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THE BIOFILM MATRIX AT SUB-INHIBITORY CONCENTRATIONS OF 

VANCOMYCIN  

 

Natalya Doroshenko  

Staphylococcus epidermidis biofilm formation is a primary cause of medical device infections, 

which are persistent and difficult to eradicate because biofilms intrinsically exhibit a naturally 

high level of antibiotic resistance. Although biofilm antibiotic resistance or tolerance is a 

multifactorial process, some mechanisms such as limited diffusion, low metabolic activity and 

persister cells, contribute to the failure of antibiotics in the treatment of biofilm infections.  

Current, antibiotic treatment strategies may provide biofilm infections with intermittent exposure 

to sub-minimum inhibitory concentrations (sub-MIC) of antibiotics. Biofilms have been shown to 

display an increase in antibiotic tolerance when exposed to antibiotics at sub-MIC. Such 

mechanisms of adaptive antibiotic resistance are not well characterized but are of extreme 

clinical importance.  

This project showed that exposure to sub-MIC vancomycin increases the virulence of S. 

epidermidis biofilms because it induces vancomycin tolerance.  BODIPY FL-vancomycin 

(fluorescent vancomycin conjugate) and confocal microscopy were used to show that the 

penetration of vancomycin through sub-MIC vancomycin pre-treated S. epidermidis biofilms was 

impeded, when compared to control, untreated biofilms. In addition, the results showed that a 

wide range of sub-MIC vancomycin concentrations induced an increased amount of 

extracellular DNA (eDNA) within the matrix of sub-MIC vancomycin treated biofilms.  Finally, a 

set of ex vivo experiments using extracted exogenous S. epidermidis DNA revealed that 

exogenous S. epidermidis DNA binds vancomycin. Collectively these findings suggest that sub-

MIC vancomycin exposure increase the abundance of eDNA in the matrix of S. epidermidis 



 

 

biofilms, which protects the biofilm community from subsequent vancomycin exposure by 

binding vancomycin as it travels through the matrix.   

Therefore the work in this project provides details of an eDNA-based mechanism of adaptive 

antibiotic tolerance in sub-MIC vancomycin treated S. epidermidis biofilms, which might be an 

important factor in the persistence of biofilms infections. 
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Figure 5.3 Regions of interest showed a binary distribution of fluorescence. A) Histogram of the 
overall fluorescence from DAPI stained control S. epidermidis biofilms. B) Histogram of a 
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Figure 5.4: Regions of low DAPI fluorescence in S. epidermidis biofilms correspond to eDNA. 
Representative micrographs of 48-h control S. epidermidis biofilms depicting; A) regions of 
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box; median fluorescence intensity of dead cell cystoplasmic DNA and eDNA.  Big solid squares; 
average of the modal fluorescence intensity recorded for dead cell DNA and eDNA 
fluorescence. Dashed red line is the maximum cut of value for the fluorescence intensity of 
DAPI bound to eDNA. ................................................................................................................................................ 105 

Figure 5.5: Schematic illustration of the method used to quantify eDNA fluorescence in biofilms.
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Figure 5.6:  Sub-MIC vancomycin treated biofilms contain more eDNA than control biofilms.  A) 
Reduction in OD600 of control and sub-MIC vancomycin treated S. epidermidis biofilms as a 
result of DNase I treatment. PBS incubation was used as a control for DNase I. All error bars 
represent standard error of the mean (n = 10). Baseline not subtracted. B) OD600 as a function 
of time over 180 minutes of DNase (100 µg/ml) treatment to control and sub-MIC vancomycin 
treated S. epidermidis biofilms. The rate of DNase I activity was calculated as ΔOD / ΔTime. 
Error bars; standard error of the mean, n = 3. Asterisk indicates statistically significant 
difference (P < 0.05) as determined by the student t-test. ....................................................................... 112 

Figure 5.7: DAPI staining of eDNA and dead cell DNA in biofilms exposed to vancomycin. A) 
Representative micrographs of 48-h control and 48-h S. epidermidis biofilms pre-exposed to 
varying concentrations of vancomycin, showing  low fluorescence intensity due to DAPI bound 
eDNA (white arrows) and high fluorescence intensity due to DAPI staining dead cell 
cytoplasmic DNA (yellow arrows). Scale bar = 80 µm. B) Fluorescence intensity of DAPI bound 
eDNA shown as a function of vancomycin concentration used to pre-treat S. epidermidis 
biofilms. Box and whiskers; min and max fluorescence intensity for DAPI bound eDNA 
fluorescence. Line across the box; median fluorescence intensity of eDNA fluorescence at each 
vancomycin concentration. Large solid squares are average fluorescence intensity recorded for 
DAPI bound eDNA fluorescence. .......................................................................................................................... 114 

Figure 5.8: The abundance of eDNA in S. epidermidis biofilms is directly proportional to 
vancomycin concentration. Average fluorescence intensity per pixel of DAPI bound eDNA 
within S. epidermidis biofilms, as a function of vancomycin concentration used to pre-treat the 
biofilm. Error bars; standard error of the mean, n=16. ............................................................................. 115 

Figure 5.9: Exogenous S. epidermidis DNA interferes with vancomycin activity. A) Average 24-h OD 
of S. epidermidis planktonic culture exposed to varying concentrations of exogenous S. 
epidermidis DNA alone, vancomycin alone and a mixture of exogenous S. epidermidis DNA and 
vancomycin. Error bars; standard error of the mean, n=10. Statistically significant results (P < 
0.05) between samples are indicated by identical symbols.  B) Average 24-h OD of S. 
epidermidis planktonic culture exposed to varying concentrations of BSA, vancomycin alone 
and  a mixture of vancomycin and BSA. Error bars; standard error of the mean, n=10. C) 
Average 24-h OD of S. epidermidis planktonic culture exposed to varying concentrations of 
salmon sperm DNA, vancomycin alone and a mixture of vancomycin and salmon sperm DNA. 
Error bars, standard error of the mean, n=10................................................................................................ 117 

Figure 5.10: Exogenous DNA extracted from other bacterial species also interferes with 
vancomycin activity. Maximum specific growth rate of planktonic S. epidermidis cells in TSB 
supplemented with vancomycin alone, exogenous DNA alone and with vancomycin and 
exogenous DNA mixture. Vancomycin was added at varying concentrations whereas 
exogenous DNA extracted from S. aureus, S. epidermidis, S. mutans and E. coli was always added 
at a fixed concentration of 16 µg/ml. Control sample represents S. epidermidis cells in TSB 
without DNA. Error bars; standard error of the mean, n=10. ................................................................. 119 

Figure 5.11: Vancomycin is active in the presence of DNA and magnesium cations. Maximum 
specific growth rate of planktonic S. epidermidis cells in TSB supplemented with vancomycin, 
magensium cations (magnesium chloride) and exogenous DNA, individually, and in 
combination. Error bars; standard error of the mean, n=10. .................................................................. 121 

Figure 5.12: DNA reacts with potassium permanganate with the highest rate of reaction.  A) OD420 
of 200 µl aliquots of extracted biopolymers and KMnO4 added at a 1:1 volume ratio.  Water was 
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Figure 6.2: Schematic of the type of bonds that are IR active and IR in-active. A) Carbonyl bond is 
IR active because when it absorbs IR radiation the symmetric stretching vibration causes a 
change in the dipole moment (D). B) A carbon-carbon triple bond found in most alkynes is not 
IR active because the vibration does not cause a change in the dipole moment. ........................... 148 
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Chapter 1:  Introduction  

1.1 Hospital Acquired Infections: A Worldwide Problem  

According to the European Centre for Disease Prevention and Control (ECDC) hospital 

acquired infections (HAIs) are defined as infections that occur during a patient’s time in hospital 

or within 48 hours of admission to a hospital (ECDC 2008). HAIs can be caused by a variety of 

viral, bacterial or fungal pathogens and are commonly associated with the use of devices for 

intubation, delivery of antimicrobials or drainage of bodily fluids (Reed & Kemmerly 2009).  In 

developing countries the prevalence rate of HAIs is estimated at 15.5% (Allegranzi et al. 2011) 

but across Europe approximately 3.5-10.5% of patients can present with HAIs on any given day, 

resulting in direct costs of €7 billion a year (ECDC 2008). Similarly in the United Kingdom (UK), 

the Health Protection Agency (HPA) estimates approximately 300,000 annual HAI cases with 

estimated annual costs in excess of £1 billion (HPA 2011). In the United States, HAIs are 

reported to cost $4.5 billion annually and out of the 2 million HAI cases a year, 100,000 result in 

death (Reed & Kemmerly 2009).  

Although the financial costs of HAIs are significant, many serious problems associated with 

HAIs cannot be quantified. In most cases HAIs cause prolonged stay in hospital, increased 

exposure to stronger antimicrobials as well as financial costs for the patient (Aboelela et al. 

2007) all of which can lead to stress and a potential decline in the patient’s general health. In 

addition the long term consequences from increased hospital stay and antibiotic exposure by a 

patient infected with a consortium of organisms should also be considered. 

1.2 The Causes  

HAIs comprise of a large variety of infections which are summarised in Fig.1.1. Although 

Escherichia coli and Staphylococcus aureus are the organisms most frequently associated with 

HAIs (ECDC 2008), each type of HAI does have a primary causative organism for example 

orthopaedic infections are commonly caused by coagulase negative Staphylococci (CoNS) 

(Campoccia et al. 2006). 
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The two largest contributing factors to the spread and persistence of HAIs is poor hospital 

hygiene and antibiotic resistance (HPA 2011). 

 

Antibiotics are the main form of treatment for HAIs but many organisms that cause HAIs are 

resistant to many of the available antimicrobial drugs (ECDC 2008). Recent surveillance data 

shows an increase in resistance to third-generation cephalosporins, multi-drug resistance 

(including resistance to aminopenicillins, fluoroquinolones, aminoglycosides) in E. coli and 

Klebsiella pneumoniae as well as resistance to carbapenems in Pseudomonas aeruginosa and 

K. pneumoniae (ECDC 2013). Inappropriate and uncontrolled use of antimicrobial agents such 

as overprescribing, administration of suboptimal doses, insufficient duration of treatment and 

misdiagnosis (prescription of the wrong antibiotic) promote the evolution of antibiotic resistance 

within bacterial populations (Wise et al. 1998).  

However a contributing factor to the problem of antibiotic resistance is the ability of micro-

organisms to live in the biofilm phenotype (Lynch & Robertson 2008). Bacteria in biofilms can be 

up to 1000 times more resistant to antibiotics than single cell or “planktonic” populations (Mah & 

O’Toole 2001). In addition the persistence of biofilms within the  natural environment can 

promote infection in human hosts because biofilms may act as reservoirs for bacterial 

pathogens (Parsek & Singh 2003; Hall-Stoodley & Stoodley 2005). The surrounding 

environment of natural biofilms provides the bacterial population with a range of physiological 

Figure 1.1: The prevalence rate of the different type of HAIs in England (HPA 2011) 
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stressors that create selection pressures resulting in a higher rate of new mutations (Parsek & 

Singh 2003; Hall-Stoodley &  Stoodley 2005). The presence of diverse sub-populations, which 

are created within biofilms, increases the range of stressors that the community as a whole can 

survive (Boles et al. 2004). Therefore, understanding the antibiotic resistance properties of 

biofilms is of vital clinical importance.  
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Chapter 2:  An Overview of Bacterial Biofilms  

2.1 The Nature and Formation of Biofilms  

Biofilms are surface attached bacterial communities that are encased in a biopolymer matrix 

(Hall-Stoodley et al. 2004; Burmølle et al. 2010; Fux et al. 2005). Evidence from fossil records 

suggests that biofilms have existed in the natural environment since approximately 3 billion 

years ago and provided a means by which bacteria could survive the harsh  conditions of the 

primitive Earth (Hall-Stoodley et al. 2004). Morphological observations of natural biofilms from 

rivers and hydrothermal vents suggest that biofilms are able to respond and adapt to their 

surrounding environment (Hall-Stoodley et al. 2004). In support of this conclusion, many natural 

and in vitro biofilms were shown to exhibit viscoelastic properties that enable biofilms to endure 

extreme changes in shear forces (Stoodley et al. 2002; Stoodley et al. 1999; Klapper et al. 

2002) which are experienced in natural environments such as rivers.  

It is hypothesized that bacteria adopt the biofilm phenotype because it protects them from many 

environmental stressors such as UV-exposure and metal toxicity (Espeland & Wetzel 2001; 

Teitzel & Parsek 2003), thus maximising their chances of survival. In addition attachment to 

surfaces is thought to facilitate the life of biofilm cells in close proximity (Hall-Stoodley et al. 

2004), which in turn provides biofilms with a number of key functions that are not viable in 

planktonic populations. Furthermore the biofilm phenotype increases the fitness, virulence and 

persistence of pathogens in the environment (Parsek & Singh 2003). Due to limitations in mass 

transfer, the biofilm environment is highly heterogeneous, consisting of many micro-

environments with an individual structure and level of metabolic activity (Ghigo 2003). The 

different micro-environments in the biofilm provide a variety of selection pressures causing the 

resident bacterial population to undergo multiple genetic changes. Thus biofilms regulate and 

create genetic variability amongst pathogens in the environment (Ghigo 2003; Parsek & Singh 

2003) 

The biofilm phenotype is an organized mode of growth that is regulated by significant changes 

in gene expression which equip the biofilm bacteria with functions and features that are different 

from the planktonic phenotype (Hall-Stoodley & Stoodley 2002; Monds & O’Toole 2009; 
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Foreman et al. 2013). Generally the biofilm formation process can be categorized into four key 

stages; initial attachment, accumulation, maturation and detachment or dispersal (Fig. 2.1) (Fey 

2010; Rohde et al. 2010).  

 

 

 

 

 

 

2.1.1 Initial Attachment  

Attachment of bacterial cells and surface colonization is the first stage of biofilm formation and is 

controlled by a set of specific and non-specific mechanisms. Factors such as cell surface 

hydrophobicity and surface properties of the biomaterial determine whether specific or non-

specific mechanisms are used for cell attachment (Katsikogianni & Missirlis 2004).  Cell 

adhesion via both mechanisms consists of two-phases characterized by reversible physical 

adhesion (phase one) and irreversible molecular adhesion (phase two) (Hori & Matsumoto 

2010).  

In the first phase of the non-specific approach of cell adhesion, bacterial cells are adsorbed onto 

a material surface through physical forces such as hydrophobic interactions, Brownian motion 

and van der Waals attractive forces (Katsikogianni & Missirlis 2004). The initial meeting 

between the bacterial cell and the surface is based upon long-range physical interactions (> 50 

nm) but once the cells and surface are in close contact (< 5 nm) short range interactions that 

involve chemical bonds such as hydrogen bonding dominate the adhesion process (Gottenbos 

et al. 2002; Mayer et al. 1999). Alternatively, during the first phase of the specific mechanisms 

of cell adhesion attachment of cells to a biomaterial is mediated by a conditioning film of host 

extracellular matrix components (EMC) proteins such as fibrinogen, fibronectin or vitronectin 

Figure 2.1: Schematic of the biofilm lifecycle. Adapted from Ghigo (2003). 
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(Harris & Richards 2006). Bacterial cells are able to interact with EMC proteins through cell wall 

associated adhesins such as the MSCRAMMs (microbial surface components recognizing 

adhesive matrix molecules) of Staphylococci (Rohde et al. 2010).  

The second phase of bacterial surface adhesion is characterized by the firmer adherence of the 

bacterial cell to the material surface. Although close-range molecular interactions between the 

bacterial cell surface and material contribute to this, this phase of adhesion is primarily 

dominated by forces between the material and other bacterial structures such as fimbriae, pili 

and slime (Gotz 2002).  

2.1.2 Accumulation and Maturation  

Accumulative growth represents the second stage of biofilm development and is characterized 

by the formation of cellular aggregates and micro colonies (Mack et al. 2004). The attachment of 

cells on a surface often promotes the attachment of other cells (Jr & Dunne 2002), thus 

facilitating the formation of cell micro colonies. Surface attachment of cells has been reported to 

trigger several changes in gene expression (Monds & O’Toole 2009; Jefferson 2004; Ghigo 

2003) some of which regulate the production of surface based adhesins that enable the 

cohesion between planktonic cells. A classic example of this is the expression of the ica operon 

in S. epidermidis that codes for the production of poly-N-acetyl-glucosamine (PNAG), a 

polysaccharide important for cell to cell adhesion and biofilm formation (Jr & Dunne 2002; 

Rohde et al. 2010).  

During the accumulation stage of biofilm development the surface attached bacterial cells are 

active (Jr & Dunne 2002), so they are able to accumulate through cell division, in which 

daughter cells spread upwards and outwards from the attachment point. In addition single cells 

maybe recruited from the bulk fluid into the emerging biofilm causing the development of micro 

colonies and cell clusters.  Surface motility or shear induced flow of micro colonies allows cells 

to spread throughout a larger surface area of the substratum (Hall-Stoodley & Stoodley 2002; 

Donlan 2001).  

The maturation stage of biofilm formation is characterized by the production of extracellular 

polymeric substance (EPS) matrix and the growth of attached bacterial micro colonies (Rohde 
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et al. 2010). The growth of the biofilm is highly dependent upon the local environment and will 

continue until a set equilibrium within the biofilm is reached (Jr & Dunne 2002). Once fully 

matured, the biofilm is a collection of multiple micro-environments and a resident bacterial 

population with highly varied levels of metabolic activity (Fey 2010).  

2.1.3 Dispersal  

Dispersal of bacteria from the biofilm is the last stage in the biofilm life cycle and provides a 

means by which some bacterial cells can spread and colonize other areas (Parsek & Singh 

2003). Two different mechanisms regulate biofilm dispersal - passive and active dispersal. 

Passive biofilm dispersal occurs through the aid of external factors such as fluid shear, which 

cause parts of the biofilm to break off and either travel with the bulk fluid, or to roll along the 

substratum surface aided by the fluid forces (Hall-Stoodley & Stoodley 2005). In addition fluid 

shear may cause the sliding of the entire biofilm along the surface, producing biofilms with a 

ripple-like appearance that are often observed in natural environments such as rivers (Hall-

Stoodley et al. 2004). A laboratory mixed species biofilm exhibited passive dispersal via rippling 

at a speed of 1 mm per hour (Stoodley et al. 1999). Interestingly, Inglis suggests that biofilms 

growing in endotracheal tubes disperse along the tube through rippling mechanisms, which 

results in the deposition of biofilm clumps into the lungs of the patient. Thus biofilm dispersal 

contributes to the development of ventilator-associated pneumonia (Inglis 1993).  

Active biofilm dispersal involves a series of controlled dispersal events programmed by the 

bacteria themselves (Kaplan 2010). These events include the degradation of the biofilm matrix, 

through the production of enzymes, and physiological preparation of the cells for life outside the 

biofilm (Boles & Horswill 2011). This is evidenced by the down regulation of genes controlling 

exopolysaccharide and fimbriae production but an up regulation of genes involved in 

chemotaxis protein synthesis and flagella in dispersed cells (McDougald et al. 2012). Active 

biofilm dispersal occurs in response to changes in environmental parameters such as oxygen 

depletion, availability of carbon sources, low levels of nitric oxide (NO), iron, temperature and 

pH (McDougald et al. 2012).  
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In Staphylococcal biofilms active dispersal is controlled by the accessory gene regulatory (agr) 

system. The expression of agr is regulated by specific threshold levels of autoinducing peptide 

(AIP), a short peptide that acts as a communication molecule that is synthesised and secreted 

into the local environment (Boles and Horswill 2011). Once concentrations of AIP reach 

threshold levels, AIPs bind to membrane receptors and activate a signal transduction pathway 

that ultimately results in the activation or repression of the agr target genes and further AIP 

synthesis (Novick and Geisinger 2008). The expression of agr regulates a large variety of 

virulence genes, but those responsible for the production of matrix degrading enzymes include 

multiple proteases, deoxyribonucleases, and phenol-soluble modulins (PSMs) (Novick and 

Geisinger 2008; Boles and Horswill 2011).  

2.1.4 Cell Density and Biofilm Communication  

Compared to the planktonic phenotype, biofilms contain a much greater cell population (approx. 

10
7 

CFU/cm
2  

of organisms on the surface of a material) that reside together at close proximity 

(Hall-Stoodley & Stoodley 2005) and provide the biofilm with a specific set of properties. One 

consequence of having a high cell density is that during sloughing or mechanical detachment of 

the biofilm, large numbers of organisms can be released into the environment, which can be 

ingested or inhaled by a mammalian host (Parsek & Singh 2003).  Furthermore, conjugation, 

one of the mechanisms of horizontal gene transfer, is thought to be facilitated in the biofilm 

environment because the bacteria in a biofilm are spatially fixed which helps to secure the 

conjugation apparatus (Ghigo 2001). These specific properties of the biofilm phenotype may 

contribute to the persistence of pathogenic bacteria within the clinical setting, because not only 

does the biofilm environment promote the development of genetically fitter individuals but many 

such organisms can be released into the environment at the same time (Parsek & Singh 2003).  

The close proximity of cells and their relative spatial stability in biofilms also provides a means 

for the biofilm bacterial community to communicate through a highly sophisticated molecular 

messenger system known as quorum sensing (Hall-Stoodley et al. 2004). This cell to cell 

communication system involves the release of pheromone like chemical messenger molecules 

by the biofilm population into their environment. Once a certain concentration of the signal 

molecule is achieved (this is possible due to high cell density) the biofilm population will undergo 
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a change in gene expression. This change can result in the population becoming more adapted 

to their current environment (Shih & Huang 2002; Swift et al. 1996). Several signalling systems 

have been documented but the two most studied systems are; the acyl-homoserine lactone 

(AHL) system in some Gram-negative bacteria and the peptide signalling system in Gram-

positive bacteria (Swift et al. 1996). Cell to cell communication systems are not biofilm specific, 

but these systems have a greater impact on the fitness of the biofilm rather than the planktonic 

population. The importance of quorum sensing in the biofilm life cycle arises from the fact that 

biofilms are highly populated and thus concentrations of the messenger molecules reach the 

threshold levels required to induce gene expression. Quorum sensing plays a role in cell 

attachment, biofilm maturation and EPS production (Parsek & Greenberg 2005; Shih & Huang 

2002) and is therefore an important contributing factor to biofilm survival and persistence.  

2.1.5 The Biofilm Matrix  

The biofilm matrix is primarily composed of water (98%), but also contains ions and extracellular 

polymeric substance (EPS) (Donlan 2001). The EPS is regarded as the most important part of 

the biofilm matrix as the structure, function and sustainability of the biofilm is reliant upon it 

(Czaczyk & Myszka 2007; Flemming et al. 2007; Sutherland 2001a).  

The EPS matrix is a collection of biopolymers of microbial origin that accounts for 50-90% of the 

total organic carbon content of biofilms (Flemming et al. 2007; Donlan & Costerton 2002). The 

EPS synthesised by microbial cells is very diverse and highly dependent upon the bacterial 

species and the nutrients within the environment. Therefore they vary greatly in their chemical 

composition and physical properties (Sutherland 2001a). The EPS consists of polysaccharides, 

lipids, proteins, glycoproteins, glycolipids and extracellular DNA (eDNA) (Flemming et al. 2007; 

Czaczyk & Myszka 2007). Some of the polysaccharides that form the EPS can be polyanionic 

due to the presence of uronic acids and ketal-linked pyruvates as in the case of Gram-negative 

bacteria such as P. aeruginosa. In Gram-positive bacteria, the EPS is largely cationic due to the 

presence of teichoic acids and some proteins (Donlan & Costerton 2002; Sutherland 2001a). 

Furthermore while some types of EPS can be hydrophobic, the majority have hydrophobic and 

hydrophilic components. Therefore, due to their vast array of properties, the EPS can associate 
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metal ions and other macromolecules such as DNA and proteins to reinforce the structure and 

overall integrity of the biofilm (Donlan 2001).  

Extracellular enzymes, which form a significant part of the protein content of the EPS, are 

integrated into the structure of the biofilm matrix and functionally contribute to its heterogeneity 

(Sutherland 2001b). In nutrient-deprived conditions, some enzymes can breakdown external 

biopolymers for use as a carbon source, whereas others are used during biofilm dispersal 

(Flemming & Wingender 2010). In addition, other process such as cell lysis, detachment of cell 

surface lipopolysaccharides, production of biopolymers and adsorption of molecules from the 

local environment will also contribute to the heterogeneity of the biofilm matrix (Allison 2003).  

Aided by the metal cations and water molecules present within the matrix, many EPS exist in an 

ordered configuration mediated by intermolecular forces between biopolymer chains (Allison 

2003; Sutherland 2001b). This extensive binding between the EPS biopolymers along with the 

ordered arrangement of the EPS combine to form a highly complex spatial structure, that limits 

the diffusion of nutrients and waste products in and out of the biofilm, thus creating extreme 

nutritional gradients that force some bacteria to live in a reduced metabolic state (Allison 2003). 

In addition the matrix architecture enables the existence of highly permeable water channels 

through the biofilm termed as the “primitive circulatory system” of the biofilm network (Davey & 

O’Toole 2000). These channels provide an effective means of exchanging nutrients and 

metabolites with the bulk aqueous phase, enhancing nutrient availability as well as removal of 

toxic metabolic products (Davey & O’Toole 2000). 

2.2 Biofilm Infections  

Due to the unique properties of biofilms, their role in infectious diseases was initially received 

with some scepticism because it is difficult to provide accurate evidence for biofilms as 

causative agents of disease using the classic criteria of Koch’s postulates  (Fouchier et al. 2003; 

Lynch & Robertson 2008). Koch’s postulates state that the causative organism must be found in 

all infected patients but not in healthy individuals and it must be isolated and grown in pure 

culture. Moreover, the isolated organism must cause disease in a healthy host and it must be 

re-isolated from the experimental host and proven as identical to the original causative agent 



 

 12 

(Donlan & Costerton 2002; Lynch & Robertson 2008). Biofilm infections do not meet these 

criteria because biofilms are notoriously difficult to culture and because they do not fit the one 

causative organism-one infection model suggested by Koch’s criteria as most biofilm infections 

are multi-species (Inglis 2007).    

However, now it is estimated that 80% of all infections are biofilm related (Fey, 2010), which 

presents a significant cause for concern in medicine because relative to their planktonic 

counterparts, biofilms are able to evade host immune defences, colonize a variety of abiotic and 

biotic surfaces and are naturally more resistant to antibiotics (Hall-Stoodley et al. 2004; Lynch & 

Robertson 2008).  

Given that biofilm infections do not exhibit the properties and symptoms associated with 

planktonic infections, several criteria have been proposed to aid in the more accurate diagnosis 

of biofilm infections (Hall-Stoodley & Stoodley 2009; Høiby et al. 2011);   

 Persistence of the infection despite extensive exposure to antimicrobial therapy but 

susceptibility to the same antimicrobials in the planktonic form 

 Insufficient clearing of infection by the host immune system but evidence of an 

inflammatory response (in order to rule out colonization) 

 Culture-negative results but symptoms consistent with infection (inflammatory 

response) 

 Direct observation of bacterial aggregates on surfaces (tissues or medical implants) 

Based on these criteria, a range of infections have been associated with biofilm formation of 

many organisms (Table 1), with the most classic example being the chronic persistence of P. 

aeruginosa in the lungs of cystic fibrosis (CF) patients (Burmølle et al. 2010).  
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Table 1: Summarized list of common biofilm infections and their associated causative 
organisms (Hall-Stoodley et al. 2009; Donlan & Costerton 2002; Hall-Stoodley et al. 2004; 
Foreman et al. 2013; James et al. 2007; Nicolle 2013). 

 

2.2.1 Medical Device Infections 

The ability to cure, or to significantly improve the symptoms of serious medical conditions 

significantly relies on the use of biocompatible materials. In the US, temporary or permanent 

use of a biomaterial is required for each of the 20 million annual surgeries performed (Khardori 

& Yassien 1995). Based on microscopic observations of biofilms on medical prostheses, 

biofilms are now considered as the sole cause of medical device infections (MDIs) (Costerton et 

al. 1999; Stoodley et al. 2002) and have been observed on a wide range of medical devices 

(Table 2). Colonization of the biomaterial surface by biofilms significantly affects the 

management and the prognosis of the underlining illness. In most cases symptoms of MDIs 

manifest during the patient’s stay in hospital, thus many MDIs are a type of HAI (Lynch & 

Type of infection   Associated causative organisms  

Cystic fibrosis pneumonia  P. aeruginosa, S. aureus, Haemophilis influenzae, 
Burkholderia cepacia.  

Infective endocarditis Streptococci, Streptococcus sanguis, 
Streptococcus parasanguis  

Periodontitis  Porphyromonas gingivalis, Fusobacterium 
nucleatum, Wolinella recta, Bacteroides 
intermedius, Bacteroides forsythus, 

Device related infections CoNS, S. aureus, S. epidermidis, P. aeruginosa   

Urinary tract infections E. coli, K. pneumoniae, Proteus mirabilis, 
Enterobacteriaceae, Pseudomonas spp, 
Acinetobacter spp, Enterococcus spp, S. aureus, 
CoNS, Streptococcus spp, Candida spp.  

Chronic rhinosinusitis  S. aureus, P. aeruginosa, H. influenzae, CoNS, S. 
pneumoniae, M. catarrhalis  

Chronic otitis media  H. influenzae, Streptococcus pneumoniae, 
Moraxella catarrhalis 

Chronic wound infections Staphylococcus spp, Enterococcus spp, P. 
aeruginosa, Citrobacter spp, Enterobacter spp, 
Streptococcus spp, E. coli, Morganella morganii, 
Klebsiella spp, Acinetobacter spp, Serattia spp, 
Xanthomonas spp.   

Chronic prostatitis  E.coli, K. pneumoniae, Serratia spp, P. aeruginosa,  
CoNS  
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Robertson 2008). Biofilm formation of CoNS, particularly S. epidermidis is the dominant cause 

of MDIs (Darouiche 2001).   

Table 2: Medical devices associated with biofilm infection (Donlan 2001; Fux et al.        
2005; Lynch and Robertson 2008; Khardori and Yassien 1995). Medical devices which 
are specifically associated with S. epidermidis and CoNS are highlighted.  

Central venous catheters (Curtin et al. 2003) 

Endotracheal tubes 

Mechanical heart valves (Vongpatanasin 1996) 

Pacemakers (Klug & Wallet 2003) 

Peritoneal dialysis catheters 

Orthopaedic implants (Arciola et al. 2012) 

Tympanostomy tubes 

Urinary catheters (Choong & Whitfield 2000) 

Voice prosthesis 

Contact lenses (Henriques et al. 2005) 

Coronary stents 

Penile implants (Choong & Whitfield 2000) 

Breast implants (Tamboto et al. 2010) 

Cochlear implants 

 

2.2.2 The Pathogenesis of S. epidermidis  

S. epidermidis is a Gram-positive organism and a natural inhabitant of the healthy human skin 

and mucosal micro-flora. It has low pathogenic potential and so is an opportunistic pathogen 

causing disease only in immuno-compromised, long-term hospitalized and critically ill patients 

(Ziebuhr et al. 2006). Generally S. epidermidis infections are only caused when the organism 

breaches the skin barrier, a process which occurs often during insertion of medical devices, thus 

most MDIs begin during the insertion process (Fitzpatrick et al. 2005). Consequently, S. 

epidermidis is the most frequently isolated species of CoNS, often associated with most MDIs 

(O’Gara & Humphreys 2001) but is the primary cause of the MDIs highlighted in Table 2. 

S. epidermidis are not known to produce a vast arsenal of virulence factors. Two proteins that 

exhibit elastase activity are produced by S. epidermidis and are thought to aid in the breakdown 

of tissues of the host immune system (Teufel & Götz 1993), but the exact contribution of these 

enzymes to the pathogenicity of S. epidermidis is not known. Some lipases are also produced 
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by S. epidermidis, which are involved in the breakdown of skin-based bactericidal fatty acids 

(Chamberlain & Brueggemann 1997), and so are not considered significant virulence factors 

because they contribute to the organism’s existence on the skin surface rather than its 

pathogenicity in the host. Another moderate virulence factor of S. epidermidis is the alpha-

helical peptide δ-toxin the production of which is regulated by the hld gene located in the 

regulatory agr locus of S. epidermidis. Its primary function is to create pores in the cytoplasmic 

membrane of host erythrocytes but it is also thought to be involved in S. epidermidis biofilm 

formation (Vuong & Otto 2002). Consequently, the ability of S. epidermidis to colonize and form 

biofilms on medical surfaces is considered as its major virulence factor (McCann et al. 2008).  

