated the bacterial cells
(Figure 8.5).
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Figure 8.5

Transfection of fluorescent Gen3K-DNA complex into P. mirabilis

Pm289 bacterial cells
Images were obtained with 100× oil immersion lens. The cells fluoresced green in presence of
the dendron-DNA complex (A), the fluorescence was located in the same regions as the blue
nucleic acid stain DAPI (B) and differential contrast images (C) verified that the cells viewed
corresponded to bacterial cells not artefacts.

To verify internalisation of Gen3K-DNA demonstrated in confocal microscopy studies,
electron microscopy was performed on bacterial cells that had been treated with Gen3KDNA. Firstly the bacteriophage DNA and the Gen3K-DNA complex structures were
observed by electron microscopy to act as references for cell-based studies. The
obtained images demonstrated structures resembling free bacteriophage DNA and the
associated Gen3K-DNA complex (Figure 8.6).
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Figure 8.6

Transmission electron micrograph of bacteriophage DNA extracted

from bacteriophage 289b and Gen3K-DNA complex
DNA (30 ng) was deposited on Formvar-carbon copper grids which had been pre-treated with
ethidium bromide (50 µg/mL). (A and B) Strands of bacteriophage DNA, yellow arrows
correspond to strands of DNA at 10,000× magnification. Figure B is a higher magnification of (A)
at 30,000× magnification, the blue arrow represents a stain precipitate, 30,000× magnification.
(C) The complex of Gen3K-DNA (1mg/mL DNA- 10 µg/µL DNA), 30,000× magnification
highlighted by the red arrows – electron dense regions would be areas with maximal clusters of
dendrons with DNA and the light grey structures were thought to be condensates of Gen3K-DNA
that were thicker than the free thread-like DNA structures, similar to increased thickness of
peptide condensed DNA reported by Haley and Geng, (2010). (D) showed the blank buffer
(water) control in which the samples had been dissolved, the grey blob was a stain precipitate,
images for the dendron only control are also shown in Figure 8.7 below. All samples were stained
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with uranyl acetate. Scale bars were: 0.2 µm (Figures A and D) and 0.1 µm (Figures B and C).
To identify DNA samples, comparison of images was made with the negative control (only water)
and with standard DNA electron micrographs from Spiess and Lurz, (1988).

Figure 8.7 below is a zoomed in segment to more clearly show the thread-like structures
which were similar to faint structure of DNA micrographs reported by Spiess and Lurz,
(1988).

Figure 8.7

Electron microscopy images of bacteriophage DNA and Gen3K

dendron
(A) Maximised image to highlight the strands of DNA (not to scale) and (B) Gen3K dendron (as
seen in Chapter 5). In (A), the red circle shows region with low electron dense thin thread-like
molecules, with yellow arrow pointing to a few strands. These molecules were thought to be DNA
as similar low electron dense structures were reported by Spiess and Lurz, (1988). In (B) Gen3K
dendron, red arrow highlights electron dense clusters of Gen3K dendron.

8.4.3.2

Visualisation of Gen3K-DNA interaction with P. mirabilis

Pm 289 using transmission electron microscopy
Since an excess of positive charge was present in engineering the Gen3K-DNA complex
at high charge ratio, it was possible that the internalisation of Gen3KFITC-DNA
complex in confocal microscopic studies could have been due to unbound Gen3KFITC. Therefore, further verification of the internalisation of Gen3K-DNA complex was
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investigated using the electron microscope on Gen3K-DNA complex treated cells of P.
mirabilis. The cells were incubated overnight with either Gen3K dendron or the Gen3KDNA complex over 24 hours at 37°C. Differences in the cell and membrane ultrastructures were observed visually and are reported in Figure 8.8.

Figure 8.8

Transmission electron micrographs of P. mirabilis cells treated with

Gen3K-DNA
(A and D) P. mirabilis (untreated controls) at different magnification; (B and E) Gen3K dendron
treated bacterial cells; (C and F) Gen3K-DNA permeabilised bacterial cells, the yellow arrow
showed a feature internalised within the Gen3K-DNA treated cells, which was absent from Gen3K
treated and untreated samples (bacteria only). This could potentially be Gen3K-DNA complex
within the bacterial cell as similar thread-like structures were observed in electron micrographs of
DNA (Figure 8.7 above); (G and H) DNA treated bacterial cells at 10,000× and 30,000×
magnification respectively – no thread-like DNA structures were observed within the bacterial
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cells, which correlated with lack of bacteriophage transcription and plaque production when these
non-CaCl2 modified P. mirabilis cells were transfected with bacteriophage DNA. It could not be
completely confirmed as to whether either bacteriophage DNA or Gen3K-DNA transfected the
bacterial cells. Scale bars represent 0.2 µm. Red arrow showed black dots which were deposits
of lead carbonate accumulated from post staining. Sections of the sample with reduced levels of
the deposits were visualised where possible.

8.4.3.3

Transfection of CaCl2-treated P. mirabilis cells with

bacteriophage DNA
The lack of positive results prompted the assessment of the quality of the bacteriophage
DNA being used. The first step was to confirm if the DNA on its own could be
transcribed into bacteriophage components within the bacterial cells and produce lytic
bacteriophages. For this, CaCl2 disruption of the bacterial cell wall was performed. It
was expected that this would enhance the internalisation of DNA into the bacterial cells
(Mandel and Higa, 1970). The experiment clearly showed the ability of bacteriophage
DNA to be transcribed within permeabilised cells while differences in amount of
bacteriophage produced were not statistically significant between either the different
DNA concentrations or time of incubation, even though in most cases the highest
amount of bacteriophage particles were obtained after 24 hour treatment (Figure 8.9).
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A)

Figure 8.9

B)

Production of bacteriophage progeny from P. mirabilis Pm289

transfected with bacteriophage 289b DNA
Figure A) denotes the amount of bacteriophage plaques produced in relation to incubation time
and concentration of DNA (1 -100 ng) used. Overall, 24 hours was the most efficient time for
production of highest number of bacteriophage plaques. Inset (B) is a representative image of
bacteriophage plaques produced after 24 hour incubation and the plaque morphology were
similar to the plaques of bacteriophage 289b DNA used (Chapter 2, Figure 2.4). Control plates
consisting of only bacterial strain Pm289 did not show any bacteriophage plaques indicating that
all plaques were due to the transfection of the bacteriophage 289b DNA with production of lytic
bacteriophages from the transfected cells. Data are representative mean ± standard error (n = 6).
Statistical analysis was performed with one-way ANOVA with Bonferroni’s adjustment for multiple
comparisons.

8.4.3.4

Transfection of CaCl2-treated P. mirabilis cells with Gen3K-

DNA complexes
From the data above, it was demonstrated that the bacteriophage DNA could be
transcribed and translated into bacteriophage components within the bacterial cells, with
lysis of bacterial cells and detectable production of bacteriophage progeny. Therefore,
for this part of the study, the Gen3K-DNA complexes at different charge ratios which
corresponded with different degrees of DNA complexation were tested for their ability
to deliver DNA. The charge ratios used were 132:1, 4:1 and 1:1 corresponding to high,
medium and low DNA complexation as shown in Section 8.4.1.
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The amount of

bacteriophage progeny produced was based on the number of bacteriophage plaques
quantified by the double agar overlay plating technique. At high Gen3K:DNA charge
ratio, no bacteriophage plaques were detected (data not shown). The dendron was
capable of carrying bacteriophage DNA as well as delivering it into P. mirabilis. The
relationship between charge ratio and amount of bacteriophage produced are shown in
Figure 8.10.

Figure 8.10

The relationship between the amounts of bacteriophage produced

after transfection and dendron-DNA complex charge ratio
The amount of bacteriophage detected was directly proportional to the dendron-DNA charge
ratios. Medium and low charge ratios corresponded to Gen3K:DNA charge ratios of 4:1 and 1:1,
respectively. The greatest amount of bacteriophage plaques detected was from the DNA only
control group. The amount of bacteriophage plaques produced by transfection of bacterial cells
with the DNA only control was higher than that obtained in earlier experiments. This effect could
have arisen due to the high sensitivity of the CaCl2 heat-shock based technique to render the
bacterial cells permeable to DNA which may cause differences in transfection efficiency between
replicates, further discussed below. Data were represented as mean ± standard error (n = 2).

292

8.5

Discussion

This final part of the study described the application of the Gen3K dendrons as new
non-viral delivery carriers of P. mirabilis bacteriophage DNA towards development of
an engineered Gen3K dendron with dual-action antimicrobial properties. The data
obtained demonstrated that the dendron can act as a bacteriophage DNA carrier but
currently its ability to transfect bacterial cells and function as a synthetic bacteriophage
is limited by the bacterial cell membrane barrier. This was because production of whole
lytic bacteriophages from the transfected Gen3K-DNA complexes was only possible
after CaCl2 heat-shock pre-treatment of P. mirabilis as further discussed below.

8.5.1 Study of dendron-based complexation of bacteriophage DNA
using electrophoretic mobility shift assay
For any non-viral carrier to be effective, it must be able to carry the molecule of interest
for delivery to target cells. Thus, polycationic molecules have been considered as
suitable carriers due to their protonisable groups which can interact with the negativelycharged phosphates of nucleic acids (Dincer et al., 2005). The first aspect of this study
investigated the ability of the dendrons to form complexes with the bacteriophage DNA.
This DNA had been extracted from bacteriophage 289b which had previously showed
the highest level of biofilm prevention (Chapter 4, Section 4.4.1). For the investigation
of Gen3K-DNA complexation, the agarose gel electrophoretic mobility shift assay was
used. Being a standard, rapid assay for monitoring the ability of biomolecules to form
complexes with nucleic acids (Hellman and Fried, 2007), its use here illustrated the
effect of the charge ratios on complex formation. The data obtained showed that, at
high-charge ratios of positive –NH3+ components of Gen3K to negative –PO4components of the DNA, the overall charge of the complex would have approached a
positive state (Figure 8.2).
It was hypothesised that the presence of a neutrally-charged Gen3K-DNA complex due
to excess Gen3K presence would mean that no band would be observed after
electrophoresis because the DNA intercalating agent used for post-electrophoresis
staining would have no access to bacteriophage DNA that was fully complexed with
Gen3K. Since the free DNA control which was at the same concentration of DNA used
for the Gen3K-DNA complexes was still observed as a clear band in the gel and all
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sample volumes were loaded in the gel, then it was unlikely that there was no DNA in
the high-charge ratio samples. Indeed, no DNA bands were observed at the high charge
ratios of 132:1 to 8:1 (–NH3+ to PO4-) thus implying that the DNA molecules were fully
interacting with the Gen3K dendrons, a proposed simplified schematic model of DNA
masking by Gen3K at high charge ratio is represented in Figure 8.11 below.

Figure 8.11

Schematic of DNA interaction by Gen3K at high charge ratios

At high positive to negative charge ratios such as 132:1 observed earlier, it was proposed that the
positive charge of the dendrons completely neutralises the negative charge on the DNA molecule
and impedes access of the fluorescent probe (ethidium bromide). As such there were no DNA
bands observed in the electrophoretic mobility assay, but at low ratios the Gen3K-DNA
complexes migrated much slower than the free DNA control, demonstrating that the DNA is not
fully complexed and access to the DNA stain (ethidium bromide) was still possible. This result
also implied that the DNA negative charge was still sufficient to allow migration in the agarose gel
towards the positive electrode.

