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ABSTRACT 

Title of Dissertation: Impact of cell substratum adhesion pattern and cluster spatial 

distribution on the development of Staphylococcus aureus 

biofilm under physiologically-relevant shear rates. 

 Opeyemi O. Ajayi, Doctor of Philosophy, 2018 

Dissertation directed by: Dr. Julia M. Ross 

Paul and Dorothea Torgersen Dean of Engineering 

Virginia Tech College of Engineering 

 Dr. Jennie B. Leach 

Graduate Program Director 

Chemical, Biochemical and Environmental Engineering 

University of Maryland, Baltimore County 

Bacterial cells, in nature, prefer to exist as a surface-attached coalescent community 

of slime-encased cells known as biofilms. This biofilm-forming existence offers several 

advantages to the cells, including evasion of host immune response, resistance to 

antimicrobials and antibiotics, communal expression of metabolites, and overall increased 

survivability in unfavorable environmental conditions. Biofilm formation has been 

observed for several species of bacteria across multiple scientific disciplines and affecting 

a wide variety of industries including the food industry, waste treatment, and healthcare. In 

healthcare settings, S. aureus is a major etiological agent of biofilm-based infections in 

humans. Furthermore, the hydrodynamic environment of the cardiovascular system 

complicates the eradication of biofilm-based infection due to metastasis of eroded cells to 



 

 

multiple infection sites. Therefore, remediation efforts of staphylococcal infections are 

aimed at the prevention and disruption of biofilm development.  

Regardless of infection site, pathogenesis is initiated by adhesion of planktonic 

cells to host tissue or implanted biomaterials, culminating in the formation of mature 

biofilm that can subsequently seed planktonic cells. In S. aureus the transition of adhered 

bacterial cells into biofilm depends on cellular production and detection of a signal peptide 

molecule called auto-inducer peptide (AIP). Biofilm development and virulence are 

regulated by the sensing mechanism of the cells to their local AIP concentration. With this 

in mind, I hypothesized that biofilm development may be inhibited by specifying initial 

parameters within the biofilm environment that influence local AIP concentrations; these 

parameters include fluid shear stress as well as the geometric features of initial cell-

substrate adhesion, including distance between adhesion sites and the area of the adhesion 

sites on the substrate. 

The broad objectives of this study were to characterize and quantify the 

morphology of S. aureus biofilms under fluid flow that were initiated on substrates with 

micropatterned cell-adhesion sites of controlled spacing, size, and total area. First, the 

underlying mechanism of biofilm-dependent growth was predicted via in silico simulation 

of AIP concentration. Then laboratory experiments demonstrated that: 1) increased spacing 

between microcolonies correlated with diminished S. aureus biofilm development; and 2) 

inhibition of biofilm development was greater when exposed to increased fluid shear 

stress. These findings unveil new strategies to potentially slow down or prevent biofilm-

based infections in the human cardiovascular system. 
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Chapter 1: Introduction  



2 

 

 

 

1.1 Motivation for study 

Staphylococcus aureus, a gram-positive opportunistic pathogen, is a leading 

etiological agent of bacterial infectious diseases in humans and animals. In both livestock 

animals and humans, S. aureus is found, asymptomatically, in healthy carriers such as  in the 

nasal cavity of ~20% of humans [1-4], and on the skin of 90% of poultry, ~42% of pigs and 

~20% of cows [5, 6]. However, Staphylococcal skin infection such as dermatitis is common 

in animals and more serious infections are possible such as infective mastitis in farmed dairy 

cows [4]. For these reasons, antibiotic use has long been common practice among livestock 

farmers [7]. In humans, S. aureus causes benign external diseases such as skin infections but 

more importantly, they cause invasive acute infections such as arthritis, osteomyelitis and 

sepsis [8-10]. S. aureus is also a major etiological agent of cardiovascular infections and 

diseases affecting implanted medical devices such as infective endocarditis [11-15]. Despite 

technological improvements in the medical field and on diagnosis, infective endocarditis still 

carries a high mortality rate in humans with 15-20% mortality reported in 2009 [12, 15, 16] 

and up to 30% as recently as 2015 [17]. Blood-borne S. aureus infections can be nosocomial 

or community-acquired [1, 18] and a recent report shows that 30% of all infective 

endocarditis cases are nosocomial in origin [17]. In general, cases of S. aureus infections are 

usually associated with the high healthcare costs of prevention, diagnosis, and treatment [19]. 

There are many reasons for the prevalence of S. aureus infections. One such reason is 

that S. aureus expresses a wide variety of virulent factors [20]. These virulent factors confer 

the ability to cause infection in a wide variety of systems from external systems like the skin 

to the blood [2, 9]. Additionally, the prevalence of infections is exacerbated by the evolution 
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of multiple antibiotic resistant isolates that further complicates the therapeutic challenges 

faced when combating infections [2, 18, 21-24]. Methicillin resistant S. aureus (MRSA) is 

the most common antibiotic resistant strain that has been associated with a wide variety of 

community-acquired (CA) infections in countries around the world [18]. In addition to 

antibiotics resistance, CA-MRSA, due to unknown factors, is reported to possess increased 

virulence, causing new diseases to emerge, compared to nosocomial strains [18]. 

The invasiveness of S. aureus has been attributed to its capacity for adherence onto 

several host matrix proteins including collagen and fibronectin [25-28]. Further invasion and 

colonization of non-motile cells at the infection site leads to the formation of an aggregation 

of cells known as a biofilm. Biofilm-based S. aureus infections are a major etiological agent 

of recurring infections and of diseases involving indwelling medical implant devices in 

humans [9, 29, 30]. These biofilm-based S. aureus cells differ from their planktonic 

counterparts, notably by exhibiting a greater resistance to host immune responses and 

antimicrobial therapies [9, 17, 23, 29, 31]. It is largely accepted that the formation of biofilm 

by bacteria is in part a survival strategy of the cells resulting in antibiotic resistance [2]. This 

antibiotic resistance strategy of bacteria has led to an increase in the study of biofilms by the 

scientific community. 

In all cases of biofilm infection, including those caused by S. aureus, adherent cells 

communicate with each other via the release and detection of small signal molecules. In the 

case of S. aureus, auto-inducer peptide (AIP) molecules are released and detected by 

individual cells and their neighbors, resulting in the phenomenon widely known as quorum 

sensing (QS) [31-34]. The formation and secretion of the AIP signaling molecules is 
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metabolically “inexpensive” and the sensing of these molecules directly affects other cellular 

expression patterns [34, 35]. Thus, it has been proposed that cells utilize the sensing of these 

signal molecules to detect the mass transfer conditions of their immediate environment by 

“efficiency sensing”. Additionally, efficiency sensing is for the purpose of detecting a 

suitable state for the production of expensive metabolites such as those involved in virulence 

or biofilm formation [35, 36]. Independent studies have corroborated that single bacteria 

cells confined within an enclosed matrix exhibit quorum response to a signal molecule that 

they produce [37, 38]. In those works, it was shown that the local AIP concentration around 

an individual cell, not the presence of other cells in the vicinity forming a quorum, 

determines its response to the signal molecule. 

Parameters of the cellular environment that increase local AIP concentration therefore 

have the potential to promote biofilm development and virulence, and vice versa. Such 

parameters include the physical spacing of individual bacterial cells and cell clusters and the 

total density of adherent cells. In this work, I hypothesized that the geometrical arrangement 

of adherent S. aureus cells affects a biofilm’s physical and morphological development under 

physiologically-relevant shear conditions. The focus on physiological shear rates, such as 

those found in the human cardiovascular system, allows for direct implication of the findings 

of this work towards achieving improved therapies for bloodborne S. aureus infections. 

Previous studies have described the use of substratum manipulation of adherent cells 

to study biofilm development [39-41]. However, these studies were performed under static 

experimental conditions and they relied on large time scale experiments (24 hours to several 

weeks) for biofilm development in relation to the focus of each study. These studies have 
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made significant contributions to investigating the effects of surface modification to biofilm 

development. However, the influence of physiological shear on the manipulated adhesion is 

unknown. One of the main purposes of research is to mimic, as closely as possible, the 

conditions of the target of the findings. Hence, the relevance of investigating the impact of 

physiological shear on the manipulated adhesion is necessary for elucidation of infection 

mechanisms during, for example, the infection of indwelling implant devices. 

Additionally, the focus of this work is on the microscale control of S. aureus 

adhesion. Therefore, the focus is largely on biofilm development for shorter time scales. The 

primary reason for this is that at large time scales, differences in biofilm development by 

micropattern configurations are obscured by the complex heterogeneities that develop as 

time passes. The goal of this study is to determine how specific physiological shear promotes 

or diminish S. aureus biofilm development during the early stages of biofilm development 

following controlled adhesion of cells in micropatterned colonies. Achievement of this study 

goal could lead to the development of better preventive therapies for biofilm development on 

implant medical devices.   
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1.2 Pathogenesis of biofilm infections 

Biofilms are sessile communities of cells that grow in a communal manner, on both 

biotic and abiotic surfaces, within a matrix of polysaccharide molecules that the cells 

themselves produce. Bacterial biofilms in nature can be formed from a single species or 

comprised of multiple species, and the phenotype of biofilm cells differ from that of their 

planktonic counterpart [42-45]. Studies into the development of biofilms is challenging due 

to their complex and heterogeneous nature. One of the main challenges arise from the lack of 

standardized biofilm study protocols largely due to the study of biofilms being relatively new 

compared to the study of suspension cultures [46, 47]. Additionally, there are currently no set 

standards for the numerical analyses of biofilms. In fact, software capable of quantifying 

biofilm structures were only made possible by advances in confocal laser scanning 

microscopy [48]. 

As a mature microbial biofilm develops, its three-dimensional architecture becomes 

more complex [42]. As this happens, porous channels are formed as part of the three-

dimensional structure that enable the transport of nutrients and waste to and from cells within 

the biofilm community [42, 49]. This three-dimensional structure is primarily maintained by 

the secretion of an exo-polymeric slime (EPS) slime by the cells [42, 50]. The EPS confers 

encased cells with added protection against antimicrobial agents, while the presence of the 

porous channels promotes their survival. From a public health perspective, host defense 

responses have a diminished effectiveness against biofilm-based infections [42]. 

Furthermore, as a result of the physiological shear imposed by the bloodstream, biofilm 

infections possess the cancer-like possibility to metastasize to other infection sites [51]. This 
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metastasis is due to non-rigid, fluid properties of the EPS and its ability to slough off chunks 

of itself or seed individual cells. 

 

1.2.1 Development of S. aureus biofilm under hydrodynamic shear 

S. aureus is one of the most important etiological bacterial agents of bloodborne 

diseases and implant device-based infections. Regardless of the infection site, the 

pathogenesis of S. aureus infection is initiated by the invasion and adhesion of the individual 

cells to host extracellular matrix (ECM) protein or an implanted biomaterial [23, 42, 43, 49-

52]. This critical adhesion step ultimately leads to the formation of mature biofilm by a 

complex process that includes other important milestone steps including colony formation, 

accumulation and dispersion (Figure 1.1). Following adhesion to a surface, cells quickly 

begin to accumulate by adhesion of other cells in the vicinity to already attached cells or by 

clonal multiplication [9, 10, 43]. The accumulation of these planktonic cells onto the 

infection site initiates a pathway to the formation of a biofilm [2, 9, 27, 43, 49, 50, 52-54]. 