It is suggested that the changes in gene expression that occur in S. epidermidis as a result of 

biofilm formation and the innate properties of the biofilm phenotype enhance the function of 

normally-inert S. epidermidis virulence factors (Otto 2009). Since the agr quorum system 

controls the expression of the δ-toxin, the chances of δ-toxin production are much greater in the 

biofilm than in the planktonic phenotype, as quorum sensing systems are more active in the 

biofilm. Furthermore, the range of different micro-environments within the biofilm may increase 

the chances of sigB and sar expression, other common Staphylococcal virulence systems, 

because their expression is dependent upon oxygen, pH, glucose and salt concentrations 

(Vuong & Otto 2002). Changes in gene expression, more specifically the expression of ica, 

during the initial stages of biofilm formation result in the production of PNAG, the most 

significant contributor to the pathogenesis of S. epidermidis biofilms (Li et al. 2005). In the early 

stages of biofilm formation, PNAG aids in the attachment of cells to surfaces and to each other, 

but in mature biofilms it is an active component of the EPS (Otto 2009). Initially, it was thought 

that expression of the ica operon was necessary for biofilm formation, but later ica-negative 

strains were shown to be capable of biofilm formation, although with much less biomass than 

ica-positive strains (Dice et al. 2009). Despite this however, the production of PNAG in S. 

epidermidis biofilms is still an important process because ica expression has been associated 

with enhanced levels of virulence and protection against host immune attack (Li et al. 2005; 

O’Gara 2007; Fey 2010; Rohde et al. 2010).  

However, S. epidermidis cells that are deficient in ica, can also form biofilms using the cell 

surface proteins such as Bap and Aap (Otto 2009). Highly prevalent in clinical isolates of S. 
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epidermidis, the accumulation associated protein (Aap) is a cell-wall based protein that can be 

secreted into the matrix by the attached biofilm cells and is involved in the early stages of biofilm 

formation (McCann et al. 2008). Biofilm formation using Aap also requires zinc cations, which 

modulate the folding of the Aap protein (Conrady et al. 2008), and is characterized by the 

production of fibrous-like structures on the bacterial cell surface (Otto 2009). Similarly, the 

biofilm associated protein (Bap), has been shown to promote primary cell attachment to abiotic 

and biotic surfaces as well as intercellular adhesion. Furthermore, inactivation of the ica operon 

in a Bap-positive strain did not effect in vitro biofilm formation, suggesting that the Bap protein 

functions independent of ica (Lasa & Penadés 2006). Interestingly a study examining the role of 

extracellular DNA (eDNA) in S. epidermidis biofilms, showed that DNase I inhibited cell 

attachment and biofilm formation leading the authors to conclude that eDNA also mediates early 

biofilm formation by aiding in cell surface attachment and cell to cell adhesion (Qin et al. 2007).  

The ability to utilize multiple mechanisms of biofilm formation, suggests that S. epidermidis has 

some innate virulence capabilities. However Otto claims that S. epidermidis are not normally 

pathogenic and that their multiple mechanisms of biofilm formation are a consequence of their 

adaptations for life on the skin surface (Otto 2009). The environment of the skin surface 

undergoes extreme changes in mechanical stresses and possession of multiple cell surface 

anchor-like proteins such as Aap can provide S. epidermidis with a competitive advantage, 

enabling it to endure life on the skin surface better than its competitors. The lack of differences 

in the structure of S. epidermidis MSCRAMMs between colonizing and infecting isolates 

provides evidence to suggest that S. epidermidis use MSCRAMMs in their natural habitat and 

that MSCRAMMs are not produced specifically for the infection process.  

Thus, S. epidermidis is an “accidental” pathogen, and their adoption of the biofilm phenotype 

may be a form of adaptation to the unfamiliar and harsh environment of the human host rather 

than an active mechanism of infection (Otto 2009). 

In order to fully illustrate the properties of S. epidermidis biofilms within the clinical environment 

and to highlight the problems caused by these infections the remainder of the chapter will focus 

on the discussion of prosthetic joint infections.  
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2.2.3 Prosthetic Joint Infections  

An ever increasing body of evidence implicates biofilms in prosthetic joint infections following 

total joint arthroplasty (Stoodley et al. 2005; Tunney & Dunne 2007; Stoodley et al. 2008; 

Stoodley et al. 2011). Total joint replacement surgeries are performed to alleviate pain and 

improve mobility (Zimmerli et al. 2004).  In 2010, 177,168 total knee and hip arthroplasties were 

performed in the United Kingdom (NJR 2013) and 1,051,000 in the United States (CDC 2010). 

Currently, the average infection rate for hip and knee primary replacement surgery is 

approximately 3% (Esposito and Leone 2008), resulting in an estimated 5,315 and 31,530 

annual cases of infection in the UK and United States respectively. On average, one case of 

infection is estimated to cost $50,000 (Esposito & Leone 2008; Puckett et al. 2010), thus in 

2010, hip and knee infections alone cost the United States $1,576,500,000. As well the financial 

implications, orthopaedic infections prolong hospital stay (Neut et al. 2007), increase antibiotic 

therapy, exacerbate the patient’s existing medical condition and often result in revision surgeries 

(Song et al. 2013) during which the infection rate can be as high as 20% (Esposito & Leone 

2008). 

Prosthetic joint infections are initiated by contamination of the implant either from blood carried 

infection or direct contact with an adjacent infectious site, but the most common source of 

contamination is airborne inoculation of the implant during surgery (Esposito and Leone 2008). 

A person walking around releases approximately 10 million skin-based particles per day, 5-10% 

of which carry bacteria (Song et al. 2013). This helps to explain why despite severe 

decontamination procedures within surgical rooms, airborne contamination during surgery 

remains a common cause of post-operative infections (Song et al. 2013). 

Biofilm formation is a protective lifestyle and during prosthetic infections it is adopted to ensure 

survival of bacterial cells from significant immune system activity (Costerton & Stewart 1999). 

Pre-operative prophylaxis and insertion of a foreign device into the patient initiates a heightened 

localized immune response, which means that any bacteria that have contaminated the surgical 

site will undergo severe attack from macrophages, antibodies and antibiotics (Fig. 2.2A) 

(Costerton and Stewart 1999; Høiby et al. 2010). Many organisms isolated from prosthetic joint 

infections are methicillin and multi-drug resistant (Trampuz & Widmer 2006; Fernandes & Dias 
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2013), suggesting that some cells can survive this attack through genetic adaptations whereas 

others maximise their chances of survival through conversion to a biofilm lifestyle (Costerton & 

Stewart 1999). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

After implantation of a prosthetic joint, the heightened immune response around the incision site 

lubricates the implanted surface with a protein rich medium consisting of serum, albumin, 

fibrinogen and fibronectin (Reid 1999; Darouiche 2004; Høiby et al. 2010). Proteins like 

fibronectin are recognised by MSCRAMMs of S. epidermidis, meaning that not only is S. 

epidermidis already adapted for attachment to such surfaces but that the host’s immune 

response promotes the attachment process of any survivor cells and thus initiates biofilm 

formation (Zimmerli et al. 2004). S. epidermidis is also able to attach to protein coated surfaces 

via the Aae autolysin that enables binding to vitronectin, but also via the Fbe/SdrG and Embp 

surface proteins that enable binding with fibrinogen and fibronectin respectively (Rohde et al. 

2010). Despite the natural adaptations of S. epidermidis for surface attachment, other 

parameters such as material surface roughness, flow conditions, temperature and pH can 

significantly affect the level of bacterial attachment on all medical devices (Donlan 2002).  Once 

a mature biofilm is formed, the bacterial community is protected from the type of stressors 

normally found post-prosthesis implantation including; macrophage phagocytosis (Barrio et al. 

Figure 2.2: Schematic of biofilm infection on a medical device. A) Initiation of a 
biofilm infection.  B) Mature biofilm on a medical device that offers the bacterial 
community protection from host immune factors and antibiotics. Adapted from 
Costerton (1999). 
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2000), neutrophil – dependent killing (Fey 2010), antibody killing (Cerca et al. 2006) and 

antibiotics (Fig. 2.2B) (Fey 2010). 

Prosthesis infections caused by biofilms are often associated with no systemic symptoms and a 

mild local inflammatory response which makes the distinction between prosthesis infection and 

aseptic prosthesis failure the most difficult aspect of the diagnosis (Song et al. 2013). The 

current protocol stipulates that diagnosis is made on the basis of a collection of data from 

imaging, biopsies, blood tests and microbiological methods (Esposito and Leone 2008; Pozo 

and Patel 2009), but the identification of the causative organism and its antibiotic sensitivity is 

the most important step in the diagnosis as it governs therapeutic strategy (Pozo & Patel 2009).  

Currently, the diagnosis of prosthetic infections is performed using culture and nucleic acid 

based detection methods such as polymerase chain reaction (PCR) (Barken et al. 2007; 

Burmølle et al. 2010; Song et al. 2013). However, culture is known to produce a high degree of 

false negatives, which occur due to previous antimicrobial therapy, biofilm growth on the 

prosthesis but not in the surrounding tissue and inappropriate sampling techniques (Pozo and 

Patel 2009). Furthermore culture based diagnosis of biofilm infections is highly unreliable 

because biofilm bacteria are often non-culturable using standard planktonic-based culturing 

protocols (Costerton et al. 2011). The fbe/fdrg and embp genes encoding the fibrinogen and 

fibronectin surface-binding protein respectively, are commonly found in clinical isolates of S. 

epidermidis, but in vitro their expression is only achieved by growth in serum (Rohde et al. 

2010), suggesting that any cells that are cultured in standard culture medium may not have the 

same gene expression as in the biofilm, even if isolated from a biofilm infection. This is 

especially important when it comes to antibiotic susceptibility results. Given that biofilm cells are 

not genetically resistant to antibiotics, but the biofilm mode of growth is a genetically resistant 

phenotype (Stewart & Costerton 2001), cultured organisms from a biofilm infection will be 

susceptible to standard antimicrobial concentrations, but the cells within the biofilm will not. 

Although adjustments in sampling techniques, such as the use of sonication, can improve 

sensitivity of culturing methods to diagnose prosthetic infections (Trampuz et al. 2007; Burmølle 

et al. 2010), culture based methods will remain problematic at least until culture protocols are 

optimised to account for the properties of the biofilm phenotype.  
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An important aspect of prosthetic joint infections is the identification of the causative organism 

and to date the most effective method of pathogen identification is PCR (Achermann et al. 

2010). The ability to quantify the abundance of causative organisms (quantitative PCR) and to 

detect antibiotic resistance genes is a useful tool in the diagnosis of biofilm infections.  However, 

in a given biofilm not all cells will be genetically resistant, thus detection of specific virulence 

genes is not representative of the biofilm phenotype. However recent developments in PCR-

based technology have shown that diagnostic techniques for biofilms are emerging. Ibis, a PCR 

and mass spectrometry based method, enables the identification of a broad range of pathogens 

from different kingdoms but which is also able to distinguish planktonic and biofilm pathogens 

directly from clinical samples (Costerton et al. 2011). Furthermore, an enzyme-linked 

immunosorbent assay (ELISA) based protocol was recently developed by Artini and colleagues 

for the diagnosis of delayed joint prosthetic infections. Based on the detection of IgM antibiodies 

to Staphylococcal slime polysaccharide antigens, in serum of patients, this method provides a 

simple and non-invasive test with 89.7% sensitivity (Artini et al. 2011).  

The treatment of prosthetic infections involves a combination of antimicrobial therapy and 

surgical intervention (Song et al. 2013). Often surgical intervention is used when the patient 

does not respond to appropriate antibiotic therapy or when the infection is caused by more 

virulent organisms such as S. aureus and Candida spp (Darouiche 2004). Antibiotic therapy with 

or without surgical intervention involves the use of the most effective antimicrobials (Song et al. 

2013), which include either vancomycin, teicoplanin or ciprofloxacin coupled with rifampin for 

the treatment of methicillin sensitive S. aureus and either vancomycin, daptomycin or 

levoflocacin with rifampin for the treatment of methicillin resistant S. aureus (Zimmerli & Moser 

2012). In addition fusidic acid, linezolid as well as rifamycin are some of the newer antibiotics 

showing promising results in the treatment of prosthetic infections (Song et al 2013).  

 In order to improve the treatment of prosthetic infections, many strategies are being explored 

some of which include commercialization of matrix degrading enzymes (Kaplan et al. 2004), 

which would release cells from the biofilm, making them susceptible to current antibiotics 

whereas others involve the re-design of biomaterials with anti-adhesive and antibacterial 

coatings (Arciola et al. 2012). In addition much effort has been directed towards the design of 
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novel antimicrobial agents, but a thorough understanding of biofilm antibiotic resistance is 

required if such antimicrobials are to be most effective against biofilms.  

2.3 Antibiotic Resistance  

Ever since the discovery of penicillin in 1928, antibiotics have been, and still are, our major 

weapon of defence against bacterial infections. The efficacy of antibiotics against planktonic 

bacteria has led to an era where they are prescribed on a prophylactic basis, thus generating 

selection pressures and promoting antibiotic resistance (Fey 2010). Bacteria are defined as 

resistant to an agent when they or their progeny acquire a temporary or permanent ability to 

remain viable and multiply under concentrations of that agent that would destroy or inhibit other 

members of the strain (Cloete 2003). In planktonic cells resistance to antimicrobial agents is 

acquired through genetic mutations that result in behavioural modifications such as production 

of enzymes that inactivate the drug, efflux pumps and modifications of the antibacterial target 

(Fernández et al. 2011; Alanis 2005).  

After the release of an antimicrobial agent into the clinical environment, the development of 

antibiotic resistance can occur fairly quickly as evidenced by antibiotic resistant isolates of S. 

aureus that emerged in 1944, only 3 years after the approval of penicillin for clinical use (Neu 

1992). Now resistance to multiple antimicrobial agents is emerging in a wide variety of 

pathogens including, S. aureus, Enterococcus faecium, S. pneumoniae, Acinetobacter spp, 

Salmonella typhimurium (Tenover 2001), P. aeruginosa, K. pneumoniae, Vibrio cholerae, 

Neisseria gonorrhoeae, Shigella spp, and E. coli (Alanis 2005).  

Pathogens are classed as resistant to a specific antibiotic because the concentration of the 

antibiotic required to inhibit their growth (also known as the MIC) is high (Tenover 2001). It is 

suggested that the evolution of antibiotic resistance can be predicted by tracking the MIC values 

for a specific antibiotic and pathogen, because small increases in MIC over time will eventually 

lead to full resistance and failure of treatment (Fernández et al. 2011). After the commercial 

emergence of vancomycin, the MIC of vancomycin for methicillin-resistant S. aureus (MRSA) 

was in the range of 0.25-1 µg/ml but in 1997 this value increased to above 7 µg/ml and in 2002 
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the MIC of vancomycin against some MRSA isolates was 32 µg/ml (Fernández et al. 2011) 

suggesting that complete resistance to vancomycin may only be a few years away.  

2.3.1 Introduction to Vancomycin  

Vancomycin, a glycopeptide antibiotic, was discovered in the 1950s and approved for clinical 

use in 1958 for the treatment of Gram-positive infections (Nagarajan 1991).  Initially, penicillin 

was used to treat a large majority of all bacterial infections, but due to its wide spread use 

resistance to this drug developed quickly, mainly due to the bacterial production of β-lactamase. 

Following this, methicillin was used to treat penicillin resistant Staphylococcal infections but by 

2000, 75% of CoNS isolates and 47% S. aureus isolates were resistant to methicillin in the 

United States alone (Srinivasan et al. 2002). Resistance to methicillin developed due to 

bacteria’s ability to change the structure of penicillin binding proteins – the target substrate of β-

lactam antibiotics (Srinivasan et al. 2002). As a result of this, the use of vancomycin increased 

in the 20 years following its discovery and until recently it has been the only uniformly effective 

treatment for Staphylococcal infections (Smith et al. 1999).  

The antimicrobial activity of vancomycin is based on the inhibition of cell wall synthesis. The 

thick peptidoglycan layer of the Gram-positive cell wall consists of two alternating subunits held 

together by a β-(1,4) glycosidic bond- N-acetyl-glucosamine and N-acetyl-muramic acid 

(Nagarajan 1991). Each N-acetyl-muramic acid unit is attached to a short amino acid side chain 

known as the UDPN-acetylmuramylpentapeptide. In order to form the cross links between the 

two peptidoglycan chains, a transpeptidase enzyme transfers a disaccharide unit from UDPN-

acetylmuramylpentapeptide into the growing glycan polymer of the cell wall. Vancomycin inhibits 

this process by forming a stoichiometric 1:1 complex with the peptidoglycan precursor through 

the formation of three hydrogen bonds with the D-alanyl-D-alanine carboxyl terminus of the 

precursor molecule (Nagarajan 1991). Consequently, the peptidoglycan precursor is heavier 

and bulkier, preventing the enzyme from transferring the disaccharide unit. This prevents the 

formation of the peptidoglycan cross links and thus weakens the cell wall. Vancomycin 

resistance is based around the substitution of the D-alanyl-D-alanine dipeptide with a D-alanyl-

D-lactate or D-alanyl-D-serine, which decreases the binding affinity of vancomycin to the UDPN 

pentapetide significantly (Srinivasan et al. 2002).   
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2.3.2 Biofilm Antibiotic Resistance  

Despite the “metamorphosis” of bacteria into the highly protective biofilm phenotype, our 

defence against biofilm infections still largely relies on the same antibiotics that were designed 

to act upon rapidly growing bacterial cells in a nutrient rich environment (Fey 2010). In addition, 

the capabilities of current antibiotics to kill bacterial cells within biofilms are somewhat limited as 

it is reported that bacteria in biofilms can be up to ~1000 times more resistant than planktonic 

cells (Høiby et al. 2011). Although the rapid spread of antibiotic resistance has led to the 

emergence of new antimicrobial agents, often these are based on closely related derivatives of 

current antibiotics. In addition the design of many of these new derivatives is based on greater 

spectrum activity and bioavailability rather than a more sophisticated mechanism of activity 

(Brazas & Hancock 2005). Therefore the use of future antimicrobial agents maybe short lived 

but a better design requires a greater understanding of resistance mechanisms.  

Due to their close proximity and greater abundance, bacteria in biofilms acquire genetic 

resistance markers much faster than planktonic cells however the antibiotic resistance 

mechanisms associated with planktonic cells such as genetic mutations do not regulate 

antimicrobial resistance in biofilms (Stewart & Costerton 2001). Bacterial cells in biofilms are not 

genetically resistant and when dispersed from the biofilm they are susceptible to standard 

antimicrobial treatment (Jayaraman 2008), which suggests that the biofilm environment provides 

the resident cells with an antibiotic resistant phenotype. Bacteriostatic antibiotics often work in 

conjunction with the host immune system, but in the biofilm they are trapped, leaving a greater 

load on the immune system components, a process that may partially explain their inefficiency 

in the eradication of biofilm infections (Lynch & Robertson 2008).  

However the biofilm environment is highly complex, the multi-layered structure of the EPS, the 

highly variable nutritional conditions as well as the specific nature of the biopolymers that make 

up the EPS will affect the biofilm’s response to antimicrobial treatment. In addition it is highly 

probable that a multitude of factors collaborate in the development of biofilm antibiotic 

resistance. Some of these factors are discussed in the following sections. 
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Low metabolic activity 

Most antimicrobial compounds are designed to act and kill rapidly growing or dividing cells and 

the effectiveness of the antibiotic is often correlated with the rate of cell division for most 

antibiotics (Lewis 2001). Micro-electrode measurements of oxygen concentration in the biofilm 

showed that deeper parts of the biofilm, near the substratum are highly anaerobic (de Beer et al. 

1994). Consequently, parts of the biofilm may differ in the type of accumulated waste products 

thus creating variable pH profiles throughout the biofilm (Stewart & Costerton 2001).  

Collectively these environments result in a highly heterogeneous resident bacterial population 

with differences in protein synthesis and respiratory activity (Mah & O’Toole 2001), meaning that 

some cells are active while others are non-growing or are at a reduced rate of metabolic activity. 

Since the majority of currently available antibiotics are designed to act on dividing cells, slow 

growing cells are able to evade and survive antibiotic challenge  (Stewart 2002).  

In the planktonic phenotype bacterial cells can also exist in the slow growing state, particularly 

during stationary phase when the concentration of nutrients is on the decline. Findings from 

studies that compared the antibiotic susceptibility of slow growing cells from planktonic and 

biofilm cultures showed that the sensitivity of both biofilm and planktonic cells of P. aeruginosa, 

E. coli and S. epidermidis to tobramycin and ciprofloxacin increased with increasing growth rate 

(Evans et al. 1991). Furthermore, significant differences between the susceptibility of P. 

aeruginosa biofilm and planktonic cells to ciprofloxacin were only observed at fast growth rates, 

suggesting that low metabolic activity is not the sole mechanism of antibiotic resistance in 

biofilms (Evans et al. 1991). Similarly, the susceptibility of B. cepacia planktonic and biofilm cells 

to ceftazidime and ciprofloxacin was examined in exponential and early stationary phase. 

Resistance increased progressively during exponential phase but biofilms were 15 times more 

resistant compared to planktonic cells, suggesting that growth rate did not influence antibiotic 

resistance (Desai et al. 1998).  

However it is possible that slow growth of cells is simply a protective mechanism against 

nutrient deprivation rather than an active mechanism of antibiotic resistance. Nutrient deficiency 

of bacterial cells induces the alternate sigma factor Rpos stress response that causes a number 

of physiological changes that act to protect the cells from environmental damage (Mah & 

O’Toole 2001). Slow growth is an ideal mechanism of evading nutrient deficiency because it 
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requires minimal nutrients for existence and provides a chance for the population to re-grow 

should nutrients become available. 

Antibiotic degrading enzymes 

Although the bacterial production of enzymes such as β-lactamase is the major mechanism of 

resistance  to β-lactam antibiotics in planktonic cells, in biofilms it is only a contributing factor to 

resistance (Fux et al. 2005). Production of β-lactamase provides antimicrobial resistance 

because β-lactamases hydrolyse the β-lactam ring of the target antibiotic – a process that 

results in the production of an inert molecule that can no longer interfere with the synthetic 

machinery of the bacterial cell wall (Fisher et al. 1980). In the biofilm, β-lactamases originate 

from cells that were previously lysed by β-lactam antibiotics, which release the enzymes into the 

extracellular space (Giwercman et al. 1990), but secretion of the enzyme in antibiotic permeable 

vesicles is also a known mechanism of β-lactamase production often associated with P. 

aeruginosa (Ciofu et al. 2000).  

Studies have shown that in most bacterial species β-lactamase production is triggered by 

exposure to β-lactam antibiotics (Høiby et al. 2010). In P. aeruginosa, and Staphylococci, β-

lactamase production is regulated through the ampC and blaZ genes respectively, the 

expression of which was shown to increase in the presence of low concentrations of β-lactam 

antibiotics (Bagge et al. 2004; Lowy 2003). In addition, evidence suggests that the β-lactamase 

resistance system in P. aeruginosa works in conjunction with the MexAB-OprM efflux pump, 

because over expression of the pump genes resulted in high levels of β-lactam resistance in the 

absence of β-lactamase (Nakae et al. 1999).  

Efflux pumps 

Approximately 20% of the genome of E. coli and Saccharomyces cerevisiae  codes for the 

production of transport proteins or efflux pumps (Paulsen et al. 1998), suggesting that they are 

an integral part of cell structure and function. The ecological role of efflux proteins was to 

remove toxic waste products and metabolites from the cell and prevent the entry of such 

compounds into the cell, thus antibiotics make up a small percentage of the substrates 

commonly encountered by efflux proteins (Van Bambeke et al. 2003).  
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Efflux pumps associated with Gram-positive organisms exist as single component systems and 

pump toxic substrates from the cytoplasm and into the periplasmic space. Alternatively multi-

component efflux systems which are unique to Gram-negative organisms pump toxic substrates 

from the cytoplasm into the surrounding medium as they cross the inner and outer membranes 

of the cell wall (Kvist et al. 2008). The most well-known multi-drug (MDR) multi-component 

efflux pumps are AcrAB of E. coli and MexAB-OprM of P. aeruginosa (Drenkard 2003) which 

between them  provide resistance to tetracycline, chloramphenicol, fluoroquinolones, β-lactams, 

novobiocin, erythromycin, fusidic acid and rifampin (Cloete 2003). Resistance to macrolides, 

fluoroquinolones and tetracycline in S. aureus is provided by the Msr(A),  Nor(A) and Tet(K) 

efflux pumps respectively (Gibbons & Udo 2000).  

Work by Kvist and colleagues showed that all major MDR efflux pumps were up-regulated in E. 

coli biofilms and that biofilm formation was inhibited upon addition of efflux pump inhibitors 

(Kvist et al. 2008)  suggesting that efflux activity in biofilms is greater than in the planktonic 

phenotype and that it is required for biofilm sustainability.  Alternatively, the expression of the 

genes coding for the MexAB-OprM and MexCD-OprJ efflux pumps in P. aeruginosa biofilms 

decreased over time during biofilm development and MDR pump defficient P. aeruginosa 

mutants and P. aeruginosa wild-type controls did not differ in their antibiotic resistance 

properties (De Kievit et al. 2001), suggesting that efflux systems do not significantly contribute 

to biofilm antibiotic resistance. Efflux pumps are known to provide only a moderate level of 

resistance, a maximum increase of 64 X MIC (Van Bambeke et al. 2003), which is not the level 

of resistance previously observed in biofilms, suggesting that other mechanisms apart from 

efflux proteins regulate antibiotic resistance in biofilms.  

Persister cells  

Small, sub-populations of bacterial cells, found in planktonic or biofilm cultures that exist in a 

dormant “spore like state” and survive antimicrobial challenge are known as persister cells 

(Lewis 2010; Lewis 2007; Stewart & Costerton 2001). Persister cells exist in a non-growing 

state and their formation is not regulated by quorum sensing or frequency of antibiotic exposure 

(Singh et al. 2009). These cells are phenotypic variants, they are not genetic mutants and they 

contain the same genotypic and morphological features as the original wild type population 

(Lewis 2013). Evidence of persister cell formation comes from experiments that showed survival 
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of small sub-populations of the biofilm despite prolonged and high dose antibiotic exposure 

(Drenkard 2003).  

Formation of persister cells is largely a stochastic process, where random fluctuations in gene 

expression cause persister cell formation (Lewis 2010). However Balaban and colleagues 

showed that persister cell formation is the result of phenotypic switching between normally 

growing cells and persister cells and that this processes itself is dependent upon fluctuations in 

the environment (Balaban et al. 2004). Persister cells are able to survive antibiotic exposure due 

to the production of chromosomal toxin-antitoxin modules (Singh et al. 2009). DNA damage 

resulting from antibiotic exposure activates bacterial stress responses that ultimately activate 

the expression of toxin-antitoxin modules which help to minimise cellular processes and prepare 

the cell for slow-growth (Buts et al. 2005). Persister cell formation is considered a viable 

mechanism of antibiotic resistance in S. aureus, E. coli, P. aeruginosa, Lactobacillus acidophilus 

and Gardnerella vaginalis biofilms (Singh et al. 2009).  

Limited diffusion  

Upon the emergence of biofilms within the clinical environment and the failure to effectively treat 

biofilm infections with antibiotics, poor diffusion of antimicrobial agents was suspected as the 

main cause of biofilm-mediated antibiotic resistance (Brown et al. 1995). The correlation 

between antibiotic resistance of K. pneumoniae biofilms and failed penetration of ampicillin 

provided some evidence in support of this hypothesis (Anderl et al. 2000).  

However, fluorescent molecules such as rhodamine B and fluorescein, which are similar in size 

to most available antibiotics, were shown to rapidly diffuse into the centre of S. epidermidis cell 

clusters with an approximate thickness of 600 µm (Rani et al. 2005), suggesting that majority of 

antibiotics should readily penetrate the biofilm matrix. In support of this hypothesis, ciprofloxacin 

was shown to readily penetrate K. pneumoniae (Zahller & Stewart 2002) and P. aeruginosa 

biofilms (Walters & Roe 2003) whereas rifampin and vancomycin readily penetrated S. 

epidermidis biofilms (Zheng & Stewart 2002; Dunne et al. 1993), but all studies observed a lack 

of killing upon the complete antibiotic penetration of the biofilm. Collectively, these findings 

suggest that the antibiotic is becoming de-activated or neutralized by the biofilm matrix.  
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Diffusion of the antimicrobial agent maybe limited by charge interactions between the antibiotic 

molecule and biofilm EPS. The overall negative charge of the EPS may affect the diffusion of 

positively charged antimicrobials such as aminoglycosides, possibly through binding or 

biochemical reactions (Lewis 2001). The binding of antimicrobial compounds by bacterial 

biomolecules has been previously demonstrated for Candida albicans matrix β-glucans and 

fluconazole (Vediyappan et al. 2010), P. aeruginosa periplasmic glucans and tobramycin (Mah 

et al. 2003), P. aeruginosa alginate and tobramycin (Nichols et al. 1988), and P. aeruginosa 

matrix polysaccharide Psl and tobramycin (Billings et al. 2013). The binding of antibiotics by 

matrix biopolymers means that diffusion of antimicrobials through the biofilm can occur at a 

slower rate as shown by Suci and colleagues for the penetration of ciprofloxacin through P. 

aeruginosa biofilms (Suci et al. 1994). The transport of antibiotic is limited by the length of the 

diffusive path and the inadequate convection within the biofilm matrix. The slow rate of initial 

diffusion creates a concentration gradient at the surface of the biofilm, which results in the death 

of the surface cells but survival of cells in the lower layers of the biofilm (Eberl & Efendiev 2003). 

Comparison of control and tobramycin treated P. aeruginosa colony biofilms showed significant 

cell killing at the biofilm air-liquid interface (Walters & Roe 2003), suggesting that diffusion of 

tobramycin through the biofilm was impeded by the matrix. Collectively these findings suggest 

that the matrix biomolecules significantly impact on the diffusion of antimicrobials through the 

biofilm as well as the function of antimicrobials in the biofilm and that complete diffusion of the 

antimicrobial does not necessarily guarantee efficient cell killing.  

2.3.3 Biofilm Adaptive Mechanisms of Resistance  

Many studies have shown that environmental conditions can alter gene expression of the 

resident biofilm population, leading to a more adapted biofilm phenotype (Fux et al. 2005). 

Phenotypic P. aeruginosa variants, known as rough small colony variants (RSCVs), which occur 

at a frequency of 10
-6  

exhibited a distinctive morphological appearance, resistance to a variety 

of antimicrobials, increased adhesion to glass and polyvinylchloride (PVC) as well as increased 

biofilm formation. RSCV colonies were also isolated from cystic fibrosis (CF) patients sputum 

samples, leading the authors to conclude that the highly specific environment of the CF lung 

actively selects for the RSCVs phenotype (Drenkard & Ausubel 2002). Similarly, resistance to 
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penicillin, methicillin and oxacillin has been linked to the development of S. epidermidis phase 

variants with an enhanced level of biofilm formation (O’Gara & Humphreys 2001). Phenotypic 

variants of S. epidermidis arise at a frequency of 10
-5 

with a wide variety of biofilm forming 

capabilities, mainly because environmental stimuli significantly impact on ica expression in 

Staphylococci (Handke et al. 2004). Rachid and colleagues showed that environmental stimuli 

such as high temperature and sub-inhibitory concentrations of tetracycline significantly 

increased ica expression in S. epidermidis biofilms (Rachid et al. 2000).  

Biofilms are able to respond to changing conditions because sudden changes in pH, 

temperature, DNA damage and other environmental stimuli can trigger the expression of 

emergency stress-responses which are common to many bacterial species (Mah & O’Toole 

2001). Such responses maybe enhanced in biofilms because their physical make-up buys them 

time to activate these responses, whereas sudden changes in pH or temperature can often kill a 

large proportion of a planktonic population within a relatively short time frame (Stewart 2002). It 

is well established that antibiotics that inhibit cell wall synthesis and DNA replication can trigger 

the SOS response (Maiques et al. 2006). The SOS response regulates a cascade of genetic 

changes that lead to the up-regulation of a variety of genes involved in DNA repair and cell 

survival. Sub-inhibitory concentrations of β-lactam antibiotics have been shown to induce the 

SOS response in S. aureus, resulting in an increase of horizontal gene transfer of various 

Staphylococci based virulence factors (Maiques et al. 2006), suggesting that in response to 

challenging environments biofilms can become more virulent.  

Furthermore, cell communication systems in biofilms are more pronounced than in planktonic 

cultures and have been heavily utilised for environmental adaptations. Nutrient limiting 

conditions have been known to activate AHL systems (Davies 1998) and fully functional quorum 

sensing systems are essential for the in vivo pathogenicity of P. aeruginosa (Bjarnsholt et al. 

2005). However investigations into the role of quorum sensing in biofilm antibiotic resistance 

have shown mixed results.  

Studies showed that P. aeruginosa biofilms deficient in the las quorum sensing system were 

susceptible to SDS biocide treatment (Davies 1998) whereas exposure to sub-inhibitory 

concentrations of ciprofloxacin, ceftazidime and azithromycin significantly decreased the 
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production of P. aeruginosa quorum sensing controlled virulence factors (Skindersoe et al. 

2008), suggesting that antibiotic exposure does weaken biofilms. However, Brooun and 

colleagues observed no significant differences in the resistance properties of las mutant and 

wild-type biofilms of P. aeruginosa to SDS, ofloxacin or tobramycin treatment (Brooun et al. 