These data were in line with the hypothesis that electrostatic interactions between the
positively-charged amino groups of Gen3K and the negatively-charged phosphates of
DNA would result in the formation of Gen3K-DNA complexes in aqueous solutions.
The observed reduction in migration of the complexes and lack of DNA bands in the
highly complexed samples were all in agreement with other studies demonstrating
complexation of plasmid DNA by dendrimeric molecules with full complexation of
DNA at charge ratios ≥ 1:1 (Choi et al., 2006; Kukowska-Latallo et al., 1996).
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8.5.2 Using ethidium bromide displacement to assess interactions
between Gen3K dendron and bacteriophage DNA
The second aspect of assessing the potential of Gen3K as a non-viral carrier for
bacteriophage DNA involved the use of an ethidium bromide displacement assay. Since
ethidium bromide is an established intercalator of DNA, the ability of a biomolecule to
displace ethidium bromide from a DNA-ethidium bromide complex is a standard
method frequently used to demonstrate the binding efficiency of a proposed non-viral
DNA carrier (Tse and Boger, 2004; Palchaudhuri and Hergenrother, 2007). The data
obtained validated the findings of DNA complex formation from the electrophoretic
mobility assay and established the relationship between charge ratio and Gen3K-DNA
complex formation and they were used to quantify the DNA condensation efficiency of
Gen3K. Addition of the Gen3K dendrons in charge ratios ranging from 0 to 3.2×103 led
to a decrease in fluorescence intensity (Figure 8.4). The decrease was down to the level
of the unbound ethidium bromide control indicating that the dendron achieved a closeto-100 % displacement of ethidium bromide from DNA, demonstrating binding of
dendrons to most sites to which the ethidium bromide was previously intercalated.
Thus, it was confirmed that Gen3K binds bacteriophage DNA to form complexes that
prevented further interaction with the freed ethidium bromide. It was assumed that the
ethidium bromide and Gen3K molecules competitively bound to the same sites on the
DNA molecule; hence the binding affinity of the dendron was defined in terms of the
IC50 according to reports by Pan et al. (2013). The estimated IC50 gave an indication of
the concentration of Gen3K that was required to bind 50 % of bacteriophage DNA, and
was estimated at 133.3 µM (in presence of a constant concentration of 20.3 µM
ethidium bromide and 1.2 × 10-4 µM DNA) (Figure 8.3). The ability of the dendrons to
bind DNA was in line with other reports of the ability of polycationic dendrimeric
molecules to act as nucleic acid carriers (Zhang et al., 2012, Bielinska et al., 1997).

8.5.3 Optimisation of methods for production of DNA permeable cells
for

bacteriophage

DNA

infection

and

multiplication

of

bacteriophage in P. mirabilis cells
Once it had been established that the Gen3K dendron had the potential to function as a
non-viral carrier of bacteriophage DNA. The last step in this study was to utilise the
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dendron for the delivery of bacteriophage DNA into P. mirabilis. Before starting the
investigations on bacteria transfected with the dendron-DNA complex, the initial tests
focussed on the demonstration that the bacteriophage DNA on its own retained
biological activity and was able to form whole lytic bacteriophage progeny after
transfection.
Initial assessments for natural competence of the bacterial cells involved use of
stationary and logarithmic-phase cells. The different growth phases were used because
bacterial cells may possess differences in cell wall rigidity at different stages of their
growing curve (Shockman et al., 1958). Such differences may lead to different
susceptibility of the bacterial wall to DNA entry. It is known that the more rigid
stationary phase cells could be less prone to DNA entry compared with the rapidlydividing logarithmic phase bacterial cells which are likely to be in the process of
forming new cell walls and have weakened regions to create new bonds of
peptidoglycan (Höltje and Heidrich, 2001; Prats and de Pedro, 1989; Huang et al.,
2008). From the experiments, no bacteriophage progeny were produced after incubation
of the cells with the DNA samples. Thus, the cells were deemed to lack natural
permeability to bacteriophage DNA. It is possible that this lack of internalisation is
caused either by the rigid bacterial cell wall or by extracellular nuclease-driven DNA
degradation.
The next step was to reduce the cell wall barrier by rendering the bacterial cells
permeable to the extracellular DNA thereby increasing permeability. To this end, a
range of chemical treatments were tested (Table 8.1). The method which was mostly
consistent in rendering the bacterial cell walls permeable to DNA was the CaCl2
treatment. Other methods as stated in Table 8.1, previously reported by different authors
were also tested, but they were shown to be unsuccessful in this study. These methods
were previously reported to reduce the rigidity of the bacterial cell wall by partial or
complete depolymerisation the cell wall peptidoglycan to form bacterial structures
referred to as spheroplasts (van Rensburg, 1969). Suggested reasons for why this
spheroplast technique was unsuccessful in producing DNA-permeable cells include: (i)
degradation of bacteriophage DNA by bacterial nucleases (Wackernagel, 1972) and (ii)
disruption of spheroplasts due to changes in osmotic shock as spheroplasts have high
osmotic fragility (Weibull, 1953; Hurwitz et al., 1958). Since it was discovered that
penicillin-based spheroplast production yielded DNA competence in P. mirabilis with
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bacteriophage multiplication within the cells (van Rensburg, 1969), it is proposed that
the lysozyme method of spheroplast formation used in this chapter is unsuitable for P.
mirabilis. Future studies could utilise the penicillin method as described by Goldberg et
al., (1966). Also, the use of the spheroplast technique was time consuming compared
with the CaCl2 method for production of DNA competent cells.
For assessment of DNA transfection, the intracellular development of whole
bacteriophages was documented by counting visible bacteriophage plaques by the
double-overlay technique. Successful transfection was defined as the development of
bacteriophage plaques. It was observed that only bacterial cells prepared by the CaCl2
heat-shock technique supported DNA infection with bacteriophage production. This
was the chosen method for further production of all DNA-permeable cells. It is possible
that the CaCl2 heat-shock cell preparation was most successful compared with the
lysozyme treatment due to the added heat-shock treatment. As the short heat-shock has
been proposed to result in increased fluidity of the pre-chilled cell membrane bringing
DNA at the cell surface into the cytoplasm, but the mechanism of CaCl2-aided
transfection is still poorly understood (Mandel and Higa, 1970;Tu, 2008). Also, it has
been proposed that CaCl2 disintegrates the bacterial cell membrane in combination with
the heat-shock (from 0 to 42°C) thus allowing the permeation of DNA through the cell
membrane into the cytoplasm (Panja et al., 2008, Sarkar et al., 2002; Bukau et al.,
1985).
The method was successful in supporting bacteriophage DNA infection and
multiplication of bacteriophages five times out of seven. It was thus concluded that the
bacteriophage DNA retained its ability to be transcribed within P. mirabilis strain
Pm289 independent of the whole bacteriophage and that bacteriophage multiplication
could be obtained by using the DNA from the P. mirabilis bacteriophage. This result
was in agreement with other studies where bacteriophage DNA was successfully
transfected into lysozyme and penicillin-induced spheroplasts of E.coli (Henner et al.,
1973, Yasnova and Puchkova, 1982) and in penicillin-induced spheroplasts of P.
mirabilis (van Rensburg, 1969) with production of bacteriophage plaques. Only one
previous study has been found to demonstrate CaCl2 induction of P. mirabilis cells for
transfection of bacteriophage DNA, which is over 40 years old (van Rensburg et al,
1969).
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8.5.4 Correlation between DNA concentration and transfection
efficiency
To further understand the factors affecting transfection, the concentration-response
curve (Figure 8.9) showed that competence for DNA uptake was influenced by
concentration of DNA used to infect the bacterial cell and time of incubation of cells
after infection with DNA. Although, the differences in bacteriophage plaque production
over time and at different DNA concentrations (1 – 100 ng) were not statistically
significant, the maximal bacteriophage plaques produced was obtained after 24 hour
infection with 10 ng DNA. A study conducted by van Rensburg showed that
bacteriophage plaque production after 3 hour incubation of transfected cells in growth
medium was directly proportional to the DNA concentration (van Rensburg, 1969),
which was the only one found to have studied transfection of P. mirabilis cells with P.
mirabilis bacteriophage DNA.
In comparison with the data represented here, the amount of bacteriophage produced
was directly proportional with time when cells were infected with 10 and 100 ng DNA,
but when cells were infected with 1 ng DNA the bacteriophage plaques produced
increased up to 2 hours, after which time a decline was observed (Figure 8.9). In
addition, since with transfection of 1 ng DNA the number of bacteriophage plaques
increased from 1 – 2 hour and then slightly declined after 24 hours. This suggested
impairment in transfection within the 2 – 24 hour time point. It is possible that this
slight decline may be due to temperature-limiting factors if the tubes were not
adequately exposed to the short heat-shock (1 minute) done in the water bath to promote
DNA entry (Brooke et al., 2009), hence not enough cells were transfected with the low
1 ng DNA.
The immediate rise in bacteriophage plaques suggests that bacteriophage DNA readily
enters the bacterial cells but that at higher concentrations above 10 ng, bacteriophage
production within the cells is limited due to possible overloading with bacteriophage
DNA. Possible hypotheses for why this occurred may be result of abortive infections in
which the bacterial cells die via abortive infection (Abi) systems which block
bacteriophage multiplication. Hence, even though bacteriophage components are
synthesised these do not get packaged into whole infective bacteriophages (Chopin et
al., 2005). Otherwise, the effect of cell density may come into play at highest
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concentration of DNA used (100 ng), if there was more DNA present per cell (initial
DNA concentration to host cell numbers), then majority of the cells would be
transfected. Thus, the initial burst of bacteriophages would eliminate majority of the
bacterial cells compared with the lower DNA concentrations. This reduced cell density
limits availability of bacterial cells for bacteriophage infection in the short-term as seen
for bacterial cells transfected with 100 ng DNA which progressed at much slower rate
compared with the higher plaque production in cells transfected with 1 and 10 ng DNA
(Figure 8.9A).
It was also noted that efficiency of the CaCl2 method can have high variability between
replicates. When the Gen3K-DNA complex was transfected into bacterial cells, the
number of bacteriophage produced with the DNA control in Figure 8.10 was
approximately five-fold higher compared with data in Figure 8.9, after 24 hour
incubation of P. mirabilis that had been transfected with 10 ng of DNA. Even though
the bacterial cells were grown for the same length of time before use and the growth
phase empirically determined it is still possible that due to the rapid growth of P.
mirabilis cells, slight delay in rapidly-cooling cells to maintain them in the exponential
phase may mean some cells enter a late exponential phase. Therefore, the cells could be
less susceptible to CaCl2 treatment to render them permeable to DNA thus leading to
the reduction in transfection efficiencies shown in Figure 8.9. Other reports have shown
that a difference in growth phase can influence competence of bacterial cells to DNA, in
Helicobacter pylori Gram-negative bacterial cells, it was demonstrated that permeability
to DNA was greatest at early to mid-logarithmic growth phases (Israel et al., 2000) and
also at both logarithmic and stationary phases of bacterial growth (Baltrus and
Guillemin, 2006). Another reason is that the highly sensitive nature of the CaCl2 treated
cells to slight changes in ambient temperature, which may have caused the transfection
efficiency to drop yielding variations between replicates (Sigma-Aldrich, 2006). These
differences highlight the need for further studies that would yield Gen3K-DNA
complexes that can transfect bacterial cells independent of chemical pre-treatment of the
biofilm forming bacterial cells.
This aspect of the study was important to validate the use of bacteriophage DNA as
means for production of infectious bacteriophage particles. The amount of
bacteriophage plaques produced also gave an indication of bacterial lysis accomplished
over time and at each DNA concentration, which is a significant result for the clinical
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needs of future biomedical applications. The success of DNA biological activity
suggested that the Gen3K-DNA complex could also be transfected and yield infectious
lytic bacteriophages.