The adhesion step, which initiates pathogenesis for S. aureus infection can occur 

through a variety of pathways. Adhesion can proceed in static non-flow environments via 

sedimentation, Brownian motion of cells or in the case of motile bacterial, active movement 

to infection site [55, 56]. Within a dynamic environment, convection currents within a bulk 

liquid containing bacteria can transport cells to a suitable surface. Consequently, electrostatic 

and physical interactions between the cells and surface facilitate cell adhesion [55, 56]. The 

adhesion of S. aureus cells to components of host plasma and ECM proteins is mediated by 
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its cell surface adhesins collective referred to as “microbial surface components recognizing 

adhesive matrix molecules” (MSCRAMMs) [20, 29].  

The adhesion and growth of S. aureus cells on various host ECM proteins under 

physiologically relevant hydrodynamic shear conditions has been extensively studied [25, 51, 

57-63].  Additionally, varying the hydrodynamic shear conditions experienced by adherent 

cells influences the development of S. aureus biofilm (Figure 1.2) [64]. Furthermore, at 

lower shear rates, nutrient mass transfer impact biofilm development significantly more than 

at higher shear rates (Figure 1.3) [64]. The implications of these observations are that higher 

shear rates result in biofilm developmental changes that cannot be attributed to nutrient 

limitations affecting the normal cellular growth. The question thus remains of the 

mechanistic influence that variation of shear rates has on biofilm development in the absence 

of nutrient limitation.  

 

1.2.2 S. aureus cell-to-cell communication  

Adherent S. aureus cells that form microcolonies recognize and respond to one 

another by quorum sensing (QS) [31-34, 36, 65]. In S. aureus the accessory gene regulator 

(agr) locus is responsible for regulating the quorum sensing system. The agr locus comprises 

two divergent transcription units, P2 and P3, that code for the agrBDCA and RNAIII 

transcripts respectively. The agrBDCA transcript exhibits a feedback loop in the production 

and detection of the signal molecule, AIP, with the RNAIII transcript acting as an effector of 

the feedback response [34, 66-70]. RNAIII expression increases the transcription of several 
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secreted virulence factors including toxic shock syndrome toxin and δ-hemolysins as well as 

regulating biofilm development [34, 71]. 

 

1.2.2.1 Role of the agr system in S. aureus biofilm development 

The S. aureus agr locus is responsible for the production and detection of AIP (Figure 

1.4 A). A product of agrD transcript expression, AIP is processed and transferred 

extracellularly by the transmembrane transcript of agrB gene. The extracellular AIP 

molecules are subsequently detected by the transmembrane product of agrC that, through a 

cascade of phosphorylation reactions, activates the agrA transcript byproduct [34, 68, 69, 72, 

73]. The agrC transcript is a histidine protein kinase sensor while agrA is the response 

regulator – this agrC-agrA couple acts as a two-component regulator system to detect the 

extracellular AIP molecules [73].  

There are four distinct classes of agr systems (agr I – IV) that have been identified in 

different S. aureus strains and each encode and detect a unique autoinducer structure (AIP I – 

IV) shown in Figure 1.4 B [68, 73, 74]. The four AIP structures differ in their peptide chain, 

ranging from seven to nine residues. However, a thiolactone ring is conserved among all four 

types [74, 75]. Although the exact function of the thiolactone ring is yet unknown, it is 

formed during the processing and subsequent extracellular transport of AIP by the agrB 

transcript [76, 77]. 

The agr locus contributes to S. aureus virulence expression in biofilm-associated 

infections such as endocarditis and osteomyelitis. However, the precise mechanism of 
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executing this role varies depending on the infection type [34]. Although the function of the 

agr locus of S. aureus is primarily to promote the cell-to-cell communication by AIP 

biosynthesis, secretion and detection, this function shifts alongside the phenotype change that 

occurs following the detection of a quorum [34, 67, 70, 78-80]. For example, the agr locus is 

also involved in agr-mediated dispersal of biofilm [67, 81]. The delineation of the agr locus 

function and its involvement in QS has contributed to its potential as a target for therapeutic 

treatment of bacterial infections [65, 75, 82, 83]. 

 

1.2.2.2 Quorum, diffusion and efficiency sensing 

Quorum sensing (QS) is commonly described as the phenomenon of bacterial cell-to-

cell communication relying on the interaction of a diffusible signal molecule and a sensor, 

for the purpose of detecting a quorum. This QS enables cells to couple gene expression with 

perceived local cell population density detected by each individual cell [32, 34, 36, 73, 84]. 

This mechanism allows each cell that makes up the quorum to detect the population density 

based on the local concentration of the signal molecule. Thus, facilitating the detection of 

optimal conditions for a phenotypic shift where-in the quorum behave collectively as one 

organism; disregarding individual phenotypic gene expression. Several bacterial strains 

utilize the QS signaling system. For example, Pseudomonas aeruginosa cells utilize the 

intercellular signaling system to regulate a phenotypic shift to biofilm formation [85]. 

Traditionally, QS has been applied as an encompassing term describing all signal-

based cell-to-cell communication and response. Following this theory, an underlying 
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criterion of QS is that multiple cells are present to benefit and cooperate as a group. 

However, the group requirement of cell-to-cell signaling has been debunked as a requirement 

for cells to exhibit a phenotypic response. For example, in one study, a single S. aureus cell 

was isolated within a nanostructured matrix and it self-induced the QS pathway, as well as 

developed a group-like virulence response [37]. Similar behavior has also been observed in 

P. aeruginosa [38]. This concept of cell-signaling, refined to account for the local cell 

environment as a factor in the communication mechanism, was referred to as diffusion 

sensing (DS) [36, 84]. 

Hense et al proposed a unifying terminology encompassing all cell-signaling 

communication pathways known as efficiency sensing (ES) [35]. The ES hypothesis states 

that cells measure a combination of environmental qualities – cell density, spatial 

distribution, and limitations to autoinducer mass transfer – for the purpose of detecting 

optimal conditions of all three qualities for production of more metabolically taxing 

transcription products [35, 36]. Regardless of terminology used to describe the phenomenon 

of cell-to-cell sensing, it is scientifically accepted that once the signal molecules leave the 

cell, factors such as fluid dynamics and spatial geometry influence its mass transfer within 

that environment. This phenomenon, in part, contributes to the research field focused on 

discovery of QS analogs that may be applied in therapeutic treatments [65, 86-88]. A 

summary of the three cell-to-cell sensing mechanisms is provided in Table 1.1. 
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1.3 Applications of microfabrication in biological studies 

Microtechnological tools are becoming increasingly popular additions to the 

repertoire of tools utilized in studying biological systems. Microtechnology involves the 

fabrication and application of micron and sub-micron scale structures as diagnostic tools in 

studying and manipulating microorganisms in their immediate cellular microenvironment 

[89-91]. Specific microtechnology tools that have frequently been employed in biological 

research include lithography and microfabrication. Photo-lithography, a process that was 

originally developed for the manufacture of microelectronic circuits, was first employed for 

the development of DNA microarrays in landmark studies that introduced the possibilities of 

microtechnology in biological research [92-95]. Photo-lithography is an expensive process 

for microfabrication and it has limitations over the properties of the substrate as well as the 

material that is patterned [90]. 

Soft-lithography is a more accessible process for the microfabrication and printing of 

surfaces with biologically relevant materials. This lithography process is more flexible with 

respect to the surfaces that can be printed on as well as the material of the ink used in 

printing. For biological studies, it is often necessary to fabricate surface prints with 

properties that allow linkage with biological organisms of interest. For example, self-

assembled monolayers of thiolates on gold or glass surfaces have been utilized in studying 

biologically relevant surface modification [90]. Additional research opportunities that have 

been facilitated by the application of soft-lithography include the isolation of single cells in 

microfabricated structures for studying quorum sensing [37, 38], fabrication of rigid poly 
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(dimethyl siloxane) (PDMS) structures for studying the effect of physical barriers to biofilm 

formation [39-41, 96-99], and investigating multispecies biofilm formation [100, 101]. 

 

1.3.1 Influence of microtopography on biofilm development 

Toward the end of the last decade, researchers from the laboratory of Dr. Anthony 

Brennan at the University of Florida discovered that unlike large marine vessels such as 

submarines and freightliners and large marine wildlife such as whales and manatees, sharks 

do not get fouled by marine bio-organisms like algae and barnacles [102]. Further 

investigation revealed that shark skin, unlike the other large marine animals’, possessed what 

have been referred to as dermal denticles – micro-scale-sized diamond-shaped scales that 

have micropatterned ridges, on the surface of their skin [103, 104]. Furthermore, 

topographical diamond-shaped pattern of 2 – 10 µm spaced ridges varying in length from 4 – 

16 µm diminished biofilm development compared to a non-patterned surface by a variety of 

bacterial species including Escherichia coli, P. aeruginosa and S. aureus [39-41, 104-107]. 

However, the underlying mechanism for this inhibitive effect is unknown. 

Conventional methods for treatment of biofilm-based infections involve the use of 

antimicrobials to kill the pathogen. However, this antimicrobial use has led to the existence 

and proliferation of increased resistance in bacterial pathogens to antibiotics like methicillin 

and vancomycin. Therefore, new therapeutic strategies are needed to manage bacterial 

growth while avoiding antimicrobials that contribute to the observed trend in bacterial 

resistance. Such a strategy may be found in the use of these topographical features to control 
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the adhesion of the bacterial pathogen, thus influencing biofilm development. This body of 

work focuses on S. aureus as the target bacterium, thus, the micropattern dimensions 

designed here are influenced first by its cell size (~ 1 µm). The micropatterns in this work 

were designed in the form of microcolony arrays of equally spaced dots. The size of each 

microcolony was 10 µm so that following adhesion of S. aureus cells by sedimentation, the 

number of cells in each microcolony is ~ 100 cells-per-dot. 

 

1.3.2 Micro-contact printing 

Micro-contact printing (µCP) is a soft-lithography process that employs mechanically 

soft materials such as PDMS to develop micron scale patterns of biological material [108]. 

µCP is the most common soft-lithography technique utilized in biological studies due to 

being a relatively inexpensive process that does not need very specialized equipment to 

achieve complex micropatterns. The process involves the development of a PDMS stamp 

with surface relief features matching the desired printing pattern. The patterned surface is 

then inked and printed onto a desired substrate in a process that is analogous to a traditional 

document stamping [90, 100, 108, 109]. In this study, µCP was utilized for controlling the 

adhesion pattern of S. aureus cells by printing the protein, fibronectin, on glass. 
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1.4 Quantification of biofilm morphology by image analysis 

The common analytical method in biofilm studies utilizes two-dimensional image 

analysis. However, these two-dimensional images do not adequately capture some of the 

structural characteristics of developed biofilm such as the surface heterogeneity and 

roughness, biofilm thickness, and porosity. The introduction of confocal laser scanning 

microscopy (CLSM) expanded biofilm analyses to include three-dimensional image capture. 

These three-dimensional images enabled qualitative analyses for the structural characteristics 

not possible via two-dimensional image analysis such as the roughness and biofilm 

thickness. The evaluation of biofilm internal structure was yet not possible via qualitative 

evaluation of the three-dimensional images. 