2000), leading the authors to hypothesize that differences in the biofilm development protocol 

may have contributed to the differences in findings regarding the role of P. aeruginosa quorum 

sensing in P. aeruginosa biofilm antibiotic resistance. In support of this hypothesis, Yarwood 

and colleagues showed that the agr quorum sensing system of S. aureus only effected biofilm 

formation in specific environmental conditions; agr deficient S. aureus biofilms, grown statically, 

exhibited an increase in biofilm biomass compared to the wild-type but such differences were 

not observed for flow cell biofilms (Yarwood et al. 2004).  Similarly, an agr S. epidermidis mutant 

lacked δ-toxin production but produced biofilms with greater biomass and elevated levels of atlE 

expression (Vuong et al. 2003), suggesting that deficiencies in the quorum sensing capabilities 

in S. epidermidis induces the production of thicker and more adhesive biofilms. In terms of 

antibiotic susceptibility, agr mutant S. aureus and wild-type S. aureus did not differ in their 

resistance to oxacillin in both biofilm and planktonic phenotypes, but agr mutants were more 

susceptible to rifampin (Yarwood et al. 2004). Collectively these findings suggest that the effect 

of quorum sensing on biofilm antibiotic resistance is subject to environmental regulation.  

The hypothesis that biofilm bacterial cells can “sense” antibiotic exposure, particularly at low 

concentrations and respond accordingly has only been briefly mentioned in the literature and is 

not yet an accepted mechanism of biofilm antibiotic resistance despite the extensive evidence 

demonstrating the biofilm’s abilities at environmental adaptation. Many studies investigating 

antibiotic resistance in biofilms often focus on lethal antibiotic concentrations with the intent of 

eradicating biofilm infections. However the responses of the biofilm in the presence of low 

antibiotic concentrations should also be considered because low antibiotic concentrations are 

clinically relevant. Low-dose antibiotic exposure (low serum concentrations) has been linked to 

the emergence of heteroresistant vancomycin-intermediate S. aureus (hVISA) and vancomycin-

intermediate S. aureus (VISA) strains (Rybak et al. 2009). Moreover recent findings by van Hal 

and colleagues showed that higher vancomycin MIC values ( ≥1.5 µg/ml) correlated with higher 

mortality rates (caused by severe MRSA infection) and the higher rate of treatment failure, 
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suggesting that current vancomycin treatment strategies are becoming less effective (van Hal et 

al. 2012).  

In clinical microbiology, “sub-inhibitory or “sub-MIC” refers to concentrations of antibiotics that 

are below the MIC. Since vancomycin does not show concentration-dependent killing (James & 

Palmer 1996), most treatment strategies agree that vancomycin is most effective when serum 

concentrations are 5 times the MIC (James & Palmer 1996). Although typical vancomycin serum 

concentrations range from 5 to 45 µg/ml (Jefferson et al. 2005), local concentrations in the 

tissues can be much lower for example, with no inflammation, vancomycin concentration in the 

cerebral spinal fluid can range from 0 to 4 µg/ml (Rybak et al. 2009). A concentration of 4 µg/ml 

vancomycin is already close to the MIC for some Staphylococcal isolates and considering the 

multiple mechanisms (of biofilms) that are known to contribute to antibiotic resistance of 

biofilms; it is very probable that the concentration of vancomycin reaching the biofilm cells will 

be at sub-MIC levels. 

Furthermore, when the susceptibility of S. aureus biofilms to vancomycin was tested using 

biofilm designed protocols, the data revealed the MIC of vancomycin to be in excess of 1, 024 

µg/ml (Ceri et al. 1999). In order to achieve optimal vancomycin killing (5 X MIC) and to account 

for vancomycin protein interaction as well as biofilm dilution effects, the vancomycin serum 

concentrations would need to be in excess of 5120 µg/ml. The vast majority of vancomycin 

treatment strategies result in serum levels of 45 µg/ml, which suggests that biofilm infections are 

continuously exposed to sub-lethal concentrations of vancomycin. 

Fajardo and colleagues suggest that the in situ effects of antibiotics observed on a bacterial 

community maybe dependent on the concentration of the antibiotic used to treat that population 

(Fajardo & Martínez 2008). Consequently, Davies and colleagues examined the genetic 

expression profiles of a variety of bacterial pathogens in the presence of variable antibiotic 

concentrations and observed that low, medium and high antibiotic concentrations induced 

different genetic changes in the same species of organism (Davies et al. 2006). Therefore the 

overall effects of antibiotic exposure can be estimated based on the concentration of antibiotic 

administered; high antibiotic concentrations cause changes in gene expression that lead to cell 

death, medium concentrations lead to the induction of stress response pathways, whilst low 
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concentrations of antibiotics act as molecular signals causing potential adaptations of the 

bacterial community (Fajardo & Martínez 2008). The role of antibiotics as molecular signals is 

not novel and is thought to be one of their original functions within the ecological environment 

(Davies et al. 2006). The implications of this hypothesis mean that our understanding of 

antibiotic activity in biofilms would need to be significantly expanded so that the effects of 

exposure of the biofilm bacteria to variable antibiotic concentrations are characterized. 

A small number of studies have examined the effects of sub-inhibitory antibiotic concentrations 

on biofilm properties. Exposure of several clinical isolates of S. epidermidis to sub-MIC 

vancomycin stimulated an increase in biofilm formation (Cargill & Upton 2009), whereas Rachid 

and colleagues observed an increase in ica expression when S. epidermidis biofilms were 

exposed to sub-MIC tetracycline (Rachid et al. 2000). Other findings showed that biofilms of S. 

epidermidis and Staphylococcus haemolyticus grown in the presence of sub-MIC concentrations 

of dicloxacillin, contained less biomass and displayed changes in their matrix composition when 

compared to a natural biofilm (Cerca et al. 2005). In addition, the cells within the biofilm showed 

a decrease in hydrophobicity, PNAG expression and variability in cell surface composition 

(Cerca et al. 2005). Also, S. epidermidis biofilms grown in sub-MIC vancomycin were shown to 

exhibit increased sensitivity to two matrix enzymes, DNase and Dispersin B (Kaplan et al. 

2011). Alternatively, sub-MIC concentrations of gentamicin exhibited no effect on Nontypeable 

Haemophilus Influenzae (NTHi) biofilm formation, compared to the control, but biofilms formed 

in sub-MIC concentrations of gentamicin were resistant to gentamicin at concentrations 8 times 

the MIC (Starner et al. 2008). Similarly, exposure of S. aureus biofilms to sub-inhibitory 

concentrations of β-lactams and P. aeruginosa and E. coli biofilms to sub-inhibitory 

concentrations of aminoglycosides resulted in the induction of antibiotic tolerance (Kaplan et al. 

2012; Hoffman et al. 2005).  

Together these findings demonstrate the wide range of different responses that are initiated by 

low antibiotic exposure in biofilms of different clinically active bacterial species. These 

responses although varied can be summarised into two main categories both of which have 

significant clinical implications: i) an increase in biofilm formation and ii) an increase in biofilm 

antibiotic resistance compared to the antibiotic-free control. Furthermore, these results provide 

some support for the role of low concentrations of antibiotics as molecular signals and suggest 
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that a further understanding, particularly of the mechanisms controlling biofilm behaviour at sub-

MIC antibiotics is necessary.  
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2.4 Project Aims and Objectives  

Out of the vast majority of previous studies investigating biofilm adaptive responses to sub-MIC 

antibiotics, only few have provided full mechanisms of such resistance and much focus on the 

examination of only biofilm formation. Therefore, the aim of this project is to fully characterize an 

adaptive mechanism of antibiotic tolerance induced in S. epidermidis biofilms in response to 

treatment with sub-MIC vancomycin.  

This aim will be achieved through the completion of the objectives outlined below. Rather than 

focusing on one property such as biofilm formation, each of these objectives was designed to 

examine a wide range of biofilm properties in order to provide a full representation of the 

adaptations adopted by S. epidermidis biofilms when exposed to sub-MIC vancomycin.  

i. Analysis of vancomycin transport in biofilms  

This part of the project aims to compare differences in the penetration of vancomycin through 

control and sub-MIC vancomycin treated biofilms in order to determine the occurrence of 

reaction-limited diffusion and so possible antibiotic tolerance.  

ii. Analysis of biofilm morphology and biofilm surface properties  

This part of the work aims to compare changes in morphology of control and sub-MIC 

vancomycin treated biofilms and to quantify these changes through measurements of surface 

roughness. Many studies particularly with P. aeruginosa have shown that antibiotics induce the 

formation of antibiotic resistant colony variants that are morphologically different from the wild-

type. However the morphology of mature biofilms in the presence of antibiotics has not been 

examined in great detail. The completion of this objective would help to determine if morphology 

and surface roughness of mature biofilms exposed to sub-MIC vancomycin can be correlated 

with antibiotic resistance, in a manner similar to P. aeruginosa small colony variants.  

iii. Analysis of biofilm adhesion  

This part of the work aims to compare changes in the adhesive properties of control and sub-

MIC vancomycin treated biofilms. Adhesion is an important aspect of S. epidermidis biofilms 

and an increase in adhesion has been observed in many antibiotic resistant small colony 

variants of P. aeruginosa.  
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iv. Analysis of the chemical composition of the biofilm matrix 

This part of the work aims to compare the chemical composition of the biofilm matrix before and 

after exposure to sub-MIC vancomycin in order to determine if sub-MIC vancomycin induces the 

production of specific matrix biopolymers. The biofilm matrix has been shown to regulate a 

number of biofilm processes and production of specific biopolymers would suggest their 

involvement in the regulation of potential antibiotic tolerance.  

v. Analysis of antibiotic binding by the biofilm matrix  

This part of the work aims to determine if individual biofilm matrix biopolymers such as eDNA 

and PNAG can bind and sequester vancomycin, in order to provide a method by which adaptive 

antibiotic tolerance is acquired.  
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2.5 Experimental Approaches  

Many approaches are used for the experimental analysis of biofilms in the laboratory but the 

following discussion will be limited to the techniques that were utilized to achieve the aims 

outlined above (Section 2.4).  

2.5.1 Atomic Force Microscopy (AFM)  

Initially, AFM was applied to the study of bacterial cell morphology and cell attachment as it 

allows visualisation of live cells in real time with sub-molecular resolution (Katsikogianni & 

Missirlis 2004; Dufrene 2002). Previous studies used AFM to observe Acidithiobacillus 

ferrooxidans biofilm formation on a uranium ore (Pradhan et al. 2008), and to calculate changes 

in surface properties of Pseudmonas stutzeri and B. cepacia cells exposed to anti-adhesion 

agents (Camesano et al. 2000). Parameters such as cell surface elasticity and surface 

roughness can also be calculated from AFM images of bacterial cells (Dufrene 2002) 

However AFM can also be used as a force measurement technique, providing further 

information about mechanical properties, molecular interactions, surface hydrophobicity and 

surface charges of the sample surface (Dufrene 2002). Many studies have utilized this aspect of 

AFM to obtain information regarding the forces used in the attachment of different 

environmental bacteria to a range of surfaces in different environmental conditions (Beech et al. 

2002). While others used AFM to measure the intermolecular forces of EPS polymers of an S. 

epidermidis biofilm in the presence and absence of silver ions, demonstrating that silver ions 

prevent cross linking of the EPS and destabilize the biofilm structure (Chaw & Manimaran 

2005).   

Here, AFM will be used for the characterization of bacterial biofilms in the presence and 

absence of sub-inhibitory concentrations of vancomycin in order to quantify any changes in 

biofilm adhesion that are induced by exposure to sub-MIC vancomycin.  

AFM imaging is achieved by measuring a change in force between a probe and the sample (Fig. 

2.3) when either of which are scanned in the x-y direction. The sample attachment to the 

piezoelectric scanner ensures high resolution and 3D image acquisition. When the sample and 

probe experience high binding forces, the cantilever bends from its original position. Cantilever 
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deflection is measured by a laser beam, the position of which changes with relation to the 

cantilever. The position of the laser and therefore the cantilever is recorded by a photodiode 

(position-sensitive detector) (Dufrene 2002).   

 

 

 

 

 

 

 

 

 

In force mode, AFM collects force measurements between the probe and the sample by 

recording the deflection of the cantilever as the sample is moved in the z-direction to generate a 

force-distance curve. This curve shows the forces exhibited on the probe as a function of the 

distance between the sample and the probe and so provides force information during the 

approach of the probe to the sample, while in contact with the sample and during the retraction 

of the probe from the sample (Katsikogianni & Missirlis 2004).  

2.5.2 Fourier Transform Infra-red Spectroscopy (FT-IR)  

Spectroscopic techniques are based on the interaction of electromagnetic radiation with the 

specimen sample (Coates 2006). Light which is diffracted, reflected or refracted is collected by a 

detector and used to generate a spectrum (spectroscopy).  

 

 

Figure 2.3: A Schematic of the basic instrumental features of 
AFM. Adapted from (Dufrene 2002) 
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The electromagnetic spectrum is divided into several regions each of which exerts different 

molecular transitions on the sample (Fig. 2.4). In order to examine the effects of the energy 

transfer one must consider the distribution of energy possessed by a molecule at any given 

moment, defined by equation 1. 

Etotal = Eelectronic + Evibrational + Erotational + Etranslational 

Equation 1 

 

Each type of energy corresponding to Etotal is associated with the absorption of a specific 

wavelength of light and corresponds to a specific effect on the molecules within the sample 

under analysis. For example electronic energy (Eelectronic) corresponds to the energy emitted 

when the sample absorbs high energy radiation such as visible light or UV and is produced as a 

result of electronic transitions taking place within the molecules of the sample (Fig. 2.5). 

Absorption of infra-red radiation is required to induce vibrations of the bonds of component 

atoms and produce Evibrational. As the energy emitted from vibrational transitions is much lower 

than from electronic transitions, there can be many vibrational levels in one electronic level as 

shown in Fig. 2.5. Rotational energy corresponds to rotations of the molecules caused by 

absorption of microwave radiation and is the smallest energy level (Coates 2006). This provides 

the basis for the operation of most microscopic and spectroscopic techniques. 

Increasing wavelength 100m 0.0001nm 

Increasing frequency  10
20

 Hz 10
6
 Hz 

Increasing energy  1.24MeV 1.24feV 

Gamma rays  X-rays  UV  Visible   Infra-red   Radio Microwave 

Figure 2.4: The electromagnetic spectrum 
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FT-IR spectroscopy is an analytical technique that measures vibrational transitions of chemical 

bonds caused by the absorption of IR radiation (Schmitt & Flemming 1998; Coates 2006). All 

molecules undergo molecular vibrations with characteristic absorbance frequencies in the mid-

IR region (400-4000) of the electromagnetic spectrum (Davis & Mauer 2010). During IR 

irradiation the chemical bonds within the sample can absorb light quanta with enough energy to 

reach the first vibrationally excited state (V1 in Fig 2.5) (Schmitt & Flemming 1998).  The 

resulting spectrum shows an absorption band at a frequency corresponding to vibrational 

movements of bonds such as bending, stretching and contracting. Different binding forces, bond 

angles and the chemical environment of sample atoms can result in different forms of vibrations 

with specific individual frequencies, thus enabling sample specific identification (Schmitt & 

Flemming 1998).  However the vibration of a particular chemical bond must induce a net change 

in the dipole moment of the molecule in order for the vibration to be visible in the IR region, thus 

not all bonds are IR active (Coates 2006).  

Due to the different stretching and bending vibrations of molecular bonds found in proteins, 

nucleic acids, lipids, sugars and lipopolysaccharides that make up the bacterial cell wall, each 

bacterial species can have a unique and characteristic spectrum (Davis & Mauer 2010). As a 
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Figure 2.5: Schematic representation of the energy diagram of a diatomic 
molecule adapted from Petry et al. (2008) 
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result research has shown that it is possible to discriminate between microorganisms at the 

species, genus and strain level (Choo-Smith et al. 2001). Recently the application of FT-IR 

spectroscopy has evolved to the study of biofilms. FT-IR has been used to analyse biofilm slime 

of S. epidermidis and S. aureus isolates, but without knowing the original source of the slime. 

Based on the FT-IR spectra alone 75% of the isolates were classified to their correct  species 

origin (Karadenizli et al. 2007). Furthermore, FT-IR spectroscopy was used to monitor bacterial 

colonisation of a substratum, transport of ciprofloxacin through the biofilm-substratum interface 

and interaction of biofilm components with the antibiotic. The results showed significant changes 

in the IR bands corresponding to RNA and DNA following exposure to the antibiotic, indicating 

chemical modifications of biofilm components (Suci et al. 1994).  

In this project, FT-IR spectroscopy will be used to identify chemical modifications within the 

matrix of S. epidermidis biofilms before and after exposure to sub-MIC vancomycin in order to 

determine if sub-MIC vancomycin induces a change in the composition of the biofilm matrix. 

Specular reflectance spectroscopy will be utilised for this purpose. Specular reflectance 

spectroscopy is a type of FT-IR spectroscopy that is well suited to the analysis of surface 

treated materials e.g. surface coatings. In this type of spectroscopy, the reflected angle of infra-

red radiation is equal to the angle of incidence which maximises the path length resulting in a 

spectrum of a biofilm and not the substratum material. 

2.5.3 Confocal Laser Scanning Microscopy (CLSM)  

Since its commercialization in the 1980s, CLSM has developed into an important and powerful 

tool for the study of biofilms because it provided a means of studying biofilm physiology and 

morphology in four dimensions under in situ conditions (Neu et al. 2010; Palmer & Sternberg 

1999). Investigations into biofilm architecture, biofilm and substratum interaction and biofilm 

chemistry could all be studied in real time using CLSM (Palmer & Sternberg 1999). Today the 

number of fluorescent stains available means that many structural features of biofilms or 

bacterial cells could be visualised using CLSM. In addition most modern CLSM instruments 

allow for the detection of fluorescence in up to 5 channels, meaning that visualisation of multiple 

structural features as well as co-localisation studies could be carried out (Neu et al. 2010). Non-

invasive sectioning available with CLSM, provides a means by which it is possible to study the 
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transport of substrates through the biofilm and allows for the quantification of biofilm thickness, 

making it an extremely relevant technique for some of the objectives of this work. In this project, 

CLSM will be used to visualise and quantify the penetration of vancomycin through control and 

sub-MIC vancomycin treated S. epidermidis biofilms in order to determine if pre-exposure to 

sub-MIC vancomycin increases the tolerance of the biofilm to further antibiotic treatment.  

 

CLSM is a form of fluorescence microscopy, which utilises the light emitted from fluorescent 

dyes to generate an image. Fluorescent stains are compounds coupled to a fluorophore and are 

capable of binding to specific features of the sample specimen i.e. DNA. A fluorophore is a 

molecule capable of fluorescence when it absorbs a specific quantity of light (Lichtman & 

Conchello 2005). Fluorescence occurs when the stained sample is exposed to electromagnetic 

radiation of a particular wavelength, causing the fluorophore within the sample to absorb this 

radiation and become excited to a higher quantum state (Fig. 2.6A). In order for absorption to 

occur the energy of the excited photon must match the energy gap between the excited and 

ground states (Oheim et al. 2006).  
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Figure 2.6: Schematic illustration of Stokes and anti-Stokes fluorescence adapted from 
Oheim et al. 2006 and Kuzmin et al. 2011) 
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In its excited state, the fluorophore loses some energy through internal conversion and 

vibrational relaxation (Lichtman & Conchello 2005). Eventually the fluorophore relaxes to the 

ground state and emits a photon of light in the process. The emitted photon is usually of a lower 

energy than the excitation photon. Energy and wavelength are related according to equation 2 

(Coates 2006);  

ΔE = hv                            

Equation 2 

ΔE = Energy difference between initial and final quantum states 

h= Plank constant 

v= radiation frequency  

 

 

Therefore the emitted photon of light is of a longer wavelength then the incident photon – a 

process known as Stokes fluorescence (Oheim et al. 2006). The emitted energy in Stokes 

fluorescence is what is measured and used to generate an image in CLSM. In anti-Stokes 

fluorescence (Fig. 2.6B) the fluorophore is present in the highest thermally induced vibrational 

level of the ground state which means that the emitted photon of light is of a higher energy and 

shorter wavelength than the excitation photon (Kuzmin et al. 2011). This phenomenon is used in 

other forms of microscopy such two-photon excitation microscopy (Oheim et al. 2006).  

In conventional fluorescence microscopy the detector captures both the out of focus and in 

focus fluorescence and cannot discriminate between the two, thus resulting in low resolution 

images of the structures that are in focus. This is problematic for samples that have a 3 

dimensional structure like biofilms. CLSM allows for a higher lateral and axial resolution by 

eliminating the out of focus light (Paddock 2000; Oheim et al. 2006).  

In CLSM a laser beam passes through a light source pinhole, reaching the dichroic mirror. The 

dichroic selects a specific wavelength of light – usually that which will excite the fluorophore 

within the specimen. The light of the excitation wavelength is then focused on the sample 

surface by the objective lenses and scanned across the sample generating an optical section 

(Paddock 2000). The fluorescent light emitted from the sample is also collected by the objective 
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and is passed through the dichroic mirror once again. This time the dichroic transmits light of a 

specific wavelength through to the detector – usually this is set to the emission wavelength of 

the fluorophore. On the way to the detector the light passes through another pinhole and 

reaches the detector, often a photomultiplier tube (PMT) which eventually generates an image. 

The two pinholes present in front of the light source and the detector as well as the objective 

guided sample illumination eliminates any out of focus light. This means CLSM is able to 

generate sharper images with depth selectivity (also known as z stacks) (Paddock 2000; Oheim 

et al. 2006; Lichtman & Conchello 2005).  
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Chapter 3:  Biofilm Properties at Sub-MIC Vancomycin  

3.1 Introduction  

Sub-MIC exposure is a clinically relevant issue because bacteria are exposed to sub-MIC 

antibiotics at the beginning and end of a dosing regimen, between doses, or continuously during 

low-dose therapy (Kaplan et al. 2011). Interactions between antibiotics and blood serum 

proteins as in the case of vancomycin and immunoglobulin A (Sun et al. 1993), can further 

reduce the concentration of antibiotic reaching the site of infection. Moreover, concentrations of 

antibiotics in the surrounding environment of the biofilm have been shown to reach lethal levels, 

but the intrinsic mechanisms of antibiotic tolerance within biofilms, such as β-lactamase 

production and physical and chemical barriers to the penetration of antibiotics result in sub-MIC 

levels of antibiotics reaching the biofilm cells (Haddadin et al. 2010).  

Using microarray technologies, a number of studies have shown that antibiotics at sub-MIC are 

able to induce significant changes in gene expression regulating microbial process such as 

transcription, translation, stress responses, peptidoglycan synthesis, biofilm formation, quorum 

sensing and virulence in a wide range of clinically relevant bacteria (Romero et al. 2011). In 

addition sub-MIC antibiotics have been shown to effect cell surface structure, biofilm 

morphology and composition. Dynes and colleagues showed that different antimicrobial agents 

induced unique changes in the morphology and architecture of Pseudomonas fluorescence 

cells, but also caused modifications in the lipid, protein and polysaccharide content of the P. 

fluorescence biofilm (Dynes & Lawrence 2009). Similarly, sub-MIC clarithromycin was shown to 

alter the structure of P. aeruginosa biofilms and to inhibit twitching motility, one of the key 

virulence factors of P. aeruginosa (Wozniak & Keyser 2004).  

Changes in the biofilm matrix may have important consequences as the biofilm matrix has been 

known to contribute to antibiotic tolerance in biofilms, by either acting as a physical barrier to the 

penetration of antibiotics or by inactivating the antibiotic during its transport through the biofilm 

(Stewart & Costerton 2001). To date, complete diffusion through biofilms has been observed for 

ciprofloxacin in K. pneumoniae (Anderl et al. 2000) and P. aeruginosa biofilms (Tseng et al. 

2013) and for rifampin and vancomycin in S. epidermidis biofilms (Dunne et al. 1993; Zheng & 
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Stewart 2002), suggesting that the physical presence of the matrix is not necessarily a barrier to 

the penetration of antimicrobials into the biofilm. The length of time taken to reach MIC 

concentrations in the interior of the biofilm is dependent on the effective diffusion coefficient in 

the biofilm (De) and the square of the biofilm thickness (L) (Stewart 2003). Mass transport 

studies generally show that, depending on the solute, De is reduced by 20 to 80%. However it is 

possible that transport could be limited further if a potential threat to the biofilm bacteria at sub-

lethal levels, such as a sub-MIC antibiotic, stimulates the production of EPS material which 

might bind or react with the target threat.   

In support of such conclusions, tobramycin has been shown to bind to alginate in mucoid P. 

aeruginosa biofilms (Nichols et al. 1988) and with a yet unidentified matrix component in non-

mucoid P. aeruginosa biofilms (Tseng et al. 2013). In addition, Psl was recently shown to be 

capable of sequestering a range of positively and negatively charged antibiotics in P. 

aeruginosa biofilms (Billings et al. 2013). Sub-MIC β-lactam antibiotics were also able to induce 

eDNA production in S. aureus biofilms (Kaplan et al. 2012) and alginate synthesis in P. 

aeruginosa biofilms (Bagge et al. 2004). Interestingly, biofilms of S. epidermidis and 

Staphylococcus haemolyticus grown in sub-MIC dicloxacillin were resistant to dicloxacillin and 

other antibiotics such as tetracycline and rifampin (Cerca et al. 2005) and Nontypeable 

Haemophilus Influenzae (NTHi) biofilms formed in sub-MIC concentrations of gentamycin were 

resistant to gentamycin at concentrations 8 times the MIC (Starner et al. 2008).  

Collectively these findings suggest that sub-MIC antibiotics can alter the morphology, structure, 

matrix composition and antibiotic tolerance properties of the biofilm but such changes are 

unique to the antibiotic. Thus this chapter describes the investigations into the effects of sub-

MIC vancomycin on biofilms in order to determine if sub-MIC vancomycin can alter the 

morphology, adhesiveness and antibiotic tolerance properties of S. epidermidis biofilms.  

3.2 Materials and Methods  

3.2.1 Bacteria and Growth Media  

All of the experiments conducted in this project were carried out using the ica-positive, S. 

epidermidis ATCC 35984. This particular strain forms biofilms with the highest amount of 
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biomass in comparison to other strains of S. epidermidis (Dice et al. 2009). Frozen stocks were 

kept at -80°C and fresh streak plates were prepared every week. S. epidermidis was grown in 

full strength tryptic soy broth (TSB) (Merck4Biosciences, UK) and cultured on tryptic soy agar 

(TSA) (Merck4Biosciences, UK) for all experiments unless stated otherwise.  

TSB formula contained the following; casein peptone (17 g/L), soymeal peptone (3 g/L), glucose 

(2.5 g/L), sodium chloride (5 g/L) and dipotassium hydrogen phosphate (2.5 g/L). TSA formula 

contained the following; casein peptone (15 g/L), soymeal peptone (5 g/L), sodium chloride (5 

g/L) and agar (15 g/L). 

Fresh streak plates were prepared according to the following protocol. A 5 µl inoculating loop 

was used to transfer approximately 5 µl of frozen culture to 3 ml of TSB media. Following 24 

hours of growth at 37°C, a sample of this culture was plated on TSA and grown for a further 24 

hours. If the streak plate was not contaminated, it was stored at 4°C and used in future 

experiments.  

In some experiments, other bacterial species were used in addition to S. epidermidis. Both 

Escherichia Coli K-12 (ATCC 10798) and Staphylococcus aureus UAMS-1 (ATCC 49230) were 

grown in TSB and TSA and prepared as described for S. epidermidis. Streptococcus mutans 

UA159 (ATCC 700610) was grown in brain heart infusion broth supplemented with 2% (w/v) 

sucrose. 

3.2.2 Inoculum Concentration  

In order to equalise the starting concentration of cells between all experiments, the following 

protocol was performed. Firstly the growth cycle of S. epidermidis in the chosen media was 

characterized like so; 100 µl of an overnight culture of S. epidermidis was added to 900 µl of 

TSB in a series of wells of a 24-well micro plate (VWR International, UK). Overnight cultures of 

S. epidermidis were prepared by inoculating 3 ml of TSB with a single colony of S. epidermidis 

from a streak plate. Once set up, the micro plate was inserted into an Omega Plus Plate Reader 

(BMG Labtech, UK). The plate was incubated inside the plate reader for 24 hours at 37°C. OD 

at 600 nm was measured every 15 min. 
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From this experiment it was determined that the exponential growth phase of S. epidermidis in 

TSB started at 2.5 hours after inoculation and ended at 8 hours after inoculation. In order to 

determine how many cells correspond to a specific OD at a given time point, the above 

experiment was repeated. In the new experiment, as well as measuring OD of a planktonic S. 

epidermidis culture at a given time, samples were also taken for plating to determine cell 

numbers at each time point. 

The aim was to obtain samples during the exponential growth phase, thus samples were 

collected at 2, 4, 6 and 8 hours after inoculation. The OD600 of each sample at each time point 

was measured first. Following this each sample was diluted in a 10-fold dilution series and 

plated on TSA. The number of cells in the culture collected at each time point and the 

corresponding OD are presented in Fig. 3.1. 

 

 

 

 

 

 

 

 

 

From this experiment it was determined that an OD600 of 0.102 corresponds to 1.8 x10
6
 CFU/ml, 

thus providing a way to standardize the starting inoculum concentration for each experiment 

through OD measurements. These results were verified by plating an overnight culture of S. 

epidermidis that was diluted to an OD600 of 0.102. This culture contained 1.6 x10
6
 CFU/ml. The 

aim was to achieve a starting concentration of 10
5
 CFU/ml for each experiment and in order to 
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Figure 3.1: Correlation between optical density and cell numbers of S. epidermidis 
ATCC 35984 
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achieve this the inoculum was prepared by diluting an overnight culture to an OD600 of 0.102 

and adding this diluted culture at a 10X dilution. 

3.2.3 Vancomycin Concentrations  

Vancomycin hydrochloride (Amresco, OH, USA) stock solution was prepared at 1 mg/ml in 

sterile water and stored at 4°C for a maximum period of one week. 

To determine the minimum inhibitory concentration (MIC) of vancomycin against S. epidermidis 

35984, vancomycin stock solution was used to prepare vancomycin at the final concentrations 

of (µg/ml) 0.5, 1, 2, 4, 8 and 16 in fresh, sterile TSB media. To complete the experiment, an 

overnight culture of S. epidermidis 35984 was added at a final concentration of 10
5
 CFU/ml to 

vancomycin supplemented TSB. The cultures were incubated for 24 hours at 37°C. 

According to the British Society for Antimicrobial Chemotherapy (Andrews 2001) the MIC of an 

antibiotic is determined as the lowest concentration of antibiotic at which no visible growth 

occurred. Therefore, the MIC of vancomycin against S. epidermidis 35984 was 4 µg/ml.  

Sub-minimum inhibitory concentration (Sub-MIC) is the concentration of vancomycin below the 

MIC, i.e. any concentration below 4 µg/ml can be considered as the sub-MIC. In order to select 

a specific working sub-MIC concentration S. epidermidis was grown in TSB supplemented with 

vancomycin at concentrations below 4 µg/ml (0, 0.5, 1 and 2 µg/ml) for 24 hours and plated on 

TSA. TSA plates were incubated for 48 hours at 37°C in order to observe any potential changes 

in colony morphology. 

After 48 hours of growth, S. epidermidis colonies isolated from 0.5 and 1 µg/ml vancomycin 

cultures appeared of the same morphology as the control. However S. epidermidis colonies 

isolated from 2 µg/ml vancomycin cultures were of 2 different morphologies (Fig. 3.2) One S. 

epidermidis colony type was of the same morphology as the control whereas the other type of 

S. epidermidis colonies appeared to be small colony variants (SCVs). SCVs are a group of 

phenotypically different cells that are usually produced in response to environmental stressors 

including antibiotics. They are characterized by their slow growth (48-72 hours) and small size. 

In addition, SCVs form thicker biofilms and at a much faster rate than their parental population 

(Onyango et al. 2008). Given that 2 µg/ml was the only sub-MIC vancomycin concentration to 
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affect the phenotype of S. epidermidis colonies, 2 µg/ml vancomycin was chosen as the working 

sub-MIC.  

 

 

 

 

 

 

 

 

3.2.4 Biofilm Growth and Development  

Prior to the development of the biofilm growth protocol, several S. epidermidis biofilms were 

grown on a range of different micro plates and conditions. These preliminary experiments led to 

several observations.  

The first observation was that multiple washing steps removed a large proportion of all biofilms 

independent of their substratum. As a result the washing protocol for all biofilms was limited to 

only one wash. The loss in biofilm biomass for biofilms grown in 96-well micro plates (which 

already result in large degree of variability in biofilm biomass) is shown in Fig. 3.3. Washing the 

biofilm three times compared to only once, caused a 32% loss in biomass. 

Therefore, one wash provided the optimal protocol as it enabled any planktonic cells to be 

removed but minimized the mechanical disruption of the biofilm biomass. 