8.5.5 Transfection of P. mirabilis by Gen3K-DNA complexes
Past reports of bacteriophage DNA transfection using bacterial spheroplasts were
mainly focused on improving understanding of the infectivity of bacteriophages. As
well as improving scientific understanding of gene expression using easy transfection
techniques (Lien et al., 1997) and antibiotic resistance mechanisms (Nayar et al., 2015).
In relation to using spheroplasts for DNA transfection, it has been demonstrated that the
bacterial cell wall is a barrier to bacteriophage DNA transfection; as increased cell wall
permeability improved transfection, when basic proteins such as protamine were used to
enhance success of DNA transfection (Sabel'nikov et al., 1973).
In this study, this system of non-bacteriophage dependent DNA transfection with
multiplication of bacteriophages has been assessed for its usefulness as a dendronbioengineered bacteriophage DNA formulation. This was done to assess how the DNA
carriage and delivery potential of the Gen3K dendron could be combined with the selfreplicative property of bacteriophages as a potential anti-biofilm agent. Therefore, the
next aspect of the study focused on the transfection capability of Gen3K when bound to
the bacteriophage DNA (Gen3K-DNA complex). The transfection efficiencies of the
bacteriophage DNA when carried by Gen3K dendron were studied in P. mirabilis.
Based on the initial findings from effect of incubation time on amount of bacteriophage
plaques produced, the Gen3K-DNA transfected cells were incubated for 24 hours at
different charge ratios.
Transfection efficiency was based on the amount of bacteriophage produced and it was
limited by charge ratio (Figure 8.10). It is proposed that at high charge ratios, there is
impaired release of DNA from the complex once within the bacterial cytoplasm, due to
high complexation by Gen3K as observed from Figure 8.2. In addition, as the DNA is
highly complexed, it potentially had reduced accessibility to mRNA required for DNA
transcription, thus bacteriophage production was limited. In line with this hypothesis, it
was demonstrated in Figure 8.10 that only at medium and low charge ratios (4:1 and 1:1
respectively) were bacteriophage plaques detected. Whereas, at high charge ratio of
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132:1 positive amino groups of Gen3K to negatively charged phosphate groups of DNA
no bacteriophage plaques were observed.
These results suggest that the molecular interactions between Gen3K and the
bacteriophage DNA were too strong to allow the release of the DNA within the cells
that is necessary for its transcription. The same observations were made by Hardy et al.,
where their spermine modified Newkome dendron-DNA complexes at charge ratios 1:1
to 20:1 (positive to negative charge) showed no measurable transfection of DNA into
human carcinoma, human mammary gland and murine cell lines. Transfection was
detected only when the complexes were co-administered with the helper-molecule
chloroquine (Hardy et al., 2006). Chloroquine is an amine with ability to enter cells,
although its mechanism of action in enhancing transfection efficiency is not completely
understood. This molecule supposedly accumulates within acidic parts of the
mammalian cells such as lysosomes. A weak base is able to inhibit acidic lysosomal
enzymes thereby increasing pH and possibly preventing the pH-based degradation of
foreign material such as the dendron-DNA complexes within cells (de Duve, 1983;
Dean et al., 1984). Secondly, it has also been reported that chloroquine induces
dissociation of the dendron-DNA complexes, thereby promoting replication of
transfected genes (Erbacher et al., 1996).
For non-CaCl2 treated cells which did not support bacteriophage DNA expression into
bacteriophage plaques, microscopic-based techniques were used to confirm the
internalisation of the Gen3K-DNA complex at high DNA complexation. The Gen3KDNA treated cells of P. mirabilis were visualised by confocal laser scanning
microscopy. For the complex, Gen3K-FITC labelled molecules were used to complex
DNA forming a fluorescent complex that could be tracked within bacterial cells. Using
both confocal microscopy and electron microscopy to visualise the treated cells, it was
tentatively proposed that the complex gained access to the bacterial cells (Figures 8.4
and 8.5). With confocal microscopy data, it may also be argued that excess Gen3KFITC gained access inside the bacterial cells and not the Gen3K-FITC-DNA complex.
Therefore, further analysis was performed using transmission electron microscopy.
The electron microscopy data highlighted few differences between the bacterial cells
transfected with Gen3K-DNA and the controls, in a few cells structures corresponding
to complexes from previous ultrastructural analysis of Gen3K-DNA (Figure 8.6) were
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identified within the cells. Therefore, it is probable that the complex gained access to
the bacterial cells at these high charge ratios but was unable to be transcribed. Electron
micrographs could not be obtained for cells treated with lower charge ratios of Gen3KDNA hence further conclusions could not be made. However, based on other
complementary data of reduced electrophoretic migration (Figure 8.2), it was thought
that the absence of bacteriophage plaque production from the Gen3K-DNA at high
charge ratios could be due to this high complexation of DNA by Gen3K at these high
charge ratios.
A major advantage of pursuing gene delivery via Gen3K and not using the free DNA
would be the ability to implement the anti-biofilm properties of both the dendron and
the bacteriophage. However, further studies would be needed to optimise the delivery
potential of the Gen3K-DNA complexes so that transfection occurs without the need for
CaCl2 heat-shock mediated transfection, as well as to increase the level of bacteriophage
production from susceptible bacterial hosts. The data presented in this chapter are
significant in highlighting how synthetic biology could be used to combine the antibiofilm properties of both the dendron and bacteriophages towards future use in
biomedical applications and development of synthetic bacteriophages.

8.6

Conclusion

The results of this chapter demonstrated that the generation three poly (ε-lysine)
dendrons are capable of interacting with bacteriophage DNA to form Gen3K-DNA
complexes in a charge-ratio dependent manner. The ability of this dendron to transfect
bacteriophage DNA into P. mirabilis was also investigated by the number of
bacteriophage plaques produced after transfection. Although the dendron was unable to
transfect bacteriophage DNA on its own, the dendron was able to deliver bacteriophage
DNA to the bacterial cells via a CaCl2 heat-shock method that is frequently used for
transformation of bacterial cells particularly in E. coli. With the CaCl2 heat-shock
method, transfection of Gen3K-DNA resulted in multiplication of the lytic
bacteriophage 289b, with destruction of biofilm forming P. mirabilis strain Pm289
identified by bacteriophage plaque formation.
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However, since the transfection of naked DNA on its own was more efficient than
transfection with the Gen3K-DNA complex, there is still a need to improve this strategy
for combining the anti-biofilm properties of dendrons with that of bacteriophages. It is
proposed that this may be achieved by further modification of the dendron to improve
transfection, such as through modification of the periphery of the dendron with the
amino acid arginine. As an example, PAMAM dendrimers modified with L-arginine
demonstrated improved transfection efficacy in rat smooth muscle cells compared with
lysine-terminated dendrimers in a study by Choi et al., (2004).
The arginine amino acid is a good target because studies have shown that it is contained
in membrane translocalisation signals (MTS) (Tung and Weissleder, 2003). These MTS
are peptide sequences which are able to overcome the impermeable cell membrane
barrier by exploiting receptor mediated endocytosis for delivery of polar and
hydrophilic molecules such as drugs, plasmid DNA, peptides and proteins (Tung and
Weissleder, 2003, Futaki, 2002, Futaki et al., 2001). In plant cells short arginine-rich
intracellular delivery (AID) peptides have also been reported to improve transfection of
plasmid DNA, using the non-covalently bound peptide/DNA complexes for transfection
into living plant cells (Chen et al., 2007). Since it has been demonstrated that the noncovalent protein transduction mediated by the AID peptides can be used to transfect
plasmid DNA in Escherichia coli and Athrobacter ilicis bacterial cells (Liu et al.,
2008), future studies would be useful to determine how such AID modification of
Gen3K would impact transfection efficiency of the Gen3K-bacteriophageDNA complex
in P. mirabilis towards a novel anti-biofilm strategy.
The internalisation of Gen3K-DNA in calcium chloride treated bacterial cells
demonstrated a charge ratio-dependent effect on bacteriophage production following
infection with Gen3K-DNA complexes at different positive to negative charge ratios.
Also, the data showed that the studied dendrons have high affinity for bacteriophage
DNA. These data provide a useful starting point for further improvements in the
structure of Gen3K towards a more effective transfection agent. It is proposed that, if
suitably modified, the Gen3K dendron may become an efficient system for nonbacteriophage dependent delivery of bacteriophage DNA and propagation of
bacteriophages thus opening up a novel area of investigation in synthetic biology
focussing on the future development of synthetic bacteriophages.
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Thus, it was concluded that in bacterial infections, the engineered dual-action dendron
bearing the bacteriophage DNA may prove to be a promising approach toward the
development of an effective antibacterial therapy. Transfection of bacterial cells with
bacteriophage DNA may also be useful in molecular biology studies to study the
replication of bacteriophage DNA in other bacterial species which are non-susceptible
to the whole bacteriophages. Thus aside the antimicrobial aim of this project, the data
obtained would be useful to current researchers in molecular biology towards a unique
means of transfecting bacterial cells with bacteriophage DNA.
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9. Conclusions and Future work
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9.1