In traditional scientific dogma, the ability to recreate experimental data among peers 

is a crucial tool in verifying findings as well as improving studies for further advances. In 

biological studies, verification of findings is typically difficult to achieve due to the 

variations that are inherent to experiments involving living organisms. With biofilms in 

particular, this a specific challenge because of the wide heterogeneities that make up an 

intrinsic part of biofilm development. Comparing data from separate experiments is 

challenging due to the personal bias introduced by individual investigators having different 

perspectives of the visual observations of developed biofilm from qualitative analyses of 

two- or three-dimensional images. Finally, these challenges are exacerbated by the lack of 

standardizations for visual or numerical characterization of biofilms. 

To this end, numerical methods are increasingly utilized as a tool in standardizing the 

quantitation of developed biofilms’ structural features. Parameterizing these features can 
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provide an additional tool for the study of biofilms since they can provide experimental 

values for statistical analyses of biofilm characteristics [48, 110]. Numerical software 

currently utilized in quantifying three-dimensional biofilm structures include COMSTAT 

and image structure analyzer – both of which utilize exported image output of CSLM. Image 

structure analyzer in three dimensions (ISA3D) was utilized in this study to quantify the 

features of developed biofilm structure such as biovolume, biofilm thickness, and porosity 

among others. The MATLAB-based software utilizes the image output of CSLM to 

reconstruct a three-dimensional representation of the biofilm for analysis by ISA3D [48, 110-

112]. 

To maintain consistency in the analysis of these parameters, an automated image 

threshold was applied by ISA3D. This threshold is done by converting the exported CSLM 

images to black-and-white images representing biofilm material and interstitial space [113]. 

Due to the variations in CSLM image acquisition originating from different laser settings and 

fluorophore intensity, the image threshold offers a route to consistency. The automated 

image threshold eliminates bias among multiple users, thus ensuring a more robust analysis. 

A summary of the parameters calculated by ISA3D are provided in Table 1.2, while a brief 

description of the biovolume, porosity, thickness and roughness utilized in characterizing 

biofilms in this body of work are described below. It is important to note that each of these 

parameters by themselves do not completely describe a biofilm but taken together, provide a 

description of biofilm physiological characteristics. 
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1.4.1 Biovolume 

Three-dimensional biofilm structures are inherently volumetric. Thus, one of the first 

parameters that was used to quantify biofilm structure was biovolume [114]. The biovolume 

represents an estimate of the biomass within biofilms as well as their bulk volume [115]. It is 

determined by the numerical integration of the voxels – the pixels in all three dimensions (x, 

y (along the plane of each CSLM image), and z (the distance between each image)) – across 

the stack of images [114-117]. 

 

1.4.2 Biofilm thickness 

The thickness of biofilms is another measure of the physical properties that 

determines biomass accumulation during biofilm development. Due to the variability of the 

surface of biofilms, two thickness parameters are calculated; the mean and maximum 

thicknesses. The maximum thickness is determined as an average over the maximum 5% of 

the thickness measurements across the surface of the measured biofilm [111]. 

 

1.4.3 Porosity 

As the three-dimensional matrix of biofilms develop, porous channels are formed. 

These porous channels enable the transport of solutes both within biofilms and between 

biofilm and bulk fluid [42, 112]. This feature is therefore important to determine the 

progression of biofilm development. The parameterization of this feature is achieved by 
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calculating the ratio of the total volume of interstitial space (or void space within biofilm) to 

the total volume of biofilm [110-112]. 

 

1.4.4 Diffusion distance 

The diffusion distance for a cluster is a measure of the distance from the cells in the 

cluster to interstitial space [110, 111]. The maximum diffusion distance is the largest 

calculated value within any cluster [111]. Unlike the traditional diffusion distance that 

involves diffusion coefficient and molecular weight of a diffusible solute, the diffusion 

distance calculated by ISA3D is the physical distance through the biofilm that any solute has 

to travel from interstitial space.  

 

1.4.5 Roughness 

The roughness coefficient is determined based on the variability in the calculated 

thickness across the surface of biofilms [115]. This parameter is used to determine the 

overall increase in heterogeneity of the developed biofilm structure that is often represented 

by an increase in the surface roughness. The roughness is due to the formation of structures 

of varying height across the surface of the biofilm [110, 111, 115]. 
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Table 1.1: A summary of descriptions for quorum sensing, diffusion sensing and efficiency 

sensing [35]. In each row, the descriptions of what cells are sensing, why cells are sensing 

and the benefits of the sensing mechanism to either individual cells or groups/clusters of 

cells. 

 Quorum Sensing (QS) Diffusion Sensing 

(DS) 

Efficiency Sensing (ES) 

How 

Cells 

Sense 

Individual cells emit small diffusible autoinducer molecules that are sensed by 

themselves and others, leading to regulation of gene expression. This 

mechanism is referred to as autoinducer sensing to avoid implying what and 

why cells sense and who benefits from the sensing 

What 

Cells 

Sense 

Cell density (or, less 

accurately, the cell 

number). An ensemble 

property on the 

population scale, not 

only defined at the 

positions of individual 

cells. 

Mass-transfer 

properties of the 

environment 

surrounding a focal 

cell. Independent of 

cell density and spatial 

distribution. 

A combination of cell 

density, mass-transfer 

properties and spatial cell 

distribution as the cell 

cannot determine density, 

mass transfer or clustering 

alone. 

Why 

Cells 

Sense 

To detect situations 

where cell density is 

sufficient to make a 

coordinated response of 

a group of cooperating 

cells worthwhile. 

To detect situations 

where mass transfer is 

sufficiently limited for 

single cells to respond 

by producing 

extracellular diffusible 

effectors. 

To estimate the efficiency 

of producing extracellular 

diffusible effectors and to 

respond only when this is 

efficient. 

Benefits Hypothesis suggests QS 

evolved because of 

group fitness benefits. 

Hypothesis suggests 

DS evolved because of 

individual fitness 

benefits, making DS a 

simpler hypothesis 

than QS. 

Hypothesis suggests ES 

evolved because of both 

individual and group 

fitness benefits. Both work 

in the same direction, 

yielding broader conditions 

where ES would be 

selected for. 
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Table 1.2: Summarized description of parameters calculated by Image structure analyzer 

(ISA3D). These parameters are used to quantify the physiological properties of developed 

biofilms from CLSM images [48, 110, 111, 113-118]. 

Parameter Description 

Biovolume (BV) Average three-dimensional coverage of biofilms, calculated as 

an integral over all pixels with the biomass present. 

Volume to Surface-

area Ratio (V2SA) 

Ratio of the biovolume to the total surface area of a cell cluster. 

This is another parameter for determining the three-dimensional 

biofilm coverage. 

Porosity (P) The porosity is defined as the ratio of void volume to total 

volume. 

Mean Diffusion 

distance (ADD) & 

Maximum diffusion 

distance (MDD) 

The diffusion distance for a cluster is a measure of the distance 

from the cells in the cluster to interstitial space. The maximum 

diffusion distance is the largest calculated value within any 

cluster. 

Aspect ratio (AR) The aspect ratio is defined as the ratio of the average length of 

biofilm in the x-direction to the average in the y-direction. It is 

used to indicate symmetry (or asymmetry) of cluster growth in 

either the x- or y-direction. 

Mean thickness (MT) 

& Maximum thickness 

(MaxT) 

The thickness describes the vertical direction height of biofilms 

calculated from the substratum to its surface. The maximum 

thickness is calculated from the highest 5% values of biofilm 

thickness. 

Fractal dimension 

(FD) 

Fractal dimension is used for quantifying the roughness of the 

boundaries of cell clusters. A higher fractal dimension indicates 

a more irregular cell cluster surface. 

Roughness The roughness coefficient indicates the variability in biofilm 

thickness. This differs from the FD that describes the variability 

in the surface of the cell clusters in three-dimensions. The 

roughness coefficient specifically describes the variability in the 

z-direction only. 
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Figure 1.1: Pathogenesis of S. aureus biofilm development.  [29] 
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Figure 1.2: Influence of fluid shear on S. aureus biofilm development. Adherent cells at a 

density of ~20000 cells mm-2 on collagen was subjected to physiologically relevant shear of 

(A) 50 s-1; (B) 100s-1; (C) 300s-1; (D) 500s-1 by continuous flow of TSB media for 8 hours. 

[64] 
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Figure 1.3: Influence of media concentration on S. aureus biofilm development under fluid 

shear [64]. Adherent cells at a density of ~20000 cells mm-2 on collagen was subjected to 

flow and (A) mean and maximum thickness, and (B) biovolume and surface area are shown. 

An increase in media concentration at 50 s-1 increased biovolume and thickness, while at the 

higher 100 s-1 an increase in media concentration did not significantly change the biofilm 

characteristics. † indicates statistically significant difference (𝑝 < 0.05) versus biofilms at 50 

s-1 in TSB. ȼ indicates statistically significant difference against biofilms at 100 s-1 in TSB.  
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Figure 1.4 (A): The S. aureus agrBDCA locus showing the divergent P2 and P3 transcripts; 

as well as a breakdown of the production and detection of the AIP [68]. (B): The four 

different autoinducer peptides produced by different S. aureus species. The groupings and 

arrows indicate cross inhibitory groups [74]. 

A 
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Chapter 2: Materials, methods & preliminary Data  
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2.1 S. aureus strains 

The following selection of S. aureus strains were kindly provided by the laboratory of 

Dr. Alexander Horswill (Department of Immunology & Microbiology, University of 

Colorado Anschutz Medical Campus). A summary of the selection is listed in Table 2.1. All 

strains are self-reporting (as described below), which eliminated the need for biofilm staining 

during the entire procedure.  

S. aureus strain AH1979 is a fluorescent self-reporting strain transformed with 

plasmid for staphylococcal accessory regulator A P1 promoter (sarA P1)-dependent 

superfolder green fluorescent protein (sGFP) expression. Due to this transformation, each 

cell expresses sGFP at all times during growth. The plasmid was maintained by the presence 

of chloramphenicol (CAM) resistance. This strain was selected for all principal experiments 

in this study due to the sGFP having better stability and greater fluorescence intensity than 

yellow fluorescent protein (YFP) and mCherry [119]. 

S. aureus strain AH1218 is a fluorescent self-reporter strain with plasmids for agr P3-

dependent mCherry expression and sarA P1-dependent YFP10B expression. Due to the sarA 

P1 transformation, the cells express YFP at all times during growth. Due to the agr P3 

transformation, the cells express mCherry in response to agr activation. S. aureus strain 

AH1219 is a knockout agr mutant strain of S. aureus AH1218 [119, 120]. Both of these 

strains were selected and utilized for initial preliminary experiments involving fluorescent 

reporters for biofilm development. In both strains, plasmids for agr P3 and sarA P1 were 

maintained by CAM and erythromycin (ERM), respectively.  
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2.2 S. aureus strains characterization and growth conditions 

 

2.2.1 Preparation of stock reagents 

Stock antibiotic solutions were prepared as 50 mg mL-1 aliquots each of 

chloramphenicol (CAM; Sigma-Aldrich Cat. No. C0378) or erythromycin (ERM; Sigma-

Aldrich E5389). Stock media solution was prepared as 27.5 g L-1 of tryptic soy broth (TSB; 

Fisher Scientific Cat. No. DF0370-17-3). S. aureus AH1979 required 10 µg mL-1 of CAM 

only to maintain the plasmid. S. aureus AH1218 and 1219 each required both antibiotics at 

10 µg mL-1 of CAM and 10 µg mL-1 of ERM to maintain the plasmid [119]. To achieve this, 

10 µL of the respective stock antibiotic was added to 50 mL of TSB in the flask prior to 

inoculation. 