Figure 3.2: Vancomycin concentration of 2 µg/ml induced the production of small 
colony variants (SCVs). Photographs of 48-h old TSA plates showing colonies of S. 
epidermidis plated after 24 hours of growth in antibiotic free TSB and in TSB 
supplemented with 2 µg/ml and 4 µg/ml of vancomycin. Highlighted area indicates the 
presence of SCVs. 
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Further observations from preliminary experiments were;  

 24-h old biofilms were thin and visibly detached easily during rinsing  

 72-h biofilms grown without CO2 detached easily during the washing steps  

 72-h biofilms grown in CO2 on larger surface areas were visibly thicker and stronger as 

evidenced by the remaining biofilm biomass following the washing steps.   

Similarly to Dice et al. (2009), a large degree of variability was observed in the biomass of S. 

epidermidis biofilms grown in 96-well micro plates.  Dice et al. (2009) proposed that biofilms 

formed in 24-well micro plates contain less variability and hypothesized that a larger diameter of 

a 24-well micro plate provides a greater surface area for growth and attachment thus resulting in 

stronger biofilms. Since these hypotheses are in agreement with the observations recorded in 

the present work, the majority of biofilms used in the experiments of this project were grown in 

large micro plates. A 96-well micro plate was used in cases where reagent quantities were 

limited and needed to be conserved.  

Furthermore, based on preliminary observations, all biofilms were always grown for 72-h in the 

presence of 5% CO2 unless stated otherwise as these biofilms resulted in the minimal amount 
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Figure 3.3: Washing the biofilm multiple times results in biomass 
removal.  Optical density of 72-h S. epidermidis biofilms in 96-well 
micro plate following one and three washing steps. Error bars 
represent standard error of the mean of n= 3 
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of biomass loss during the washing steps and provided an adequate amount of biomass for the 

completion of experiments.   

3.2.5 Biofilm Growth: The Final Protocol  

Biofilms were grown in large micro plates (12 or 24-well) where possible. In cases where 

reagents used in the experiment needed to be conserved, 96 well micro-plates were used. An 

overnight culture of S. epidermidis was added to fresh TSB in micro plate wells at a final 

concentration of 10
5
 CFU/ml. TSB was added at the maximum available volume for the 

appropriate micro plate. Inoculated micro plates were incubated at 37°C and 5% CO2 for a total 

period of 72 hours. Each 24 hours, the old media was aspirated, the biofilms were washed once 

with fresh TSB, and a new batch of TSB was added to each of the wells.  In the final 24 hours of 

the total 72 hour growth period, following the single wash, the new batch of TSB media was 

supplemented with sub-MIC vancomycin and grown further as before. Sub-MIC vancomycin 

was prepared at 20 µg/ml in sterile water and added to TSB at a 10X dilution to give the working 

sub-MIC of 2 µg/ml. At 72 hours, the old media was thoroughly removed and all biofilms are 

washed once with phosphate buffer saline (PBS) prior to any experimental treatments. 

3.2.6 Statistics  

The student t-test is the most reliable parametric test for the assessment of significant variation 

between two variables. It requires a minimum sample size of 3. Therefore in this work, unless 

otherwise specified, the two sample, two tailed, equal variance student t-test was used for the 

statistical testing of all data. In cases where significant differences between multiple samples 

needed to be tested, the ANOVA equal variance test was used instead. The ANOVA is a similar 

test to the student t-test but is designed to test differences between multiple samples. 

Significant difference was established when the probability value was less than 0.05. 

3.2.7 Biofilm Surface Profiling  

In order to assess the impact of sub-MIC vancomycin on biofilm morphology, 3D images of the 

biofilm surface and surface roughness measurements were collected using the InfiniteFocus 

Microscope (Alicona, UK). It is an optical microscope capable of 3D image generation and 
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surface profile characterization with 10 nm vertical resolution. To obtain the images, biofilms 

were grown on 1 x 1 cm gold coated glass coupons and treated with sub-MIC vancomycin (2 

µg/ml) as described in Section 3.2.5. All samples were air dried at 37°C for 2 hours prior to 

analysis and were imaged using the 50X objective. Alicona 3.1 software was used for the 

collection of all images and measurement of surface roughness.  Three images were taken for 

one control and one sub-MIC vancomycin treated biofilm sample per week.  The experiment 

was repeated over 3 consecutive weeks. Per each image 10 measurements of surface 

roughness were taken in 10 different and random locations. All the surface roughness 

measurements presented in this project are averages of all the measurements. 

3.2.8 Chemical Characterization of the Biofilm Matrix  

FT-IR spectroscopy was used to detect possible changes in the chemical composition of the 

biofilm matrix upon exposure to sub-MIC vancomycin. To obtain FT-IR spectra of biofilms, S. 

epidermidis biofilms were grown on gold coated glass 1 x 1cm coupons. All coupons were 

sterilized overnight prior to the experiment in 70% ethanol. Following sterilization 4 coupons 

were transferred into a 6 well micro plate to form 2 replicates of control and sub-MIC 

vancomycin treated biofilms. After 72 hours biofilms on coupons were washed once with PBS, 

transferred to small sterile petri dishes and left to dry at 65°C for 2 hours. On each day of 

analysis spectra were collected from both sample replicates. Sterilized gold coupon without 

biofilm was used as background. The experiment was repeated over 3 weeks and the spectra 

presented in the following sections are the optimal spectra acquired during that time. All spectra 

were acquired in reflection mode using the Bruker Tensor 27 system with a liquid nitrogen (LN2) 

cooled MCT (mercury-cadmium-telluride) detector and the OPUS Spectroscopy software 

(Bruker Optics). Spectra of purified PNAG and sub-MIC vancomycin treated biofilm samples 

were collected at 56° (angle of reflection), whereas the spectra of control biofilms was obtained 

at 57°. All spectra were collected at 4 cm
-1

 spectral resolution and averaged over 1024 scans. 

Background correction was carried out using the OPUS software “background correction” 

function. 
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3.2.9 Biofilm Adhesion  

To measure the change in adhesive properties of biofilms upon exposure to vancomycin AFM 

was used to obtain force-distance curves. For each curve, biofilms were grown on sterile 1 x1 

cm cover slips in 10 ml of TSB for a total period of 72 hours. Biofilm-covered cover slips were 

then placed inside the chamber as depicted in Fig. 3.4. To obtain force-distance curves of 

control biofilms, 10 ml of water was pumped through the chamber and around the biofilm for 10 

min at 1 ml / min.  Alternatively, for sub-MIC vancomycin treated biofilms, 10 ml of vancomycin 

at 2 µg/ml was pumped through the flow chamber for 10 min. 

 

 

 

 

 

 

 

Each force-distance curve is a plot of the cantilever deflection (y-axis) as a function of the 

vertical displacement of the piezoelectric scanner (x-axis) at any given x-y location. Using 

Hooke’s law (Equation 3) (Dufrene 2002), it is possible to relate the distance deflected by the 

cantilever to the force between the sample and the AFM tip, thus cantilever deflection is 

proportional to force. 

 

 

 

 

Flow IN  Flow OUT 

Cover slip  

Biofilm  Flow chamber  

Sliding door for 
entry to the 
sample  

Figure 3.4: Schematic of the flow chamber used to obtain AFM adhesion 
measurements from control and sub-MIC vancomycin treated biofilms 
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Equation 3 

k= stiffness of the cantilever         

z = distance deflected by the cantilever  

 

3.2.10 Imaging of Vancomycin in Biofilms  

The transport of vancomycin through sub-MIC vancomycin grown biofilms was measured using 

BODIPY FL-vancomycin, a fluorescent derivative of vancomycin and by CLSM. Control and 

sub-MIC vancomycin treated biofilms were grown in a 12-well micro plate and stained with 

propidium Iodide (PI) at a final concentration of 30 µM for the visualisation of the biofilm 

biomass. Following 20 min staining with PI, biofilms were washed twice with sterile H2O and 

subsequently stained with BODIPY FL-vancomycin. BODIPY FL-vancomycin was prepared 

according to the manufacturer’s instructions and added to the biofilms directly at a final 

concentration of 2 µg/ml for 30 minutes. Following a rinse, the samples were positioned under 

an upright confocal microscope and observed using the 40X immersion objective and an 

Axioplan 2 LSM 510 Meta microscope system (Zeiss). Both stains were excited using the 488-

nm laser. The fluorescent signal from PI and BODIPY FL-vancomycin was collected at >560 nm 

(PI) and 505-530 nm respectively.  All biofilms were imaged in PBS and Z-slices were obtained 

at 2.14 µm steps. Images were acquired in 10 different locations and each experiment was 

repeated 3 times. 

Image analysis was performed with ImageJ software (Java). Line fluorescence profiles were 

obtained from 8 locations (25 µm apart) within an XZ confocal image Fig. 3.5. The average 

fluorescent layer thickness was obtained for each of the 8 locations per image. The presented 

results are the averages of all 30 images.  
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To confirm the antimicrobial potency of BODIPY FL-vancomycin, planktonic cultures were 

grown in TSB supplemented with the following concentration of vancomycin (µg/ml); 0, 0.5, 1, 2 

and 4 and the following concentrations of BODIPY FL-vancomycin (Invitrogen, UK) (µg/ml); 0, 

0.5, 1 and 2. Serial dilutions were made in PBS, plated on TSA and incubated at 37°C for 24 

hours prior to counting. For biofilm cells, 72-h biofilms grown on sterile 1 X 1 cm cover slips as 

described above were treated with vancomycin at the following concentrations (µg/ml); 0, 2, 4, 

50, 500 and 1000. Cells were then vortexed off the cover slip in PBS. Viable cell counts were 

determined by serial plating.   

3.3 Results  

3.3.1 Sub-MIC Vancomycin Alters Surface Roughness of Biofilms  

In order to determine whether sub-inhibitory concentrations of vancomycin induced changes in 

the biofilm surface morphology non-contact profilometry was used to obtain microscopic surface 

images and 3D topographical maps of the biofilm surface. S. epidermidis biofilms were grown 

on gold coated glass coupons and air dried for 2 hours prior to analysis.  

The results indicated some differences in the biofilm morphology between control and sub-MIC 

vancomycin treated biofilms (Fig. 3.6). The morphology of the control biofilm appears 

convoluted and consists of several uneven biomass aggregates. Alternatively, the sub-MIC 
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Figure 3.5: Schematic of the method used for the quantification of biofilms 
from CLSM images. A) A hypothetical image of a biofilm fluorescent layer 
and B) the fluorescence profile illustrating the method of quantification of 
the fluorescent layer in A. Dashed line: represents the location from which 
the fluorescence profile was acquired. 
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vancomycin treated biofilm, has a flat morphology in which the biomass resembles a crystal- like 

structure and has a “dehydrated” appearance. 
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Figure 3.6:  Control and sub-MIC vancomycin treated S. epidermidis biofilms exhibit 
different surface morphology. Convoluted biomass aggregates appear in the 
morphology of control biofilms, whereas channel type voids dominate the 
morphology of sub-MIC vancomycin treated biofilms. Blank sample consists of a 
sterile gold coated glass coupon without any biofilm growth. 
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Furthermore, the sub-MIC biofilm biomass is split into small sub-groups that are surrounded by 

a large network of ridges or voids that may be channels. Stoodley and colleagues showed that 

biofilms contain internal channels which enable the flow of liquid around and at the top of the 

clusters, showing that molecular diffusion is not the only form of mass transport within biofilms 

(Stoodley et al. 1994). These observations are reflected in 3D topographical maps and surface 

roughness measurements obtained for control and vancomycin exposed biofilms (Fig. 3.7).  

The control biofilm measured a roughness of 58 nm (± 5.2 nm SE), which is significantly higher 

(P = 0.0002) than the surface roughness of the sub-MIC vancomycin treated biofilm (34 ± 4.3 

nm SE), suggesting that the boundary layer profile of the control biofilm is largely convoluted. In 

turn this provides a greater surface area for exchange of nutrients leading to an increase in the 

rate of mass transport between the bulk fluid and the biofilm (Beer et al. 1996). The lack of a 

convoluted topography in the vancomycin-exposed biofilm, suggests that mass transport from 

the bulk fluid may be limited in such biofilms in order to minimise the ultimate damage from the 

antibiotic. 
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Figure 3.7:  Control S. epidermidis biofilms have a rough surface topography 
compared sub-MIC vancomycin treated biofilms.  3D micrographs showing 
surface profiles and surface roughness measurements of control and sub-MIC 
vancomycin treated S. epidermidis biofilms. Blank sample consists of a sterile 
gold coated glass coupon without any biofilm growth. Error bars, standard 
error of the mean n = 30. * Statistically significant difference between samples 
(P < 0.05) as determined by a student t-test. 
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3.3.2 Sub-MIC Vancomycin Affects the Chemistry of the Biofilm Matrix  

The changes in surface roughness between control and sub-MIC vancomycin treated biofilms 

suggested that there may be variations in the chemical composition of the biofilm EPS between 

control and sub-MIC vancomycin treated biofilms. To assess this, FT-IR spectroscopy was used 

to obtain spectra of control and sub-MIC vancomycin treated S. epidermidis biofilms grown on 

gold coated glass coupons.  

In the 2000-500 cm
-1

 region the IR spectrum of the control biofilm shows peaks at 1078 (Peak 

1), 1396 (Peak 2), 1420 (Peak 3), 1458 (Peak 4) and 1693 cm
-1

 (Peak 5) (Fig. 3.8) which 

correspond to vibrations mainly from nucleic acids and proteins (Table 3). Alternatively the IR 

spectrum of the sub-MIC vancomycin treated biofilm is dominated by peaks at 1502 (Peak 6), 

1540 (Peak 7), 1540 (Peak 8), 1656 (Peak 9) and 1636 (Peak 10) cm
-1

 (Fig. 3.8) majority of 

which correspond to vibrations from polysaccharides, more specifically PNAG because the 

same peaks were observed in the reference spectrum of PNAG (Fig. 3.9).   

A greater number of PNAG based peaks in the spectrum of the vancomycin-exposed biofilm 

and the absence of specific PNAG based vibrations (e.g: in-plane CH bend) from the control 

biofilm spectrum (Table 3), suggests that compared to control biofilms, the biofilm matrix of sub-

MIC vancomycin treated biofilms contains a greater amount of PNAG.  
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Figure 3.9: FT-IR absorbance spectra of PNAG extracted from S. epidermidis biofilms 
in the 4000-500 cm-1 region   
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Figure 3.9: FT-IR absorbance spectra of control and sub-MIC vancomycin treated S. 
epidermidis biofilms in the region of 2000-500 cm-1 identifying the differences in peaks 
between the two biofilms types. Peak numbers correspond to peak vibration assignments in 
Table 3. 
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Chapter 3: Biofilm Properties at Sub-MIC Vancomycin  

Table 3: Peak differences between FT-IR spectra of control and sub-MIC vancomycin treated biofilms 

and their corresponding vibrations determined from; (Coates 2006; Movasaghi et al. 2006: Davis and Mauer 2010).   

Peaks corresponding to PNAG-based vibrations are highlighted in bold. 

 

 

 

 

CONTROL Sub-MIC VANCOMYCIN 

Peak No. Wavenumber (cm
-1

) Vibration Source Peak No. Wavenumber 
(cm

-1
) 

Vibration Source 

1 ~1078 PO2
-
 stretch Nucleic acids 6 ~1502 In-plane 

CH bend  
PNAG 

2 ~1396 CH3 bending  Proteins  7 ~1540 Amide II PNAG 

3 ~1420 In-plane vibration Nucleic acid 
bases 

8 ~1560 Amine N-H 
stretch 

PNAG 

4 ~1458 COO
- 
stretch  Proteins  9 ~1656 Amide I Protein 

5 ~1693 Amide I Protein 10 ~1636 Amide I PNAG 

11 ~2318 O=C=O CO2  20 ~2333 O=C=O CO2  

12 ~2347 O=C=O CO2 21 ~2357 O=C=O CO2 

13 ~2375 O=C=O CO2  22 ~3397 O-H stretch Water 

14 ~3188 N-H stretch PNAG 23 ~3563 O-H stretch Water 

15 ~3560 O-H stretch Water 24 ~3651 O-H stretch Water 

16 ~3648 O-H stretch Water 25 ~3746 O-H stretch PNAG 

17 ~3733 O-H stretch PNAG 26 ~3840 O-H stretch PNAG 

18 ~3751 O-H stretch PNAG     

19 ~3854 O-H stretch PNAG     
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Moreover, several peaks from the PNAG, and the biofilm spectra originate from CO2. IR 

spectroscopy can sometimes show formation of carbonate-based groups in the film under 

analysis due to reaction with atmospheric CO2 (Table 3). The characteristically strong O=C=O 

stretching vibration of CO2 dominates the 2300-2400 cm
-1

 wavenumber region, with variation in 

peaks occurring due to several factors, such as film thickness, concentration of atmospheric 

CO2 and the extent of any interactions with atmospheric CO2 (Gougousi et al. 2003).  

However, peaks 17, 18, 19, 25 and 26 (Fig. 3.10) did correspond to O-H vibrations from PNAG. 

The greater number of peaks originating from PNAG and the differences in the vibration types 

particularly in the 2000-500 cm
-1

 wavenumber suggest that PNAG may play a role in the matrix 

of biofilms exposed to sub-MIC vancomycin. 
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Figure 3.10: FT-IR absorbance spectra of control and sub-MIC vancomycin treated S. 
epidermidis biofilms in the region of 4000 – 2000 cm-1 identifying the differences in peaks 
between the two biofilms types. Peak numbers correspond to peak vibration assignments 
in Table 3. 
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3.3.3 Sub-MIC Vancomycin Increases the Adhesiveness of the Biofilm Matrix  

In order to determine if the adhesive properties of the biofilm biomass can be altered by sub-

MIC vancomycin treatment AFM was used as a force sensor to obtain force-distance curves 

(Fig. 3.11) of control and sub-MIC vancomycin treated biofilms. Force curves of the control 

biofilm and the AFM tip (blue line, Fig. 3.11) were obtained after 10 min of water flow around the 

biofilm whereas the curves of the vancomycin-exposed biofilm were obtained after exposure to 

10 min flow of 2 µg/ml vancomycin (red line, Fig. 3.11). The AFM tip was bought into contact 

with the biofilm surface as illustrated by the flat part of the curve in Fig. 3.11 and then retracted. 

When in contact, the AFM tip and the biofilm interact mainly through electrostatic forces. When 

the AFM tip is retracted from the biofilm, the forces required to completely remove the tip are 

recorded on a force-distance curve.  
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Figure 3.11: Sub-MIC vancomycin treated S. epidermidis biofilms are more adhesive than 
control biofilms. An AFM generated force- distance curve resulting from the retraction of the 
AFM tip of control /water treated (blue line) and sub-MIC vancomycin treated (red line) S. 
epidermidis biofilms.  The force distance curve is depicted as cantilever deflection (y-axis) vs 
piezoelectric displacement (or Z-distance) (x-axis) in which cantilever deflection is 
proportional to force. 
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Comparing the highlighted area of both curves in Fig. 3.11, the red curve shows periodic 

increases in cantilever deflection, whereas the blue curve is relatively flat. The increases in 

cantilever deflection observed in the red curve, suggest an attractive force between the biofilm 

and the AFM tip, meaning more force is required to separate the AFM tip from the biofilm. 

Alternatively this suggests that biofilms exposed to sub-MIC vancomycin are more adhesive 

compared to those exposed to water.  

3.3.4 Penetration of Vancomycin is Impeded in Sub-MIC Biofilms  

A fluorescently conjugated form of the antibiotic (BODIPY FL-vancomycin) was used to study 

the transport of vancomycin through biofilms. In order to determine if the fluorescent conjugation 

affected the antimicrobial properties of vancomycin, the effects of vancomycin and BODIPY FL-

vancomycin on S. epidermidis planktonic cell viability were investigated. The MIC of BODIPY 

FL-vancomycin was double that of vancomycin (8 µg/ml and 4 µg/ml respectively). At 

concentrations below 2 µg/ml, however BODIPY FL-vancomycin exhibited antimicrobial 

properties that were similar to that of vancomycin (Fig. 3.12A). Together these results showed 

that the attachment of BODIPY FL fluorophore, decreases the potency of vancomycin and that 

BODIPY conjugate is non-toxic. 

To investigate the effect of vancomycin on biofilm cell viability, 72-h static S. epidermidis ATCC 

35984 biofilms were treated with a range of vancomycin concentrations. As expected, biofilm 

cells exhibited a greater than 10-fold tolerance to vancomycin in comparison to planktonic cells. 

While 4 µg/ml vancomycin inhibited planktonic S. epidermidis growth (Fig. 3.12A), between 50 

and 500 µg/ml vancomycin was needed to inhibit the growth of cells in the biofilm (Fig. 3.12B). 

Interestingly, 2 µg/ml vancomycin significantly (P < 0.05) stimulated growth of the biofilm cells 

(Fig. 3.12B), which is in agreement with the results of Kaplan et al. (2011), where an increase in 

CFU /ml  between control and sub-MIC vancomycin (1.7 µg/ml) treated S. epidermidis biofilms 

was observed. 
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Figure 3.12: BODIPY FL-vancomycin has antimicrobial activity. A) At low 
concentrations, BODIPY FL-vancomycin has similar effects to vancomycin on the viability 
of S. epidermidis planktonic cells. Concentrations of BODIPY FL-vancomycin above 2 µg/ml 
were not tested. Dashed line, minimum bactericidal concentration (MBC), determined as 
the concentration of antibiotic resulting in a 3-log reduction of the starting population. B) 
Sub-MIC vancomycin stimulates growth of S. epidermidis biofilm cells. Biofilms were 
grown for 48-h and subjected to a 24-h vancomycin treatment. Biofilm starting 
concentration represents the number of cells in a 48-h old biofilm. Asterisk indicates a 
significant difference (P<0.05) as determined by the student t-test between the marked 
samples. Error bars, standard error of the mean (n=3). 
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Given the changes within the biofilm matrix that have been associated with sub-MIC 

vancomycin exposure, it was hypothesized that pre-treating the biofilm with sub-MIC 

vancomycin could affect the transport of subsequent antibiotics. To test this hypothesis, 48-h 

static biofilms were treated with sub-MIC vancomycin at 2 µg/ml for 24 h (total growth period of 

72-h) and compared to 72-h untreated, control biofilms. Propidium iodide (PI) was used to 

monitor the total biofilm biomass and BODIPY FL-vancomycin to monitor vancomycin transport 

through the biofilm. Following a static 30 min exposure to the stain, the biofilm was imaged 

using confocal microscopy.  

In contrast to published literature (Kaplan et al. 2011), the results in this work showed that 

although sub-MIC vancomycin exposure induced an increase in the number of cells in the 

biofilm (Fig. 3.12B), it did not induce an increase in biofilm biomass. Colony counting techniques 

are not designed for the evaluation of biofilm biomass, thus accurate inferences regarding the 

biofilm biomass based on colony counts cannot be made. Consequently, other experiments 

were performed to assess the biofilm biomass and results from these experiments revealed no 

significant differences in the thickness of control and sub-MIC vancomycin treated biofilms (Fig. 

3.13A).  

BODIPY FL-vancomycin fluorescence, however, was deeper and brighter in control biofilms 

than in sub-MIC vancomycin treated biofilms (Fig. 3.13B). Based on confocal images there was 

no significant difference (P = 0.227) in biomass thickness between control (41 ± 3 µm) and sub-

MIC vancomycin treated (43 ± 4 µm) biofilms (Fig. 3.14). BODIPY FL-vancomycin, however, 

penetrated 6 µm deeper in control biofilms than in sub-MIC vancomycin treated biofilms (Fig. 

3.14) equating to a 19 ± 5% (SE) (P <0.05) reduction in the penetration of BODIPY FL-

vancomycin. These results showed that, vancomycin transport through sub-MIC vancomycin 

treated biofilms is significantly impeded when compared to control biofilms. 
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Figure 3.13: Penetration of BODIPY FL-Vancomycin through sub-MIC biofilms 
appears restricted. Representative micrographs of S. epidermidis ATCC 35984 72-h 
control and sub-MIC vancomycin treated biofilms showing A) total biofilm biomass 
as visualised by PI fluorescence and B) BODIPY FL-Vancomycin fluorescence used for 
the visualization of vancomycin transport through the biofilm following 30 min 
exposure to BODIPY FL-Vancomycin and C) combined image showing biofilm 
biomass in red and BODIPY FL-Vancomycin fluorescence in green. 
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Figure 3.14: Penetration depth of BODIPY FL-vancomycin through sub-
MIC biofilms is lower than control biofilms. A) Average depth of biomass 
(propidium iodide fluorescence) and vancomycin penetration (BODIPY 
FL-vancomycin fluorescence) in control and sub-MIC vancomycin (2 
µg/ml) treated S. epidermidis biofilms. B) Average penetration of BODIPY-
FL vancomycin as a function of biomass thickness in control and sub-
MIC vancomycin treated biofilms.   Error bars, standard error of the mean 
(n= 30). Statistically significant results between samples (P<0.05) are 
indicated by an asterisk.  
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3.4 Discussion  

The exposure of biofilms to sub-MIC antibiotics has been previously shown to induce changes 

in the composition of biofilm matrix components (Dynes & Lawrence 2009) and enhance biofilm 

antibiotic tolerance properties (Cerca, Martins, Sillankorva, et al. 2005; Starner et al. 2008). 

However the specific modifications of sub-MIC antibiotics on biofilms are highly variable and are 

antibiotic specific. In the present chapter the effects of sub-MIC vancomycin on the morphology, 

chemical composition, adhesiveness and antibiotic tolerance of S. epidermidis biofilms are 

reported. A combination of surface profilometry, FT-IR spectroscopy, AFM and confocal 

microscopy was used to show that sub-MIC vancomycin treated biofilms are smoother, contain 

chemical modifications in their biofilm matrix and are more adhesive, compared to control, 

antibiotic-free biofilms. Furthermore, the results showed that sub-MIC vancomycin induces 

growth of biofilm cells and that sub-MIC vancomycin treated biofilms impede the penetration of 

BODIPY FL-vancomycin, a fluorescent derivative of vancomycin.   

In relation to vancomycin penetration, results presented in this chapter show that in control 

antibiotic-free biofilms, BODIPY FL-vancomycin reached a biofilm depth of approx. 30 µm within 

30 minutes. Similarly, Daddi-Oubekka and colleagues showed that penetration of BODIPY FL-

vancomycin through an antibiotic-free S. aureus biofilm to an approximate depth of 30 µm 

occurred within a maximum of 8 minutes (Daddi-Oubekka et al. 2012). Alternatively, in sub-MIC 

vancomycin treated biofilms, BODIPY FL-vancomycin only reached a depth of 20 µm in 30 

minutes (Fig. 3.14). The physical amount of the biofilm EPS did not cause the limited travel of 

BODIPY FL-vancomycin in sub-MIC vancomycin treated biofilms, because no significant 

variations in biofilm thickness between control and sub-MIC vancomycin treated biofilms was 

observed (Fig. 3.13A). Previous studies have shown a negative correlation between the amount 

of biofilm biomass induced by sub-MIC vancomycin and the natural biofilm forming ability of the 

strain (Kaplan et al. 2011). 

Since S. epidermidis 35984 is a good biofilm former (Dice et al. 2009), the amount of biofilm 

induced by sub-MIC vancomycin can be limited. Thus, the composition of the matrix of biofilms 

formed at sub-MIC vancomycin was considered, in order to determine if specific matrix 

components can influence BODIPY FL-vancomycin transport. The ability of the biofilm matrix to 
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influence antibiotic tolerance properties has been demonstrated previously. Treatment of C. 

albicans biofilms with amophotericin B, stimulated the production of β-glucans, which were 

shown to be cable of binding to amphotericin B thus providing the biofilm with resistance to 

amphotericin B (Vediyappan et al. 2010), but not fluconazole (Al-Fattani & Douglas 2006). 

Similarly, incubation of S. epidermidis with extracted S. epidermidis biofilm “slime” reduced the 

antimicrobial properties of glycopeptide antibiotics but did not affect other antibiotic classes 

(König et al. 2001).  

FT-IR spectroscopy analysis of control and sub-MIC vancomycin treated biofilms revealed a 

greater number of peaks from PNAG-based vibrations within the sub-MIC vancomycin treated 

biofilm (Table 3), suggesting that the matrix of sub-MIC vancomycin treated biofilms largely 

consists of PNAG.  PNAG is often associated with biofilm virulence (Cerca et al. 2011) and 

cellular aggregation (Jr & Dunne 2002). In addition, Cammarota and colleagues showed that 

blocking polysaccharide synthesis in a heterogeneous polymicrobial biofilm cultivated from a 

sample of waste water sludge, significantly reduced the adhesive properties of biofilms 

(Cammarota & Jr 1998). Force-distance curves indicated that after only a 10 min exposure to 

sub-MIC vancomycin, the adhesiveness of biofilms changed, becoming more sticky (Fig. 3.11). 

An increase in biofilm adhesiveness supports FT-IR data and suggests that sub-MIC 

vancomycin treated biofilms do contain more PNAG.  

However, the majority of PNAG-based peaks observed in the spectra of sub-MIC vancomycin 

treated biofilms occur in the 2000-500 cm
-1

 wavenumber region. The PNAG-based peaks found 

in the spectrum of control biofilms do not occur within that region. Such an inconsistency is an 

indication of chemical modifications within the molecule of interest. It suggests that PNAG is not 

present in greater concentration within sub-MIC vancomycin treated biofilms, but is found in a 

different chemical arrangement within the matrix of such biofilms.  

The chemical modifications of PNAG within the biofilm matrix can explain the changes in biofilm 

surface morphology. Observations of control and sub-MIC vancomycin treated biofilm surfaces 

revealed a highly convoluted morphology dominated by biomass aggregates for control biofilms. 

Alternatively, sub-MIC vancomycin treated biofilms were flat and were dominated by a large 

network of voids (Fig. 3.6).  
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These observations are also reflected in the large surface roughness values that were obtained 

for control biofilms (Fig. 3.7). Interestingly, similar results with regards to surface roughness of 

control and sub-MIC vancomycin treated biofilms were obtained from CLSM images illustrating 

PI fluorescence from control and sub-MIC vancomycin treated biofilms (Fig. 3.13). Using 

common biofilm analysis software, COMSTAT, the average surface roughness coefficient was 

calculated for control and sub-MIC vancomycin treated biofilms (Fig. 3.15). These results 

showed that control biofilms, on average have a significantly higher surface roughness 

coefficient than sub-MIC vancomycin treated biofilms. The surface roughness coefficient relates 

surface roughness with biofilm thickness and the number of thickness measurements (Heydorn 

et al. 2000). Given that the same amount of thickness measurements were obtained for control 

and sub-MIC vancomycin treated biofilms (n = 30) and the biofilm thickness of control and sub-

MIC biofilms did not differ statistically (Fig. 3.14A), then the surface roughness coefficient is 

proportional to surface roughness. Therefore, the surface roughness of control biofilms is 

significantly higher than that of sub-MIC vancomycin treated biofilms (Fig. 3.15). So previous 

results are corroborated using a completely separate imaging technique, quantification software 

and biofilm preparation protocols suggesting that the results presented here were not influenced 

by experimental protocols. (i.e. dehydration of biofilms) but that, they are in fact a consequence 

of sub-MIC vancomycin exposure.  

Furthermore, the domination of control biofilm surface by biomass aggregates suggests that the 

arrangement of PNAG in the matrix of such biofilms is in a “stable form” which enables the 

biopolymer to be involved in all its reported functions such as cell aggregation and biomass 

accumulation.  Alternatively, in sub-MIC vancomycin treated biofilms, the biofilm morphology 

does not consist of convoluted biomass aggregates. Chemical re-structuring of PNAG within the 

biofilm matrix could alter the available binding sites within the molecule and thus impact its 

capacity for involvement in cell aggregation and biomass assembly. The involvement of 

polysaccharides in colony and biofilm morphology has been demonstrated for polysaccharides 

Pel and Psl in P. aeruginosa by Colvin and colleagues, showing that overexpression and the 

inability to produce Pel and Psl results in unique biofilm phenotypes (Colvin et al. 2012). 

Furthermore, rough small colony variants, a sub-class of P. aeruginosa colonies resistant to 

kanamycin exhibited rough colony morphology, increased ability to attach to surfaces, increased 
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resistance to tobramycin and unique corresponding biofilm phenotypes (Drenkard & Ausubel 

2002). Collectively, the findings of this chapter demonstrate that antibiotic exposure can lead to 

distinctive colony and biofilm morphologies and a specific set of attachment and antibiotic 

tolerance properties.   
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Figure 3.15: Surface roughness coefficient shows that control S. epidermidis 
biofilms are rough, compared to sub-MIC vancomycin treated biofilms.  
Roughness coefficients were obtained from COMSTAT analysis of CLSM 
imaging data (Fig. 3.13) and were based on PI fluorescence in control and sub-
MIC vancomycin treated biofilms. Error bars, standard error of the mean (n= 30). 
Asterisk indicates statistically significant results as determined by the student t-
test (P<0.05). 
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3.5 Conclusions  

 
 S. epidermidis biofilms exposed to sub-MIC vancomycin have a flat, morphology with 

water channel-like voids and a significantly reduced surface roughness when compared 

to control biofilms 

 After short-term exposure to sub-MIC vancomycin, S. epidermidis biofilms exhibited an 

increase in adhesiveness.  