Conclusions

9.1.1 Clinical significance and aim of the thesis
Antibiotic resistance remains a global challenge for which no lasting solution has yet
been devised and which will only continue to increase in scale with time. The situation
is more problematic in the presence of bacterial biofilms, as the biofilm environment
can protect bacterial cells from antibiotics offering increased resistance to antibiotics
(Parasion et al., 2014). Biofilms are also able to impair wound healing due to their
resistance to antibiotics and ability to prevent re-epithelialisation of wounds as well as
cause blockage of medical devices (James et al., 2008, Schierle et al., 2009, Donlan,
2001).
In this study, the bacterium of focus was Proteus mirabilis because its biofilms are
clinically significant. P. mirabilis biofilms can cause blockage of urinary catheters and
is the most isolated bacterial pathogen from chronic catheter-associated urinary tract
infections also being prevalent in wounds amongst other infections (Jacobsen et al.,
2008). Effective therapeutic strategies are still required for P. mirabilis biofilm-related
infections and currently understudied in comparison with other bacterial pathogens such
as Escherichia coli, Pseudomonas aeruginosa and Staphylococcus aureus.
The problem of antibiotic resistance forms the basis of a range of research seeking
alternatives to antibiotics, and one promising alternative to antibiotics are lytic
bacteriophages (Mathur et al., 2003). These are viruses which specifically infect
bacteria, they are able to replicate in bacteria and kill bacterial cells by lysis. This
causes the release of newly formed viral progeny from the bacteria that can infect other
bacterial cells, making bacteriophages unique self-replicating drugs (Payne et al., 2000).
However, one of the issues underlying the use of bacteriophage therapy is the need to
maintain viable stocks of the bacteriophage which are mostly in the liquid form. With
time, the concentration of infectious viral particles within the stocks can deplete, as a
consequence, new bacteriophages need to be re-isolated and characterised before they
can be used.
Therefore, there exists a need to devise novel phage formulations that can be easily
transferred across continents, with reproducible means of isolation and improved
storage towards long-term stability (Ryan et al., 2011). Most importantly, there still
exists a need for novel antimicrobial agents and strategies that would be effective
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against biofilm-related infections that are useful for prevention and or eradication of
biofilms. With regards to bacteriophages, the main formulation for bacteriophage
therapy remains the purified liquid form which, despite the aforementioned limitations,
has not changed since the introduction of phage therapy in the 1900s. Therefore, in this
study, the application of hyper-branched molecules known as dendrons highlighted
potential of a dendron-based strategy that may serve both as novel synthetic anti-biofilm
agents and as carriers for bacteriophage DNA leading to the futuristic concept of
synthetic bacteriophages, in which the natural proteinaceous components of the viruses
can be replaced by synthesised peptides able to mimic the various parts of the
bacteriophage and to potentially deliver its DNA to the host..
To this end, the present project aimed to: (i) assess the therapeutic potential of
bacteriophages against Proteus mirabilis biofilms and (ii) investigate the development
of a novel antimicrobial strategy based on a bioengineering approach that utilised poly
(epsilon-lysine) dendrons to improve bacteriophage-based treatment of Proteus
mirabilis biofilm-related infections.
Several stages were involved in order to accomplish the aims of this study. Firstly,
bacteriophages against P. mirabilis were isolated and characterised using phenotypic
and genomic based techniques (Chapter 2), this allowed selection of the most effective
bacteriophages for the assessment of their anti-biofilm potential (Chapter 4) against
selected clinical strains of P. mirabilis that were demonstrated to be strong biofilm
formers (Chapter 3). From the characterisation studies and anti-biofilm assessment, the
potential limitations of bacteriophage-based therapy were highlighted. Thus,
investigations using synthetic biology and bioengineering were implemented to identify
how poly (epsilon-lysine) dendrons could be used to circumvent the limitations
associated with bacteriophage-based therapy. As well as provide a first-line report on
how both antimicrobial properties of the dendrons and bacteriophages could be
combined towards future clinical applications (Chapter 5 – 8). Through comparing the
anti-biofilm properties of the dendrons to both antibiotics and bacteriophages, it was
ascertained whether dendrons could be considered as an equal, complementary or
arguably better anti-biofilm treatment.
Therefore, initial studies in this thesis were conducted to assess the suitability of
bacteriophages as sole agents for biofilm control (Chapter 2 - 4). Following this, the
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second section of the study examined the effect of the dendron nanoparticles as both
antimicrobial agents and bacteriophage DNA delivery vectors (Chapters 5 - 8).

9.1.2 The isolation and characterisation of P. mirabilis bacteriophages
(Chapter 2)
It has been stated that additional research is needed before implementation of
bacteriophage therapy in the West (Sulakvelidze et al., 2001). Since there was a lack of
definitive studies into the characterisation and isolation of P. mirabilis specific
bacteriophages especially in the West, this study examined these bacteriophages. This
characterisation step was needed in order to assess the antibacterial activity of these
bacteriophages which would then form the basis of their usefulness as anti-biofilm
agents against uropathogenic strains of P. mirabilis.
The ability of bacteriophages reported in literature against common uropathogens such
as E. coli suggests that they could also be effective against other uropathogens including
P. mirabilis. Reports on characterisation of P. mirabilis bacteriophages were either
sparse or not usually focused on the lytic bacteriophages which are preferred for
antimicrobial use (Steyn and Pretorius, 1987, Goodridge et al., 2003). The latter are
preferred in order to prevent transfer of deleterious genes that are commonly associated
with lysogeny-related prophages (Wagner and Waldor, 2002) such as the cholera toxin
gene (Faruque et al., 1998). Most importantly, lytic bacteriophages reproduce quicker
within the bacterial cells compared with the lysogenic bacteriophages as lytic action
occurs earlier with the corresponding destruction of bacterial cells (Carlton, 1999).
The bacteriophages against P. mirabilis were newly isolated from sewage samples and
the characterisation based on phenotypic techniques highlighted that five of these
bacteriophages were unique. These consisted of three previously uncharacterised
bacteriophages (P, Q and B) obtained from the University of Brighton collection and
two newly isolated bacteriophages (289a and 289b) which had a combined lytic activity
against ten clinical strains of P. mirabilis. From these five, three bacteriophages (289b,
B and Q) were selected for further analysis based on their lytic range and ease of
obtaining concentrated stocks (Section 2.4.5).
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Further characterisation showed that the bacteriophages were distinct based on both the
profiles of restriction fragment length polymorphism and transmission electron
microscopy analysis. Electron microscopy demonstrated that bacteriophages B and
289b had Siphoviridae-like morphology; the bacteriophages possessed different plaque
morphology on agar plates and had unique RFLP profiles. These findings highlighted
that these bacteriophages were newly isolated strains. However, morphology of
bacteriophage Q could not be obtained using transmission electron microscopy and its
genomic-restriction digest profile was weak. Further studies such as genomic
sequencing might be useful in characterising this particular bacteriophage. Based on its
lytic profile and plaque morphology against strains of P. mirabilis the bacteriophage Q
was considered different from the other two.
By storing the crude concentrated bacteriophage stocks at commonly used storage
temperature of 4°C, it was shown that even concentrated stocks would deplete in
number of infectious particles over time. Further research into the reasons causing this
depletion will be required. It was observed, especially for bacteriophage Q, that 100 %
degradation of the bacteriophage particles occurred when incubated at 37°C after five
weeks (Section 2.4.6). Bacteriophage stocks will generally deplete over time (Golec et
al., 2011) and those with large drops in concentration usually have to be continually
restored by enrichment techniques that could introduce mutations in the genome causing
drifts from the initial parent strain (Wichman et al., 2005). Upon storage of highly
concentrated stocks, the bacteriophages may aggregate, a process that further reduces
infectivity against susceptible bacterial strains (Serwer et al., 2007a, Serwer et al.,
2007b), it is anticipated that novel formulations and optimised storage conditions should
minimise this loss and ensure availability for clinical use over time.
There were two main outcomes obtained from this aspect of the work. Firstly, the
application of bacteriophages as anti-biofilm agents could be limited by long-term
storage and degradation of infectious particles at physiological temperatures as
demonstrated by the stability assays (Section 2.4.6 and 2.4.7). From these assays, it was
demonstrated that the best temperature for storage of these bacteriophages was at 4°C,
demonstrating that at present the optimum storage conditions of bacteriophages from
different laboratories would need to be empirically determined to optimise stability
(Keogh and Pettingill, 1966, Golec et al., 2011). Therefore, there are still no universally
accepted methods of bacteriophage storage and the issues of long-term storage still need
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to be solved. Secondly, bacteriophages of P. mirabilis have potential for
implementation as anti-biofilm tools, because they could effectively kill the planktonic
cells of P. mirabilis and P. vulgaris which is a close relative of P. mirabilis.

9.1.3 Evaluation of the biofilm forming ability of bacteriophage
susceptible strains of P. mirabilis (Chapter 3)
Having observed the lytic action of the bacteriophages, it became necessary to
determine which strain(s) of P. mirabilis would be used to assess the anti-biofilm
activity of the select bacteriophages. In order to select the strongest biofilm formers, the
clinical strains of P. mirabilis that were most susceptible to lysis by the select
bacteriophages were further examined. These clinical strains were human urine isolates
from the Royal Sussex County Hospital, Brighton, UK. The standard micro-titre-plate
model was useful for identifying differences in biofilm formation by each strain. Two
aims were focused on at this stage: (i) to optimise the conditions for growing dense
biofilms of P. mirabilis and (ii) to assess the biofilm forming potential of the P.
mirabilis strains towards selection of suitable strains for anti-biofilm assays.
Both aims were accomplished. Firstly, the biofilm forming potential of these UK
clinical strains was examined in different growth media (artificial urine and a nutrientrich laboratory growth medium known as LB broth). Growth in artificial urine
mimicked the characteristic crystalline biofilms associated with P. mirabilis hydrolysis
of urea in human urine when compared with growth in LB broth. Since it was expected
that biofilms formed in clinically-reflective conditions would differ from those formed
in the laboratory, these data would be important for projecting treatment success in the
clinics based on laboratory data. Also, by selecting bacterial strains with the greatest
biofilm forming potential, the anti-biofilm activity of novel therapeutic agents could be
tested at extreme conditions.
Only one other study was found to have reported differences in P. mirabilis biofilm
formation resulting from growth in artificial urine and in LB broth (Jones et al., 2007).
Jones et al., (2007) studied the structural differences in biofilms of P. mirabilis after 24
hours of growth in artificial urine and LB broth using a flow-cell model accompanied
by confocal microscopy. The biofilms formed on a cover-slip were examined for
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structural differences after 0, 2, 4, 6, 12 and 24 hours. The authors reported that thicker
biofilms with mushroom-like structures were formed in LB broth, but a flat-layered
structure with protruding swarmer cells and with minimal nutrient channels were
formed in artificial urine grown biofilms. The differences were attributed to variation in
carbon source within the two growth media, LB broth was mainly made up of peptides
and amino acids compared with lactate and citrate reported as the primary carbon source
in artificial urine (Brooks and Keevil, 1997).
In the current study, a slightly different approach was implemented. The biofilms were
grown under static conditions and not in a flow-cell, the biofilms were grown in wells
of a 96-well micro-titre plate and biofilm structure was assessed using light microscopy
of crystal-violet stained biofilms. The micro-titre model is most commonly used in
research laboratories worldwide which are especially useful in high-throughput assays
(O'Toole, 2011, Merritt et al., 2005). The data obtained were similar to that of Jones et
al., in that less dense biofilms and sparsely populated biofilms were obtained from
growth in artificial urine compared with the densely populated biofilms grown in LB
broth. It was found that high concentration of urea caused a decrease in biofilm density
after 24 hours of growth in the artificial urine (Chapter 3, Section 3.4.4.3). This finding
supported the hypothesis presented by Brooks and Keevil (1997) who observed a rise in
pH due to hydrolysis of urea by P. mirabilis that may limit the growth of P. mirabilis
cells thereby causing a flat structured biofilm. In this study, this behaviour was related
to less dense biofilm structures with minimal extracellular matrix (Chapter 3, Section
3.4.5).
Also, by using different biofilm stains (acridine orange and crystal violet), it was
determined that depending on the stain used the classification of bacterial strains
according to biofilm formation can show different results. This was based on the
different aspects of the biofilm structure that the stains targeted. More variability was
observed by staining the biofilms with a nucleic acid-specific stain (acridine orange) as
this stain is fluorescent and affected by light exposure. The crystal violet stain, which is
mainly used by researchers worldwide, was more versatile and easier to manipulate.
When compared with acridine orange, crystal violet binds all components of the biofilm
including bacterial cells and the extracellular matrix (Kwasny and Opperman, 2010).
However, it has been reported that acridine orange binds not only the nucleic acids
components of bacterial cells (Peyyala et al., 2011), but it may also bind the
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extracellular DNA that can be entrapped in the biofilm’s extracellular matrix. Based on
the reduced variability obtained for crystal violet stained samples, the crystal violet stain
was selected for other downstream assays; with growth of biofilms performed in LB
broth, as this method yielded the densest biofilms which were suitable for highthroughput biofilm susceptibility testing of both bacteriophages and dendrons. Based on
growth in LB broth, the P. mirabilis strains were classified as dense- and moderatebiofilm formers, whereas in artificial urine only weak biofilms were formed after 24
hours of growth at the clinically relevant temperature of 37°C. The densest biofilm
formers selected for anti-biofilm assays were strains Pm289 and Pm425.
From this aspect of the study it was demonstrated that biofilm formation was influenced
by nature of growth medium in which the bacterial cells were cultured. This is
important for biofilm susceptibility assays, as anti-biofilm activity due to treatment may
appear high but it could be mainly due to biofilm growth conditions. Also, it was
demonstrated that P. mirabilis biofilm formation remains a clinical problem as all
bacterial strains were capable of forming moderate to dense biofilms. In addition, the
use of light microscopy to assess biofilm architecture was useful to demonstrate effect
on biofilm structure after anti-biofilm assays with bacteriophages and dendrons.