 

2.2.2 Tryptic soy agar plates for plasmid purification 

Agar stab cultures for each of S. aureus strains AH1979, AH1218 and AH1219 were 

received from the laboratory of Dr. Horswill; the transformed strains were purified and 

cultured in preparation for cryogenic storage. Tryptic soy agar (TSA) was prepared by 

adding 27.5 g of TSB and 15 g of agar (Fisher Scientific Cat. No. BP1423) to 1 L of 

deionized water. Following sterilization by autoclave, the relevant antibiotic was added to a 

final concentration of 10 µg ml-1. The resulting TSA was poured into a petri-dish, allowed to 

cool and samples from the stab cultures were streaked onto the plates. The plates were 

incubated overnight at 37°C under aerobic conditions. A single colony was selected from 
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each plate and used to inoculate a suspension culture and each flask was incubated for 14 

hours. Frozen cell cultures were prepared by mixing 20% glycerol (Sigma-Aldrich Cat. No. 

G7893) solution and the suspension culture at a 1:1 ratio and aliquot into 1-mL freeze vials. 

Vials were stored at -80°C until ready to use. 

 

2.2.3 S. aureus suspension cultures 

Primary suspension culture was prepared by transferring 10 µL of thawed glycerol 

stock culture into 50 mL of appropriate media + antibiotic solution in a 250 mL Erlenmeyer 

flask and incubated with shaking at 140 rpm and at 37°C in a M1247-0004 incubator-shaker 

(New Brunswick Scientific), for the desired duration. To generate the characteristic growth 

curve for each strain (Figure 2.1 & 2.2), samples were collected every hour or two from the 

primary suspension cultures and the optical density at 600nm wavelength (OD600nm) was 

recorded with an Evolution 600 Spectrophotometer (Thermo Scientific). Cell counts were 

performed with a Multisizer 3 Coulter Counter (Beckman Coulter, Inc.). 

 

2.2.4 Confirming the ability of the S. aureus strains to form biofilm by the 

Congo red agar assay 

A bacterial strain’s ability to form a biofilm is tested by staining for polysaccharide 

slime production by the Congo red agar (CRA) assay [64, 121, 122]. In this assay, biofilm 

producers typically turn black in color, indicating the presence of exo-polymeric slime [64, 

121, 122]. CRA plates were prepared as previously described [64]; 0.08% (w/v) of Congo 
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red (Sigma-Aldrich Cat. No. C6277) and 36 g of sucrose (Sigma-Aldrich Cat. No. S7903) 

were added to 1 L of brain heart infusion (BHI) agar (Fisher Scientific Cat. No. DF0418-15-

9) [121]. To maintain the plasmids, appropriate antibiotic was also added to each plate to a 

final antibiotic concentration of 10 µg ml-1. 

Suspension culture flasks with each strain were cultured for ~14 hours before being 

harvested and diluted 1:20 in phosphate buffered saline (PBS; Sigma-Aldrich Cat. No. 

P3813). The diluted suspension was then streaked onto the CRA plates and incubated at 

37°C for a minimum of 24 hours. The S. aureus Phillips strain was used as a positive control 

for the CRA assay. S. aureus Phillips is a clinical isolate strain that has been extensively 

studied and has been shown to be an excellent biofilm-forming strain [51, 57, 58]. Dark 

colored bacterial colonies confirmed the biofilm forming capabilities of the strains (Figure 

2.3) 
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2.3 Development of microfabricated protein patterns on glass coverslips 

 

2.3.1 Design of photomask and fabrication of silicone master 

The desired protein pattern was initially designed using the computer-aided design 

(CAD) software AutoCAD (Autodesk) as an array of 10-µm dots with varying spacing. The 

total area of each array was designed to cover either a 2 mm × 2 mm square or a 4 mm × 4 

mm square representing low and high total area of coverage, respectively. The detailed 

pattern dimensions are listed in Table 2.2. Each pattern design was printed on a 5-inch × 5-

inch glass photomask (Front Range Photomask, LLC) with the CAD data printed as chrome 

ink on the glass substrate. The photomask was subsequently used as the mask template for 

development of the silicone master. 

The silicone master was fabricated as previously described [108] with modifications. 

A thin layer of SU-8 2010 (MicroChem Corp.), a negative photoresist material, was applied 

onto a clean 4-inch silicon wafer (University Wafers, Cat. No. 1196). The wafer was cleaned 

by immersion in a solution of three-parts sulfuric acid and one-part sodium hydroxide, 

supplied by the UMD NanoCenter FabLab (FabLab), for 30 minutes at 90°C and subsequent 

rinsing in deionized water. This was followed by secondary cleaning in buffered oxide etch 

solution (supplied by the FabLab) and a second deionized water rinse. To ensure that the 

wafer was completely dried, it was set on a hot plate preheated to 120°C for 10 minutes to 

evaporate any residual water on the wafer surface. 
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Prior to developing the master, the desired relief thickness was determined using the 

suggested optimization guidelines outlined in Figure 2.4. In order to prevent the collapse or 

sagging of pattern features on the PDMS stamp, the ratio of the relief thickness (H) to the 

patterned rod sizes (L) must be between 0.5 and 5 [108]. In addition to this, the ratio of H to 

the distance between adjacent patterned rod (D) must be greater than 0.05 [108]. To achieve 

these ratios, the optimal relief thickness was determined to be in the range of 20 µm to 40 

µm. 

SU8-2010 was applied to the wafer by spin coating using the manufacturer recipe on 

a WS-650MZ-23 (Laurell Technologies) programmable spin coater. The spin coating recipe 

was a low revolution spin at 500 rpm for 10 seconds immediately followed by a high 

revolution spin at 1250 rpm for 30 seconds to achieve a 20 µm thickness. The photoresist 

coated wafer was prebaked using a two-step heating process – comprising placement on a 

hotplate preheated to 65°C for 3 minutes followed by transfer to a second hotplate preheated 

to 95°C for 6 minutes – prior to ultraviolet (UV) light exposure. 

Following a cooling period of 10 minutes, the coated wafer was exposed to UV light 

for 8 seconds using an EVG 620 Mask Aligner (EV Group) with light intensity of 

approximately 26 mW cm-2. The UV light was filtered through the previously printed 

photomask as well as a PL-300-LP filter (Omega Optical, Cat. No. 2007308) to prevent light 

scatter. The exposed areas of the negative photoresists undergo a photochemical cross-

linking reaction of the epoxy groups catalyzed by the generation of a photoacid [123, 124]. 

The wafer was immediately transferred to a 65°C hotplate for 1 minute then to a 95°C 

hotplate for 6 minutes. 



32 

 

 

 

Finally, the wafer was developed by immersing in SU-8 developer (MicroChem 

Corp.) for 5 minutes followed by rinsing in isopropyl alcohol (IPA; supplied by UMD 

NanoCenter FabLab). All non-cross-linked photoresist was removed during the development 

phase. The wafer was subsequently placed on a 120°C hotplate for 10 minutes for hard-

baking the cured photoresist. This developed wafer containing the micro-patterns is 

henceforth referred to as the “master”. 

Acknowledgement is given for the support of the University of Maryland, College 

Park NanoCenter and its FabLab. Additional acknowledgement is given to the Micro-

Fabrication, Machining and Electronics Center at UMBC and Innopsys Inc. for their support 

in microfabrication as well as consultation. An illustrative summary of the steps involved in 

developing the protein patterns on glass coverslips is provided in Figure 2.5. 

 

2.3.2 Developing the PDMS master stamp 

The master was used as a mold to cast a PDMS stamp. Prior to fabricating the PDMS 

elastomer, a layer of tridecafluoro-1, 1, 2, 2-tetrahydrooctyl-1-trichlorosilane (TFOCS; 

United Chemical Technologies, Cat. No. T2492) was deposited on the surface of the master 

by placing a drop of TFOCS in a petri dish, which was placed along with the master (in its 

own petri dish) inside a vacuum chamber.  This process was performed in a chemical hood. 

The vacuum chamber was evacuated, allowing TFOCS to vaporize and fill the chamber. The 

deposition was allowed to continue for 1 hour and then the vacuum chamber was vented. 
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This modification was necessary in order to facilitate the separation of the elastomer from the 

master after curing. 

The PDMS was formed using the Sylgard-184 elastomer kit (Dow Corning), which 

contains an elastomer and a curing agent; the components were mixed at a 10:1 ratio by 

weight of elastomer and curing agent, respectively. The mixed compound was degassed by 

spinning in a Sorvall Legend X1R centrifuge (Thermo-Fisher Scientific) at 3000 rpm for 2 

minutes. The elastomer mixture was poured on the master and placed in an oven preheated to 

120ºC and allowed to cure for 3 hours. The cured PDMS was peeled off of the master and the 

individual patterns were cut to size with a razor. The patterned PDMS will henceforth be 

referred to as the stamp. 

 

2.3.3 Developing protein patterns on glass coverslips 

After fabrication, PDMS stamp was cleaned by sonication in ethanol for 5 minutes 

then rinsed in deionized water and dried by a nitrogen stream. The protein solution to be 

inked was prepared by, (a) serially diluting FITC-conjugated collagen-IIA from bovine 

articular cartilage (Sigma-Aldrich, Cat. No. C4486) to a final concentration of 100 µg ml-1 

in 0.01 M acetic acid, or (b) serially diluting fibronectin from bovine plasma (Sigma Aldrich, 

Cat. No. F1141) to a final concentration of 200 µg ml-1 in PBS.  

The PDMS stamp was inked by pipetting 100 µL of protein solution to the surface 

ensuring that the entire surface was covered. The protein-covered stamp was incubated at 

room temperature for 2 minutes then gently dried in a stream of nitrogen. The stamp was 



34 

 

 

 

subsequently placed in conformal contact with a glass coverslip for 2 minutes to transfer the 

protein pattern onto the coverslip. To prevent non-specific binding of cells on the non-

patterned surfaces of the coverslip, the uncoated areas of the coverslip were treated by 

incubating in a solution of PBS supplemented with 1 % bovine serum albumin (BSA, Sigma 

Aldrich, Cat. No A9418). Fabricated patterns of FITC conjugated collagen-IIA on glass is 

shown in Figure 2.6. 
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2.4 Development of biofilm cultures under physiologically-relevant shear 

This study focuses on the development of biofilm by S. aureus under the influence of 

physiological shear after controlled adhesion of the cells into micropatterned clusters. In 

humans, the physiological shear imposed by the flow of blood through the vasculature 

applies a dynamic environment on S. aureus cells during its infection pathogenesis. A list of 

physiological shear rates in the human vasculature is provided in Table 2.3. The observed 

shear rate in the cardiovascular system range from 20 s-1 – 2000 s-1, however, the shear rates 

selected for this body of work were based on previous findings [51, 64]. For this study, I 

focused on the effect of the shear rates of 100 s-1 and 300 s-1. Nutrient mass transfer 

limitations impact biofilm development at the shear rate of 50 s-1 [64]. Additionally, above 

300 s-1 shear rate, differences in developed biofilm were statistically insignificant as the 

shear rate was increased from 300 s-1 to 500 s-1 [64]. 