 The penetration of BODIPY FL-vancomycin was significantly reduced in sub-MIC 

vancomycin treated biofilms (by 19% in 30 min) compared to control biofilms.  

 FT-IR spectroscopy analysis of control and sub-MIC vancomycin treated biofilms 

provided evidence to indicate the restructuring of the PNAG polymer within sub-MIC 

vancomycin treated biofilms, but was inconclusive in determining if PNAG restructuring 

was due to an increase in PNAG concentration.   
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Chapter 4:  The Biofilm Matrix: PNAG  

4.1 Introduction  

Dispersin B, a PNAG-degrading enzyme was able to remove 90% of S. epidermidis biofilms 

pre-exposed to sub-MIC vancomycin (Kaplan et al. 2011), suggesting that PNAG is present in 

the matrix of sub-MIC vancomycin treated biofilms at a relatively high concentration.  PNAG is a 

homopolymer of β-1,6-linked N-acetylglucosamine and a common Staphylococcal exo-

polysaccharide that is the product of the ica operon (Fig. 4.1A) (Li et al. 2005; Rohde et al. 

2010). Initially, the expression of the ica operon was thought to be essential for biofilm 

formation, but later ica-negative strains were shown to be capable of forming biofilms, although 

with much less biomass than ica-positive strains (Dice et al. 2009). As well as greater biofilm 

biomass, ica expression has been associated with a number of other functions such as; abiotic 

surface attachment, intercellular adhesion, enhanced virulence, host immune evasion and 

antibiotic tolerance (Li et al. 2005; Vuong et al. 2004; O’Gara 2007; Izano et al. 2008; Fey 2010; 

Rohde et al. 2010).  

The ica operon encodes a collection of products which come together to construct, modify and 

transport the PNAG polymer to its final location. The icaA genes code for a transferase enzyme 

with homology to N-acetyl-glucosaminyltransferases which requires the products of IcaD for 

optimal activity (O’Gara et al. 2007). Alternatively the IcaC protein is required for the export of 

the growing PNAG chain to the cell surface where the IcaB product de-acetylates the PNAG 

polymer (Conlon et al. 2002).  
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De-acetylation of the PNAG polymer is an important aspect of biofilm physiology (Vuong et al. 

2004; O’Gara 2007). Approximately 80% of Staphylococci PNAG residues are acetylated and 

succinylated, whereas the remaining 20% are de-acetylated as shown in Fig. 4.1B (Rohde et al. 

2010). De-acetylation of PNAG introduces positive charges into the molecule enhancing 

solubility in aqueous environments, attachment to biotic and abiotic surfaces and protection 

against host immune responses. Mutants negative for icaB which produced 100% acetylated 

PNAG, were deficient in each of these phenotypes (Vuong et al. 2004; O’Gara 2007). 

The product of the icaR gene acts as a transcriptional repressor, which negatively controls the 

expression of the ica operon and biofilm development in response to environmental stimuli such 

as glucose, ethanol, high temperature and sub-inhibitory concentrations of tetracycline 

(Fitzpatrick et al. 2005; O’Gara 2007). However, icaR itself is regulated by the alternative sigma 

factor which promotes ica expression by down regulating the expression of icaR (Fitzpatrick et 

al. 2005). Furthermore, the staphylococcal accessory regulator (SarA) protein positively 

promotes ica transcription and PNAG production without the use of the icaR pathway (Tormo et 
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Figure 4.1: Schematic diagram of PNAG. A) Schematic diagram of the ica operon, adapted 
from Vuong et al. (2004). B) Schematic of the chemical structure of the acetylated and de-
acetylated residues of PNAG (Rohde et al. 2010). 
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al. 2005). Therefore, although previous studies have shown that sub-MIC vancomycin did not 

affect ica expression In S. epidermidis biofilms (Rachid et al. 2000), PNAG in sub-MIC 

vancomycin treated biofilms maybe produced via an ica-independent mechanism.  

4.1.1 Detection of PNAG  

Although PNAG contains a weak positive charge (Fig. 4.1B), it is a large molecule that contains 

a vast number of bonds capable of participating in dipole and hydrogen bonding. If the matrix of 

sub-MIC vancomycin treated biofilms is dominated by these large PNAG molecules, the travel 

of BODIPY FL-vancomycin may be inhibited.  FT-IR spectroscopy analysis of control and sub-

MIC vancomycin treated biofilms conclusively showed that the structural arrangement of PNAG 

within the biofilm matrix of sub-MIC vancomycin treated biofilms was changed compared to 

control biofilms. However the analysis failed to determine if the greater number of PNAG-based 

peaks was due to a greater concentration of PNAG within the matrix (Chapter 3: Section 3.3.2).  

Although it is possible to determine the concentration of a particular vibrating species from FT-

IR spectroscopy, such a method is only a reliable estimate of concentration in highly 

homogenous samples (Davis & Mauer 2010). The number of chemical environments in which 

the molecule of interest is present in the sample under analysis, is a key feature of FT-IR 

spectroscopy (Coates 2000). This feature effects concentration estimates in heterogeneous 

samples such as biofilms, but is relatively limited in homogenous samples. 
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To help explain this concept three of the possible chemical environments of PNAG within the 

biofilm matrix are illustrated in Fig. 4.2. FT-IR spectra of control biofilms was dominated by 

peaks from a range of biomolecules which suggests that PNAG in control biofilms belongs to 

environment A (Fig. 4.2A).  

 

This conclusion is also supported by the relative amount of other matrix molecules found in the 

biofilm A in relation to PNAG, which may over-shadow the signals from the less abundant 

PNAG molecules. However chemical environments B and C (Fig. 4.2B and C) can both cause 

greater vibrations of the PNAG molecule, and increase the number of IR active bonds, which 

would increase the amount of PNAG-based peaks appearing in the spectrum. However out of 
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Figure 4.2: Schematic of possible chemical environments of PNAG within the biofilm 
matrix. A) PNAG is bonded to a variety of matrix biomolecules and is a minor component of 
the biofilm matrix. B) PNAG is a minor component of the biofilm matrix, but is bonded to 
only 1 type of matrix biomolecule. This bonding arrangement increases the IR activity of 
PNAG bonds. C) PNAG is the dominant component of the matrix which forces it to bond 
to other PNAG molecules within the matrix. This increases the abundance of PNAG-based 
peaks in the spectrum. 
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environments B and C only one environment of PNAG, is created as a result of an increase in 

PNAG concentration. In homogenous samples, the molecule of interest is only ever bonded to 

one other molecule, thus eliminating the number of chemical environments to as few as 

possible.  

So given that FT-IR analysis of sub-MIC vancomycin treated biofilms is an unreliable indicator of 

PNAG concentration enzymatic and fluorescence based detection methods were employed to 

determine the relative abundance of PNAG in sub-MIC vancomycin treated biofilms.  

4.2 Materials and Methods  

4.2.1 Imaging PNAG in Biofilms  

In order to determine the accumulation of PNAG in S. epidermidis biofilms, Cerca and 

colleagues used fluorescence microscopy and a fluorescently labelled wheat germ agglutinin 

(WGA), a lectin which binds N-acetylglucosamine residues (Cerca et al. 2011). Thus, in the 

current work, PNAG distribution in the biofilm was assessed using an Alexa 633-conjugated 

WGA (Invitrogen, UK) and confocal microscopy. Control and sub-MIC vancomycin treated 

biofilms were grown as described in Section 3.2.5. WGA was prepared according to 

manufacturer’s instructions and applied to control and sub-MIC vancomycin treated biofilms at a 

final concentration of 500 µg/ml for 30 minutes. 

Biofilm biomass was visualised using the auto-fluorescent properties of the biofilm. Biofilm auto-

fluorescence was only observed when the biofilm was excited with 543-nm, 488-nm and 633-nm 

lasers simultaneously. Furthermore, biofilm auto-fluorescence was observed in the green and 

orange regions. An LP505 filter was used to collect auto-fluorescence in the green and LP560 

to collect auto-fluorescence in the orange region (but only auto-fluorescence in the orange was 

used in biofilm quantification). As the auto fluorescence was not characterized any further, the 

minimum and maximum emission values are not known. WGA fluorescence was collected at 

>650 nm. Samples were analysed under an upright confocal microscope and observed using 

the 40x immersion objective and an Axioplan 2 LSM 510 Meta microscope system (Zeiss).  All 

biofilms were imaged in PBS and Z-slices were obtained at 2.14 µm steps. Images were 

acquired in 10 different locations and each experiment was repeated 3 times. 
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Image analysis was performed with ImageJ software (Java). Line fluorescence profiles were 

obtained from 8 locations (25 µm apart) within an XZ confocal image Section 3.2.10; Fig. 3.5. 

The average fluorescent layer thickness was obtained for each of the 8 locations per image. 

The presented results are the averages of all 30 images.  

4.2.2 Enzymatic Analysis of PNAG in Biofilms  

To determine the abundance of PNAG in control and sub-MIC biofilms the following experiment 

was performed. S. epidermidis biofilms were grown in 24-well micro plates for a total period of 

72 hours and treated with vancomycin as described previously (Section 3.2.5). All biofilms were 

always washed once with PBS (Sigma-Aldrich, UK) prior to any experimental treatments. The 

approximate amount of biofilm biomass was measured by optical density at 600 nm prior to the 

addition of enzyme using the Omega Plus plate reader (BMG Labtech, UK). Following this, 200 

µl per well of Dispersin B (Kane Biotech Inc., Canada) made up to 4 µg/ml in PBS was added to 

each of the biofilm samples. Enzyme treated biofilms were incubated at 37°C for 15 min.  

Following the required period of enzyme treatment, biofilms were washed once with PBS and 

OD600 was measured as described previously. 

Experiments investigating the optimal Dispersin B concentration were performed according to 

the protocol described above with some exceptions. Dispersin B was tested at 0.5, 2, 4 and 20 

µg/ml and applied in 200 µl aliquots to 72-h S. epidermidis biofilms grown in 24-well micro 

plates. During the testing of 20 µg/ml of Dispersin B, biofilm biomass was measured using the 

crystal violet protocol described by Dice et al. (2009). Briefly, 2 ml of 1% crystal violet (CV) 

solution in ethanol was added to each of the biofilms, and the plate was incubated for 10 min at 

37°C. Following this, biofilms were washed thoroughly with distilled water to remove the CV and 

2 ml of 95% ethanol was added to each of the wells. Following another 10 min incubation period 

at 37°C, the ethanol was aspirated and transferred to a new micro plate. Finally OD600 was 

measured using Omega Plus plate reader. 

In addition, during the final preliminary experiment investigating the activity of 4 µg/ml of 

Dispersin B on biofilm removal over time, Dispersin B was added to 72-h S. epidermidis biofilms 

as before, but OD600 was measured every minute for a total period of 16 min using the Omega 
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Plus plate reader. Biofilms were washed prior to enzyme addition, but the OD measurements 

were taken with the enzyme present in the well.  

4.3 Results 

4.3.1 The Abundance of PNAG is Not Affected by Sub-MIC Vancomycin  

A fluorescence experiment was performed in order to conclusively determine any possible 

variations in PNAG abundance between control and sub-MIC vancomycin treated biofilms. 

Confocal microscopy was used to visualise PNAG residues stained with WGA and auto-

fluorescence of the biofilm was used to visualise biofilm biomass. 

WGA fluorescence was mainly concentrated in highly fluorescent clusters at the biofilm-liquid 

interface in both control and sub-MIC vancomycin treated biofilms (Fig. 4.3). In addition, auto-

fluorescence based measurements of the biofilm biomass indicated no significant differences in 

the biomass thickness  between control and sub-MIC vancomycin treated biofilms. Similarly, the 

quantification of WGA fluorescence showed no significant differences in the PNAG abundance 

between control (19 ± 0.9 µm) and sub-MIC vancomycin treated (20 ± 0.9 µm)  biofilms (P > 

0.05) (Fig. 4.4), showing that sub-MIC vancomycin exposure did not alter the relative 

abundance of PNAG in S. epidermidis biofilms.   
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Figure 4.3: Aggregates of PNAG are observed at the biofilm-liquid interface in sub-MIC 
and control biofilms. Representative micrographs of 72-h control and sub-MIC 
vancomycin treated S. epidermidis biofilms showing; A) total biofilm biomass (auto-
fluorescence), B) WGA fluorescence bound to PNAG and C) combined image showing 
WGA fluorescence in purple and biofilm biomass in orange. Scale bar: 25 µm. 
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4.3.2 PNAG Abundance Using Dispersin B: Enzyme Concentration 

Dispersin B is an enzyme that degrades biofilm biomass by hydrolysing the glycosidic linkages 

(Fig. 4.1B) between monomers of PNAG (Kaplan et al. 2004). It is usually effective at removing 

biofilms when used at high concentrations such as 50 µg/ml (Itoh et al. 2005) and 20 µg/ml 

(Izano et al. 2008). In the following experiments, Dispersin B was used to remove control and 

sub-MIC vancomycin treated biofilms in order to determine possible variations in PNAG 

concentration.  

In order to measure differences in biomass between control and sub-MIC vancomycin treated 

biofilms after enzyme treatment, a specific enzyme concentration was necessary, one which 

would not remove a large proportion of the biomass.  Initially, previously reported concentrations 

of Dispersin B were tested for suitability for the aims of this assay using two methods of 

biomass quantification, crystal violet staining and direct OD600. Initial experiments were 

performed with 72-h S. epidermidis biofilms that were treated with 20 µg/ml Dispersin B for 30 

min. From this experiment it was determined that the crystal violet staining protocol caused a 

Figure 4.4: There is no difference in the penetration depth of WGA between 
control and sub-MIC biofilms. Average depth of the auto-fluorescence and WGA 
fluorescence used to determine biofilm biomass thickness and the relative 
abundance of PNAG respectively, in control and sub-MIC biofilms. Error bars, 
standard error of the mean (n=30). 
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large degree of variability in the results, largely due to the number of washing steps required 

(Section 3.2.4) As a result, the crystal violet protocol for the quantification of biofilm biomass 

was not used in the experiments discussed in this Chapter. In addition, based on the OD600 

measurements, 20 µg/ml of Dispersin B removed a large proportion of the biomass of both 

control and sub-MIC vancomycin treated biofilms, (data not shown) thus distinctions between 

control and sub-MIC vancomycin treated biofilms could not be made.  

Therefore, in the second preliminary experiment the lower range of Dispersin B concentrations 

were tested. 72-h S. epidermidis biofilms were treated with 0.5 and 2 µg/ml of Dispersin B for 30 

min, whereas the control was treated with PBS for 30 min. The results indicated that 2 µg/ml of 

Disperin B was the appropriate concentration because enough biofilm biomass remained to 

make clear distinctions between the two biofilm types and the results contained less error than 

those obtained using 0.5 µg/ml of Disperin B (Fig. 4.5).  

 

 

 

 

 

 

 

 

 

 

 

Once the concentration of Dispersin B was determined, a new experiment was performed using 

2 µg/ml of Dispersin B. This time instead of adding PBS as a control for the enzyme, biofilm 
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Figure 4.5: Removal of control and sub-MIC vancomycin treated S. epidermidis 
biofilms depends on Dispersin B concentration.  Optical density  measurements  
of control and sub-MIC vancomycin treated S. epidermidis 72-h biofilm biomass 
after 30 min exposure to PBS and Dispersin B. Error bars, standard error of the 
mean, n= 8. 
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biomass OD600 was measured before and after enzymatic treatment, thus providing a more 

accurate comparison of the biofilm biomass removed.  

However when a 30 min treatment of 2 µg/ml of Dispersin B was applied to 72-h S. epidermidis 

biofilms the findings obtained were inconsistent with previous results and contained a large 

degree of error, as seen in Fig. 4.6A. As a result,  the concentration of Dispersin B was doubled 

to 4 µg/ml, which using the same protocol as described for 2 µg/ml, produced results with a 

much smaller degree of error (Fig. 4.6B).  

However, one of the drawbacks of using 4 µg/ml of Disperin B was that within 30 min this 

concentration removed a lot of the biofilm leading to very low OD measurements of biofilm 

biomass for both control and sub-MIC biofilms, thus making it difficult to determine if the 

differences in measurements between the two biofilm types is the result of natural variation or 

experimental treatments. To illustrate this point, consider the hypothetical example in which 

differences in biomass remaining after Dispersin B treatment at concentration X between control 

and sub-MIC biofilms is 0.03 and 0.05 respectively, whereas in another experiment these values 

are 0.15 and 0.17 for control and sub-MIC biofilms respectively. A difference of 0.2 as is in the 

latter case is less likely to be due to natural variation then a difference of 0.02 because a lot 

more biomass would need to be present to cause 0.2 difference in OD, compared to just 0.02, 

which is most likely caused by natural variance in biofilm attachment, biofilm biomass and 

enzyme activity.   
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Therefore in the final preliminary experiment 72-h S. epidermidis biofilms were treated with 4 

µg/ml of Dispersin B for just 15 min, half of the previous exposure time. As well as measuring 

the final OD before and after enzyme treatment, a change in OD over time was also monitored. 

In the initial period after addition of Dispersin B, the OD increases gradually, but after 

approximately 12 min the increase in OD is much lower or in some cases the OD is fairly stable 

(Fig. 4.7A). 
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Figure 4.6: Removal of biofilm biomass using 4 µg/ml of Disperin B 
produces results with less variability than 2 µg/ml. Optical density 
measurements of control and sub-MIC vancomycin treated S. epidermidis 72-
h biofilms before and after 30 min exposure to 2 µg/ml (A) and 4 µg/ml (B) 
of Dispersin B. Error bars, standard error of the mean, n= 3. 
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These results suggest that the majority of the biofilm biomass is removed in the first 15 min of 

exposure to Dispersin B, thus the shorter enzyme exposure time should cause a greater amount 

of biomass to remain after enzyme treatment.  
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Figure 4.7: Removal of biofilm biomass using 4 µg/ml of Disperin B for 15 min was 
determined as the optimal enzyme protocol. A) Optical density of control and sub-MIC 
vancomycin treated S. epidermidis 72-h biofilms measured every min for a total period of 16 
min. B) Optical density measurements of control and sub-MIC vancomycin treated S. 
epidermidis 72-h biofilms before and after 15 min exposure to 4 µg/ml of Dispersin B. Error 
bars, standard error of the mean, n= 6. 
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In support of this conclusion, exposure of S. epidermidis biofilms to 4 µg/ml of Dispersin B for 15 

min caused more biomass to remain in  both control and sub-MIC biofilms (Fig. 4.7B) when 

compared to the longer enzyme treatment and with a much lower degree of error when 

compared to all previous results. Therefore, 4 µg/ml of Dispersin B for 15 min was chosen as 

the optimal enzyme treatment suitable for the aims of the PNAG assay.    

4.3.3 Dispersin B Removes Control and Sub-MIC Biofilms  

In order to determine if the relative abundance of PNAG is different in control or sub-MIC 

biofilms, the optimal Dispersin B treatment was applied to control and sub-MIC vancomycin 

treated 72-h S. epidermidis biofilms. Similarly to previous results using fluorescence, OD 

measurements of the biofilm biomass without enzyme, showed that control and sub-MIC 

biofilms contained a similar amount of biomass (Fig. 4.8). Similarly, the amount of biomass 

removed by Dispersin B from control and sub-MIC vancomycin treated biofilms was not 

statistically significant. The amount of biomass remaining in control and sub-MIC biofilms was 

0.26 (± 0.06 SE) and 0.199 (± 0.03 SE) respectively.  Since a relatively similar amount of 

biomass was removed from both control and sub-MIC vancomycin treated biofilms, and given 

the specificity of Dispersin B to PNAG, the results suggest that there is no difference in the 

relative abundance of PNAG between control and sub-MIC vancomycin treated biofilms.  
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4.4 Discussion  

Although previous studies have shown ica expression to not be affected by sub-MIC 

vancomycin exposure (Rachid et al. 2000), gene expression is not always a good indicator of 

the end product. In glucose rich conditions, S. epidermidis biofilms are known to exhibit a PNAG 

positive phenotype but a reduced expression of ica, whereas in glucose poor conditions ica 

expression is heightened, but the biofilms exhibit a PNAG negative phenotype (Mack et al. 

2004). Furthermore, FT-IR spectroscopy analysis of control and sub-MIC vancomycin treated 

biofilms suggested a possible involvement of PNAG in the matrix of sub-MIC vancomycin 

exposed biofilms, but was insufficient at determining if this was due to an increase in PNAG 

concentration. Therefore, fluorescence and enzymatic methods were used to more directly 

assess the relative abundance of PNAG in control and sub-MIC vancomycin treated biofilms.  

Confocal microscopy coupled with fluorescent staining has been previously used for the 

analysis of PNAG in biofilms in a number of studies (Thomas et al. 1997; Leriche et al. 2000; 

Cerca et al. 2011; Kaplan et al. 2011). Similarly to previous results, auto-fluorescence 

measurements showed that control and sub-MIC vancomycin treated biofilms did not differ in 

Figure 4.8: Dispersin B removed both, control and sub-MIC vancomycin 
treated S. epidermidis biofilms.  Average OD of the biomass of 72-h control and 
sub-MIC vancomycin treated S. epidermidis biofilms, measured before and 
after a 15 min treatment with Dispersin B. Error bars, standard error of the 
mean (n= 25). 
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biofilm thickness. Although the majority of the confocal microscopy protocol used in the PNAG 

experiments is in agreement with previous studies, the use of auto fluorescence for biofilm 

visualisation is a novel development of this work that was observed under a specific set of 

excitation conditions. As a result the fluorescence intensity of auto fluorescence and PI 

fluorescence (Chapter 3: Section 3.3.4) of control biofilms was compared as a function of biofilm 

depth (Fig. 4.9). The 488 nm laser which is often used to excite PI, was shown to sufficiently 

penetrate biofilms of an approximate thickness of 45 µm (Jefferson et al. 2005). In the current 

project the same laser line and microscope as that of Jefferson et al. (2005) was used to obtain 

biofilm thickness measurements that were on average 43 µm, therefore the PI fluorescence 

measurements collected in this project were not affected by insufficient laser penetration. The 

comparison of auto-fluorescence intensity against PI fluorescence intensity showed that at 

deeper parts of the biofilm (5 µm from the substratum) the intensity of auto-fluorescence was 

34.5% its maximum and was similar to PI fluorescence, which was at 39.5% (Fig. 4.9). Such 

results suggest that the excitation laser light penetrated through the entire biofilm and that auto-

fluorescence measurements were not affected by insufficient laser penetration.   
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Figure 4.9: Fluorescence intensity (FI) of propidium iodide and auto-fluorescence is 
similar in the deeper parts of the biofilm.  FI of propidium iodide and auto 
fluorescence measured as a function of distance within a control biofilm.  % FI is 
calculated as; (FI at distance X / maximum fluorescence) x 100. 
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Three different methods, PI fluorescence, auto fluorescence and enzymatic methods were used 

to show that there is no significant variation in the biofilm thickness of control and sub-MIC 

vancomycin treated biofilms, suggesting that these results are reliable and are not a 

consequence of experimental errors. In addition the lack of an increase in biofilm thickness 

upon exposure to sub-MIC vancomycin, further suggests that the physical presence of the 

matrix does not limit the transport of BODIPY FL-vancomycin in sub-MIC vancomycin treated 

biofilms. 

Furthermore, quantification of WGA fluorescence in control and sub-MIC vancomycin treated 

biofilms, showed that the relative abundance of PNAG is similar in both control and sub-MIC 

vancomycin treated biofilms (Fig. 4.4), suggesting that sub-MIC vancomycin does not affect 

PNAG concentration within the biofilm. However, the localization of PNAG aggregates at the 

biofilm-liquid interface is an interesting observation (Fig. 4.3B), and is comparable to that of 

polysaccharide synthesis locus (Psl), a polysaccharide of the P. aeruginosa matrix. Psl has 

been shown to be localised around the periphery of the Pseudomonas mushroom-shaped 

biofilms with eDNA and cell DNA localized in the centre of the colony, suggesting that biofilms 

may have a structural hierarchy in their matrix assembly (Ma et al. 2009). The observations of 

PNAG at the biofilm surface may indicate that, like in P. aeruginosa, S. epidermidis follow a 

specific schedule or pattern with regards to their matrix assembly.  

The lack of variation in the abundance of PNAG between control and sub-MIC vancomycin 

treated biofilms was also confirmed using standard enzyme protocols (Itoh et al. 2005). 

Enzymatic detachment of biofilms is based on the composition of the biofilm matrix and the 

specificity of the chosen enzyme for one of the matrix components. Dispersin B has been shown 

to detach Staphylococci biofilms of many clinical isolates (Chaignon et al. 2007), mainly due to 

the large abundance of PNAG within these biofilms.  Given that the mechanism of enzyme 

activity is highly specific, Dispersin B will only detach biofilms if the correct substrate i.e. PNAG, 

is present in the matrix. 

The majority of detachment assays often use Dispersin B at high concentration with the aim of 

removing as much biofilm biomass as possible. A large part of the work in this chapter, focused 

on determining the appropriate enzyme concentration so that less biofilm biomass is removed 
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as this would enable differences in biomass OD between control and sub-MIC vancomycin 

treated biofilms to be measured. The differences in biomass OD would provide an indication of 

the relative abundance of PNAG in control and sub-MIC vancomycin treated biofilms. A low 

Dispersin B concentration and short treatment time (Fig. 4.7) resulted in enough remaining 

biofilm biomass in order to ascertain any possible differences between control and sub-MIC 

vancomycin treated biofilms but any observed differences were statistically insignificant (Fig. 

4.8), thus confirming that no differences in PNAG abundance exist between the two biofilm 

types. 

In comparison to FT-IR spectroscopy, the use of WGA and Dispersin B aided-removal of S. 

epidermidis biofilms served as more efficient methods in the analysis of PNAG abundance in 

biofilms. The results obtained using these methods, suggest that FT-IR spectroscopy analysis of 

sub-MIC vancomycin treated biofilms shown previously reflect the change in the structure of the 

PNAG molecule within the matrix of sub-MIC vancomycin treated biofilms. Kaplan and 

colleagues showed that PNAG was a large component of sub-MIC vancomycin treated biofilms, 

but that the matrix of such biofilms increased in eDNA (Kaplan et al. 2011). An increase in 

eDNA within the biofilm matrix would result in the rearrangement of the biofilm matrix and the 

PNAG polymer within it, thus supporting the FT-IR spectroscopy results reported previously. In 

addition an increase in eDNA in sub-MIC vancomycin treated biofilms is an interesting finding 

and can provide answers with regards to the transport of BODIPY FL-vancomycin through sub-

MIC vancomycin treated biofilms.  



 

95 

 

4.5 Conclusions  

 FT-IR Spectroscopy was an insufficient method of PNAG quantification in biofilms.  

 Quantification of biofilm biomass from auto fluorescence corroborated previous results 

regarding the thickness of control and sub-MIC vancomycin treated biofilms. 

 The presence of highly fluorescent aggregates of WGA-bound PNAG, suggest that 

PNAG exists in highly concentrated clusters in both control and sub-MIC vancomycin 

treated biofilms.  

 No significant differences in the relative PNAG abundance were found between control 

and sub-MIC vancomycin treated biofilms using both fluorescence and enzymatic 

methods.  

 Sub-MIC vancomycin exposure did not induce an increase in PNAG abundance in S. 

epidermidis biofilms.  
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Chapter 5:  The Biofilm Matrix: eDNA  

5.1 Introduction  

Originally biofilm eDNA was considered as a by-product of cell lysis without a specific function. 

It has only recently been established that not only is eDNA actively secreted but that it also 

participates in key biofilm processes (Flemming & Wingender 2010). Although eDNA is a 

component of most biofilms, the amount of eDNA in each biofilm can be species dependent, as 

in the case of S. aureus biofilms in which eDNA is  a major component, but only a minor 

component of S. epidermidis biofilms (Izano et al. 2008). Similarly, the origins of eDNA within 

the biofilm matrix, also vary between bacterial species (Flemming & Wingender 2010). The 

discovery that eDNA and genomic DNA is identical in the model organism P. aeruginosa 

(Steinberger & Holden 2005), led to the hypothesis that eDNA in the biofilm matrix originates 

from genomic DNA released through cell lysis.  

Cell lysis mediated eDNA release is a programmed event that is largely regulated by quorum 

sensing (Allesen-Holm et al. 2006) and results in the controlled killing of a sub-population of 

cells (Okshevsky & Meyer 2013). Although autolysin-mediated cell lysis is the most widely 

reported mechanism of eDNA release (Okshevsky & Meyer 2013) other mechanism such as 

phage-induced lysis in Shewanella oneidensis (Gödeke et al. 2011) and hydrogen peroxide 

controlled eDNA release in Streptococcus gordonii (Itzek et al. 2011) have been reported. 

Microbial fratricide, a process by which a sub-population of bacteria kill their siblings, is a key 

example of autolysin-mediated eDNA release (Jakubovics et al. 2013). In Enterococci faecalis, 

fratricide is mediated by the quorum sensing signal GelE, the production of which activates the 

primary autolysin AtlA , which causes the death of a small population of E. faecalis cells 

(Thomas et al. 2009). Alternatively, in S. epidermidis biofilms, the production of  eDNA is largely 

controlled by the AtlE autolysin (Qin, Yang, et al. 2007). In S. aureus although AltE is a major 

autolysin, eDNA release has been associated with additional genes such as cidA (Mann et al. 

2009). S. aureus biofilms with a cidA mutation exhibited a 5-fold reduction in the abundance of 

genomic DNA and were not detached by DNase I, when compared to the parental strain 

(UAMS-1) (Rice et al. 2007). The protein products of cidA are thought to function as 

bacteriophage holins because of the homology that is shared between holins and the CidA 
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protein (Mann et al. 2009). Bacteriophage holins are proteins that are able to regulate the 

production of murein hydrolase, an enzyme that facilitates the breakdown of bacterial cell walls, 

leading to cell lysis. Thus, cidA mediated eDNA production in S. aureus also occurs via a cell 

lysis mechanism (Ranjit et al. 2011). However, Barnes and colleagues showed that eDNA 

release in the matrix of young E. faecalis biofilms  did not occur via the previously reported 

fratricide mechanism (Barnes et al. 2012), suggesting that some bacterial species may employ 

many different mechanisms of eDNA production and that each of these mechanisms maybe 

independent of each other. In fact, the production of membrane vesicles is one of the key 

reported cell lysis-independent mechanisms of eDNA release, particularly in P. aeruginosa and 

other Gram-negatives (Okshevsky & Meyer 2013).  

The various functions of eDNA within biofilms are still being elucidated, but one of its first 

reported roles was its involvement in the structural formation of the biofilm as evidenced by the 

eDNA-based filamentous network of Gammaproteobacterium biofilms (Böckelmann et al. 2006) 

and the inter-connected weave-like structure of non-typeable H. influenzae (NTHI) biofilms 

(Goodman et al. 2011). In addition eDNA can act as; a facilitator of cell-to-cell aggregation 

(Allesen-Holm et al. 2006), a bacterial adhesin (Das et al. 2010), a nutrient source and a 

distributor of genetic information (Jakubovics et al. 2013). Most recently, Das and colleagues 

showed that eDNA intercalates the P. aeruginosa metabolite pyocyanin, leading the authors to 

propose the maintenance of redox homeostasis in the biofilm as a new role for eDNA (Das et al. 

2013). 

Further research also showed that the production of eDNA within biofilms provided protection 

for the biofilm community from antimicrobials, suggesting that eDNA participates in biofilm 

antibiotic resistance (Kaplan et al. 2012; Chiang et al. 2013; Hsu et al. 2011). These findings 

have revealed an emerging clinical problem, because a large proportion of DNA released during 

an infection originates from necrotic human immune cells  (Okshevsky & Meyer 2013). This 

“foreign DNA” can be merged into the matrix of P. aeruginosa biofilms (Chiang et al. 2013) and 

enhance their antibiotic tolerance capabilities. 

Interestingly, recent findings have shown that exogenous DNA alone kills P. aeruginosa cells by 

chelating cations that stabilize cell membranes (Mulcahy et al. 2008). The cation chelation 
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properties of DNA demonstrated by these findings are of significant importance in relation to the 

work of this project. Results from previous chapters showed that the penetration of vancomycin 

through sub-MIC vancomycin treated biofilms was impeded. The structure and properties of 

DNA as well as its recently reported role in the mediation of biofilm antibiotic resistance, suggest 

that eDNA within the biofilm matrix could affect the penetration of vancomycin.  