9.1.4 Ability of the bacteriophages to prevent and eradicate biofilms of
P. mirabilis (Chapter 4)
The majority of reports on P. mirabilis bacteriophages are very old and focused on their
use for typing of bacterial strains (Hickman and Farmer, 1976, Schmidt and Jeffries,
1974, Sekaninova et al., 1998). Other literature on the anti-biofilm capacity of P.
mirabilis bacteriophages are either sparse or not entirely focused on P. mirabilis as
other bacterial species have been usually included in these studies (Carson et al., 2010,
Lehman and Donlan, 2015).
In this study, it was shown that the bacteriophages selected from the previous chapter
were capable of preventing biofilms, but to different extents. It has been reported that
bacteriophages with haloes, which is depictive of depolymerase activity, are highly
efficient anti-biofilm agents (Hughes et al., 1998, Cornelissen et al., 2011). This
phenomenon has being explained as being due to the depolymerase-based hydrolysis of
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the exopolysaccharide content of the biofilm extracellular matrix (Hughes et al., 1998).
The current study also demonstrated that the bacteriophages that showed potential
depolymerase activity (bacteriophages B and 289b) were the most effective in the
prevention of biofilms (Chapter 4, Section 4.4.1). Up to 70.2 % prevention of biofilm
was achieved by bacteriophage 289b which was one of the newly isolated
bacteriophages. These results indicated these bacteriophages as suitable potential
candidates for future clinical studies in biofilm prevention for both catheter-associated
urinary tract infections and other biofilm-related infections. However, when their
biofilm eradication potential was investigated, these bacteriophages did not maintain
their high efficacy. When biofilms were maintained in a non-nutritious medium
(Lambda buffer), the bacteriophages had minimal effect on biofilm eradication and the
untreated controls depleted in biofilm density after two hours without growth nutrients.
No other published studies were found to demonstrate the influence on bacteriophage
ability to eradicate biofilms in non-nutritious growth medium. However, this
experimental model was in line with reports in the literature that growing bacterial cells
are required for bacteriophage activity and or reproduction (Cerca et al., 2007).
However, as far as bacterial hosts were multiplying in the second experimental model
which had the bacteriophages and pre-formed biofilms in LB growth medium, the
bacteriophages mostly reduced biofilm density within the first two hours of treatment.
After which, a rise in biofilm density was mostly observed or the biofilm density was
maintained at values close to that of the untreated host control (Chapter 4, Figure 4.5).
The response was regarded as an ecological one whereby, in maintaining a certain
number of bacterial hosts, the bacteriophages would maintain replication within their
bacterial hosts. To support this hypothesis, it has been reported that a residual fraction
of bacteriophages with lowered adsorption rates can be present to limit bacteriophage
interaction with bacterial cells (Gallet et al., 2012), these population of bacteriophages
may then reduce bacterial death as bacteriophage adsorption to bacterial cells is
reduced. Clinically, it would be preferred for the biofilms to be completely cleared,
therefore a combination strategy could be introduced to clear the remaining bacterial
cells. This would occur whereby a different anti-biofilm agent with a mechanism of
action that was different from that of the bacteriophages was introduced at the same
time as the bacteriophages or at a later time. This may then destroy the remnant
bacterial cells and prevent recurrence of infection.
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The significance of P. mirabilis as a pathogen is mainly associated with the role it plays
in blockage of urinary catheters and to a smaller extent in wounds due to the formation
of these the hard-to-treat biofilms (Jacobsen et al., 2008). The study of bacteriophages
as biocontrol agents against biofilm forming bacterial cells has demonstrated that
bacteriophages have a potential role as natural anti-biofilm agents, especially as their
mode of action is different from antibiotics which could alleviate the impact of
antibiotic resistance.
In summary, this aspect of the study fulfilled the assessment of whole lytic
bacteriophages as therapeutic agents against biofilms of P. mirabilis. From these data it
was concluded that in order for bacteriophages to be considered as effective anti-biofilm
agents, their ease of distribution worldwide, storage and ability to prevent and eradicate
biofilms must be improved. Therefore, the next aspect of the study focused on
investigating whether a synthetic biology approach that implemented generation-3-poly
(epsilon-lysine) dendrons (Gen3K) could be implemented to improve bacteriophagebased treatment of P. mirabilis biofilm-related infections. This also included an
assessment of the dendron nanoparticles as anti-biofilm agents on their own. This meant
that the efficacy of these synthetic molecules could be compared with that of
bacteriophages. It was thought that the success of dendrons as anti-biofilm agents would
also give rise to a significant contribution towards the search for novel antimicrobial
strategies against biofilm-related infections.

9.1.5 Synthesis and characterisation of generation three poly (epsilonlysine) dendrons (Chapter 5)
Dendrons are referred to as dendrimeric molecules due to their hyperbranched nature
which resembles at molecular level the branching of trees. The selection of dendrons as
anti-biofilm agents with potential use as either alternative or complementary to
bacteriophages was based on the batch-to-batch reproducibility of their synthesis,
relatively simple manufacturing method and resemblance of their hyperbranched
structure to the tailed bacteriophages (Chapter 5, Figure 5.1). The dendron here
investigated was composed entirely of ε-lysine residues and was manually synthesised
using the standard Fmoc-based solid phase peptide synthesis. Based on molecular
diagrams obtained via computerised software (ChemDraw 15.0), the generation three
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poly (ε-lysine) dendron (Gen3K) possessed sixteen peripheral amino groups and an
unmodified carboxyl root from which the multivalent dendron spread out (Figure 9.1).