 

2.4.1 Parallel plate flow chamber system 

Although the human vasculature can be considered cylindrical in geometry [125], the 

in vivo shear conditions are mimicked experimentally by using parallel plate geometry. The 

parallel plate flow chamber system consisted of two glass coverslips attached to the top and 

bottom plates of a PFC-1 ProFlow chamber (Warner Instruments, Cat. No. 641860) 

separated by a silicone gasket (Figure 2.7 A). The distance between the parallel plates and 

the width of the flow channel were determined by the thickness and cutout geometry of the 

gasket, respectively. The ProFlow 250 µm thick silicone gaskets (Warner Instruments, Cat. 
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No. 641861) that has a 10-mm-wide channel cutout was utilized. A 15-mm round glass 

coverslip was used as the top of the parallel plate and a 25-mm round glass coverslip were 

each coated with the appropriate protein and then used as the top and bottom of the parallel 

plate, respectively. 

This parallel plate flow chamber system is governed by the Hagen-Poiseuille flow for 

a Newtonian fluid. The mathematical model of the Hagen-Poiseuille equation is derived from 

resolving the Navier-Stokes equation for a fully developed, laminar, steady state flow of a 

Newtonian fluid through a parallel plate geometry. The relationship between the volumetric 

flow rate (𝑄) and the theoretical wall shear rate (𝛾 ̇ = 100 𝑠−1 𝑜𝑟 300 𝑠−1), of a parallel 

plate geometry with height (ℎ = 250 𝜇𝑚) and width (𝑤 = 10 𝑚𝑚) is given by the following 

equation [64]: 

�̇� =
6𝑄

ℎ2𝑤
  

Thus, the volumetric flow rate that was controlled by a syringe pump was derived for the 

respective wall shear rates. 

 

2.4.2 Flow apparatus assembly and pump system setup 

The perfusion of media through the flow apparatus was achieved by a syringe pump 

(Harvard Apparatus) connected to the parallel plate flow chamber setup (Figure 2.7 B). 

Upstream of the flow chamber, the perfusion is initiated from a 140-ml Piston Syringe 

(Covidien Monoject) mounted on the syringe pump. This syringe contained, (a) the TSB 
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media for perfusion during biofilm growth or, (b) phosphate buffered saline supplemented 

with 0.2 % w/v sodium azide (PBS-Az) for washing after cell adhesion and after biofilm 

development. Sodium azide was used as a bacteriostatic agent – stopping bacterial growth 

without deteriorating cell viability at the concentration applied [126]. To maintain laminar 

flow, a 0.063-inch ID silastic tube (Dow Corning) was applied as the in-line tube that 

connects system components to each other. The syringe was connected to a bubble trap (Cole 

Parmer, Cat. No. EW-75955-90), which was subsequently connected to flow chamber. The 

in-line bubble trap prevented air bubbles from entering the flow chamber. Downstream of the 

flow chamber the outlet tubing is connected to waste collector. The entire flow setup was 

assembled and filled with PBS-Az prior to the start of the experiment to check for leaks and 

the presence of any air bubbles. The entire flow chamber was maintained at 37°C by placing 

in an air curtain incubator. 

 

2.4.3 Biofilm development 

Biofilm experiments were initiated by inoculation of a primary shake flask from 

glycerol stock as previously described [64]. Briefly, 10 µL of thawed glycerol stock for the 

desired S. aureus strain was suspended in 50 mL of tryptic soy broth media + appropriate 

antibiotic and incubated at 37°C with agitation at 140 rpm for 10 hours. A sample of the 

suspension was extracted at this time when the cells were at mid-exponential phase of growth 

(Figure 2.1) and suspended at a ratio of 1:20 in PBS-Az. This diluted suspension was used as 

the inoculum for the biofilm experiment. 



38 

 

 

 

Prior to inoculation, a 25-mm round glass coverslip was coated with fibronectin (FN) 

using the desired pattern as previously described and mounted onto the bottom plate of the 

flow chamber device. Subsequently, 200 µL of the diluted cell suspension was transferred 

onto the coverslip and incubated at 37°C for 15 minutes to allow attachment of the S. aureus 

cells onto the protein substratum by sedimentation. Afterwards, the flow chamber was 

assembled and PBS-Az was perfused through at 100s-1 for 10 minutes to remove unattached 

cells. The TSB media was then perfused through for 8 hours at the desired shear rate to allow 

for biofilm development. Following biofilm development, PBS-Az was perfused for an 

additional 10 minutes at the same flow rate for biofilm development. The images of the 

biofilm were captured on via CLSM. 
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2.5 Qualitative and quantitative analyses of developed biofilm 

 

2.5.1 Confocal microscopy 

Biofilm images were captured on a TCS SP5 (Leica Microsystems) CLSM system. 

The procedure for capturing biofilm images was adapted from previously described protocols 

[64]. Images for qualitative analysis were captured at 63× magnification, 1024 × 1024-pixel 

format at a speed of 400 Hz. The capture field of view at this magnification was 246 µm × 

246 µm. The z-direction distance between each captured frame of the CLSM scan was 0.13 

µm and the entire biofilm was captured from the substratum to the surface. The excitation 

wavelength of sGFP fluorophore was 488 nm with an emission bandwidth in the range of 

500 nm – 550 nm. The three-dimensional CLSM images were compiled using Imaris 

(Bitplane Software). For the quantitative analysis of biofilm, the images were acquired at a 

magnification of 63× with an additional zoom factor of 10. All other scan settings were 

unchanged. The increased magnification resulted in a capture field that was further refined to 

24.6 µm × 24.6 µm while the z-direction distance between each captured frame was 

unchanged. These images were individually exported as a z-direction stack of files that 

would go on to be evaluated by image structure analyzer. 

 

2.5.2 Three-dimensional quantitative analysis of developed biofilm  

Quantitative analysis of the exported image stacks collected via CLSM was 

performed using image structure analyzer in three dimensions (ISA3D). The ISA3D software 



40 

 

 

 

was kindly provided by Dr. Haluk Beyenal (School of Chemical Engineering and 

Bioengineering, Washington State University). 

The settings for performing the ISA3D analysis are important to ensure consistent 

calculation of biofilm parameters (Figure 2.8). The threshold method selected was the 

iterative method. This method assigns a per-pixel numerical value to the image and performs 

linear iterations for the values between adjacent CLSM image layers [48, 110, 111, 113, 

118]. The dxy value is defined by the per-pixel size of each image in the x- and y-direction. 

For the square CLSM image the x- and y-direction pixel sizes were equal to the field size of 

24.6 µm divided by the image size 1024 pixels; giving a value of 0.024 µm per pixel. The 

value of dz was equivalent to the distance between adjacent images in the stack, or the step 

height of the CLSM scan that was 0.13 µm. Finally, the distance mapping method used in 

calculations was quasi-Euclidean. 

  



41 

 

 

 

2.6 Developing flow chamber and cell micro-pattern simulations in COMSOL 

COMSOL Multiphysics (COMSOL) is a finite element method simulation software 

package with the capability to simulate a plethora of physical phenomena such as structural 

engineering, electromagnetic potential, and fluid dynamics. It is becoming an increasingly 

useful tool in many scientific fields from analytical chemistry to mechanical engineering 

[127-129]. COMSOL was applied in this study to simulate the concentration profile of AIP 

within the parallel plate flow chamber accompanied by fully developed fluid flow. In 

conducting these simulations, several assumptions were made, including 1) the properties of 

the bulk fluid system in the flow chamber are equivalent to that of water; 2) the stamping of 

protein in the experimental system is complete without missing spots; 3) all flow is one 

dimensional with no cross-flow; and 4) each patterned spot is completely saturated with cells 

that are attached adjacent to one another. Additional assumptions for specific conditions are 

described later.  

Prior to building the flow chamber geometry and setting up the simulations in 

COMSOL, global parameters and variables were compiled in the solver in order to mimic the 

conditions within the experimental flow chamber (Table 2.4). The parameter definitions also 

allowed for changing the conditions of the simulations with respect to the changing 

parameters of the experiments while eliminating the need to rebuild the simulation from the 

ground. While the experimental system was three-dimensional, all simulations were 

performed in two-dimensional geometry mode. This was due to the assumption that there 

was no cross-flow within the system. 
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2.6.1 Developing the “laminar flow” simulation design 

The laminar flow within the flow chamber was modeled using computational fluid 

dynamics that were calculated by COMSOL. The laminar flow physics was added to the 

geometry and the material property of the domain was set to water. Boundary conditions 

were added to the geometry to simulate no slip at the top and bottom walls of the flow 

chamber. The inlet of fluid flow was set equivalent to the velocity of fluid set by the syringe 

pump, while the exit was set to zero pressure with no backflow. The simulation was then 

executed by the stationary solver to determine the steady state solution. The velocity profiles 

for the fully developed flow simulations for shear rate values at 100 s-1 and 300 s-1 are shown 

in Figure 2.9. 

 

2.6.2 Developing the “transfer of diluted species” simulation design 

The transport of AIP within the flow chamber during biofilm development was 

modeled using computational fluid dynamics within COMSOL. The transport of diluted 

species physics was added to the geometry and the material property of the domain was as 

previously described. Boundary conditions were added to the geometry to simulate no flux of 

the species at the walls and entrance of the flow chamber geometry. The inlet flux of diluted 

species (AIP) was set to a second geometry that was built as a series of rectangular dots in 

series to the simulate patterned surfaces. This second geometry was unified with the 

geometry of the flow chamber by union difference in order to have a continuous boundary 

for the mathematical solution. The exit of the species was set to the exit of the chamber as 
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previously described. The simulation was then executed by the time-dependent solver to 

determine the unsteady state solution over a period of 8 hours corresponding to the duration 

of the experimental runs. The results of the steady state solver were set as the initial values 

for the execution of the time-dependent solver. The inlet flux of AIP into the flow system 

was extrapolated from reported data of the suspension culture concentrations observed by 

ultra-high-performance liquid chromatography [130]. This value was then varied along the 

direction of flow by multiplying by a factor equivalent to the growth rate based on the 

doubling time of S. aureus (𝑡𝑑 = 22 𝑚𝑖𝑛𝑢𝑡𝑒𝑠). The doubling time was determined from the 

growth curve of the AH1979 strain based on the linear portion of the growth curve (Figure 

2.2). Finally, the diffusion coefficient for AIP was equivalent to reported values at 

approximately 1 × 10-9 m2 s-1 [131]. Figure 2.10 shows preliminary simulation models 

performed for the concentration profiles at steady state. The preliminary simulation was 

executed for steady state to assess the simulation. The concentrations rose steadily along the 

length of the cell coverage suggesting accumulation of the diluted species along the direction 

of flow. 
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2.7 Statistical analysis 

Unless otherwise specified, reported data represent the mean of a minimum of four 

experimental runs, and the error bars represent the 95% confidence interval about the mean. 

Where applicable, the statistical significance was determined either using students t-test or a 

single factor analysis of variance (ANOVA) each with 95 % confidence (corresponding to 

significance value p < 0.05). 

The design of experiments for the impact of pattern dimensions on biofilm 

development was a multilevel generalized full factorial created and analyzed in Minitab 18 

(Minitab Inc., State College, PA) (Table 2.2).  The factors and levels of the factorial design 

include: (1) shear of 100 s-1 or 300 s-1; (2) square pattern size of 2 mm × 2 mm or 4 mm × 4 

mm; and (3) pattern spacing of 20 µm, 50 µm, or 110 µm. 
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Table 2.1: List of S. aureus strains utilized in this study. The S. aureus SH1000 strain is 

derived from the parent strain NCTC 8325-4 that has been corrected for rbsU+ [120]. S. 

aureus SH1001 is a mutant derivative of SH1000 with a knockout in agr locus [67, 76, 119]. 