The DNA molecule consists of two anti-parallel chains that converge together into a double 

helix. Each chain is composed of a series of phosphate and sugar groups that support the 

outside of the double helix and provide DNA with a negatively charged backbone (Fig. 5.1) 

(Watson & Crick 1953). A series of complimentary nitrogenous bases are stacked in the centre  

 

 

 

 

 

 

 

 

of the helix, stabilizing the structure of the two backbone chains through the formation of 

hydrogen bonds (Sinden 1994). To ensure the optimal structure of the molecule, only specific 

nitrogenous bases can bond together, adenine with thymine and guanine with cytosine (Watson 

& Crick 1953).  The nitrogens and oxygens on the nucleotide base rings of DNA provide good 

targets for attack by electrophiles, whereas the slightly positive carbon adjacent to the ring 

nitrogen provides a good target for nucleophiles (Sinden 1994). Metal ion binding to DNA is also 

a common occurrence since DNA has four potential binding targets; the exposed phosphate 

backbone, the hydroxyl on the sugar and the nitrogen and ketones of base rings (Saenger 

1984).  

Figure 5.1: Schematic of the basic structure of DNA adapted from Sinden (1994) 
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The metal ion binding abilities of DNA were exploited by Tabone and colleagues who devised a 

novel DNA mutation assay based on the binding of DNA and potassium permanganate (Tabone 

et al. 2006). Potassium permanganate (KMnO4) is a strong oxidizing agent, capable of reacting 

with many substrates but has an extremely high binding affinity for DNA (Bui et al. 2003).   

The oxidation of pyrimidine bases (thymine and cytosine) by KMnO4 occurs at the 5,6 carbon-

carbon double bond and results in the production of pyrimidine glycol residues. Original pink 

KMnO4 (Mn
2+

) solution shares the electron density from pyrimidine double bonds to form 

hypomanganate diester (HD) (Mn
5+

), a bridged, unstable electron oxygen compound which has  

a brown/yellow colour. HD is an intermediate compound which under neutral pH and RT is 

further oxidised to form a clear solution with brown precipitate of manganese dioxide (Tabone et 

al. 2006). The production of HD produces a strong absorption band at 420nm. The rate at which 

HD is produced will depend on the base involved in the reaction, with thymine producing the 

fastest rate of reaction, followed by uracil, cytosine, guanine and no reaction with adenine (Bui 

et al. 2003).  

The protocol of this potassium permanganate assay was utilized in the work of this chapter in 

order to study the potential binding between DNA and vancomycin. In addition, this chapter 

examines the relative concentrations of eDNA in control and sub-MIC vancomycin treated 

biofilms and assess the antibacterial effects of exogenous DNA on planktonic and biofilm cell 

viability, cell attachment and biofilm formation.  

5.2 Materials and Methods 

5.2.1 Enzymatic Detection of eDNA in Biofilms  

To quantify the relative eDNA concentration in control and sub-MIC vancomycin treated S. 

epidermidis biofilms, the rate of DNase activity in control and sub-MIC vancomycin treated 

biofilms was measured. The rate of DNase activity, measured as a decrease in OD600 with time, 

corresponds to the rate of biofilm removal. Classic enzyme kinetics relates the rate of an 

enzyme’s activity to the concentration of the enzyme’s substrate (Price & Stevens 1999), thus 

the rate of DNase activity can provide semi-quantitative information about its substrate 
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concentration. An assumption of this method is that DNase will be only acting on eDNA, and 

thus the rate of dissolution of the biofilm will be directly related to eDNA concentration. 

To determine the rate of DNase activity in control and sub-MIC vancomycin treated biofilms the 

following experiment was performed. Deoxyribonuclease I (DNase I) from bovine pancreas 

(Sigma-Aldrich, UK) was prepared and stored according to manufacturer’s instructions. Two 

sets of control and sub-MIC vancomycin treated S. epidermidis biofilms were grown in 96-well 

micro plates for 72 hours. One set of control and sub-MIC vancomycin treated biofilms was then 

exposed to DNase I at a final concentration of 100 µg/ml, whilst the other set of biofilm samples 

was treated with 200 µl of PBS, which was used as a control for the enzyme. OD600 

measurements of both sample sets were recorded simultaneously at 37°C and 15 minute 

intervals for a total of 180 minutes using a FLUOstar Omega Plus plate reader (BMG Labtech, 

UK). To calculate the rate of DNase I activity, the largest change in OD600 was divided by the 

time taken for that change to occur for each biofilm sample. 

5.2.2 Fluorescence Detection of eDNA  

Previous studies have shown the diffuse fluorescence exhibited in biofilms stained with DAPI to 

be eDNA specific (Conover et al. 2011; Steichen et al. 2011), therefore DAPI was chosen for 

the visualisation of eDNA. PI was considered as an inefficient stain for eDNA because it was 

previously shown to not detect all the eDNA in the biofilm (Dominiak et al. 2011). 

A ready-to-use kit of cell-impermeable DAPI stain (NucBlue® Fixed Cell ReadyProbes™ 

Reagent, Invitrogen, UK) was prepared as per manufacturer’s instructions (2 drops of stain per 

1ml of H2O). To confirm the cell impermeability of the DAPI kit, an overnight culture was 

pelleted, washed with PBS, and was either left untreated or permeabilized via a 10 min 70% 

ethanol treatment. Cells were incubated with DAPI for 30 min and imaged using a 20X air 

objective and a cooled monochrome CCD camera (Olympus XM10) operated through Olympus 

Soft Imaging Systems (OSIS)'s xCellence software and analysed using ImageJ. Dead, 

permeabilized cells stained with DAPI, while untreated did not (Fig. 5.2A), demonstrating that 

DAPI did not enter intact cells 
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To determine the specificity of DAPI staining for eDNA (as opposed to cytoplasmic DNA), 48-h 

control and 30 min 100 µg/ml DNase I treated biofilms were stained with 500 µl of DAPI staining 

solution for 30 min and then imaged as above. The application of DNase I to S. epidermidis 

control biofilms resulted in a substantial loss of biofilm structure (Fig. 5.2B), demonstrating that 

the biofilms used in this work contained eDNA. Furthermore, control biofilms treated with DNase 

exhibited a large decrease in the abundance of the diffuse staining (region y in Fig. 5.2C) and 

Figure 5.2: Characterization of the DAPI-staining protocol used for the 
visualisation of biofilm eDNA. A) Fluorescence images of DAPI stained S. 
epidermidis planktonic cells. Dead cells were acquired by 30 min exposure to 
ethanol. Live cells were exposed to 30 min PBS treatment. Fluorescence was 
observed only from dead cells, as indicated by white arrows. Scale bar = 200 µm. 
B) Bright-field microscopy images of 48-h control and DNase I treated S. 
epidermidis biofilms. Scale bar = 80 µm. C) DAPI stained 48-h control and DNase I 
treated S. epidermidis biofilms. Areas x and y indicate high and low fluorescence 
intensity regions attributed to cytoplasmic dead cell DNA and eDNA respectively. 
Scale bar = 80 µm.   
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only exhibited fluorescence of high intensity (region x in Fig. 5.2C), suggesting that the diffuse 

fluorescence of DAPI stained biofilms is due to eDNA.  

Since the diffuse staining of eDNA appeared to be of lower fluorescence intensity, it was 

hypothesised that there may be a binary distribution of fluorescence. This was not the case with 

regards to the overall fluorescence (Fig. 5.3A) but regions of interest containing possible 

fluorescence from eDNA and cytoplasmic DNA did exhibit binary distribution of fluorescence 

(Fig. 5.3B).  

  

Figure 5.3 Regions of interest showed a binary distribution of fluorescence. A) 
Histogram of the overall fluorescence from DAPI stained control S. epidermidis biofilms. 
B) Histogram of a region of interest consisting of cytoplasmic DNA and eDNA 
fluorescence obtained from DAPI stained control S. epidermidis biofilms. 

(GSU) 

(GSU) 
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This analysis suggested that a threshold of 124 grey scale units (GSU) (Fig. 5.3B) could be 

used as a threshold so that fluorescence of eDNA and cytoplasmic DNA could be quantitatively 

separated. 

However, in order to validate this method, the range of eDNA and cytoplasmic DNA 

fluorescence intensity was quantified, based on morphological characteristics of the two regions 

of interest. Regions of interest with suspected fluorescence of cytoplasmic DNA were selected 

on the basis of the following criteria; circular shaped aggregates that contain distinctive points of 

fluorescence (Fig. 5.4A). Regions of interest with suspected fluorescence of eDNA were 

selected on the basis of the following criteria; fluorescence of diffuse appearance with an 

undefined structure (Fig. 5.4B) or point of origin which at low magnification exhibits the 

appearance of strand like appendages. ImageJ was used to select and obtain the modal 

fluorescence intensity value of 70 sample areas across 30 different images.  

This analysis revealed that the maximum fluorescence intensity of regions suspected to contain 

eDNA fluorescence was 80 GSU. Therefore the fluorescence of cytoplasmic DNA in dead cells 

was defined as fluorescence of >95 GSU and the fluorescence of eDNA was defined as that of 

80 GSU or less (Fig. 5.4C). Despite the suggested value of 124 GSU as the threshold value 

(Fig. 5.3), 80 GSU was chosen in order to more sufficiently eliminate any interference of the 

cytoplasmic DNA fluorescence (Fig. 5.4C) in the quantification of eDNA fluorescence.  
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For the staining of vancomycin treated biofilms the following protocol was used. Biofilms were 

grown in 6-well micro plates for 24 hours and treated with vancomycin (0, 2, 4, and 8 µg/ml for 

24 hours (total growth period = 48-h). Biofilms were washed once with PBS and stained with 

500 µl of DAPI staining solution for 30 min. The stain was washed off with PBS and the biofilms 

were imaged as described above. To quantify the eDNA fluorescence as a function of 

vancomycin concentration, the fluorescence intensity of 10 different eDNA regions (30 images) 

for each vancomycin concentration was calculated.  If the average FI of a chosen eDNA region 

exceeded the threshold limit of 80 GSU, then this region was discarded and another was 

selected.  

However consider two images of eDNA fluorescence in a biofilm exposed to two different 

treatments as shown in Fig. 5.5. The average fluorescence intensity of eDNA in image 1 and 

Figure 5.4: Regions of low DAPI fluorescence in S. epidermidis biofilms correspond to eDNA. 
Representative micrographs of 48-h control S. epidermidis biofilms depicting; A) regions of high 
fluorescence intensity in the cocci (yellow arrow), attributed to cytoplasmic DNA in dead cells 
and B) regions of low fluorescence intensity and un-defined structure, attributed to eDNA. 
Scale bar = 30 µm. C) The modal fluorescence intensity of DAPI obtained from regions 
attributed to dead cell DNA and eDNA as determined from 10 different sample regions per 
image, per sample (small triangles). Box and whiskers; min and max recorded modal 
fluorescence intensity for DAPI bound dead cell DNA and eDNA fluorescence. Line across the 
box; median fluorescence intensity of dead cell cystoplasmic DNA and eDNA.  Big solid 
squares; average of the modal fluorescence intensity recorded for dead cell DNA and eDNA 
fluorescence. Dashed red line is the maximum cut of value for the fluorescence intensity of 
DAPI bound to eDNA. 
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image 2 is 50 and 54 GSU respectively, but the number of pixels exhibiting the average 

fluorescence between the two images is different. To determine which images shows a greater 

abundance of eDNA fluorescence the data must be normalised.  

 

 

 

 

 

 

 

To normalize the data, the fluorescence intensity of eDNA per pixel for each vancomycin 

concentration was calculated like so; average fluorescence intensity of eDNA at vancomycin 

concentration X  divided by the number of pixels at the average FI of eDNA at vancomycin 

concentration X. 

5.2.3 Effect of Exogenous DNA on Vancomycin MIC  

To test if exogenous DNA could inhibit the activity of vancomycin in a planktonic culture of S. 

epidermidis the following experiment was performed. Extracellular DNA from planktonic cultures 

of S. epidermidis ATCC 35984 was extracted using the protocol of Allesen-Holm and colleagues 

(Allesen-Holm et al. 2006). The DNA concentration was determined using a Nanodrop 

Spectrophotometer (Thermo Scientific, UK) OD260/OD280 function. To set up the experiment TSB 

media was supplemented with either vancomycin or exogenous DNA, made up at final 

concentrations of (µg/ml); 0, 2, 4 and 8, and 0, 5 and 16 respectively. To prepare TSB media 

supplemented with both vancomycin and DNA, vancomycin (made up in sterile H2O) and DNA 

(re-suspended in Tris-EDTA (TE) buffer) were added to a separate tube at their final 

concentrations. After 30 min, this solution was added to TSB. Finally, S. epidermidis was added 

to all samples at a final concentration of 10
5
 CFU/ml and incubated at 37

o
C for 24 hours. OD600 

1 pixel of eDNA fluorescence at the average FI 

Image 1 
Average eDNA FI = 50 GSU 

  

Image 2 
Average eDNA FI = 54 GSU 
  

Figure 5.5: Schematic illustration of the method used to quantify 
eDNA fluorescence in biofilms. 
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at 24 hours of 200 µl aliquots of culture was recorded in a 96-well micro plate using a FLUOstar 

Omega Plus (BMG Labtech, UK) plate reader. The same protocol was repeated with salmon 

sperm DNA (Sigma-Aldrich, UK) and bovine serum albumin (lyophilized powder (BSA) (Sigma-

Aldrich, UK). Stock solutions of both salmon sperm DNA and BSA were made up at 1mg/ml in 

TE buffer and H2O respectively. Test concentrations of both reagents were prepared from the 

stock solution on the day of the experiment.  

5.2.4 Exogenous DNA from Other Species and Magnesium Cations  

To determine if exogenous DNA from other bacterial species can inhibit vancomycin in a 

planktonic culture of S. epidermidis the following experiment was performed. Extracellular DNA 

from planktonic cultures of S. aureus UAMS-1, E. coli K-12 and S. mutans UA159 was extracted 

using the protocol of Allesen-Holm and colleagues (Allesen-Holm et al. 2006). The DNA 

concentration was determined using a Nanodrop Spectrophotometer (Thermo Scientific, UK) 

OD260/OD280 function. To set up the experiment, TSB media was supplemented with either 

vancomycin made up at final concentrations of (µg/ml); 0, 2, 4 and 8 or exogenous DNA made 

up at final concentrations of 16 µg/ml and in combination of exogenous DNA and vancomycin. 

To prepare TSB media supplemented with both vancomycin and DNA, vancomycin (made up in 

sterile H2O) and DNA (re-suspended in Tris-EDTA (TE) buffer) were added to a separate tube 

at their final concentrations. After 30 min, this solution was added to TSB. Finally, S. epidermidis 

was added to all samples at a final concentration of 10
5
 CFU/ml and incubated at 37

o
C for 24 

hours. OD600 of 200 µl aliquots of culture was recorded every 3 hours in a 96-well micro plate 

using a FLUOstar Omega Plus (BMG Labtech, UK) plate reader. Maximum specific growth rate 

was calculated using the following formula; (Δ LN[OD] / Δ [time]).  

To test if the inhibition of vancomycin by exogenous DNA is due to a possible electrostatic 

interaction between negative DNA and positive vancomycin an experiment was performed to 

determine if exogenous DNA could chelate magnesium cations. If DNA and vancomycin interact 

through an electrostatic interaction, then upon chelation of magnesium cations the available 

negative binding sites of DNA should be blocked. If DNA binding sites are blocked, vancomycin 

should not bind and therefore should exhibit its full antimicrobial activity on S. epidermidis cells.  
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To test this hypothesis, TSB media was supplemented with 8 µg/ml vancomycin, 16 µg/ml 

exogenous E. coli DNA, 20 mM magnesium chloride (Sigma-Aldrich, UK) individually and in 

combination. For double combinations (such as DNA and magnesium cations, vancomycin and 

magnesium cations and DNA and vancomycin) the reagents were mixed at their final 

concentrations in a separate tube for 30 min (RT) prior to the addition to the media. Vancomycin 

was always made up in sterile H2O. For the triple combination experiment, DNA was pre-

incubated with magnesium chloride in a separate tube at the final concentrations mentioned 

previously. After the 30 min incubation time, this solution was added to the media, followed by 

vancomycin. DNA was always re-suspended in TE buffer and target concentrations of 

magnesium chloride were prepared in H2O from a stock solution of 0.25 M magnesium chloride.  

After supplementing the TSB media, a planktonic culture of S. epidermidis was added to all 

samples at a final concentration of 10
5
 CFU/ml and incubated at 37

o
C for 24 hours. OD600 of 

200 µl aliquots of culture was recorded every 3 hours in a 96-well micro plate using a FLUOstar 

Omega Plus (BMG Labtech, UK) plate reader. Maximum specific growth rate was calculated 

using the following formula; (Δ LN[OD] / Δ [time]).  

5.2.5 DNA and Vancomycin Binding: Potassium Permanganate Assay  

The aim of this experiment is to show that compared to other biofilm biopolymers, eDNA 

exhibits the highest rate of reaction when reacted with potassium permanganate, because 

potassium permanganate has a high binding affinity for DNA, as shown by Tabone and 

colleagues (Tabone et al. 2006).  To test this hypothesis the following experiment was 

performed. Exogenous DNA was extracted from S. mutans, S. epidermidis and S. aureus as 

described previously. BSA, exogenous DNA and exogenous PNAG (kindly provided by John 

Vournakis of Marine Polymer Technologies Inc., Burlington, MA) were added to 96-well micro 

plates at a final concentration of 5 µg/ml. Potassium permanganate (Sigma-Aldrich, UK) was 

made up in H2O from a 50 mM stock solution and added to the wells at a final concentration of 

1mM in 1:1 volume ratio. OD420 was measured every 2 minutes over a total period of 45 minutes 

at RT using the FLUOstar Omega Plus plate reader. The rate of reaction was taken as the slope 

of each OD vs. time graph.  
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In the assay assessing the reactivity of vancomycin and DNA with potassium permanganate, 

varying concentrations of S. epidermidis DNA, salmon sperm DNA (all final concentrations in 

µg/ml; 5, 15, 25, 50) and vancomycin (all final concentrations in µg/ml; 2, 10, 20, 50) were 

added individually to wells of a 96-well micro plate, followed by an equal volume of potassium 

permanganate (final concentration 1mM). For the assessment of the reactivity of vancomycin-

DNA mixture with potassium permanganate, the same concentrations of vancomycin as 

described above were added to 5 µg/ml of exogenous S. epidermidis DNA in a series of wells of 

a 96-well micro-plate. After 30 minutes of incubation at 37°C without CO2, 75 µl of the 

vancomycin-DNA mixture was removed from all the wells, and replaced with 75 µl of potassium 

permanganate at a final concentration of 1mM. All measurements were acquired as described 

above. 

5.2.6 Exogenous DNA and Vancomycin Plate Counts  

To determine if exogenous DNA could protect bacterial cells in an S. epidermidis biofilm by 

binding vancomycin the following experiment was performed. S. epidermidis ATCC 35984 

biofilms were grown in TSB, in large petri dishes (90 mm diameter) (Fisher Scientific, UK) for a 

total period of 72 hours. After the specified growth period, all biofilms were washed thoroughly 

with PBS and treated with exogenous DNA and vancomycin separately and in combination. 

Exogenous S. epidermidis DNA was extracted according to the protocol described previously 

and made up to a target concentration of 16 µg/ml in TE-buffer. Vancomycin was prepared in 

sterile H2O at the target concentration of 2000 µg/ml. To prepare the combined solution, 

vancomycin and DNA were prepared at 4000 µg/ml and 32 µg/ml respectively and added to a 

separate tube at 750 µl each. The DNA-vancomycin solution was incubated at RT for 30 

minutes. All reagents were added to the biofilms directly, at 1 ml and pipetted slowly, around the 

entire surface area. All biofilms were incubated at 37°C, 5% CO2 for 2 hours. 

After incubation, biofilms were washed once with PBS to remove excess treatment reagents 

and any planktonic cells. To dislodge all the biofilm cells, the cells were scraped from the 

surface in 1 ml of PBS using a cell scraper. To perform plate counts, 50 µl of dislodged biofilm 

was transferred to a fresh tube containing 450 µl of PBS. This tube was vortexed thoroughly, 
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diluted in a ten-fold PBS dilution series and plated on TSA. Plates were incubated at 37°C, 5% 

CO2 for 24 hours. CFU/cm
2
 were calculated like so; (CFU/ml) / surface area of petri plate.  

5.2.7 The Effect of Exogenous DNA on Biofilm Formation and Attachment  

In order to further investigate the effects of exogenous DNA on biofilm properties, attachment 

and biofilm formation experiments were performed. In order to simulate real conditions of 

attachment, biofilm formation and cell attachment experiments were performed on an 

exogenous DNA conditioning layer. To develop the conditioning layer on the wells of the 96-well 

micro plate, 20 µl of PBS and extracted, exogenous S. epidermidis DNA (see previous protocols 

for extraction procedure) were added to wells of a 96-well micro plate. Using a sterile inoculation 

loop, the conditioning reagent was spread across the entire surface of the well. Finally the plate 

was incubated at 37°C overnight.   

For the cell attachment assay the following protocol was used. An overnight culture of S. 

epidermidis ATCC 35984 was diluted to an approximate concentration of 10
6
 CFU/ml in TSB 

media. Following this, 50 µl of the diluted culture was transferred to a tube containing 950 µl of 

PBS, resulting in a final concentration of cells of 10
5
 CFU/ml. To this 1 ml of culture, 2 µl of 

SYTO 9 (Invitrogen, UK) was added and the tube was incubated in the dark at 37°C for 20 

minutes. Once the conditioning layers were made, 180 µl of TSB media was added to each of 

the wells, followed by 20 µl of the stained culture. The plate was incubated in the dark at 37°C 

on a shaker (100 rpm) for 30 minutes. Once the attachment period was over, the media was 

removed and the wells were washed 3 times with PBS. Attached cells were imaged using the 

EVOS inverted fluorescence microscope (AMG, WA, USA) equipped with digital image capture. 

Fluorescence from acquired images was quantified using the surface area coverage function of 

ImageJ.  

For the biofilm formation assay, TSB media in wells of a 96-well micro plate (with developed 

conditioning layers) was inoculated with an S. epidermidis culture at a final concentration of 10
5
 

CFU/ml. The inoculated plate was incubated at 37°C for 6 hours. During the first 30 minutes of 

this growth period the plate was on a shaker (100 rpm). Crystal violet (CV) staining protocol was 

used to quantify the biofilm biomass. After 6 hours, biofilms were washed 3 times with PBS and 
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200 µl of 1% CV (in H2O) was applied to all the wells. The plate was incubated at 37°C for 10 

minutes and the CV solution was washed off thoroughly with water. Afterwards, 200 µl of 100% 

ethanol was applied to all the wells and the plate was incubated for a further 10 min at RT. 

Finally, the ethanol and any eluted CV was transferred to a fresh, sterile micro plate and OD595 

was measured using the Omega Plus plate reader.  

5.3 Results 

5.3.1 The Relative Abundance of eDNA is Greater in Sub-MIC Biofilms  

Work from Kaplan and colleagues, suggests that sub-MIC vancomycin treated S. epidermidis 

biofilms contain more eDNA than untreated controls (Kaplan et al. 2010). To assess the eDNA 

concentration in control and sub-MIC vancomycin treated biofilms, an assay based on the 

classical method of enzyme kinetics (Section 5.2.1) was used. The rate of biofilm removal, 

measured as a decrease in OD600 with time, corresponds to the rate of DNase activity. Classic 

enzyme kinetics relates the rate of an enzyme’s activity to the concentration of the enzyme’s 

substrate (Price and Stevens 1999), thus the rate of DNase activity can provide semi-

quantitative information about its substrate concentration. The assumption is that in a healthy 

biofilm DNase will be only acting on eDNA, and thus the rate of dissolution of the biofilm will be 

directly related to eDNA concentration. 

Upon addition of DNase I to control and sub-MIC biofilms, OD600 was recorded every 15 min. In 

the same experiment another set of control and sub-MIC biofilms were exposed to PBS (used 

as a negative control for the enzyme). It was observed that overall, there was a greater change 

in OD600 for the DNase exposed biofilms, compared to those exposed to PBS (Fig. 5.6A), 

suggesting that the enzyme was active and caused a disruption of the biofilm biomass. To 

determine the rate of DNase I activity, the largest change in OD600 was divided by the time 

taken for that change to occur for each biofilm sample. 
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Figure 5.6:  Sub-MIC vancomycin treated biofilms contain more eDNA than 
control biofilms.  A) Reduction in OD600 of control and sub-MIC vancomycin 
treated S. epidermidis biofilms as a result of DNase I treatment. PBS incubation was 
used as a control for DNase I. All error bars represent standard error of the mean (n 
= 10). Baseline not subtracted. B) OD600 as a function of time over 180 minutes of 
DNase (100 µg/ml) treatment to control and sub-MIC vancomycin treated S. 
epidermidis biofilms. The rate of DNase I activity was calculated as ΔOD / ΔTime. 
Error bars; standard error of the mean, n = 3. Asterisk indicates statistically 
significant difference (P < 0.05) as determined by the student t-test. 
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Compared to control biofilms, the rate of DNase I activity in sub-MIC vancomycin treated 

biofilms was 17% higher (Fig. 5.6B), increasing from 0.0007 AU min
-1

 (± 3.7x10
-5

 SE) (control) 

to 0.0009 AU min
-1

 (± 2.7x10
-5

 SE), a statistically significant increase (P < 0.05). Thus these 

findings show that sub-MIC vancomycin treated biofilms contain a greater concentration of 

eDNA.  

5.3.2 Higher Vancomycin Concentrations Stimulate eDNA Production  

Results from the previous section suggest that sub-MIC vancomycin induces an increase in the 

amount of eDNA within the biofilm matrix. To determine if this effect is limited to just one 

vancomycin concentration or if eDNA production is correlated with a range of vancomycin 

concentrations fluorescence microscopy and DAPI were used to visualise eDNA within control 

biofilms and biofilms pre-treated with a range of vancomycin concentrations.  

Two types of DAPI staining in the biofilm was observed; one with high DAPI fluorescence 

intensity associated with bacterial cells (Fig. 5.4A) and a low intensity diffuse staining of un-

defined structure (Fig. 5.4B). The former was due to DAPI staining of cytoplasmic DNA in dead 

cells and the latter due to DAPI staining of eDNA, because the abundance of the diffuse DAPI 

fluorescence is highly reduced in biofilms treated with DNase.  By measuring the modal value of 

fluorescence intensity for each region of interest a threshold was established, which enabled the 

quantification of only the fluorescence from DAPI bound to eDNA (Section 5.2.2). 

DAPI fluorescence of eDNA and cytoplasmic dead cell DNA in biofilms pre-exposed to varying 

vancomycin concentrations is shown in Fig. 5.7A.  
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Figure 5.7: DAPI staining of eDNA and dead cell DNA in biofilms exposed to vancomycin. 
A) Representative micrographs of 48-h control and 48-h S. epidermidis biofilms pre-exposed 
to varying concentrations of vancomycin, showing  low fluorescence intensity due to DAPI 
bound eDNA (white arrows) and high fluorescence intensity due to DAPI staining dead 
cell cytoplasmic DNA (yellow arrows). Scale bar = 80 µm. B) Fluorescence intensity of 
DAPI bound eDNA shown as a function of vancomycin concentration used to pre-treat S. 
epidermidis biofilms. Box and whiskers; min and max fluorescence intensity for DAPI bound 
eDNA fluorescence. Line across the box; median fluorescence intensity of eDNA 
fluorescence at each vancomycin concentration. Large solid squares are average 
fluorescence intensity recorded for DAPI bound eDNA fluorescence. 
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In general there is an increasing trend in eDNA fluorescence intensity with increasing 

vancomycin concentration (Fig. 5.7B), suggesting that biofilms exposed to 8 µg/ml of 

vancomycin contain a greater amount of eDNA compared to those exposed to 0 µg/ml. 

However this is not a fair comparison of the data because this particular data set doesn’t 

account for the number of pixels that exhibited fluorescence at the average intensity for each 

vancomycin concentration. So to eliminate this, fluorescence intensity of eDNA per pixel at each 

vancomycin concentration was calculated (Section 5.2.2). 

Biofilms treated with vancomycin exhibited a significant increase in the average fluorescence 

intensity per pixel (ANOVA p= 0.001) of eDNA fluorescence with the highest value of 0.43 ± 

0.05 (SE) occurring at 8 µg/ml (Fig. 5.8). Furthermore, the results showed that fluorescence 

intensity of eDNA per pixel was directly proportional to vancomycin concentration (R
2 

=0.9556) 

used to pre-treat the biofilm. 

 

 

 

 

 

 

 

 

 Figure 5.8: The abundance of eDNA in S. epidermidis biofilms is directly 
proportional to vancomycin concentration. Average fluorescence intensity 
per pixel of DAPI bound eDNA within S. epidermidis biofilms, as a function of 
vancomycin concentration used to pre-treat the biofilm. Error bars; standard 
error of the mean, n=16. 
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5.3.3 Exogenous DNA Reduces The Antimicrobial Activity of Vancomycin  

So far, the results of this project show that the penetration of BODIPY FL-vancomycin is 

retarded in sub-MIC vancomycin treated biofilms and that sub-MIC vancomycin stimulates the 

production of eDNA within the S. epidermidis biofilm matrix. So in order to determine whether 

eDNA can block the penetration of vancomycin through a direct interaction with the antibiotic, 

exogenous extracted S. epidermidis DNA was incubated with vancomycin for 30 minutes and its 

effect on planktonic S. epidermidis cell growth was compared to that of vancomycin or DNA 

alone. 

Exogenous DNA alone reduced the growth of S. epidermidis at both of the tested 

concentrations (Fig. 5.9A). However, the addition of 16 µg/ml of exogenous DNA to 2 µg/ml of 

vancomycin, significantly affected the 24-h OD600 of S. epidermidis when compared to just 

vancomycin alone (P = 0.005) and 16 µg/ml of DNA alone (P = 0.002) (Fig. 5.9A). Pre-

incubating vancomycin with exogenous DNA reduced the ability of both vancomycin and DNA to 

inhibit S. epidermidis cell growth. In addition the loss in vancomycin activity after pre-incubation 

with DNA is much greater at 4 µg/ml vancomycin in comparison to 2 µg/ml vancomycin. The 24-

h OD600 of S. epidermidis treated with the DNA and vancomycin mixture (16 µg/ml DNA and 4 

µg/ml vancomycin) was 0.690 (± 0.019 SE) but only 0.0421 (± 0.0013 SE) when grown in 4 

µg/ml of vancomycin alone (previously established MIC). Pre-incubation of 4 µg/ml vancomycin 

with DNA caused a significant increase (94%) in growth of planktonic S. epidermidis (P < 0.05) 

and an increase in vancomycin MIC, suggesting that DNA and vancomycin undergo a chemical 

interaction that blocks the antimicrobial activity of each. 

. 
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Figure 5.9: Exogenous S. epidermidis DNA interferes with vancomycin activity. A) 
Average 24-h OD of S. epidermidis planktonic culture exposed to varying 
concentrations of exogenous S. epidermidis DNA alone, vancomycin alone and a 
mixture of exogenous S. epidermidis DNA and vancomycin. Error bars; standard 
error of the mean, n=10. Statistically significant results (P < 0.05) between samples 
are indicated by identical symbols.  B) Average 24-h OD of S. epidermidis 
planktonic culture exposed to varying concentrations of BSA, vancomycin alone 
and  a mixture of vancomycin and BSA. Error bars; standard error of the mean, 
n=10. C) Average 24-h OD of S. epidermidis planktonic culture exposed to varying 
concentrations of salmon sperm DNA, vancomycin alone and a mixture of 
vancomycin and salmon sperm DNA. Error bars, standard error of the mean, n=10. 
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In order to confirm that the observed inhibitory effect of DNA on vancomycin was due to DNA 

and not any possible contaminants in the extracted DNA, the same experiment was repeated 

using commercially available salmon sperm DNA and BSA. The results of these experiments 

show that the growth of S. epidermidis in the presence of BSA alone is not inhibited and that 

pre-incubation of vancomycin with BSA did not increase vancomycin MIC (Fig. 5.9B). In 

contrast, pre-incubation of vancomycin with the higher concentration of salmon sperm DNA did 

increase vancomycin MIC (Fig. 5.9C), but salmon sperm DNA alone did not produce the same 

inhibitory effect on cell growth as extracted S. epidermidis DNA. The small variations in the 

results between salmon sperm DNA and extracted S. epidermidis DNA on cell growth are to be 

expected since the two types of DNA are largely different, however both showed similar results 

when incubated with the vancomycin MIC. This suggests that DNA is the primary component 

involved in the inhibition of vancomycin activity.  

5.3.4 The Inhibitory Effect of DNA on Vancomycin is Not Specific to S. epidermidis 

DNA  

The results so far have shown that S. epidermidis DNA can inhibit the antimicrobial activity of 

vancomycin on S. epidermidis planktonic cells and that S. epidermidis DNA alone also has 

antimicrobial properties. Therefore, a further experiment was performed to determine whether 

the previously observed properties of S. epidermidis DNA on vancomycin inhibition are specific 

to only S. epidermidis DNA. The experiment described previously was repeated with exogenous 

DNA extracted from other Gram negative and Gram positive species.  