Figure 9.1

Molecular structure of Gen3K showing its sixteen –NH2 groups at its

periphery
The stepwise synthesis of the molecule was possible by synthesising one generation after the
other from generations 1 – 3 (Gen1K – Gen3K) of the dendron.
Each generation referred to the branching out of the molecule with each addition of
lysine molecules to the structure. The peripheral amino groups are an important part of
the molecule as they offer reactive groups to which further modification of the dendron
surface can be performed. In this study, these reactive amino groups were utilised to
graft a fluorescent probe thus providing a fluorescent derivative of the dendron (Gen3KFITC) which was useful for investigations into the mechanism of action of the dendron
against P. mirabilis. Other modifications of the reactive ends have been applied in
improving solubility of drugs, prolonging drug half-life and in gene delivery for cancer
therapy amongst other uses (Zhang et al., 2010, Cheng et al., 2007, Devarakonda et al.,
2005, Ma et al., 2014). As an example, Devarakonda et al. (2005) utilised amine
terminated PAMAM dendrimers, the most common of all dendrimeric molecules for
improving the solubility of niclosamide, an antihelminth which is a water insoluble
drug. When the drug was combined with generation 1 – 3 PAMAM dendrimers, its
solubility was improved compared with the drug alone. In addition, the strong
interactions between the drug and the dendrimer meant that the dendrimer-drug
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conjugate could also be potentially applied for controlled drug release during treatment.
It is this versatile combination of properties that makes dendrimeric molecules so
attractive for various clinical applications.
The Gen3K dendron and its fluorescent derivative (Gen3K-FITC) were characterised
using at least one standard technique. These techniques included time-of-flight (TOF)
mass spectrometry (MS), transmission electron microscopy, Fourier transform infra-red
spectroscopy, ultra-violet-visible light spectroscopy and high performance liquid
chromatography (HPLC). The Gen3K dendron possessed a molecular mass of 1939.5
Da and a yield of 90 %; with HPLC and MS data demonstrating that a fully synthesised
single product was obtained as MS peaks characteristic of either Gen1K or Gen2K were
not identified in the Gen3K profile (Chapter 5, Figure 5.10). This meant that this type of
dendron could be reliably applied to downstream experiments that assessed its
suitability as an anti-biofilm and bacteriophage DNA delivery agent.
In conclusion, it was shown that Gen3K dendrons could be readily synthesised in a
reproducible manner as shown by mass spectrometry data, with the synthesis of high
yields being in line with previous reports by Meikle et al. (2011); where the poly (εlysine) dendron was modified with an anti-angiogenic peptide sequence at the outermost
branching generation and the molecular root was made of two phenylalanine residues.
After the optimisation of the Gen3K synthesis, the anti-biofilm properties of this type of
dendron were examined. To this purpose, it was thought that the ability of the peripheral
amino groups to be cationically charged at physiological pH may result in electrostatic
interactions with negatively charged components of the bacterial surfaces such as the
polyanionic lipopolysaccharide; thus conferring antimicrobial properties to the dendron.
This was based on reports available in the literature. In these reports, polycationically
charged molecules are reported to act through interactions with the negatively-charged
surface of bacterial cells causing destruction of the bacterial membrane and cell wall
peptidoglycan that eventually lead to bacterial death (Mintzer et al., 2012, Chen et al.,
1999). Hence, anti-biofilm assays were conducted using the dendron alone and also in
its combination with ciprofloxacin antibiotic and with bacteriophage 289b. This study is
a first in utilisation of Gen3K dendrons as either sole anti-biofilm agents or as potential
mimics of bacteriophages for the treatment of P. mirabilis biofilm related infections.
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9.1.6 The anti-biofilm potential of the poly (epsilon-lysine) dendron as
sole agents and in combination treatments with antibiotics and
bacteriophages (Chapter 6)
The first step in investigating the usefulness of dendrons in the treatment of P. mirabilis
biofilm related infections was to use an in vitro model that would simplify in vivo
infections; as well as utilise uropathogenic strains that the dendron could encounter in
clinical scenarios. Thus, the P. mirabilis strain (Pm289) of high biofilm-forming ability
was used to test the dendron’s anti-biofilm properties in an in vitro high-throughput
micro-titre plate technique based on the biofilm growth model optimised in Chapter 3.
This model was also suitable to examine the influence that treatment duration and dose
would have on the efficacy of the anti-biofilm agent. The main aim was to assess the
ability of the dendron to prevent biofilm formation and to eradicate pre-formed biofilms
of P. mirabilis.
Although it was previously hypothesised that the dendron would possess high
bactericidal activity against planktonic (free-swimming) bacterial cells, this was not
observed from the antibacterial assays at the implemented dendron doses of 1 – 0.25
mg/mL. A high inhibition of bacterial growth was expected due to reports from the
literature on activity for other polycationic dendrimeric molecules (Chen and Cooper,
2002). Sun et al. (2012) demonstrated > 99.999 % bactericidal activity by using nitricoxide releasing poly(propylene imine) (PPI) dendrimers which were active against both
Gram-negative and Gram-positive bacteria. Whereas, the Gen3K dendron caused up to
23.9 % bacterial growth inhibition with 1 mg/mL dendron after 16 hours treatment.
Thus, the dendron could only slightly inhibit bacterial growth and therefore would not
establish its anti-biofilm action via bacterial killing but by some other means at the
doses used. It was possible that the doses used were not sufficient to elicit the same high
bacteriostatic activity observed by other dendrimeric molecules. Therefore, it is
proposed that an increased dendron concentration may highlight greater antibacterial
effect as observed by Wang et al. (2010) where the half-maximal inhibition of bacterial
growth (IC50) by generation-4 PAMAM-OH dendrimers against E. coli bacteria was
obtained at 5.4 mg/mL. However, at up to 25 mg/mL more than 90 % bacteriostatic
activity was reported, demonstrating a dose-dependent inhibition of bacterial growth
(Wang et al., 2010). This may be a potential strategy for targeting infections associated
with planktonic bacterial cells, but it is worth noting that a doubling of the Gen3K dose
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to 2 mg/mL did not cause a further inhibition of bacterial growth, thus a much larger
increase as demonstrated by Wang et al. (2010) may be required provided that these
concentrations are within clinically-acceptable limits with no significant cytotoxic
effects.
In another study using generation-2-poly (propylene imine) dendrimers, a minimum
inhibitory concentration of 50 µg/mL was reported against P. mirabilis strains isolated
from water samples in wells and springs (Jebelli et al., 2015). This low value was in
contrast to other reports and this may have been because their antibacterial assays were
performed in sterile water which meant that bacterial growth would not be rampant as in
the nutritious LB broth used in this study. The authors used water to focus on the use of
the dendrimers for water filtration applications, but even in their assay a dose-dependent
bacteriostatic activity was observed. This also showed that it is possible that in other
non-clinical environments lower MIC values may be obtained against bacterial cells.
Since, the focus of this study was on the anti-biofilm activity of the dendron, it was
observed that even with the low inhibition of bacterial growth by the Gen3K dendron at
the doses implemented, a significant reduction and eradication of P. mirabilis biofilms
was possible. At the highest concentration of 2 mg/mL Gen3K, the greatest significant
reduction in biofilm mass formed was observed. Throughout the 48-hour treatment
duration the dendron reduced biofilm density to within 43.9 % – 98.5 %. Although, at
the lower doses a significant increase in biofilm mass was observed after an initial 8
hours of treatment, this increase was rapidly eliminated following longer treatment
duration beyond 16 hours of incubation (Chapter 6, Figure 6.1). These data indicated
that the dendron not only had ability to reduce biofilm formation but also an eradicative
potential for removal of preformed biofilms.
No other published studies were found to have assessed the anti-biofilm property of
dendrimers or dendrons for treatment of P. mirabilis infections. Of the few studies on
anti-biofilm activity of dendrimers or dendrons, the majority were focused on
Pseudomonas aeruginosa bacteria (Bahar et al., 2015, Kadam et al., 2013, Johansson et
al., 2011, Johansson et al., 2008, Worley et al., 2015), which is a significant
opportunistic pathogen affecting cystic fibrosis patients (Alemayehu et al., 2012).
Others focused on E. coli (Hou et al., 2009), Enterococcus faecalis (Zhu et al., 2015)
and Staphylococcus aureus (Worley et al., 2015) one study was also reported against
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the fungus Candida albicans (Zielinska et al., 2015). The use of different generations of
PAMAM-based dendrimers against P. aeruginosa biofilms resulted in a generationdependent anti-biofilm effect, with 100 – 8000 µg/mL minimum biofilm eradication
concentration after 24-hour treatment. The lowest effective concentrations were
observed for dendrimers that had been modified with a nitric-oxide releasing
component, further demonstrating the benefits to anti-biofilm activity from modification
of the dendrimeric molecule.
With regards to using the Gen3K dendron as a biofilm eradicative agent, a similar
significant effect as observed in the prevention assay was observed. The 2 mg/mL dose
remained most effective for eradication of preformed biofilms after 24 hours treatment,
at all doses the biofilm extracellular matrix was either completely cleared or
significantly reduced (Chapter 6, Figure 6.3). Up to 83.5 % of the biofilm was
eradicated after the 24-hour treatment with 2 mg/mL Gen3K. This clearance of the
biofilm ECM was important as the ECM is an important feature for maintaining the
biofilm structure and for the inhibition of antibiotic action (Ma et al., 2009, Mulcahy et
al., 2008). In addition, the eradication of biofilms was a 100 % improvement compared
with the treatment of preformed P. mirabilis biofilms by bacteriophage 289b after 24
hours, as no eradication was observed by the bacteriophage after 24 hours compared
with significant eradication by dendron after 24 hours treatment; all conditions of each
experiment were the same allowing comparison between dendron and bacteriophage
anti-biofilm assays (Chapter 4, Figures 4.4 and 4.5).
This removal of the biofilm ECM was observed in both prevention and eradication
assays, thus this could be the main pathway through which the dendron exerted its antibiofilm activity against P. mirabilis. It has been proposed that the ECM could support
increased localisation of the molecule which would promote antibiofilm activity
compared with the low bacteriostatic activity observed against planktonic bacterial cells
(Kavanaugh and Ribbeck, 2012). If the dendron acted through this localised
concentrated method, then more bacterial cells might be inhibited from proliferating
which would be a potential mechanism by which the dendron acted to eradicate the preformed biofilms. It was also possible that, due to its nano-particulate nature, the
dendron would be able to breach the biofilm barrier and target bacterial cells
sequestered within the biofilm structure. However, further studies on biofilm prevention
would be required as the planktonic cells would have existed in the first few hours
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before the biofilm formed, meaning that some sort of cellular interaction in suspension
also had a role in the dendron’s anti-biofilm action. Before performing studies to
provide insight into the mechanism of action of the dendron, the preventive effect of
using combination treatments of dendrons with ciprofloxacin and bacteriophage 289b
were also assessed.

9.1.6.1

Gen3K dendron with ciprofloxacin or bacteriophage 289b in

a dual-action antibiofilm strategy
The main aim of this aspect was to investigate whether co-administration of
ciprofloxacin or bacteriophage with the Gen3K dendron would enhance the
antimicrobial effect of the former. The data obtained served as an innovative
contribution to knowledge as there are no current published reports on the effects of
such combinations (Section 6.4.5).
In Chapter 3, clinical strains of P. mirabilis demonstrated the greatest susceptibility to
ciprofloxacin antibiotic which is a fluoroquinolone that inhibits bacterial growth by
inhibition of DNA gyrase, an essential bacterial enzyme used in bacterial DNA
synthesis (LeBel, 1988, Hooper and Wolfson, 1991). Moreover, ciprofloxacin-resistant
microorganisms have emerged, which would limit its application as a sole therapeutic
agent against biofilms of P. mirabilis. Studies also showed that ciprofloxacin coating of
silicon urinary catheters was unable to prevent colonisation by bacterial cells in a
catheterised bladder model (Stickler et al., 1994). Therefore, since the Gen3K
demonstrated anti-biofilm activity against P. mirabilis cells, its ability to improve antibiofilm activity of the ciprofloxacin antibiotic was assessed. The dendron and
ciprofloxacin were mixed at different concentrations of ciprofloxacin (0.004 – 1 mg/L)
whilst keeping the dendron concentration constant at an anti-biofilm dose of 1 mg/mL.
From the data obtained, synergy between Gen3K and ciprofloxacin resulted in an
enhanced bacterial growth inhibition. This was observed at the sub-minimum inhibitory
concentrations (sub-MIC) of ciprofloxacin (1/16×and 1/32× MIC) at which the inhibitory
percentage of bacterial growth was increased by 4.6 and 9.2 times higher than that
observed when ciprofloxacin was used on its own (Figure 6.5).
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Combination of Gen3K with ciprofloxacin also lowered the MIC50 of ciprofloxacin by
four fold from 0.031 mg/mL to 0.008 mg/mL (Figure 6.5). Very few studies have
assessed the synergistic antibacterial response of combining dendrimeric nanoparticles
with antibiotics. Winnicka et al., (2013) demonstrated a four-fold decrease in the
minimum bactericidal concentration with a combination of generation 2 and 3 PAMAM
dendrimers with erythromycin antibiotic against clinical strains of Staphylococcus
aureus. Therefore, the ability of dendrimeric molecules to improve antibacterial activity
of currently used antibiotics offers a novel means of enhancing the cost effectiveness of
antibiotics.
Although synergistic responses were observed for bacterial growth inhibition, these
were not replicated in anti-biofilm assays. However, improvements in anti-biofilm
effect of ciprofloxacin at sub-MIC doses were observed from using the combination
treatments (Figure 6.6). Since earlier prevention assays with the dendron alone
demonstrated that the dendron was capable of somehow clearing/preventing the biofilm
ECM from forming. It is probable that the dendron promoted bacterial targeting by the
sub-MIC of the antibiotic through its clearance of the inhibitory biofilm ECM layers. It
has been reported that by removing the biofilm ECM or components of it towards
disrupting the biofilm architecture, it is possible to improve antibiotic penetration
through the biofilms (Tetz et al., 2009).
With respect to combination of dendron and bacteriophage 289b, which was the most
potent bacteriophage for prevention of P. mirabilis biofilms (Chapter 4, Figure 4.2), a
different response was observed. Sole use of bacteriophages resulted in increased
biofilm mass at the highest concentrations of 109 and 107 pfu/mL. However, the
combination treatment impaired this increase, but the dendron alone still out-performed
sole use of bacteriophages and the combination treatments. From these data it was
thought that the bacteriophages may have molecularly interacted with dendrons causing
a reduction in the free dendrons available for anti-biofilm action.
The main outcome of this aspect of the study was that it demonstrated the potential
usefulness of Gen3K dendrons as novel therapeutic agent against biofilm-related
infection of P. mirabilis. Secondly, the study highlighted the synergistic activity of the
use of the dendron in combination with either antibiotics or bacteriophages. This could
represent a good strategy to improve antibiofilm capability of antibiotics at sub-MIC
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concentrations reducing the incidence of antibiotic resistant strains; because sub-MIC
doses of antibiotics within the biofilms have been attributed to promotion of antibiotic
resistance (Chow et al., 2015). Since the dendron did not have significant bactericidal
effects, but was able to eradicate and prevent biofilms, it was proposed that the dendron
acted via other pathways to minimise synthesis of biofilm promoting factors such as the
biofilm exopolysaccharide matrix.
Potential clinical application of Gen3K may be possible by using it as a catheter
retention balloon fluid instead of the currently used sterile water fillers. However,
before this, further laboratory-based studies using a catheterised bladder model would
be useful. With regards to non-medical device related infections such as biofilms in
wounds, the dendron may find its application as a topical treatment since it has shown
potential to degrade the biofilm matrix leaving the previously sequestered bacterial cells
susceptible to antibiotic killing.