The indicated plasmid was transformed into either SH1000 or SH1001 to derive the strains 

outlined [119]. 

Strain Alias  Description 

AH1218 Parent Strain: SH1000 

Plasmids: agr P3-dependent mCherry + chloramphenicol and sarA P1-

dependent YFP10Bs + erythromycin 

AH1219 Parent strain: SH1001 

Plasmids: agr P3-dependent mCherry + chloramphenicol and sarA P1-

dependent YFP10B + erythromycin 

AH1979 Parent strain: SH1000 

Plasmids: sarA P1-dependent sGFP + chloramphenicol 
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Table 2.2: Table of pattern dimensions showing the generalized full factorial design of 

experiment. The levels for each factor are indicated in the columns. For the pattern 

dimensions, the “Full Coverage” dimension refers to a total non-patterned coverage of 

protein on the glass surface. Otherwise, the patterns comprise an array of 10 µm dots 

adjacently spaced by the distance shown. The “Full Coverage” pattern dimension was used 

as a control for comparison of pattern-developed biofilms to their respective non-patterned 

counterparts. 

 
Shear (s-1) 

Patterns designed for CAD printing 

Pattern Size (mm × mm) Pattern Dimensions (µm) 

1 

100 

2 × 2 

Full Coverage 

2 20 

3 50 

4 110 

5 

4 × 4 

Full Coverage 

6 20 

7 50 

8 110 

9 

300 

2 × 2 

Full Coverage 

10 20 

11 50 

12 110 

13 

4 × 4 

Full Coverage 

14 20 

15 50 

16 110 
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Table 2.3: Physiological shear rates reported in human vasculature [125, 132]. 

Blood Vessel Mean Wall Shear Rate (s-1) 

Venules 400 – 450 

Veins 20 – 100 

Small Arteries 1000 – 2000 

Large Arteries 300 – 800 

Capillaries 250 – 2000 

Vena Cava 20 – 60 
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Table 2.4: List of COMSOL global parameters and variables with descriptions relating to the 

experimental flow chamber system. 

Parameters List 

Parameter Value Description 

D_cell 1 µm S. aureus cell diameter used to build the geometrical 

height of patterned structures 

D_dot 10 µm Diameter of individual patterned structures 

S_dot 20, 50, 110 (µm) Spacing between adjacent patterned structures 

T_double 22 minutes Doubling time to S. aureus based on the average of 

reported values 

Q 0.625, 1.875 (ml 

min-1) 

Volumetric inflow rate used to control wall shear rate 

(100 s-1, 300 s-1) 

PPFC_h 250 µm Parallel plate flow chamber dimensions used to build 

the overall boundary of the entire simulation domain PPFC_w 10 mm 

PPFC_l 10 mm 

Variables List 

Variable Value Description 

Area_c PPFC_h × PPFC_w Used to define the axial cross-sectional area of the 

flow chamber 

V Q/Area_c Used to define the inlet velocity as a function of the 

volumetric flow rate and cross-sectional area 
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Figure 2.1 (A): Cumulative growth curve for S. aureus strains AH1218, AH1219 and 

AH1979. (B): Scatterplot of OD600nm versus Cell count curve for S. aureus. 
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Figure 2.2: Growth curve for S. aureus strains AH1979 in terms of natural logarithm of the 

optical density values. The linear portion of the chart was used to determine the doubling 

time for this strain.   
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AH1979 
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Figure 2.3: Biofilm forming capabilities confirmed for S. aureus strains by CRA assay. S. 

aureus Phillips was used due to its known biofilm forming capabilities as a positive screen 

for CRA.  
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Figure 2.4: Guidelines for the prevention of sagging or collapse of PDMS features showing, 

(a) optimal ratios where sagging or collapse can be prevented; (b) Lateral collapse due to 

large ratio of H/L and (c) sagging that occurs when H/D was too low [108]. 
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Figure 2.5: Illustrative summary of the steps involved in the microfabrication of protein 

patterns onto a glass coverslip.  

(1) Pattern 

design in CAD 

followed by 

chrome mask 

printing. 

(2) Photolithography with 

chrome photomask to 

transfer patterns to SU-8 

master. 

(3) Master is developed 

and is used as a mold for 

the casting of PDMS 

device. 

(4) PDMS device is cast 

and peeled off from 

master. The PDMS now 

carries the patter design 

as relief features. 

(5) PDMS is inked with 

the desired protein and 

subsequently placed in 

contact with the coverslip 

for transfer of protein 

pattern. 
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Figure 2.6: Images showing print patterns of FITC conjugated collagen-II A. Pattern 

descriptions for each image include (A) Full coverage, an array of 10 µm dots that are 

C 

D 
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equally spaced (B) 20 µm, (C) 50 µm, and (D) 110 µm apart. The dimensionality of the 

spacing is indicated in (D) where the red arrows represent a distance of 110 µm between 

adjacent dots. The full coverage coat (A) represents non-patterned surface where cells can 

adhere randomly at any position. The patterned coats allow for controlled adhesion of cells 

only on the patterned dots. All non-patterned surfaces are coated with PBS + BSA to ensure 

non-specific binding did not occur. White scale bars represent 100 µm. 
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 Air Curtain Incubator 

 

Figure 2.7 (A): Outline of ProFlow chamber setup showing (1) fastening thumb screws, (2) 

top chamber plate, (3) inlet/outlet flow ports, (4) 15 mm round glass coverslip, (5) silicone 

gasket, (6) 25 mm round glass coverslip, (7) bottom chamber plate [133]. (B): Setup of flow 

system from the start of the line at the syringe pump through to the effluent stream. Dashed 

connecting lines indicates streams that were added or removed as described in the methods 

section. PBS-Az stream was added and removed for washes before and after biofilm 

development, while sample collection was collected for UHPLC-MS analysis. 
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Figure 2.8: ISA3D settings used to perform quantitative analysis. The directory and results 

file indicate the location of confocal images and the destination for the results respectively. 

The CLSM utilizes reflected light microscopy and images are left for automatic threshold 

using the iterative method. 
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Figure 2.9: Velocity profiles for parallel plate flow chamber simulations performed in 

COMSOL showing 100 s-1 and 300 s-1 laminar flow profiles of a fully developed 

incompressible, Newtonian fluid. The no slip boundary condition results in zero velocity at 

the top and bottom walls, resulting in maximum wall shear rates. 
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Figure 2.10: Concentration profiles for transport of diluted species simulations performed in 

COMSOL showing steady state profiles at the surface of the cell layer at both 100 s-1 and 

300 s-1 shear rates. The axial distance represents the distance along the length of a 4 mm × 4 

mm full coverage of cells along the bottom plate of the flow chamber.  



 

 

 

 

 

 

 

 

 

 

 

Chapter 3: Simulation model of autoinducer peptide mass 

transfer during Staphylococcus aureus biofilm development under 

fluid flow  
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3.1 Rationale for study 

During the functional evaluation of biological organisms and their systems, in 

addition to discovery of involved metabolites, it is important to develop a thorough 

understanding of interactions between metabolites and the pathways associated with the 

biological system of interest. As part of the tools of functional evaluation, researchers assess 

biological processes via mathematical models for measurable parameters such as metabolite 

concentration and gene expression. Therefore, complex processes can be represented by 

simple sets of mathematical equations. These mathematical equations enable the 

characterization of how complex cellular processes connect to one another; and they aid in 

postulating the effect of interruptions in these processes [134-136]. For example, metabolism 

comprises a large number of pathways that include the citric acid cycle, glycolytic cycle, and 

oxidative phosphorylation, among others [137]. Each of these complex pathways connect to 

one-another either by sharing or transferring metabolites. Mathematical models enable 

evaluation of this complex system by assignment of mathematical equations to individual 

processes involved in each cycle. These equations can subsequently be manipulated for their 

effects on the overall metabolic pathway prior to conducting laboratory experiments. 

Ultimately, the development of mathematical models aids in the analysis of system changes, 

and may help guide development of new hypotheses and experimental designs. 

Modeling of biofilm systems are generally driven by the goal of predicting the 

structure of developed biofilm, or the mechanisms associated with biofilm development in a 

mathematical way [138]. These biofilm development models include reaction and mass 

transfer models of metabolites [138-141], the effects of shear on growth and detachment of 
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cells during biofilm development [142-146], and models describing the release and detection 

of signal peptides during cell-to-cell communication [147-149]. These models have been 

useful in predicting outcomes of experimental biofilm development. For example, simulation 

models predicted a relationship between shear rates and mass transfer of nutrients from bulk 

fluid to biofilm components [145, 146]. In those studies, it was predicted that increased fluid 

flow velocity (resulting in higher shear) results in reduced influence of mass transfer-limited 

biofilm growth. These predictions were verified independently by another study showing that 

at lower shear rate of 50 s-1, biofilm developed higher biovolume in response to doubling of 

growth media concentration; however, at 100 s-1,  doubling the growth media concentration 

did not change the biovolume of developed biofilm [64]. 

Following the adhesion of cells on host matrix proteins or implanted medical device, 

S. aureus biofilm-based infections progress by the release and detection of AIP molecules. 

Following the detection of a threshold local concentration of AIP, the cells initiate biofilm-

dependent growth [31, 32, 34-36, 84]. In this study, AIP concentration profiles were 

predicted for geometric clusters (representing adhered cell clusters that are releasing and 

detecting AIP) that were patterned within a parallel plate flow geometry and were exposed to 

fluid shear. The concentration profiles of AIP were predicted using COMSOL. These 

concentration profiles offer predictive information for the underlying AIP convective mass 

transfer within the flow chamber. This was subsequently useful in interpreting experimental 

data following biofilm development in the laboratory setting. Additionally, time course 

studies were evaluated for the threshold local AIP concentration within the dynamic 

environment of the flow chamber. Experimentally, the threshold local AIP concentration 
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refers to the concentration at which cell clusters initiate biofilm-dependent growth. These 

models were useful in further development of the hypothesis by providing a means to 

refining parameters that were tested experimentally. Furthermore, they provide an additional 

basis for understanding the experimental results that follows in this body of work. 
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3.2 Results 

 

3.2.1 Simulation model equations, boundary conditions and assumptions 

The governing equations and boundary conditions evaluated with the simulation 

model are summarized in Table 3.1. The laminar flow simulation solved the momentum and 

continuity equations for two-dimensional Cartesian coordinate for steady state, unidirectional 

fluid flow. The boundary conditions include: a single inlet of flow with a constant velocity, 

no-slip at the top and bottom walls of the parallel plate, and no back-flow at the outlet. The 

transport of diluted species simulation solved the continuity equation for a species that 

includes the combined effect of diffusion and convection. The boundary conditions include: 

the inlet of concentration species located at the cluster geometry boundary, and no flux 

through the boundary of the flow chamber or the inlet of flow. 

To perform the model simulations, several assumptions of the overall experimental 

system were adopted. The geometry was constructed with the parallel plate chamber having 

the array of cell clusters begin precisely at the middle of the bottom plate of the chamber.  