Firstly, individual DNA extracted from S. aureus, S. epidermidis, S. mutans and E.coli, 

significantly reduced the growth rate of S. epidermidis in an antibiotic-free culture (P< 0.05), 

compared to a DNA free control (Fig. 5.10). Secondly, pre-incubation of exogenous S. 

epidermidis and S. aureus DNA significantly decreased the potency of vancomycin, resulting in 

a substantial increase in the growth rate of S. epidermidis cells at 4 µg/ml vancomycin.  
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In addition, pre-incubation of vancomycin and exogenous E. coli DNA also resulted in a 

significant increase in growth rate of S. epidermidis cells at 8 µg/ml vancomycin, suggesting that 

E. coli DNA decreased the potency of vancomycin to a greater extent than the DNA from other 

species.  

 

However, contrasting results were also observed for S. mutans DNA. Pre-incubation of 

vancomycin with S. mutans exogenous DNA caused a 75% reduction in the growth rate of S. 

epidermidis at 2 µg/ml vancomycin when compared to S. epidermidis at 2 µg/ml without DNA 

(Fig. 5.10). Furthermore, S. mutans exogenous DNA did not induce growth of S. epidermidis 

cells at 4 µg/ml vancomycin and so did not affect the vancomycin MIC. However given the 

strong reduction in growth of S. epidermidis at 2 µg/ml vancomycin in the presence of S. mutans 

exogenous DNA, it is possible that S. mutans DNA is acting in synergy with vancomycin and is 

enhancing its activity.  
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Figure 5.10: Exogenous DNA extracted from other bacterial species also interferes with 
vancomycin activity. Maximum specific growth rate of planktonic S. epidermidis cells in TSB 
supplemented with vancomycin alone, exogenous DNA alone and with vancomycin and 
exogenous DNA mixture. Vancomycin was added at varying concentrations whereas 
exogenous DNA extracted from S. aureus, S. epidermidis, S. mutans and E. coli was always added 
at a fixed concentration of 16 µg/ml. Control sample represents S. epidermidis cells in TSB 
without DNA. Error bars; standard error of the mean, n=10. 
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Collectively these results suggest that although exogenous DNA from Gram-positive and Gram-

negative organisms, on its own, exhibits some antimicrobial effects on S. epidermidis planktonic 

cells, the vancomycin-inhibitory effects are varied depending on the bacterial origin of the DNA. 

DNA extracted from S. mutans may actually enhance vancomycin activity or work synergistically 

with vancomcyin. 

5.3.5 DNA Does Not Inhibit Vancomycin Activity in the Presence of Magnesium 

Cations 

Mulcahy and colleagues demonstrated DNA’s role as a cation chelator (Mulcahy et al. 2008) 

and so provided a basis for an experiment designed to test if the inhibition of vancomycin by 

exogenous DNA is due to an electrostatic interaction between negative DNA and positive 

vancomycin. This hypothesis was tested by pre-incubating exogenous, extracted E.coli DNA (as 

this type of DNA had the greatest inhibitory effect on vancomycin) with magnesium chloride for 

30 min, after which vancomycin and culture were added. The maximum specific growth rate of 

S. epidermidis in the presence of vancomycin, exogenous DNA and magnesium chloride is 

shown in Fig. 5.11. 

Firstly, the results regarding the growth of S. epidermidis in the presence of DNA alone, 

vancomycin alone and DNA and vancomycin together are consistent with previous findings, i.e 

exogenous DNA alone slightly inhibited growth of S. epidermidis compared to the control (Fig. 

5.11), whereas S. epidermidis cells failed to grow in the presence of vancomycin alone, but 

grew in vancomycin and DNA solution. Furthermore, the growth rate of S. epidermidis in the 

presence of vancomycin and magnesium chloride together, suggests that vancomycin activity is 

not affected by magnesium cations. Also although the presence of exogenous DNA and 

magnesium cations individually and in combination in the growth medium significantly reduced 

the growth of S. epidermidis cells compared to the control, the 3 reagents exhibited equal 

effects on the growth of S. epidermidis.  
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Interestingly, the growth rate of S. epidermidis in TSB supplemented with DNA, MgCl2 and 

vancomycin was 0.0004 h
-1

 (± 0.00018 SE), whereas in TSB supplemented with only 

vancomycin and MgCl2, the growth rate was 0.00065 h
-1

 (± 0.00009 SE) suggesting that 

vancomycin was active in both of the cultures (P > 0.05). 

 

However vancomycin activity was blocked by exogenous E. coli DNA, as evidenced by the 

growth rate of S. epidermidis in TSB supplemented with vancomycin and DNA together of 0.29 

h
-1

 (± 0.0084 SE) but vancomycin activity is not blocked when exogenous E. coli DNA is pre-

incubated with magnesium cations. Given that DNA is a known chelator, these results suggest 

that DNA did chelate magnesium cations during the pre-incubation step of the experiment. 

Chelation of magnesium cations may have occupied all the available binding sites, meaning 

vancomycin was no longer able to bind. Since vancomycin couldn’t bind, its antimicrobial effects 

were exhibited on the growth of S. epidermidis even in the presence of DNA. Furthermore, the 

results suggest that the binding between DNA and vancomycin occurs through an electrostatic 

mechanism. 
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Figure 5.11: Vancomycin is active in the presence of DNA and magnesium cations. 
Maximum specific growth rate of planktonic S. epidermidis cells in TSB 
supplemented with vancomycin, magensium cations (magnesium chloride) and 
exogenous DNA, individually, and in combination. Error bars; standard error of the 
mean, n=10. 
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5.3.6 Exogenous DNA Binds Vancomycin  

The protocol of Tabone and colleagues (Tabone et al. 2006) based on the reaction between 

DNA and potassium permanganate was used to show the binding between exogenous DNA 

and vancomycin. The work of Tabone and colleagues showed that although potassium 

permanganate (KMnO4) is capable of reacting with many substrates it has extremely high 

binding affinity to DNA and as a result reacts with DNA at a very high rate of reaction in 

comparison to other substrates (Tabone et al. 2006). Initially, the concept of Tabone et al. 

(2006) is tested using extracted bacterial DNA and surrogate biopolymers such as BSA and 

PNAG to represent proteins and polysaccharides of the biofilm matrix.  

Firstly, the results of this experiment showed that the basic assay protocol of Tabone and 

colleagues (Tabone et al. 2006) could be replicated successfully using the extracted 

biopolymers commonly associated with biofilms and that it was possible to measure the 

increase in absorbance when DNA reacted with KMnO4 (Fig. 5.12A). More specifically the 

results showed that only the reaction of DNA with KMnO4 resulted in a steady increase in OD 

over the course of the reaction and this result was consistent for the DNA from all three bacterial 

species. 
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Interestingly, BSA, which was used in the experiment as a representative of biofilm matrix 

proteins, and PNAG both reacted with KMnO4 as indicated by visual observation of a change in 

colour, but neither of these reactions produced a steady increase in OD over the 50 minutes of 

the experiment. Consequently, the rate of reaction for both BSA and PNAG with KMnO4 was 

significantly (P < 0.05) lower than that of DNA and KMnO4.  The lowest rate of reaction obtained 
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Figure 5.12: DNA reacts with potassium permanganate with the highest rate of 
reaction.  A) OD420 of 200 µl aliquots of extracted biopolymers and KMnO4 added at 
a 1:1 volume ratio.  Water was added to KMnO4 as a control to show that dilution of 
KMnO4 volume did not affect absorbance.  B) The average rate of reaction for each 
biopolymer with KMnO4. Error bars, standard error of the mean, n=12. 
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for DNA (S. epidermidis) and KMnO4 is 0.017 (± 0.00005 SE), which is still 92% higher than that 

of BSA and KMnO4 (Fig. 5.12B). 

So far the results have shown that in comparison to other biofilm biopolymers and KMnO4, the 

reaction between exogenous DNA and KMnO4 occurs at the highest rate. It may be possible to 

use this rate of reaction to determine if DNA binds vancomycin, but before this can be achieved, 

it is important to characterize the binding rate of KMnO4 with vancomycin because KMnO4 is a 

strong oxidizing agent, capable of reacting with many reagents. To achieve this, different 

vancomycin concentrations were added to a fixed concentration of KMnO4. The results of this 

experiment showed that the rate of reaction between vancomycin and KMnO4 was directly 

proportional to vancomycin concentration (black points, Fig. 5.13A).  
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Figure 5.13: The reaction rate of DNA with KMnO4 is low in the presence of 
vancomycin.  A) The average rate of reaction of varying concentrations of vancomycin 
alone, and vancomycin pre-incubated with exogenous S. epidermidis DNA, reacted with 
KMnO4.  B) The rate of reaction of varying concentrations of extracted exogenous S. 
epidermidis DNA and salmon sperm DNA with a fixed concentration of KMnO4. All 
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However the highest rate of reaction between vancomycin and KMnO4 was 0.0033 (± 

0.00000023 SE), which is still 93.4% lower than the rate of S. epidermidis DNA and KMnO4 of 

0.05 (± 00001 SE) (Fig. 5.13B) at the same concentration of vancomycin (50 µg/ml). This data 

suggests that KMnO4 has much higher binding affinity for DNA than vancomycin and that the 

differences in reaction rates between KMnO4 and DNA and KMnO4 and vancomycin are big 

enough to be quantitatively separate. 

To show any possible binding between DNA and vancomycin, varying concentrations of 

vancomycin were pre-incubated with a fixed concentration of exogenous DNA and added to 

KMnO4. The results of this experiment showed that the rate of reaction between the DNA – 

vancomycin mixture and KMnO4 was inversely proportional to vancomycin concentration (grey 

points, Fig. 5.13A). The highest rate of reaction between the DNA – vancomycin mixture and 

KMnO4 which occurred at the lowest vancomycin concentration tested was 0.0055 (± 0.0002 

SE), but at the same vancomycin concentration (2 µg/ml) without DNA the reaction rate was 

significantly lower (76%) (P < 0.05). These results suggest that during the reaction between 

KMnO4 and the DNA - vancomycin mixture, vancomycin was not participating in the reaction 

with KMnO4. In support of this conclusion, the highest reaction rate between the DNA – 

vancomycin mixture and KMnO4 (0.0055 as mentioned previously) corresponded to the reaction 

rate of the same DNA concentration (S. epidermidis DNA at 5 µg/ml) alone with KMnO4. 

In turn this suggests that in the KMnO4 and DNA - vancomycin mixture reaction, the observed 

reaction rate was achieved from excess DNA reacting with KMnO4. In fact, Fig. 5.13A shows 

that as the vancomycin concentration was increased, the reaction rate decreased steadily, 

suggesting that less and less DNA was available for the KMnO4 reaction as a higher 

vancomycin concentration was added. Collectively these results show that exogenous DNA 

does bind vancomycin.  

5.3.7 DNA Binding of Vancomycin Protects Biofilm Cells 

The results so far suggest that exogenous DNA and vancomycin bind through an electrostatic 

interaction within a relatively short time period, suggesting that DNA may play a protective role 

within the biofilm. This proposed an interesting hypothesis; if DNA protects cells from 
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vancomycin by binding it, it should offer this protection at any vancomycin concentration. At high 

vancomycin concentrations, a fixed amount of DNA may not be able to bind all the vancomycin, 

but should at least reduce the typical effects associated with that particular vancomycin 

concentration.  To test this hypothesis, exogenous S. epidermidis DNA (16 µg/ml) was pre-

incubated with a very high vancomycin concentration (2000 µg/ml) and used to treat 72-h 

biofilms for 2 hours.   

In agreement with results obtained from planktonic cultures, data from biofilm plate counts 

showed that exogenous DNA alone reduced the growth of S. epidermidis cells in the biofilm by 

up to 35%. However the effects of vancomycin alone on the growth of biofilm cells were greater. 

Compared to the control, vancomycin alone caused a 62% reduction in the number of biofilm 

cells (Fig. 5.14) within a 2 hour time period. Interestingly, pre-incubation of the same 

vancomycin concentration with DNA, significantly reduced the antimicrobial effects of 

vancomycin on biofilm cells (P = 0.0007) causing only a 21% reduction in the number of biofilm 

cells, compared to the 62% observed for vancomycin, within the same time frame. 

Furthermore, no statistical differences were observed in the number of cells remaining between 

control biofilms and those treated with the DNA-vancomycin solution (P = 0.163), suggesting 

that the cell population in the biofilm treated with the DNA-vancomycin solution was relatively 

similar to a control biofilm.  Collectively these results provide further support for the DNA and 

vancomycin binding theory, but also show that DNA is able to bind relatively high vancomycin 

concentrations. The binding occurred within a relatively short time period but protected the cells 

of an S. epidermidis biofilm from a lethal dose of vancomycin for the entire duration of the 

treatment, resulting in similar population numbers to that of a biofilm never exposed to antibiotic.  



 

 128 

0.0E+0

5.0E+7

1.0E+8

1.5E+8

2.0E+8

2.5E+8

3.0E+8

3.5E+8

Control DNA Vancomycin DNA -
Vancomycin

N
u

m
b

e
r 

o
f 

c
e
ll

s
 (

C
F

U
/c

m
2
) 

* 

* 

Figure 5.14: Exogenous DNA protects biofilm cells from lethal vancomycin 
concentrations. Number of cells obtained from 72-h S. epidermidis biofilms treated with, 
2000 µg/ml vancomycin , 16 µg/ml of exogenous  S. epidermidis DNA and a solution of 
DNA and vancomycin (at the previously mentioned concentrations) pre-incubated 
prior to addition to the biofilm. All biofilms were exposed to all the treatments for 2-h. 
Control biofilms, were exposed to PBS treatment. Error bars, standard error of the 
mean, n= 4. Asterisk indicates statistically significant results (P < 0.05) as determined 
by the student t-test. 

 

 

 

 

 

 

 

 

 

 

 

 

5.3.8 Exogenous DNA did not Affect Cell Attachment but Reduced Biofilm 

Formation  

An interesting finding that arose from previous experiments showed that exogenous DNA 

contains some innate antimicrobial properties against planktonic and biofilm S. epidermidis 

cells.  In order to further characterize the antimicrobial effects of DNA on S. epidermidis cells, 

two experiments were performed to assess the effects of exogenous DNA on biofilm formation 

and initial cell attachment. 
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To test this hypothesis, a conditioning layer of exogenous S. epidermidis DNA and PBS 

(control) was applied to wells of a 96-well micro plate (Fig. 5.15). Attachment of stained 

planktonic cells was monitored over a 30 min period and quantified as surface area coverage 

based on fluorescence of attached cells.  

 

Results from images showed that a relatively large number of cells attached to both types of 

conditioning layers during the course of the experiment, appearing as a series of different-sized 

fluorescent aggregates (Fig. 5.16). Quantitative analysis of the fluorescent clusters showed that 

there were no significant differences in the amount of cells attached to PBS or exogenous DNA 

conditioning layer ( P= 0.39) (Fig. 5.17A). Average surface area coverage of cells attached to 

the PBS conditioning layer was 0.0028 µm
2
 (± 0.0003 µm

2
 SE), whereas that of cells attached 

to exogenous DNA was 0.0024 µm
2
 (± 0.0003 µm

2
 SE). 

  

PBS conditioning layer  Exogenous DNA conditioning layer  

Figure 5.15: Representative light microscopy images of a PBS and exogenous S. epidermidis 
DNA conditioning layer formed on the surface of a 96-well micro plate. Scale bar = 1000 µm 
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Furthermore the range in the surface area coverage of cells attached to PBS and exogenous 

DNA conditioning layer, is very similar (Fig. 5.17B), suggesting that despite the larger size 

aggregates observed for DNA (Fig. 5.16), the surface area coverage did not differ due to the 

larger number of the smaller aggregates present on the PBS conditioning layer.  

The lack of interference by exogenous DNA on cell attachment suggests that cells attached to 

the exogenous DNA conditioning layer, should eventually form a biofilm. To determine if biofilm 

formation could be effected by exogenous DNA, biofilms were grown on a DNA and PBS 

conditioning layer and early biofilm formation was quantified using the crystal violet assay (Fig. 

5.18).  

  

PBS conditioning layer  Exogenous DNA conditioning layer  

Figure 5.16: Representative micrographs of different sized fluorescent S. epidermidis cell 
aggregates attached to conditioning layers of PBS and exogenous S. epidermidis DNA 
covering the surface of a 96-well micro plate. Scale bar = 200 µm 
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Figure 5.17: Exogenous DNA does not affect initial cell attachment. A) Average 
surface area coverage of S. epidermidis cells attached to well surfaces pre-
conditioned with PBS and exogenous DNA after 30 min of incubation. Error bars, 
standard error of the mean, n = 30. B) The distribution of the surface area 
coverage of S. epidermidis cells attached to well surfaces pre-conditioned with PBS 
and exogenous DNA. Box and whiskers; min and max surface area coverage of 
cell aggregates. Line across the box; median surface area coverage of cell 
aggregates   
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Quantification of the biofilm biomass on each conditioning layer showed that 70% less biofilm 

was formed on wells conditioned with exogenous S. epidermidis DNA, compared to those 

conditioned with PBS, in the same period of incubation (Fig. 5.19). S. epidermidis biofilms 

formed on the PBS conditioned layer reached an average OD595 of 0.683 (± 0.05 SE), 

compared to that of 0.204 (± 0.02 SE) for biofilms grown on exogenous DNA. These results 

show that exogenous DNA significantly effects formation and development of S. epidermidis 

biofilms (P = 1.5 x 10
-7

). 

 

  

6-h biofilm (CV) + PBS Cond. L.   6-h biofilm (CV) + DNA Cond. L.   

6-h media only (CV) + PBS Cond. L.   6-h media only (CV) + DNA Cond. L.   

Figure 5.18: More biofilm biomass was formed on wells conditioned with PBS. 
Representative transmission micrographs of 6-h S. epidermidis biofilm formed on micro 
plate wells conditioned with PBS and exogenous extracted S. epidermidis DNA and 
stained with CV. Micrographs of 6-h media represent CV stained un-inoculated 
controls exposed to TSB only for 6 hours. 
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5.4 Discussion  

The work of Kaplan and colleagues suggests that S. epidermidis ATCC 35984 produces an 

eDNA-enriched biofilm matrix upon exposure to sub-MIC vancomycin (Kaplan et al. 2011). In 

addition, a number of recent studies have shown eDNA-based mechanisms of antibiotic 

tolerance, in P. aeruginosa (Mulcahy et al. 2008; Chiang et al. 2013) and S. aureus (Kaplan et 

al. 2012). The work presented in this chapter examined the role of eDNA in sub-MIC 

vancomycin treated biofilms. Novel adaptations of existing fluorescence-based methods were 

used to determine that the concentration of eDNA in sub-MIC vancomycin treated biofilms is 

greater, compared to control biofilms. Furthermore, the findings showed that exogenous DNA 

can bind vancomycin through an electrostatic interaction. Collectively these results suggest that 

a greater abundance of eDNA protects the biofilm cells by binding vancomycin, thus sub-MIC 

vancomycin treatment induces an eDNA antibiotic tolerance mechanism within S. epidermidis 

biofilms.  
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Figure 5.19: Exogenous DNA effects the formation of S. epidermidis biofilms. The 
average OD595 of 6-h S. epidermidis biofilms grown on micro plate wells conditioned 
with PBS and exogenous extracted S. epidermidis DNA and stained with CV. All 
values are corrected for the negative controls. Error bars; standard error of the 
mean, n= 12. 
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Kaplan and colleagues showed that a greater amount of the sub-MIC vancomycin treated 

biofilm was detached by DNase (Kaplan et al. 2011). Given that the experiments in this project 

were performed at a different sub-MIC concentration, compared to that of Kaplan, the relative 

abundance of eDNA in biofilms was tested. To do this, DNase I was used to detach control and 

sub-MIC vancomycin treated biofilms of S. epidermidis, but the rate of biofilm removal by 

DNase, instead of biofilm biomass, was used as an indicator of eDNA abundance in the biofilm. 

The adaptations in the DNase method were done in order to provide a more sensitive measure 

of eDNA abundance, because differences in eDNA concentration between control and sub-MIC 

vancomycin treated biofilms maybe small, but both biofilms are detached by DNase (up to 90%, 

data not shown).  

The findings from the adapted DNase method showed that S. epidermidis ATCC 35984 biofilms, 

treated with sub-MIC vancomycin of 2 µg/ml, contained more eDNA than control biofilms. 

Interestingly, Kaplan and colleagues (Kaplan et al. 2011) claimed that sub-MIC vancomycin 

effects in S. epidermidis biofilms could only be observed at ¾ the MIC, suggesting that with 

regards to the work in this project any potential sub-MIC vancomycin effects would only be 

observed if biofilms were treated with 3 µg/ml vancomycin. In fact, fluorescence-based 

experiments in this project showed that the increase in eDNA abundance within S. epidermidis 

biofilms occurred at a range of concentrations and was directly proportional to vancomycin 

concentration used to treat the biofilm (Fig. 5.8), suggesting a possible role in antibiotic 

tolerance for eDNA but also providing a link between prior antibiotic exposure and eDNA 

release. In support of these conclusions, sub-lethal doses of β-lactam antibiotics and 

vancomycin were shown to stimulate eDNA release in methicillin resistant S. aureus (Kaplan et 

al. 2012) and vancomycin-non-susceptible S. aureus (Hsu et al. 2011) respectively. 

Furthermore, transcription of atlE, which codes for the AtlE autolysin, the key mechanism of 

eDNA production in S. epidermidis was directly proportional to vancomycin concentration in the 

growth medium of S. epidermidis (Gazzola & Cocconcelli 2008), thus providing further support 

for the involvement of eDNA in antibiotic tolerance.  

In order to provide a possible explanation for the increase in eDNA within biofilms exposed to 

vancomycin, it was firstly important to examine the natural properties of eDNA and its potential 

effects on S. epidermidis cells.  The antimicrobial effects of DNA were first demonstrated by 
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Mulcahy and colleagues (Mulcahy et al. 2008) using salmon sperm DNA. In this project, 

however, the results showed that as well as salmon sperm DNA, exogenous S. epidermidis 

DNA also displayed antimicrobial effects against planktonic and biofilm S. epidermidis cells (Fig. 

5.9 and Fig. 5.14). In addition the antimicrobial properties of DNA were observed for DNA 

extracted from a variety of Gram-positive and Gram-negative species (Fig. 5.10) but the degree 

of antimicrobial activity varied between species, for example E. coli exogenous DNA showed the 

least antimicrobial activity. DNA’s antimicrobial properties were demonstrated by Yang and 

colleagues who showed that due to the ability of type IV pili of P. aeruginosa to bind eDNA, wild-

type P. aeruginosa promoted the formation of tightly packed eDNA-rich S. aureus (also S. 

epidermidis) micro colonies in a co-culture biofilm (Yang et al. 2011). Given the antimicrobial 

properties of DNA it is possible that eDNA packed micro colonies protected the embedded 

bacteria from antimicrobial attack. Furthermore, the study by Yang et al. (2011) showed that the 

wild-type P. aeruginosa did not out-compete S. aureus in a co-culture biofilm, suggesting that 

the eDNA-type IV pili interaction promoted the co-existence of the two species in the co-culture 

biofilm.  

However in nature bacteria may also employ antimicrobial properties of DNA to out-compete 

other species. Inter-species competition is an important aspect of evolution that governs the 

structure and function of biofilms. Nutrient limitations can force different species of bacteria to 

occupy the same niche forcing one species to out-compete the other, often through the 

production of antibiotics (Elias & Banin 2012). The variations in the antimicrobial activity of 

extracted DNA for each bacterial species observed in this project may help to explain why some 

species are often more dominant than others in multi-species biofilms. Furthermore, the fact that 

some level of antimicrobial activity of exogenous DNA was observed in a number of bacterial 

species suggests that DNA may provide all bacteria with a basic level of protection so that some 

of the weaker species (those that do not produce antibiotics for example) have a chance at 

survival. In part this concept is supported by the results of Figs. 5.17 and 5.19 showing that 

exogenous S. epidermidis DNA did not affect the initial cell attachment stage of biofilm 

formation, but did affect the amount of biofilm formed by the attached cells. It is possible that 

eDNA-rich niches in the biofilm deter the accumulation of subsequent layers of the matrix, thus 

reducing the cell numbers and eliminating the need for competition in that particular niche. 
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Since the properties of eDNA are fine-tuned to ensure the survival of the biofilm in the natural 

environment, it is highly probable that they will contribute to the survival of biofilms in the clinical 

environment. It has recently emerged that during the course of an infection the biggest source of 

exogenous DNA encountered by biofilms is from lysed human immune cells, which are killed by 

various virulence mechanisms of the infecting species (Chiang et al. 2013). The exposure of P. 

aeruginosa biofilms to lysed polymorphonuclear leukocytes (PMNs) increased the tolerance of 

those biofilms to aminoglycosides (Chiang et al. 2013), suggesting that although exogenous 

DNA may cause a reduction in biofilm formation (Fig. 5.19), biofilms formed in the presence of 

exogenous DNA may actually be more resistant to antibiotics especially when the DNA can be 

incorporated into the biofilm as shown by Chiang et al. 2013. 

 The ability of DNA to bind cations brings about another clinical problem, because DNA has 

been shown to bind to and sequesters cationic antimicrobial peptides (CAPs) (Okshevsky & 

Meyer 2013) stripping them of their antimicrobial properties.  CAPs are short (up to 20 amino 

acids), positively charged molecules that are typically produced at the site of infection and 

cause cell death by interacting with the membrane of bacterial cells (Hancock & Diamond 2000). 

Furthermore, the ability of eDNA to bind divalent cations such as Mg
2+

 can trigger changes in 

gene expression leading to modifications of the bacterial cell surface and an increase in 

antibiotic resistance (Okshevsky & Meyer 2013). However, too much eDNA can have the 

opposite effect, because it will uptake all the available Mg
2+

 ions leading to the disruption of the 

cell membrane and cell death (Mulcahy et al. 2008). These studies suggest that the clinical 

implications arising from the various properties of eDNA are not fully understood and are only 

now beginning to emerge. The findings presented in this chapter not only contribute to this 

emerging field in biofilm research but at the same time they support and build upon the existing 

and known roles of eDNA.  

The potassium permanganate assay exploited the high rate of reaction between DNA and 

KMnO4 to determine if DNA binds vancomycin. The results showed that the rate of reaction 

between DNA and KMnO4 was directly proportional to DNA concentration and the rate of 

reaction between vancomycin and KMnO4 was directly proportional to vancomycin 

concentration. However when DNA and vancomycin were pre-incubated and then reacted with 

KMnO4, the rate of reaction was inversely proportional to vancomycin concentration. This 
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suggested that vancomycin was blocking the available DNA binding sites, which eliminated 

more and more DNA molecules from participating in the KMnO4 reaction (Fig. 5.20). 

 

 

 

 

 

 

 

 

 

The specificity of the KMnO4 reaction with DNA, observed in this project is consistent with the 

work of Tabone and colleagues (Tabone et al. 2006) but also shows that with further work this 

assay can be applied to biofilms directly, because compared to other biofilm biomolecules such 

as PNAG, DNA exhibited the highest rate of reaction with potassium permanganate (Fig. 5.12). 

Furthermore, although a previously published DNA extraction protocol was followed, the 

reaction kinetics of potassium permanganate and the supernatant obtained from the DNA 

extraction procedure were determined; the supernatant did not react with potassium 

permanganate with the same rate of reaction as DNA (Fig. 5.21). 
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Figure 5.20: Schematic demonstrating the binding between DNA and 
vancomycin as determined from the potassium permanganate assay. 
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The direct binding of vancomycin by DNA in a microbiological context has only been proposed 

as a potential hypothesis. For example, interactions of vancomycin with eDNA-rich regions in an 

S. aureus biofilm were attributed to possible electrostatic forces between negative DNA and 

positive vancomycin (Daddi Oubekka et al. 2012). However, the binding of exogenous calf 

thymus DNA and vancomycin was investigated by Vijan (2009) using UV-VIS 

spectrophotometry, who determined that vancomycin and DNA can bind through two types of 

interactions, non-electrostatic, characterized by the intercalation of vancomycin into the base 

pairs of DNA and electrostatic forces mediated by the negative phosphate groups of DNA (Vijan 

2009). Vancomycin is a large molecule that not only contains charged groups, but a number of 

polar groups that enable it to participate in a number of intermolecular forces such as hydrogen 

bonding, electrostatic and van der Waals forces (Pfeiffer 1981; Vijan 2009). The results of the 

magnesium cations experiment suggest that the interaction between DNA and vancomycin 

observed in this work is based on electrostatic forces, because vancomycin activity wasn’t 

blocked by DNA when DNA was pre-incubated with magnesium cations (Fig. 5.11). The fact 

that vancomycin was active when DNA was pre-incubated with magnesium cations, suggests 

that vancomycin and magnesium compete for the same binding sites of DNA. Magnesium 
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Figure 5.21: The supernatant did not affect the rate of reaction with 
KMnO4. Control experiment comparing the reaction rate of KMnO4 
and extracted S. epidermidis DNA and the reaction rate of KMnO4 and 
the supernatant produced during the DNA extraction process.   
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cations primarily bind to the phosphate backbone of DNA (Eichhorn & Shin 1968). If, as 

suggested by the results in Fig. 5.11, vancomycin competes for the binding sites occupied by 

magnesium cations, then the binding between vancomycin and DNA occurs via electrostatic 

forces. 
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5.5 Conclusions  

 There was a greater abundance of eDNA in sub-MIC vancomycin treated biofilms 

 Higher vancomycin concentrations also stimulated eDNA production within S. 

epidermidis biofilms 

 Exogenous extracted DNA of S. epidermidis, S. mutans, S. aureus, E. coli and salmon 

sperm exhibited antimicrobial effects against planktonic and biofilm (S. epidermidis DNA 

only) S. epidermidis cells.  

 Exogenous extracted DNA of S. epidermidis, S. aureus and E. coli inhibited the 

antimicrobial activity of vancomycin when pre-incubated with vancomycin prior to 

addition to the bacterial culture.  

 Exogenous extracted DNA of S. mutans increased the antimicrobial activity of 

vancomycin on S. epidermidis planktonic cells.  

 Exogenous extracted DNA of S. epidermidis did not affect cell attachment but did 

reduce the amount of biofilm biomass produced by the attached cells.  

 Exogenous extracted DNA of S. epidermidis binds vancomycin through an electrostatic 

interaction.  

 The binding of vancomycin by DNA provides protection for biofilm cells  

 Sub-MIC vancomycin induces an eDNA-based antibiotic tolerance mechanism in S. 

epidermidis biofilms.  
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Chapter 6:  Discussion  

6.1 Contributions From This Study  

Currently vancomycin remains as one of the few effective antibiotics against methicillin resistant 

Staphylococci and Enterococci infections but its activity against biofilm infections is poor (James 

& Palmer 1996).  

S. epidermidis is the dominant cause of MDIs because of their ability to attach to medical 

devices and form biofilms (Cunningham et al. 1996). Compared to standard planktonic 

infections, biofilms are naturally more resistant to antibiotics, a property attributed to a 

combination of factors within the biofilm such as low metabolic activity of biofilm cells and 

formation of persister cells. However not much is known about the adaptive mechanisms of 

antibiotic tolerance in bacterial biofilms. Fajardo and colleagues suggest that antibiotics at low 

concentrations act as molecular signals inducing changes in gene expression that may result in 

biofilm adaptations (Fajardo & Martínez 2008). Some studies have provided support for this 

hypothesis by showing that S. epidermidis biofilms and those of other species exhibit an 

increase in virulence when exposed to sub-inhibitory concentrations of antibiotics (Hoffman et 

al. 2005; Kaplan et al. 2012; Cargill & Upton 2009). Current vancomycin treatment strategies 

leave biofilm infections exposed to sub-MIC vancomycin (Rybak et al. 2009), thus the adaptive 

responses of S. epidermidis biofilms in response to sub-MIC vancomycin challenge are of 

significant clinical concern.  

Therefore this project aimed to identify and characterize the adaptive mechanism of antibiotic 

tolerance in S. epidermidis biofilms in response to sub-MIC vancomycin exposure.  Previous 

studies that investigated the properties of biofilms at sub-MIC antibiotics have largely focused 

on the measurement of biofilm formation  (Cerca, Martins, Sillankorva, et al. 2005; Cargill & 

Upton 2009). Although biofilm formation is an important property, it is only one parameter, and 

measuring a combination of different parameters may provide a greater understanding of the 

biofilm’s behaviour in the presence of sub-MIC vancomycin. Consequently, the experiments and 

techniques used in this project were designed to assess biofilm morphology, adhesion, matrix 
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composition and vancomycin penetration, so that a more robust representation of the biofilm’s 

existence at sub-MIC vancomycin is acquired. 