9.1.7 A proposed mechanism for the antimicrobial action of the poly
(epsilon-lysine) dendron (Chapter 7)
To further understanding of the mechanism of action of the Gen3K dendron, first steps
into their anti-biofilm mode of action were revealed by using a combination of
techniques. These included the use of the fluorescently labelled dendron for
fluorescence spectrometry and confocal laser scanning microscopy. TEM was also used
to examine the morphological effects of the dendron on the bacterial membrane and
intracellular activity. Although only tentative conclusions could be drawn from the
TEM study, its combination with data from the other techniques was useful.
Drawing together the data obtained from all techniques, the fluorescence based and
confocal microscopy tests using the fluorescently-labelled dendron (Gen3K-FITC), it
was demonstrated that the dendron has the capacity to penetrate bacterial cells of P.
mirabilis. From the latter, it is proposed that the dendron interacts with the bacterial
DNA to inhibit biofilm-relevant processes such as the formation of the biofilm
extracellular matrix. The latter was supported by confocal microscopy data that
highlighted preferential localisation of the dendron within the cytoplasm at sites
corresponding to the bacterial nucleic acid. Based on the trypan blue assay (Chapter 7,
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Section 7.4.1), approximately 25.7 % of the dendron was bound to the bacterial surface
after 24-hour treatment with the dendron. Thus, it is postulated that the steps in which
the dendron initiates its anti-biofilm action would be by first attaching to the cell surface
and then becoming internalised within the cytoplasm of the bacterial cells. Following
this it is hypothesised that the dendron’s polycationic nature would favour electrostatic
interactions with the bacterial nucleic acid. With the disruption of biofilm-related DNA
bioprocesses, the stability and structure of the biofilm would not be maintained thus
leading to the clearance of the biofilm matrix that was observed at all the tested doses of
dendron (2 – 0.25 mg/mL). This hypothesis was also based on data that indicated the
low ability of the dendron to inhibit bacterial growth but significantly prevent and
eradicate the biofilm extracellular matrix, thus it was thought that the dendrons may act
mainly via other means that are different from disruption of the bacterial membrane.
Other hypothesis may be that the dendron has detergent-like properties where it is able
to degrade the exopolymeric matrix through electrostatic interactions with negatively
charged components of the extracellular matrix, thus disruption the structure of the
matrix which leaves the biofilm-sequestered bacterial cells exposed to antimicrobials.
These hypotheses will require further investigation to promote understanding of the
dendron’s mechanism of action, but this was outside the scope of the present study.
Other reports in the literature on the mechanism of action of polycationic biomolecules
demonstrate that the molecules interact with the negatively-charged components of the
bacterial membrane causing disintegration of the membrane, leakage of cell material,
and consequent cell death (Carmona-Ribeiro and de Melo Carrasco, 2013, Chen and
Cooper, 2002). The minimal bacteriostatic effect of the dendrons was evident from the
TEM micrographs (Chapter 7, Figure 7.5), where only a few cells were observed to
have what resembled deformed cellular surfaces. Chen et al. (2002) reported that at
bacteriostatic doses leakage of potassium ions from the cells would occur from
deformed bacterial cell surfaces.
At doses higher than those utilised in this study, it is possible the bacteria would
become overwhelmed with polycationic dendrons causing the membrane structure to be
completely disintegrated leading to bacterial death. Since the dendron was able to
interact with the bacterial cells and become internalised, then it can be inferred that the
mechanism by which the dendron facilitated the anti-biofilm activity of ciprofloxacin at
the sub-MIC doses was by promoting entry of the antibiotic into bacterial cells which
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would enhance the antibiotic’s DNA inhibitory action. The latter would also correspond
with the increased bacteriostatic activity observed at these sub-MIC doses of
ciprofloxacin (Chapter 6, Figure 6.5). Where the antibiotic had killed the bacterial cells
then there would be less available targets for the dendron, which would explain why
there was no synergistic anti-biofilm response when both dendrons and antibiotics were
used at the ciprofloxacin MIC and above. Moreover, since it is the sub-MIC doses that
are usually related to increased risk of antibiotic resistance, the dendron-antibiotic
combination resulted in the significant reduction in biofilm density compared with the
increase observed with sole use of the antibiotic at these very low sub-MIC doses. The
dendrons prevented the increase in biofilm by the studied antibiotic and bacteriophages.
It is proposed that the dendron’s different mechanism of action contributed to the
antimicrobial action of ciprofloxacin and bacteriophage 289b presenting a dual-action
antimicrobial strategy.
Thus, the present study further promotes the understanding of using combination
treatments that can improve the use of current antibiotics. Also, the dendrons have the
potential to be used to minimise increased biofilm production that may result at high
doses of bacteriophage. According to the ISO 10993-5 (2009) guidelines the dendrimer
concentrations used were also in the range that is considered to be harmless to
mammalian tissue cells. This was demonstrated by the cytotoxic assays performed
against mammalian cell lines (Chapter 7, Figures 7.8 and 7.9).
Having studied the interaction between the dendron and P. mirabilis, as well as
demonstrated that both dendrons and bacteriophages on their own have potential as antibiofilm therapeutic agents, the last aspect of the thesis focused on how to combine both
properties of dendrons and bacteriophages to develop a unique antimicrobial strategy
that was based on a synthetic biology approach.

9.1.8 A novel bioengineered strategy towards development of
dendron-based synthetic bacteriophages for treatment of bacterial
infection (Chapter 8)
Dendrimeric molecules have been studied for a variety of biomedical applications such
as anti-biofilm agents and for gene/drug delivery (Backlund et al., 2016, Aniejurengho
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et al., 2015, Lemarie et al., 2012). This latter property of gene delivery has not been
extensively explored in bacterial cells and, as far as it is known, this is the first study
that aimed to utilise dendrons to mimic bacteriophages in their delivery of
bacteriophage DNA to bacterial cells and to promote the replication of the
bacteriophage within bacteria by the novel concept of a synthetic bacteriophage. This
was thought of after having established that the dendrons possessed significant antibiofilm activity against P. mirabilis and by demonstrating via trypan blue assay that the
dendrons were able to become internalised within bacterial cells.
Therefore, this synthetic biology approach served as a first line of study in the
development of a unique antimicrobial strategy towards incorporating the anti-biofilm
properties of both the dendron and the bacteriophages. To this purpose, the potential
ability of the dendrons to act as gene delivery tools was used to mimic the carriage,
delivery and self-replicating property of bacteriophages. As for all other viruses, it is the
nucleic acid that is the most essential element for multiplication. Thus, bacteriophages
require their DNA to be replicated within the bacterial host with production of viral
progeny for bacterial lysis. Based on this, it was thought that isolating the DNA from
the bacteriophages and investigating a strategy for combining it with the Gen3K
dendron, would offer a new route for introducing self-replication to the dendron making
the therapeutic use of bacteriophages independent of their initial sourcing.
Firstly, the interaction of the dendrons with bacteriophage DNA was evaluated through
electrophoretic mobility shift assay (EMSA) (Chapter 8, Figure 8.2) and ethidium
bromide fluorescence emission quenching. Data acquired through the EMSA
demonstrated that electrostatic binding between the dendron and DNA resulted in selfassembled formation of dendron-DNA complexes (Gen3K-DNA). The formation of
which was dependent on charge ratios of positive amino groups of the dendron to
negative DNA phosphates (NH3+/PO4-). Without the Gen3K dendron, the bacteriophage
DNA was free to migrate through the gel. However, in excess of positive charges, the
complexation of DNA either approached neutralisation of charges leading to an absence
of a DNA band in the agarose gel or restrained mobility of the larger Gen3K-DNA
complex compared with the free DNA control (Chapter 8, Figure 8.1).
Other published reports have also demonstrated the use of dendrimers to complex
plasmid DNA towards gene therapy application (Kukowska-Latallo et al., 1996, Zhang
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et al., 2007) and the results obtained here were in correlation with these. The formation
of the Gen3K-DNA complexes was further verified by TEM, from which
interconnected rod-like complexes were observed as described by Ainalem and
Nylander, (2011). The ability of the dendron to form complexes with bacteriophage
DNA highlighted a novel aspect not previously investigated in the literature, which is
that beyond the use of polycationic dendrimeric molecules for gene therapy in human
diseases, these molecules particularly the generation-3-poly (epsilon-lysine) dendrons
used here, also have the potential to carry bacteriophage DNA towards antibacterial
therapy.
Later, transfection of the Gen3K-DNA complex into P. mirabilis cells was examined at
different charge ratios, but no bacteriophage plaques indicative of formation of progeny
within the cells were observed. Reasons as to why this occurred were further
investigated with confocal laser scanning microscopy and TEM of the transfected
bacterial cells (Chapter 8, Figures 8.6-8.9). With confocal microscopy the fluorescent
dendron Gen3K-FITC complexed with bacteriophage DNA was used to transfect the
bacterial cells. The cells fluoresced green suggesting that the complex had been able to
penetrate the bacterial cells and become localised in the cytoplasm. However, one may
argue that this fluorescence was due to the entry of uncomplexed free molecules of
Gen3K-FITC into the bacterial cells as purification of the complex could not be
obtained within this study and is one of the factors that would need to be considered for
future studies. Moreover, the data obtained from TEM analysis, demonstrated that
Gen3K-DNA complex-like structures were internalised within the bacterial cells. Since,
complexes at high charge ratio were used for these assessments, it is proposed that, at
such high level of DNA complexation, the DNA was unable to fully dissociate from the
complex thus preventing bacteriophage gene expression and consequently inhibiting
bacteriophage progeny production. Hence, no bacteriophage plaques would be
observed.
Ainalem et al. (2014) have demonstrated that gene expression can be inhibited by the
degree of DNA complexation by poly(amido amine) (PAMAM) dendrimers and the
surfactant hexadecyltrimethylammonium bromide (CTAB), which are both cationic
agents. To allow for gene expression in their study, the PAMAM-DNA complex had to
be treated with the negative polysaccharide heparin to dissociate DNA from the
dendrimers which is proposed to occur through competition for the positively-charged
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groups of the dendrimers (Ainalem et al., 2014, Pavlov et al., 2003). Further
transfection examinations with lower charge ratios did not also yield any bacteriophage
plaques which implied that other mechanisms preventing gene expression apart from
dissociation of the DNA from the complex could be responsible. Therefore, the bacterial
cell membrane and or cell wall were also thought to act as barriers to dendron entry.
The reason for lack of detection of bacteriophage plaques could only be speculated at
this point. However, it was necessary to verify that the bacteriophage DNA was able to
maintain its biological activity once transfected into bacterial cells. To aid transfection
of bacterial cells with free bacteriophage DNA (not complexed with Gen3K dendron) a
calcium chloride (CaCl2) heat-shock method was used. Mandel and Higa, (1970) used
this method to successfully transfect E. coli bacterial cells with plasmid DNA and is a
standard chemical method used in research laboratories for the transformation of
bacterial cells. This method was chosen as previously reported methods of transfecting
bacterial cells with bacteriophage DNA which used spheroplasts (bacterial cells with
minimal cell wall covering) did not produce DNA competent cells in the present
project. The CaCl2 method was efficient in producing DNA permeable bacterial cells,
the added 60 second heat-shock supported DNA transfection and bacteriophage plaques
were detected corresponding to the morphology of bacteriophage 289b (Chapter 8,
Figure 8.4). This requirement for transfection helpers has also been demonstrated by
Kukowska-Latallo et al. (1996) and Hardy et al. (2006) where transfection of PAMAMDNA and spermine dendron-DNA complexes respectively were only successful in some
mammalian cell lines following addition of chloroquine, a molecule that has been
demonstrated to promote dissociation of the dendrimer-DNA complex (Erbacher et al.,
1996). Therefore, molecular design improvement of the dendron structure could enable
transfection of bacteriophage DNA without use of transfection helpers thus enhancing
the therapeutic potential of this approach.
Upon transfection of bacterial cells with the Gen3K-DNA complexes using this same
CaCl2 heat-shock method, bacteriophage plaques were detected (Chapter 8, Figure 8.5).
Moreover, plaques were only obtained from cells transfected with complexes at medium
and low charge ratios (4:1 and 1:1) corresponding to medium and low levels of DNA
complexation. Since the dendron was always in excess to DNA, it was assumed that all
the DNA molecules were in complex with the Gen3K molecules. Therefore, the
detected bacteriophage plaques would not be due to transcription of non-complexed/free
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DNA. In comparison, no bacteriophage plaques were detected following transfection of
bacterial cells at high-charge ratio (132:1) of Gen3K-DNA. These data support previous
speculations that at high-charge ratios the degree of DNA dissociation from the
complex is impaired. Kukowska-Latallo et al. (1996) also reported that the efficiency of
transfection depends on the size, shape and number of amino groups of the Starburst
PAMAM dendrimers. As a consequence of this observation, future attempts to transfect
P. mirabilis cells with Gen3K-DNA should focus on first modifying the surface of the
dendron to ensure adequate release of DNA without the need of CaCl2 and heat shock
pre-treatment of the bacterial cells. This innovative strategy would be a first line in the
design of a futuristic synthetic bacteriophage and could lead to a new scientific area of
implementing synthetic biology for development of dual-action self-replicating antibiofilm agents.
Also, the data obtained in this project contribute to scientific knowledge by presenting
data that would serve as a basis for future studies on the development a novel
bacteriophage formulation. Current bacteriophage formulations are mainly in liquid
form applied either orally or topically (Weber-Dabrowska et al., 2003; Bruttin and
Brussow, 2005). The use of dendrons have already shown potential for the shuttling and
delivery of diagnostic and therapeutic agents in diverse biomedical applications such as
cancer therapy (Tomalia et al., 2007; Taratula et al., 2009; Chen et al., 2012) .
With research into new formulations for the treatment of biofilm-related infections, the
bacteriophage stocks could be more efficiently maintained over time and ensure reisolation of particular highly-efficacious bacteriophages. Currently, the bacterial cells
have to be regrown with the bacteriophage source samples and extensive
characterisation has to be performed to identify if the bacteriophage is effective against
the targeted bacterial strain(s). With the DNA of the bacteriophage isolated and
complexed with the dendron, which also has anti-biofilm properties, a new synthetic
strategy would become available that could be capable of eliminating or minimising the
need for the re-isolation of efficacious bacteriophages from their source thus reducing
reliance on parent stocks of whole bacteriophages.
Since the dendron of this study has shown significant anti-biofilm activity with no
cytotoxicity towards eukaryotic cells (as demonstrated by both MTT and LDH assays
against rat kidney epithelial cell line), the Gen3K dendron represents a potential
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therapeutic pathway for the development of novel antimicrobial strategies in this age of
increasing antibiotic resistance. At the same time, the present study offers a unique
platform for the development of future bioengineered systems based on bacteriophage
treatments.