The fluid property utilized in the simulation was water. The dynamic viscosity (𝜇) and 

density (𝜌) values of water were assumed to be approximately 0.001 Kg m-1 s-1 and 1000 Kg 

m-3, respectively. These property values are equivalent to approximate property of water. The 

laminar flow simulations were developed as incompressible fully developed flow of a 

Newtonian fluid – thus the viscosity and density were constant. To confirm fully developed 

flow throughout the region containing cell clusters at both 100 s-1 and 300 s-1 shear rates, the 
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flow profile for a full coverage pattern configuration is shown in Figure 3.1. At shear rates of 

100 s-1 and 300 s-1, the resulting average velocity (𝑣𝑎𝑣𝑔) of fluid flow (calculated as two-

thirds of the maximum velocity, Table 3.1) were approximately 0.0042 m s-1 and 0.013 m s-1, 

respectively. To confirm fluid flow was laminar, the Reynolds number (𝑅𝑒 = 𝜌𝑣𝑎𝑣𝑔𝐿/𝜇) 

values were evaluated at the exit of the parallel plate flow region (𝐿 = 10 𝑚𝑚). The Re was 

equivalent to 42 and 130 corresponding to fluid flow at 100 s-1 and 300 s-1 shear rate, 

respectively. Flow between parallel plates is laminar if Re is less than 1400 [150]. 

Additionally, it was assumed that the release and uptake of AIP by the cells resulted 

in a net flux in the direction from cell to fluid. The value of the net flux was adapted from 

reported values in literature of the concentration of AIP in bulk suspension cultures during 

the exponential growth phase [130]. To do this, the AIP concentration (µM) and the 

corresponding cellular concentration (cells mL-1) was evaluated at two points during the 

exponential growth phase of the reported data [130]. The slope of these two points was 

subsequently evaluated as an estimate of the average flux-per-cell of AIP during exponential 

growth phase and was equivalent to approximately 1.9 × 10-8 µM Cell-1 mL-1. To validate 

this estimated flux, a simulation model was developed for the AIP concentration profile of a 

single 1-µm diameter sphere isolated within a larger 20-µm diameter hemisphere. This was 

done to mimic reported experimental geometry of a single S. aureus cell isolated within a 

nanostructured matrix [37]. In that experiment, it was reported that individually-isolated S. 

aureus cells initiated AIP-response (indicated by the expression of GFP) after 1 hour. The 

validation simulation agrees with the experimental results. The predicted time to achieve 
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threshold AIP concentration, based on the flux value, was approximately 55 minutes (Figure 

3.2). 

The complete simulation was performed in two-dimensions with the x- and y-

direction representing the chamber length and height, respectively. The z-direction, 

representing the width of the flow chamber, was ignored for the simulations – so spatial 

dependencies were ignored. The was due to fluid flow being only in the x-direction. This 

meant that the 2 mm × 2 mm and 4 mm × 4 mm arrays of cell clusters, discussed in 

subsequent chapters were simulated as a single row of 2 mm and 4 mm clusters, respectively. 

During execution of the simulation, the geometry representing the cell cluster was held 

constant. To simulate cell growth, the release rate of AIP was assumed to increase with time 

based on the growth doubling time (22 minutes) for S. aureus during exponential growth 

phase (therefore the lag phase of normal microbial growth was omitted). Finally, it was 

assumed that at time = 0, there was no AIP present within the system. These assumptions 

were reflective of approximate conditions within the flow chamber. 

 

3.2.2 Simulated convective mass transfer decreases local AIP concentration at 

higher wall shear rates 

To determine the effects of wall shear rate on the concentration profile of AIP within 

the flow chamber, simulations were performed with wall shear rates of 100 s-1 and 300 s-1 on 

similar cluster configurations. Simulation results are shown in Figures 3.3 and 3.4, wherein 

the AIP concentration profiles are shown as colored heat maps where numerical values are 
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indicated from red to blue representing highest to lowest values. Additionally, for values 

represented by similar color hues, the higher values are indicated by a higher intensity of the 

hue. A closer look at the last cluster geometry is shown in Figure 3.5. For each colored map, 

the magnitudes of the color hues are represented by their accompanying legend. All 

simulations showed a similar effect of convection on the concentration of AIP along the 

direction of flow (Figures 3.3 & 3.4). This meant that for a 4 mm × 4 mm pattern coverage 

where the 0 mm and 4 mm end are located upstream and downstream of flow, respectively, 

the highest concentration of AIP was located at the 4 mm end of the pattern coverage. The 

simulations also showed that the maximum AIP concentration achieved at 8 hours was 

higher at 100 s-1 than at 300 s-1 (Figure 3.6). For example, for the 4 mm × 4 mm total pattern 

size with 20-µm spacing between clusters, the maximum AIP concentration achieved at 100 

s-1 was 0.23 M while 0.16 M was the maximum at 300 s-1 (Figure 3.6). Similar results were 

observed for all pattern configurations.  

Finally, the effect of shear on the time taken to achieve the threshold AIP 

concentration was evaluated for each cluster configurations (Figure 3.7). To do this, the 

simulation results were probed for the concentration magnitude at the location equivalent to 

the position of the last cluster geometry within the simulation. For example, the 4 mm × 4 

mm 20-µm spacing configuration was probed at the cluster geometry located at the 4-mm 

distance and at 1-µm height as indicated in Figure 3.4 A. Due to the influence of convection 

ensuring that this location possessed the highest concentration of AIP at any time-point 

during the simulation, this location was selected as the probe point. The theoretical threshold 

value utilized in the simulation was equivalent to 100 nM (1 × 10-7 M) and was based on 
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reported data [37]. The simulation results predicted that for all the cluster configurations, an 

increase in shear from 100 s-1 to 300 s-1 resulted in an increase in time to achieve the AIP 

threshold concentration. The magnitude of the time difference in all cases was on the order of 

a few minutes. For example, the 4 mm × 4 mm full coverage cluster configuration achieved 

the threshold AIP concentration after approximately 1 hour 50 minutes at 100 s-1 shear rate, 

whereas at 300 s-1, the threshold AIP concentration was achieved after approximately 1 hour 

55 minutes (Figure 3.7). This represents an increase of 5 minutes for the full coverage 

configuration response to increase in shear rate. The response of the 20 µm and 110 µm 

spacing configurations to the same change in shear rate was approximately 10 minutes in 

each case (Figure 3.7). Overall, these simulations suggested that an increase in wall shear 

rate from 100 s-1 to 300 s-1 resulted in higher convective mass transfer of the AIP that is 

released into the bulk fluid by the clusters. 

 

3.2.3 Greater cluster spacing decreases local AIP concentration under flow 

Next, the effect of patterned cluster configuration on the concentration profile of AIP 

under fluid flow was explored. For a constant fluid shear rate, an increase in the distance 

between clusters from full coverage to 20 µm to 110 µm correlates with decreased AIP 

concentration local to the clusters (Figure 3.4). For example, for a 4 mm × 4 mm area 

exposed to 100 s-1 wall shear rate, it was predicted that the maximum local AIP concentration 

achieved at full coverage was 0.51 M, while the maximum concentrations achieved for 

patterns with cluster spacing of 20 µm and 110 µm were 0.23 M and 0.09 M, respectively. 

This concentration change represented an approximate two-fold and five-fold reduction in 
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AIP concentration, respectively. Similar trends were predicted for simulations performed at 

300 s-1 shear rate. 

Additionally, the effect of cluster patterned configuration on the time to achieve the 

threshold AIP concentration local to the cell clusters was evaluated at different positions 

along the 4 mm coverage (Figure 3.8). It took longer for threshold local AIP concentration 

achievement with increased distance between adjacent clusters. For example, for a 4 mm × 4 

mm area exposed to 100 s-1 wall shear rate, it was predicted that the time taken for the full 

coverage configuration to achieve threshold AIP concentration at the 4 mm coverage location 

was 1 hour 50 minutes. The time taken for the 20 µm and 110 µm spacing was predicted to 

be 2 hours and 2.5 hours, respectively. However, along the entire length of the 4 mm 

coverage, the simulations predicted that three-quarters of the full coverage configuration 

achieved the threshold concentration in approximately 2 hours at both 100 s-1 and 300 s-1 

shear rates. The time taken for three-quarters of the 20 µm and 110 µm spacing 

configurations was predicted to be approximately 2 hours 10 minutes and 2 hours 40 minutes 

at 100 s-1, respectively. At 300 s-1 the time taken was approximately 2 hours 20 minutes and 

2 hours 35 minutes, respectively. In summary, these simulations predict that increased 

spacing between adjacent clusters results in decreased local concentration of AIP at the 

surfaces of the clusters, which results in an overall longer time to achieve local threshold AIP 

concentration at the surfaces of the clusters. 

 

3.2.4 Simulated effect of total cluster number on AIP concentration profile 

under flow 
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Finally, the simulations were assessed for the effect of a smaller total cluster number 

on the achievement time for threshold local AIP concentration. This was done by decreasing 

the total coverage length in the simulations from 4 mm to 2 mm, reducing the total cluster 

number by half. The simulations predicted that a larger total cluster number resulted in an 

increased maximum concentration at the end the cluster region after 8 hours at equivalent 

shear rates (Figure 3.9). For example, at 100 s-1, the maximum concentration at end of the 2 

mm cluster region was 0.19 M while 0.23 M was the maximum at the end of the 4 mm 

region. Additionally, the concentrations at locations equidistant from the start of the cluster 

configuration was compared between the 2 mm and 4 mm configurations. This comparison 

was done to check for similarities between the concentration at the end of the 2 mm coverage 

and at the midpoint of 4 mm coverage (equal to a distance of 2 mm from the cluster starting-

point) may be equivalent. Similarities in the concentration may further agree with the 

suggestion in subsequent chapters that for corresponding cluster spacing configurations, local 

AIP concentration may depend on their position along the axis of flow. The comparative 

analysis showed that except for the full coverage cluster at both 100 s-1 and 300 s-1 wall shear 

rates, the concentrations at these equidistant locations were approximately of equal 

magnitude (Figure 3.10). Finally, the 2 mm × 2 mm coverage simulations were also assessed 

for the time taken to achieve the threshold local AIP concentration (Figure 3.11). Similar to 

simulation results for the 4 mm × 4 mm coverage, an increase in shear at the same pattern 

configurations only slightly increased the threshold concentration achievement time. 

Likewise, at the same shear rate, increasing the distance between adjacent clusters resulted in 

longer threshold concentration achievement times. However, the time to achieve threshold 

local AIP concentration for similar pattern configurations and shear rate increased with 
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smaller total number of clusters (Figure 3.11). For example, for a 4 mm × 4 mm area 

exposed to 300 s-1 wall shear rate, it was predicted that the time taken for the 20 µm coverage 

to achieve threshold AIP concentration was approximately 2 hours 10 minutes (Figure 3.7B). 

The time taken for a 2 mm × 2 mm coverage was approximately 2 hours 15 minutes (Figure 

3.11B). Taken together, these results suggested that increasing the total cluster number 

resulted in increased local AIP concentration and therefore a quicker time to local threshold 

concentration achievement. 
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3.3 Discussion 

In a previous study, it was observed that nutrient mass transport played a lesser role in 

biofilm development at a shear rate of 100 s-1 and above versus at 50 s-1 shear rate [64]. In 

that study, a limited change in biomass (indicated by biovolume and thickness data) was 

observed when nutrient concentration doubled at 100 s-1 shear rate; however, at 50 s-1, 

doubling the nutrient concentration was accompanied by an approximate doubling of the 

biomass. In this body of work, wall shear rates of 100 s-1 and 300 s-1 were selected in order 

that nutrient mass transfer limitation was negligible. Therefore, theoretical considerations for 

the mechanism of biofilm development on micropatterned clusters under flow include the 

hydrodynamic forces and local concentration profile of the solutes and metabolites involved 

in biofilm development. These simulations provide a means of correlating the convective 

mass transfer of AIP within the flow chamber with biofilm development within the 

experimental system described in subsequent chapters. 