6.2 Biofilm Morphology  

The investigation into the effects of sub-MIC vancomycin on S. epidermidis biofilm morphology 

revealed extensive deviations in the morphology of biofilms exposed to sub-MIC vancomycin 

when compared to control biofilms (Fig. 3.6). Sub-MIC vancomycin treated biofilms appeared to 

contain a flat profile that was filled with channel-like voids, whereas the control biofilm 

morphology was highly convoluted. In order to quantify these changes, surface roughness 

measurements of control and sub-MIC vancomycin treated biofilms were acquired. Sub-MIC 

vancomycin exposure significantly reduced the surface roughness of S. epidermidis biofilms 

(Fig. 3.7).  

Since biofilms are 98% water (Donlan 2001), it was important to determine if the drying step of 

the protocol used for the preparation of biofilms for morphology measurements effected the 

biofilm morphology. To eliminate this variable surface roughness measurements were made of 

sub-MIC vancomycin treated and control biofilms grown in a different laboratory and imaged 

with a different microscope. This comparison also revealed that the surface roughness of sub-

MIC vancomycin treated biofilms was significantly different to control biofilms (Fig. 3.15), 

suggesting that the differences in biofilm morphology between control and sub-MIC vancomycin 

treated biofilms were due to the antibiotic exposure and not from sample drying.  

A decrease in surface roughness in the presence of sub-MIC vancomycin can be beneficial for 

the biofilm community and may provide a means for them to exist in the sub-MIC vancomycin-

filled environment because it may reduce the efficacy of nutrient exchange. The mass transfer 

boundary layer can affect the surface area available for nutrient exchange between the biofilm 

and the bulk fluid.  When the mass boundary layer corresponds with the profile of the 

substratum, then the exchange surface area is equal to the substratum. However a convoluted 

mass boundary layer increases the surface area for nutrient exchange (Beer et al. 1996). The 

control S. epidermidis biofilm, exhibited a greater surface roughness and therefore a convoluted 

mass transfer boundary layer, suggesting that control biofilms may have been well nourished 
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(Fig. 6.1A) but this remains to be experimentally confirmed. However this convoluted structure 

may be a hindrance to the biofilm when the biofilm is exposed to sub-MIC vancomycin. Sub-MIC 

vancomycin is not enough to kill the entire biofilm population, but the large surface area 

exposed to the antibiotic means that some bacterial cells at the biofilm-liquid interface maybe 

killed (Fig. 6.1B). Therefore, in order to protect the cell community, biofilms adopt a more 

uniform structure which decreases the efficiency of nutrient exchange. However biofilm cells can 

tolerate inefficient nutrient exchange by reducing their metabolic activity and consequently 

becoming more resistant to antibiotics (Fig. 6.1C).  
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Figure 6.1: Schematic diagram illustrating the influence of biofilm surface roughness on 
nutrient exchange in S. epidermidis biofilms.  A) High surface roughness profile of a control, 
antibiotic-free biofilm increases nutrient exchange between the biofilm and the bulk fluid.  
B) The disadvantage of high biofilm surface roughness in the presence of sub-MIC 
vancomycin is that some surface biofilm cells may get killed by vancomycin.  C) Biofilms 
adopt a more uniform structure to decrease nutrient exchange and as a consequence enter 
a slow growing state and become more tolerant to antibiotics. 
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6.3 Biofilm Adhesion  

Surface adhesion is an important aspect of the biofilm phenotype, therefore cells are naturally 

programmed to attach to surfaces in challenging environments (Hori & Matsumoto 2010).  

In order to evaluate biofilm adhesion properties in the presence of sub-MIC vancomycin, mature 

biofilms were exposed to gentle flow of sub-MIC vancomycin for 10 min and  adhesion 

properties of control and sub-MIC vancomycin treated biofilms were analysed using AFM. The 

results showed that exposure to sub-MIC vancomycin increased the adhesiveness of S. 

epidermidis biofilms because a greater force was required to retract the AFM tip away from the 

surface of a sub-MIC vancomycin treated biofilm than the control (Fig. 3.11). The increase in 

adhesion exhibited by the biofilm in the presence of sub-MIC vancomycin, suggests an increase 

in virulence because detached parts of the biofilm may be more capable of attaching to other 

surfaces. Also the results suggest that the biofilm matrix may more actively participate in the 

entrapment of exogenous compounds that are present in the surrounding environment such as 

antibiotics. The entrapment of antibiotics within the biofilm matrix has been shown previously, 

with ciprofloxacin being absorbed more readily into a mixed species biofilm compared to 

erythromycin and sulfamethoxazole (Wunder et al. 2011). The sorption of these antibiotics by 

the biofilm matrix was found to be dependent upon the charge of the antibiotic and its molecular 

size, with smaller and positive antibiotics being trapped more readily (Wunder et al. 2011; 

Carlson & Silverstein 1998).  

Previously biofilm adhesion was investigated within the context of attachment to surfaces and 

often includes experiments with young biofilms or measurements of cell surface hydrophobicity. 

Such studies have shown that Staphylococal cells from biofilms exposed to sub-MIC 

dicloxacillin and from biofilms grown on antibiotic-impregnated catheters exhibited a decrease in 

cell surface hydrophobicity (Cerca, Martins, Sillankorva, et al. 2005; Kohnen 2003), suggesting 

that biofilms exposed to low antibiotic concentrations were less adhesive. However the fbe/fdrg 

and embp genes encoding the fibrinogen and fibronectin surface-binding protein respectively, 

are commonly found in clinical isolates of S. epidermidis, but in vitro their expression is only 

achieved by growth in serum (Rohde et al. 2010), suggesting that any cells that are cultured in 

standard culture medium may not have the same gene expression as in the biofilm, even if 
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isolated from a biofilm. Therefore, cell surface hydrophobicity may not be a true representation 

of biofilm adhesion properties, particularly when the biofilm structure is dominated by various 

biopolymers with different charges and polarities. In support of this hypothesis, another study 

that compared antibiotic susceptibility of adhered and non-adhered S. epidermidis cells (that 

were not isolated from a biofilm) showed that attachment to a surface significantly increased 

antibiotic tolerance of the attached cells and that the level of this tolerance was dependent on 

the nature of the substratum (Arciola et al. 2002). Although these findings provide a correlation 

between cell adhesion and antibiotic tolerance, they are however, also based on cell rather than 

biofilm experiments. Additional experiments would need to be completed to determine how cell 

surface hydrophobicity and cell adhesion correlates with biofilm adhesion and biofilm 

hydrophobicity. 

Moreover it is important to consider the influence of the biofilm matrix when examining findings 

relating to biofilm adhesion. Previous studies have shown that treatment of S. epidermidis 

biofilms with Dispersin B, inhibited biofilm formation and detached already formed biofilms, 

leading the authors to conclude that, the common Staphylococcal polysaccharide, PNAG, 

mediates surface attachment in mature S. epidermidis biofilms (Izano et al. 2008). Similarly 

Kaplan and colleagues showed that in comparison to control biofilms, exposure to sub-MIC 

vancomycin caused S. epidermidis biofilms to be more sensitive to DNase, suggesting a 

possible involvement of eDNA within the matrix of sub-MIC vancomycin treated biofilms. These 

findings propose that the long term attachment of mature biofilms maybe regulated by the 

biofilm matrix, rather than cell surface properties. If sub-MIC vancomycin exposure changed the 

biofilm matrix composition then the adhesion properties of the biofilm may have also been 

changed.  

6.4 Analysis of the Biofilm Matrix  

Addition of ethanol, a biocide, to the growth medium was shown to activate the ica operon in S. 

epidermidis (Conlon et al. 2002) suggesting that the production of a major Staphylococcal 

biofilm polysaccharide is induced by stressful environmental conditions. Therefore, in order to 

determine if sub-MIC vancomycin induces increased PNAG production in the biofilm matrix, 

chemical analysis of control and sub-MIC vancomycin treated biofilms was carried out using FT-
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IR spectroscopy. As well as providing a non-destructive method of biofilm matrix analysis, FT-IR 

spectroscopy provided a means of detecting a range of matrix biopolymers as well as PNAG. A 

reference spectrum of extracted, exogenous PNAG was obtained in order to help identify PNAG 

specific peaks in the spectra of control and sub-MIC vancomycin treated biofilms (Fig. 3.9).  

The results of the FT-IR spectroscopy analysis showed that upon exposure to sub-MIC 

vancomycin, the composition of the S. epidermidis biofilm matrix changed from a mixture of 

proteins, nucleic acids and PNAG, to a matrix that is primarily composed of PNAG (Table 3: 

Chapter 3). However, based on these findings alone it is difficult to determine if there was an 

increase in PNAG concentration in sub-MIC vancomycin treated biofilms because the 

dominance of PNAG peaks in the spectrum of the sub-MIC vancomycin treated biofilms doesn’t 

necessarily indicate an increase in PNAG concentration. This is because the biofilm matrix is 

highly heterogeneous and its composition and structure is complex, mainly due to the vast 

variety of interactions between the matrix biopolymers and multivalent cations (Flemming et al. 

2007). Consequently, the increase in PNAG-based peaks within the sub-MIC vancomycin 

treated biofilm spectrum may be the result of a change in the structure and intermolecular forces 

within the biofilm matrix, rather than an increase in PNAG concentration.  

In addition, the vast number of intermolecular forces occurring between matrix biopolymers may 

also hinder the capabilities of FT-IR spectroscopy because of their ability to affect the polarity of 

a bond. A highly important aspect of IR spectroscopy is that in order for a bond vibration to be 

detected, it must be IR active. An IR active bond is said to be one that experiences a net 

change in the dipole moment during its vibration (Fig. 6.2) (Coates 2006). The dipole moment 

relates to the polarity of a vibrating bond, therefore the greater the polarity of a bond the greater 

its IR activity (Coates 2006). As a result, specific vibrations of some biomolecules of interest 

may not be detected with FT-IR spectroscopy. 
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Consequently, this analysis did not provide a full representation of the biofilm matrix 

composition during sub-MIC vancomycin exposure. Nevertheless the results of this experiment 

did show that sub-MIC vancomycin induced significant changes in the biofilm matrix, which is 

consistent with previous conclusions regarding biofilm morphology and adhesion. Furthermore, 

these findings provided evidence which warranted further investigations into the abundance of 

PNAG within sub-MIC vancomycin treated biofilms.  

In order to compare the relative PNAG concentration between control and sub-MIC vancomycin 

treated biofilms, two separate experimental protocols were designed. The results of the first 

experiment, which was based on the enzymatic removal of control and sub-MIC vancomycin 

treated biofilms, showed that both control and sub-MIC vancomycin treated biofilms were 

equally sensitive to Dispersin B (Fig. 4.8), suggesting that a relatively similar concentration of 

PNAG was present in both biofilms. 

Figure 6.2: Schematic of the type of bonds that are IR active and IR in-active. 
A) Carbonyl bond is IR active because when it absorbs IR radiation the 
symmetric stretching vibration causes a change in the dipole moment (D). B) 
A carbon-carbon triple bond found in most alkynes is not IR active because 
the vibration does not cause a change in the dipole moment. 
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However, this method did not allow for the comparison of PNAG abundance against biofilm 

thickness so a second, more robust experiment based on fluorescence detection of PNAG was 

carried out. Using confocal microscopy it was possible to visualise PNAG within control and 

sub-MIC vancomycin treated biofilms, to quantify the biofilm thickness and to quantify the 

relative abundance of PNAG.  

The results of this experiment were in agreement with the previous enzyme experiment, also 

showing that the relative abundance of PNAG was not affected by sub-MIC vancomycin 

exposure (Fig. 4.4). Furthermore, the total biofilm thickness, based on measurements of auto-

fluorescence depth, did not differ between control and sub-MIC vancomycin treated biofilms. 

Collectively these findings led to the conclusion that sub-MIC vancomycin did not affect the 

relative abundance of PNAG in S. epidermidis biofilms. In agreement with this conclusion, the 

expression of ica in S. epidermidis biofilms was previously shown to not be effected by sub-MIC 

vancomycin exposure (at a different sub-MIC concentration than the one used in this study) 

(Rachid et al. 2000), thus suggesting that PNAG is not effected by sub-MIC vancomycin 

treatment. 

6.5 Adaptive Antibiotic Resistance   

The extensive re-arrangement of the biofilm matrix structure upon exposure to sub-MIC 

vancomycin as evidenced by FT-IR analysis, changes in biofilm morphology and increased 

adhesion, suggested that sub-MIC vancomycin treated biofilms maybe more adapted to 

vancomycin and thus provide the biofilm with protection from subsequent vancomycin exposure. 

This hypothesis is based on the idea of adaptive antibiotic resistance, a phenomenon defined 

as resistance to antimicrobials as a result of exposure to specific environmental cues such as 

pH, metal ions, biocides and antibiotics (Fernández et al. 2011).  

Adaptive mechanisms of antibiotic resistance have been reported in P. aeruginosa, 

Pseudomonas fluorescence, E. coli, Serratia marcescens and Salmonella enterica in response 

to pro-longed exposure to sub-lethal concentrations of aminoglycosides, fluoroquinolones, β-

lactams, polymixins and biocides (Mangalappalli-Illathu & Korber 2006). Although the specific 

steps involved in the development of adaptive resistance are not yet known, the substantial 
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changes in gene expression induced by antibiotic exposure are thought to significantly 

contribute to adaptive antibiotic resistance (Fernández et al. 2011). Using microarray analysis, 

Brazas and colleagues showed that different concentrations of the same antibiotic produced a 

different “genetic signature” in the same organism (Brazas & Hancock 2005),  thus further 

supporting the idea that genetic changes induced by a specific antibiotic concentration may 

provide protection from that specific antibiotic. Furthermore, Salmonella biofilms that were 

exposed to biocide benzalkonium chloride adapted to the biocide environment after only 144 

hours of exposure as evidenced by re-growth and the ability to survive previously lethal doses of 

the biocide. Up-regulation of genes coding for proteins involved in energy metabolism, amino 

acid and protein biosynthesis, detoxification and nutrient binding was observed in the adapted 

Salmonella biofilms (Mangalappalli-Illathu & Korber 2006), suggesting that these genes were 

involved in the ability of Salmonella to adapt to the biocide rich environment. Given the 

persistent antibiotic exposure that dominates the environment of a prosthetic implant infection or 

the CF lung, Fernandez and colleagues suggest that adaptive resistance explains the large 

discrepancies in the MICs of organisms obtained from in vivo and in vitro studies. They also 

suggest that adaptive mechanisms contribute to the spread of antibiotic resistance within the 

environment, because bacteria are able to tolerate higher and higher antibiotic concentrations 

with repetitive treatments (Fernández et al. 2011). Interestingly, it has been suggested that 

adaptive resistance mechanisms may be more prominent in the biofilm than in a planktonic 

population because the biofilm structure may provide enough time for the adaptive mechanisms 

to take effect, for example reaction-diffusion interaction can delay the time it takes for the 

antibiotic to reach the cells and thus provide the biofilm cells with a chance to develop a 

response (Szomolay et al. 2005).  

The adaptive resistance hypothesis was tested in the present study using confocal microscopy 

that enabled visualization of the penetration depth of a fluorescently-tagged vancomycin 

(BODIPY FL-vancomycin) through control and sub-MIC vancomycin treated S. epidermidis 

biofilms. The findings of this experiment revealed that BODIPY FL-vancomycin penetrated 19% 

deeper in control than sub-MIC vancomycin treated biofilms (Fig. 3.14). This equates to 6 µm of 

the sub-MIC vancomycin treated biofilm which does not receive vancomycin within the 30 

minute time period. Although this is only a small proportion of the entire biofilm, consider that a 
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monolayer S. epidermidis ATCC 35984 biofilm can contain up to 10
7
 CFU/ml of cells (Qu et al. 

2010), which in relation to the experiment in this study (performed in 12 well micro plates) 

equates to 3 x10
6
 CFU/cm

2 
of cells that escape antimicrobial treatment. Therefore, it is possible 

that thin layers or small protected pockets in the biofilm might be enough to allow re-growth and 

possible adaptation to the antibiotic environment. In support of this conclusion, modelling 

studies of reaction-diffusion limited penetration showed that low levels of antibiotics reach 

deeper parts of the biofilm which provided the surviving cells with an opportunity to acquire 

adaptive antibiotic resistance (Szomolay et al. 2005). Collectively, the evidence suggests that 

sub-MIC vancomycin does induce an adaptive mechanism of antibiotic resistance in S. 

epidermidis biofilms and that this mechanism is regulated by the biofilm matrix biopolymers as 

suggested by the extensive re-structuring of the biofilm matrix upon sub-MIC vancomycin 

exposure.  

6.6 Antagonistic Properties of eDNA  

In order to compare the relative concentration of eDNA between control and sub-MIC 

vancomycin treated biofilms, two experimental protocols were designed. The first experiment, 

based on the rate of biofilm removal by DNase, showed that sub-MIC vancomycin treated 

biofilms were removed by DNase at a greater rate than control biofilms (Fig. 5.6), suggesting 

that a greater amount of eDNA was present in biofilms exposed to sub-MIC vancomycin. These 

findings are consistent with other studies which provided an association between sub-MIC 

antibiotic exposure and increased eDNA production in the biofilm (Kaplan et al. 2011; Kaplan et 

al. 2012). 

However many studies investigating the effects of sub-MIC antibiotics on eDNA production 

observe these effects at one specific sub-MIC concentration. Assuming that an increase in 

eDNA in biofilms exposed to sub-MIC vancomycin is part of a possible adaptive antibiotic 

tolerance mechanism of S. epidermidis, then an increase in eDNA concentration in sub-MIC 

vancomycin treated biofilms, should be observed at a range of sub-MIC concentrations. The 

antibiotic concentrations used in all sub-MIC antibiotic studies are based on planktonic MIC 

protocols. Therefore even the MIC antibiotic concentrations may induce adaptive biofilm 

responses.  Consequently, a fluorescence based experiment was performed to determine if 
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higher concentrations of vancomycin (MIC and above) could induce eDNA production in the 

biofilm. The results showed that higher vancomycin concentrations also stimulated the release 

of eDNA and that the abundance of eDNA produced was directly proportional to vancomycin 

concentration used to pre-treat the biofilm (Fig. 5.8). Collectively these findings support the 

hypothesis regarding the involvement of eDNA in adaptive antibiotic resistance of S. epidermidis 

biofilms. Furthermore, eDNA release stimulated by 8 µg/ml vancomycin, a concentration that is 

double the vancomycin MIC for S. epidermidis, suggests that biofilms perceived this 

concentration in a similar manner to sub-MIC (2 µg/ml). Consequently, the results of Fig. 5.8 

show that a range of low vancomycin concentrations (for a biofilm) stimulate eDNA production, 

thus supporting the idea of low antibiotic concentrations acting as molecular signals (Fajardo & 

Martínez 2008; Fernández et al. 2011).  

One direct way in which eDNA could protect biofilms from subsequent vancomycin exposure, is 

to chelate the antibiotic during its transport through the biofilm. Many of the reported properties 

of DNA are due to its negative charge, and the use of these properties in a microbiological 

context was demonstrated by Mulcahy and colleagues who showed that DNA caused the killing 

of P. aeruginosa cells through chelation of magnesium cations (Mulcahy et al. 2008). Thus it 

was hypothesised that eDNA in S. epidermidis biofilms chelates vancomycin and so retards the 

penetration of vancomycin through sub-MIC vancomycin treated biofilms.  A novel binding 

assay based on the high rate of reaction of DNA with potassium permanganate was used to 

show that exogenous S. epidermidis DNA chelates vancomycin, because the rate of reaction 

between potassium permanganate and DNA-vancomycin solution is lower than between 

potassium permanganate and DNA or vancomycin individually. The ability of matrix biopolymers 

to react with antibiotics entering the biofilm has been demonstrated in the past with tobramycin 

and alginate (Nichols et al. 1988) as well as tobramycin and Psl (Billings et al. 2013) in P. 

aeruginosa biofilms. However the binding of antibiotics by eDNA has not yet been reported, 

despite the recent reports of eDNA’s involvement in the antibiotic tolerance properties of 

biofilms (Kaplan et al. 2012; Chiang et al. 2013). Thus these findings are the first to demonstrate 

that eDNA contributes to the antibiotic tolerance properties of biofilms by chelating vancomycin. 

Such a conclusion is consistent with previous findings; a greater abundance of eDNA in the 

matrix increases the number of potential binding sites, thus preparing the biofilm for future 
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antibiotic exposure. Furthermore, a greater abundance of eDNA may afford the biofilm a more 

comfortable lifestyle and contribute to its long term survival in an almost permanent 

vancomycin-filled environment (such as that of a prosthetic implant infection).  

An unexpected observation from the investigations into the role of eDNA within sub-MIC 

vancomycin treated biofilms, was that exogenous DNA exhibited antimicrobial properties, 

effecting the growth of planktonic and biofilm S. epidermidis cells (Fig. 5.9 and 5.14) but also 

reducing biofilm formation of attached cells (Fig 5.19). Extracted exogenous S. mutans DNA, 

when added in conjunction with vancomycin to a planktonic culture, increased the antimicrobial 

effects of the antibiotic (Fig. 5.10). In a natural environment in which exposure to antibiotics may 

be low, but competition for nutrients with other organisms may be of a more significant threat, 

production of antimicrobial compounds would provide an evolutionary advantage and ensure 

survival of the bacterial population. In a multi-species biofilm, antimicrobial eDNA may help one 

species dominate another. However more work remains to be completed in order to firstly 

establish the existence of antimicrobial eDNA in situ and then to elucidate its function in biofilms 

and biofilm infections. 

6.7 Future Considerations  

Although the findings presented in this work provide novel insights into the mechanism by which 

eDNA contributes to the adaptive antibiotic tolerance of S. epidermidis biofilms pre-exposed to 

sub-MIC vancomycin, some further experiments remain to be completed in order to fully 

elucidate this mechanism. In addition some observations from this work like the antimicrobial 

properties of DNA have raised significant questions about the potential role of these properties 

in the biofilm environment. Therefore, this section proposes future experiments which will help 

to further the findings of this work. 

6.7.1 In Situ Binding of Vancomycin  

The findings in Chapter 3 showing the reduced penetration of vancomycin through sub-MIC 

vancomycin treated biofilms and the findings in Chapter 5 showing the binding capabilities of 

DNA provide an obvious correlation. The greater amount of eDNA in sub-MIC vancomycin 

treated biofilms binds vancomycin and retards its penetration through the biofilm. Although the 
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evidence to support this correlation is strong, the actual in situ binding of vancomycin by DNA in 

the biofilm was not shown in this study. The eDNA in a mature S. epidermidis sub-MIC 

vancomycin treated biofilm would be significantly different from the exogenous S. epidermidis 

DNA used in the binding experiments of this study. One way to eliminate this variable is to 

extract eDNA from a 72-h S. epidermidis sub-MIC vancomycin treated biofilm and use it in 

exogenous vancomycin binding experiments. However extraction and isolation of biofilm matrix 

biomolecules is notoriously difficult and introduces a vast number of other confounding variables 

that may affect the ultimate goal of the experiment. Consequently, it may be easier to show or 

provide evidence of vancomycin binding in the biofilm. Two protocols are proposed for the 

testing of this hypothesis; 

i. Microscopic detection  

Using fluorescence in situ hybridization (FISH), it may be possible to fluorescently tag DNA 

sequences that exhibit preferential binding to vancomycin in control and sub-MIC vancomycin 

treated biofilms. Following this both control and sub-MIC vancomycin treated biofilms can be 

treated with BODIPY FL-vancomycin for 30 min. The imaging of all samples using confocal 

microscopy would enable the identification of areas in which the fluorescence of DNA and 

BODIPY FL-vancomycin co-localize. The quantification of the level of co-localization in control 

and sub-MIC vancomycin treated biofilms may indicate vancomycin binding. However this 

experiment would initially require a vast amount of preliminary work, particularly with the 

fluorescent DNA probe in order to ensure that the DNA probe doesn’t block the binding sites of 

vancomycin. In addition this experiment can only be attempted once the proposed experiments 

in Section 6.7.2 are completed. 

 Optimization of the potassium permanganate assay  

In Chapter 5 it was shown that in comparison to other biofilm matrix biopolymers, potassium 

permanganate reacts with DNA with the highest rate of reaction. Therefore it may be possible to 

re-create the potassium permanganate assay with control and sub-MIC vancomycin treated 

biofilms. Firstly, the rate of reaction between control and sub-MIC vancomycin treated biofilms 

and potassium permanganate needs to be established. Then the amount eDNA present in the 

biofilm can be changed by applying different DNase treatments. Each biofilm with a specific 
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DNase treatment can be reacted with potassium permanganate with and without pre-incubation 

with vancomycin. If this experiment produced a graph similar to that of Fig. 5.13B it would show 

in situ binding of vancomycin by eDNA.  

6.7.2 Characterization of Exogenous DNA 

The work presented in Chapter 5, demonstrated the ability of extracted S. epidermidis DNA to 

bind vancomycin and protect biofilm and planktonic S. epidermidis cells from antibiotics. 

Previously published DNA extraction procedures were followed and data presented in Chapter 5 

showed that the DNA extraction procedure did not interfere in the protocols investigating 

vancomycin binding (Fig. 5.21). Despite this however, the extracted DNA used in the 

experiments is a “crude” extract and was not characterized. Primarily this was done because the 

experiment aimed to find out if DNA could bind vancomycin, a result which was suspected 

because of the natural properties of DNA that would exist even in the crude extract. However, 

now that the capabilities for binding to vancomycin have been revealed, it is important to 

elucidate more specific details of the binding reaction. 

The DNA in the crude extract used in the experiments described in Chapter 5 would contain 

specific number of base pairs, specific type of base pairs and can be either double or single 

stranded. The results in Chapter 5 suggest that DNA and vancomycin may bind via an 

electrostatic mechanism, which implies that double stranded DNA may be more efficient at 

binding vancomycin than single stranded DNA because it would provide more negative 

phosphate binding sites. To test this hypothesis several experiments are proposed; 

 DNA fragment length  

Salmon sperm DNA (which was used in the experiments of this study) is on average 2000 base 

pairs and double stranded (according to the manufacturer). Commercially available 

oligonucleotides can be bought or synthesised with variable number of base pairs. Using 

salmon sperm DNA and varying sized oligonucleotides as well as the potassium permanganate 

binding assay presented in this work it may be possible to construct a calibration graph of the 

different sized DNA (base pairs) vs rate of reaction with potassium permanganate. Following 

this, the same graph will also need to be constructed for different sized DNA (base pairs) pre-

incubated with a fixed vancomycin concentration and then reacted with potassium 
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permanganate. This would create a calibration curve from which it would be possible to 

establish the number of base pairs that made up the extracted S. epidermidis DNA used in the 

experiments of this work. In addition this experiment would determine which sized DNA is more 

effective at binding vancomycin.  

 Double or single stranded DNA  

The above mentioned experiment should also be repeated with single and double stranded 

oligonucleotides and vancomycin. It is important to determine if double or single stranded DNA 

has preferential binding to vancomycin as this may be the difference between the previously 

suggest roles of DNA in antibiotic tolerance and in antimicrobial activity, for example biofilms 

release single stranded DNA to protect them from competitors (antimicrobial activity) or they 

release double stranded DNA to bind antibiotics.  

 Base pair sequences 

The experiment described above would be repeated with oligonucleotides that are synthesised 

with a specific type of base pairs. A greater abundance of one base as oppose to another in the 

DNA molecule may or may not improve the binding affinity of DNA to vancomycin. The 

preferential binding of vancomycin to a specific set of base pairs would suggest that biofilms 

release a specific set of DNA that specifically binds vancomycin. 

Pseudogenes have been shown to be a regular feature of bacterial genomes with 27 

pseudogenes identified in S. aureus.  Pseudogenes are a highly mutated form of DNA that has 

ceased to function and is considered junk DNA (Lerat & Ochman 2005). A study by Rogozin 

and colleagues showed that the evolution or occurrence of pseudogenes in prokaryotes is 

regulated by selection pressures of a specific environmental niche (Rogozin et al. 2002). The 

various micro-environments within the biofilm could provide the relevant selection pressures for 

the evolution of a greater number of pseudogenes. The pseudogenes that contain a greater 

abundance of the preferential base sequence, maybe released into the matrix when the biofilm 

is challenged with vancomycin, thus providing an antibiotic specific response, which is often 

observed in all antibiotic studies with all bacterial species. 
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6.7.3 Antimicrobial Properties of DNA  

The findings in Chapter 5 showed that exogenous DNA extracted from S. epidermidis as well as 

other bacterial species exhibited some antimicrobial properties against planktonic and biofilm 

cells. Section 5.3.8 provided some insights into DNA’s antibacterial properties but a significant 

amount of work remains to be completed in order to fully understand how these properties fit 

into the biofilm lifestyle. Some experiments are suggested; 

 Competition and co-operation studies  

It would be interesting to perform some co-culture experiments with S. epidermidis and S. 

mutans in order to establish if one species would out-compete the other. These experiments 

can also be performed in the presence and absence of vancomycin, which may help to 

determine if living together helps them to evade vancomycin treatment. Another possible 

extension of this experiment is to introduce exogenous DNA from both species (individually) into 

a co-culture with and without vancomycin. This experiment may help to determine if S. mutans 

would have an advantage if present in a culture of vancomycin, S. epidermidis and exogenous 

S. mutans DNA. According to the results of Fig. 5.10, the S. mutans DNA would increase the 

effects of vancomycin and so kill the S. epidermidis population enabling the S. mutans cells to 

survive.  

6.7.4 Biomaterial Coatings  

The results presented in Chapter 5 showed that extracted exogenous S. epidermidis DNA 

exhibits antibacterial properties. In addition pre-coating a 96-well plate with exogenous S. 

epidermidis DNA resulted in less biofilm formation than on a DNA-free control plate. Since 

formation of biofilms on surfaces is a significant contributor to the virulence of S. epidermidis, 

the following experiment is proposed; 

 Exogenous S. epidermidis DNA as a biomaterial coating  

The aim of this experiment would be to fully investigate the potential application of extracted 

exogenous S. epidermidis DNA as an anti-bacterial coating for biomaterials. Firstly, common 

biomaterials such as titanium alloys and stainless steel (316L-SS) (materials commonly used as 

prosthetic hip implants) will be coated with exogenous DNA. Water contact angles of each 
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coated and uncoated surface will be measured which would enable the comparison of the 

hydrophobicity of each surface and determine how the DNA coating changes the adhesion 

properties of the material surface.  

Secondly, using AFM it may be possible to observe the live attachment of planktonic S. 

epidermidis cells to each surface and to obtain cell surface parameters such as cell surface 

roughness and elasticity. This experiment may provide information regarding specific cell 

surface features that are required for attachment to exogenous DNA coatings and may answer 

the question of why some cells attached to DNA coated plates and others did not (Chapter 5).  

The final experiment would involve AFM imaging and adhesion studies on young biofilms. 

Quantification of biofilm surface roughness parameters as well as the forces required for 

adhesion of the biofilm to the AFM tip would also be acquired. These experiments would be 

carried on biofilms grown on each medical device with and without the DNA coating. This 

experiment would determine if biofilms formed on DNA coated surfaces are more or less 

strongly adhered to their biomaterial substratum.  

Finally, the adhesion properties of young biofilms grown on DNA coated and uncoated 

biomaterials can be recorded in the presence and absence of antibiotics, in a manner similar to 

the AFM experiment in Chapter 3. This study would determine if antibiotic exposure (as would 

be the case in a real medical device infection) would cause biofilms formed on DNA coated 

surfaces to increase their adherence to the substratum 
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6.8 Concluding Remarks  

Biofilms have evolved into the clinical environment in the form of persistent chronic infections. 

The biofilm phenotype is a protective form of growth and so affords the biofilm community 

enhanced protection from antimicrobials and immune attack. S. epidermidis biofilm formation is 

the most reported cause of orthopaedic implant infections. The unique structural properties of 

biofilms aid in the dilution of administered vancomycin doses, suggesting that S. epidermidis 

biofilms live life on an orthopaedic implant with persistent exposure to low vancomycin 

concentrations. 

Previous studies have suggested that antibiotics at low concentrations act as molecular signals 

and induce changes in gene expression which contribute to the development of adaptive 

antibiotic resistance (Fernández et al. 2011; Fajardo & Martínez 2008). Although some evidence 

in support of this hypothesis has been reported, the idea of adaptive antibiotic resistance is not 

yet fully accepted as a contributing factor to the resistance properties of biofilms.  

The findings of this project showed that the penetration of vancomycin through sub-MIC 

vancomycin treated biofilms is significantly impeded because the matrix of sub-MIC vancomycin 

treated biofilms contains a greater abundance of eDNA. As a result, cells in the biofilm are 

protected because a greater amount of eDNA increases the potential binding sites, which 

enables eDNA to bind any subsequent vancomycin travelling through the biofilm. The work 

presented here not only supports the idea of adaptive resistance in S. epidermidis biofilms but it 

demonstrates the potential mechanism through which it occurs.  

In addition, some parts of this work have established the yet-unreported antimicrobial properties 

of exogenous bacterial DNA and its effects on cell attachment and biofilm formation. Although 

more work remains to be completed to fully understand the role of antimicrobial DNA within 

bacterial and biofilm physiology, the initial findings shown here raise the question of whether 

biofilm eDNA can have antagonistic functions?  
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