9.2

Future studies

Prior to the synthesis and characterisation of the Gen3K dendrons, two novel
bacteriophages against P. mirabilis were isolated and characterised by both physical and
minimal genomic-based methods. To improve the genomic characterisation, further
genome sequencing should be performed. This is important to identify toxic properties
of bacteriophages as bacteriophages have been reported to transfer potential deleterious
toxins (Waldor and Mekalanos, 1996; Huang et al., 1987) and antibiotic resistance
genes (Ross and Topp, 2015) that may impair human health. This feature is indeed a
recognised limitation of bacteriophage-based therapy (Schoolnik et al., 2004; Projan,
2004). However, identification and removal of such bacteriophages has now been
facilitated by current molecular biology tools (Kleinheinz et al., 2014).
With regards to the anti-biofilm efficiency of the Gen3K dendron, although Gen3K
effectively eliminated the biofilm extracellular matrix, bacterial attachment to the
polystyrene material still occurred (Chapter 6, Figure 6.4). Ideally, a clinical therapy
based on dendrons should also be to prevent bacterial adhesion. Studies on titanium
biomaterials

have

shown

that

poly(L-lysine)-grafted-poly(ethylene

glycol)

functionalised with arginine-glycine-aspartic acid (RGD) motifs limited bacterial cell
adhesion to the biomaterial (Maddikeri et al., 2008). Since the Gen3K possessed
modifiable groups, it could be possible to improve the anti-adhesive property of medical
devices such as urinary catheters by functionalising the surface of the materials with
Gen3K-RGD molecules. These RGD motifs are integrin-binding ligands required for
eukaryotic cell adhesion but unrecognisable by some bacteria (Ruoslahti and
Pierschbacher, 1987; Harris et al., 2004). Further studies on biomaterials that limit
bacterial adhesion are essential for the prevention of antibiotic resistance and the
improvement of wound healing. Aside modifying the surfaces of biomaterials, other
innovative materials should also be considered for prevention of bacterial biofilms. For
example, materials not previously considered for anti-biofilm activity such as bioglass
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have been suggested for the prevention of Streptococcus sanguis biofilms (Allan et al.,
2002).
With the dual-action strategy which was assessed in Chapter 6, Section 6.4.5, it was
demonstrated that the dendron can promote bacterial growth inhibition when combined
with the antibiotic ciprofloxacin. Therefore, dendron-based removal of the biofilm
extracellular matrix may then promote antibiotic activity against the attached bacterial
cells. Further studies into systems to design dendron-antibiotic complexes could
promote incorporation of these dendrons for clinical use as well as improve antibioticbased treatments. In addition, implementation of both anti-biofilm properties of
bacteriophage and dendrons would be beneficial in promoting integration of
biomaterials in medical implants that are commonly affected by bacterial biofilms. If
implants are not protected from bacterial infections, then clinical complications and
complete implant failure can occur (Trindade et al., 2014).
With regards to the clinical applications, it is suggested that future development of antimicrobial and anti-bacterial agents for urological applications should be performed in
high-throughput assays based on medium simulating the urine composition. This would
be particularly useful to incorporate the clinical action of P. mirabilis urease activity as
well as to identify how the observed bacteriophage and dendron anti-biofilm activities
might be influenced by pH changes. As well as to examine how the presence of urine
proteins such as human serum albumin, Tamm-Horsfall Protein and alpha1microglobulin might influence the anti-biofilm action of these potential therapeutic
agents by supplementing the artificial urine growth medium with these proteins; since
they have been shown to influence bacterial cell adsorption to biomaterials by acting as
a conditioning film on the surface of biomaterials (Santin et al., 1999).
The studies on mechanism of action of dendrons against the Gram-negative P. mirabilis
could be complemented with other techniques. From the findings of present study it is
proposed that the dendron becomes internalised with the bacterial cells and is
hypothetically able to impair exopolysaccharide matrix formation through inhibition of
biofilm-related

DNA

mechanisms

or

by

detergent-like

degradation

of

the

exopolysaccharide rich matrix, based on the microscopy data in Chapter 7 (Sections
7.4.1 and 7.4.2). Additional methods that could improve the analysis of Gen3K dendron
mediated P. mirabilis inhibition mechanisms include: further genomic investigations
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such as qPCR with primers that target different biofilm-EPS matrix genes to assess the
ability of the dendron to influence biofilm-gene expression. Also, molecular modelling
and fluorescent intercalator displacement experiments similar to the ethidium bromide
displacement assay have been implemented in the published literature to demonstrate
how other antimicrobials such as buforin II potentially interacts with bacterial nucleic
acid to influence its antimicrobial activity against E. coli bacteria (Uyterhoeven et al.,
2008). The same techniques would also be useful to verify that the dendron is able to
impair biofilm matrix formation via interruption of DNA processes. In addition,
scanning electron microscopy would also be useful to clarify the changes in bacterial
membrane observed by transmission electron microscopy (Chapter 7, Section 7.4.3).
Disruption of bacterial membranes may be studied by leakage of fluorescent dyes from
the bacterial cells following treatment with the dendron, in comparison with known
control such as cell-wall degrading antibiotics or a detergent like agent such as TritonX100 as highlighted by Bechinger and Lohner, (2006). To study the detergent-like
properties of the dendron a proton-decoupled
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P solid-state NMR spectroscopy has

been used, by which the macroscopic phase behaviour of the bacterial lipid bilayer can
be assessed in the presence of the dendron as demonstrated for magainin antimicrobial
peptides (Bechinger, 2005).
The bioengineering strategy implemented for the combination of the anti-biofilm
properties of both dendrons and bacteriophage has emerged from this thesis as an
antimicrobial strategy that has the potential to be used in the treatment of biofilmrelated infections. However, different aspects of the process require further
investigations to obtain a product that can transfect biofilm forming bacterial cells
independent of calcium chloride-permeabilisation processes of the bacterial cells, and
capable of producing infectious lytic bacteriophages.
Tethering of the dendrimeric molecules has been shown to improve both transfection
efficiency in eukaryotic cells and bacteriostatic activity against pathogenic bacteria.
Modification of the peripheral amine groups of a PAMAM dendrimer with L-arginine is
a possible alternative as this was shown to improve transfection efficiency in rat smooth
muscle cells compared with transfection by the non-modified dendrimer (Choi et al.,
2004). Arginine has been integrated in the dendrimer structure due to its ability to act as
a cell-penetrating peptide which performs better than lysine-bound moieties (Okuda et
al., 2004; El-Sayed et al., 2009). Since the majority of the studies were performed in
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eukaryotic cells, the successes of these modifications for use against bacterial cells
require further investigations. Indeed, in combination with data from this thesis, these
findings may pave the way towards the discovery of novel antibacterial agents that
could be used as such or in combination with antibiotics. Another innovative strategy
would be to mimic surface receptors of bacteriophages, but this approach may limit a
bionic-phage strategy as bacteriophage receptors are known to be bacterial strain
specific (Chatterjee and Rothenberg, 2012). The next future steps are undoubtedly
surface modification of the dendron with promising candidate peptide sequences that
would favour transfection into bacterial cells by the dendron-DNA complex, thus
allowing the development of an ideal synthetic bacteriophage.
The work presented in this thesis, alongside the other reports in literature on the
effectiveness of bacteriophages and dendrimeric nanoparticles against bacterial
biofilms, will promote the development of dual-action anti-biofilm agents that can be
used as such or in combination with antibiotics thus becoming a valid alternative or
complementary agent in the treatment of not only biofilm-related infections caused by
Proteus mirabilis but also by other pathogenic bacteria.
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