The events involved in S. aureus biofilm development include adhesion of cells 

followed by accumulation and colony formation and ultimately biofilm development that is 

mediated by the agr locus produced AIP [34, 71, 84]. Evaluations of these biofilm 

development steps have revealed that environmental conditions, in addition to cell population 

density, play a role in the cell signaling phenomenon involving AIP [34-38, 80]. In this 

study, evaluation, via in silico modeling of micropatterned topography and hydrodynamic 

shear on the mass transfer of AIP was performed. The simulation results demonstrate that the 

theoretical mass transfer of AIP in a dynamic environment is influenced by the magnitude of 

the hydrodynamic shear within the experimental flow chamber. This influence of shear rate 
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was observed in the difference in concentration magnitude at both shear rates of 100 s-1 and 

300 s-1 for similar pattern configurations. The shear rate influence was also evident by the 

concentration profiles along the axis of flow. These profiles predict an increase concentration 

on the surface of the clusters and in the direction of flow from entrance to exit; thus, 

predicting location dependent variation in AIP concentration within the experimental system.  

 Conversely, the increase in spacing of cell clusters leads to an increase in the length 

of time taken to achieve the theoretical threshold local concentration of AIP within the flow 

chamber. The concentration magnitude at a specific location equivalent to the last cluster 

geometry in each simulation was probed as a function of time. In simulations executed at 

equivalent shear rates, the time taken to achieve the local AIP concentration at this location 

increased with spacing from full coverage to 20 µm to 110 µm. Experimentally, this means 

that configurations in which cells achieve the threshold concentration of AIP earlier, develop 

biofilm faster. This should consequently lead to more developed biofilm (exhibiting greater 

biovolume and thickness) than configurations that achieved AIP threshold concentration at 

later times. Additionally, over an 8-hour time course, the magnitude of concentration at this 

probe location increases at a faster pace at 20 µm versus at 110 µm – particularly past the 5-

hour time point. Therefore, in an experimental system, these simulation results predict that 

the influence of pattern spacing alone should lead to improved biofilm growth at 20 µm 

spacing versus at 110 µm. Therefore, in the experimental system, cell clusters that are spaced 

a distance of 20 µm apart are predicted to exhibit higher biovolume and thickness (indicative 

of biofilm progression) versus the 110 µm spacing. Additionally, the analysis suggests that 

for clusters of similar size and coverage under an equal influence of shear, there may exist a 
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critical spacing between adjacent clusters at which the threshold local AIP concentration is 

not achieved.  

It is noted that the predicted time to achieve local threshold AIP concentration in 

these simulations predominantly differ in magnitudes of minutes. These time variations were 

demonstrated by the progressively increasing time to threshold concentration in the 

following two scenarios: as the cluster spacing was increased from full coverage to 20 µm 

and eventually to 110 µm at equivalent shear rates; and as the shear rate increased from 100 

s-1 to 300 s-1 at equivalent pattern configurations. For an 8-hour experimental period, this 

time difference alone may not adequately explain differences in biofilm structures that may 

be observed experimentally. During biofilm development, cells do not cease production, 

secretion and detection of AIP upon achievement of threshold local AIP [68, 74, 77, 130]. 

The production of AIP occurs on a feedback loop where the detection of extracellular AIP 

further promotes the pathway towards production of more AIP [68, 76]. This was considered 

in the simulations by the continuous production of AIP through the entire 8-hour period. 

Therefore, the magnitude of time difference at which achievement of local threshold AIP 

concentration was low for the overall time scale, however, coupled with the pace of local 

AIP concentration increase, the simulations predict that the actual local concentration of AIP 

may additionally influence biofilm structures developed under the influence of flow.  

  



76 

 

 

 

Table 3.1: Summary of governing equations and boundary conditions for the simulations 

 

Laminar flow equations solved 𝜌∇. 𝑣 = 0 

−∇𝑝 + 𝜇∇2𝑣 + 𝜌𝑔 = 0 

Laminar flow boundary conditions No-slip: at 𝑧 = −𝐵 𝑎𝑛𝑑 𝑧 = +𝐵, 𝑣 = 0 

Single inflow: 𝑥 =  0 

No back flow: at 𝑥 =  𝐿, 𝑃 = 0 

Maximum velocity (𝑣𝑚𝑎𝑥) From the velocity profile equation:  

𝑣𝑥 =
1

2𝜇

𝜕𝑃

𝜕𝑥
(𝑧2 − 𝐵2),  

at 𝑧 = 0, 𝑣𝑚𝑎𝑥 = −
1

2𝜇

𝜕𝑃

𝜕𝑥
𝐵2

 

Average velocity (𝑣𝑎𝑣𝑔) From the volume flow rate:  

𝑄 = ∫ 𝑣𝑥 (𝑤. 𝑑𝑧) = −
𝑤

2𝜇

𝜕𝑃

𝜕𝑥
(

4𝐵3

3
)

𝐵

−𝐵
, and 

from the cross-sectional area: 𝐴 = 2𝐵𝑤 

𝑣𝑎𝑣𝑔 =
𝑉𝑜𝑙𝑢𝑚𝑒𝑡𝑟𝑖𝑐 𝑓𝑙𝑜𝑤 𝑟𝑎𝑡𝑒

𝐶𝑟𝑜𝑠𝑠 𝑠𝑒𝑐𝑡𝑖𝑜𝑛𝑎𝑙 𝑎𝑟𝑒𝑎
=

𝑄

𝐴
  

𝑣𝑎𝑣𝑔 = −
1

3𝜇

𝜕𝑃

𝜕𝑥
𝐵2 =

2

3
𝑣𝑚𝑎𝑥  

 

Transport of diluted species equations 

solved 

𝑁𝑖 = −𝐷𝑖∇𝑐𝑖 + 𝑐𝑖𝑣 

𝜕𝑐𝑖

𝜕𝑡
+ ∇. 𝑁𝑖 = 𝑅𝑖 

Transport of diluted species boundary 

conditions 

In-flux: at cluster geometry surface 𝑁𝑖 = 𝑁0 

No flux: at 𝑥 = 0, 𝑧 = +𝐵 𝑎𝑛𝑑 𝑧 =

 −𝐵, 𝑁𝑖 = 0 

 

  

𝐿 
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Figure 3.1: Simulated velocity profile for the parallel plate geometry using the experimental 

flow chamber dimensions. The figure shows velocity (m/s) heat map versus chamber length 

and height (m) for simulations of (A) 100 s-1 and (B) 300 s-1 shear.  

A 

B 
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Figure 3.2: Simulated concentration profile for a single sphere isolated within a larger fluid 

filled hemisphere. (A) Concentration (M) color map and (B) Plot of AIP concentration at the 

surface of the inner sphere as a function of time showing threshold concentration point. 

A 
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Figure 3.3: Simulated concentration profile at the end of 8 hours. The figures show 

concentration (M) heat map versus chamber length and height (m) for simulations of 4 mm × 

4 mm coverage, (#) 100 s-1 or (#’) 300 s-1, (A) 20 µm, (B) 110 µm, and (C) full coverage 

C 

C’ 
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spacing. The direction of flow is along the chamber length with the entrance and exit located 

at 0 m and 0.01 m, respectively. The reference bars show corresponding concentration 

magnitudes with the maximum and minimum values indicated. Figure 3.3 shows the detailed 

view of the patterned region in each image indicated by the red dashed triangle in (A). 
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Figure 3.4: Detailed view of patterned surface simulated concentration profile at the end of 8 

hours. The figures show concentration (M) heat map versus chamber length and height (m) 

for simulations of 4 mm × 4 mm coverage, (#) 100 s-1 or (#’) 300 s-1, (A) 20 µm, (B) 110 µm, 

C 

C’ 
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and (C) full coverage spacing. The direction of flow is along the chamber length axis from 

left to right. These images indicate concentration increases on the individual pattern 

protrusions and a decrease between adjacent patterns. The full coverage simulation shows a 

steady accumulation of AIP along the flow direction. Figure 3.4 shows the time-dependent 

concentration profile at the end point of patterned coverage indicated by the black arrow 

shown in (A). 
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Figure 3.5: View of concentration profile at the location of final geometry cluster at the end 

of 8 hours for 4 mm × 4 mm cluster geometry for simulations of 4 mm × 4 mm coverage, (#) 

100 s-1 or (#’) 300 s-1, (A) 20 µm, (B) 110 µm.   
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Figure 3.6: Concentration profile as a function of time at the end point of 4 mm × 4 mm 

pattern coverage at shear rates, (A) 100 s-1, and (B) 300 s-1. Each chart shows the increasing 

concentration during the 8-hour simulation and the reduction in concentration magnitude due 

to the cluster pattern configurations.  
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Figure 3.7: Concentration profile showing the time taken to achieve threshold AIP 

concentration value of 1 × 10-7 M at the end point of 4 mm × 4 mm pattern coverage and 

shear rates (A) 100 s-1, and (B) 300 s-1. These charts were generated from the data shown in 

Figure 3.4 by setting the maximum concentration to the threshold value.  
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Figure 3.8: Plot showing the time taken to achieve threshold AIP concentration value of 1 × 

10-7 M at various points along the 4 mm × 4 mm pattern coverage at shear rates (A) 100 s-1, 

and (B) 300 s-1.  
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Figure 3.9: Effect of total cluster number on AIP concentration profile after 8 hours under 

flow. The images show the concentration (M) heat map of 20 µm cluster spacing at (#) 2 mm 

B’ 

B 
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× 2 mm and (#’) 4 mm × 4 mm coverage, and (A) 100 s-1 and (B) 300 s-1 wall shear rate. 

Arrows indicate reference points for data shown in Figure 3.8. 
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 Figure 3.10: Comparison of the concentration (M) at the end of 2 mm × 2 mm cluster 

coverage versus at the midpoint of 4 mm × 4 mm cluster coverage. The concentration at the 

endpoint of 2 mm × 2 mm coverage was captured at the location indicated in Figure 3.6A for 

all 2 mm × 2 mm simulations and the concentration at the midpoint of 4 mm × 4 mm 

coverage was captured at the location indicated in Figure 3.6A’ for all 4 mm × 4 mm 

simulations.  
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Figure 3.11: Concentration profile showing the time taken to reach the threshold AIP 

concentration value of 1 × 10-7 M at the end point of 2 mm × 2 mm pattern coverage at shear 

rates (A) 100 s-1, and (B) 300 s-1. 
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Chapter 4: Influence of the substratum adhesion pattern of cells 

on the early development of Staphylococcus aureus biofilms  
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4.1 Rationale for study 

On their path to biofilm development, adherent S. aureus cells on host implant-device 

surface or matrix protein accumulate forming small adherent cluster colonies that are a 

precursor to biofilm development [35, 43, 151-153]. This cluster formation is accomplished 

either by clonal multiplication, or by the adherence of multiple cells within a local vicinity 

[35, 43]. To become virulent biofilm, adhered clusters of cells communicate with each other 

as well as with adjacent clusters by releasing and detecting small AIP molecules – a 

phenomenon commonly referred to as QS [31-36, 43, 72-76, 84, 85]. The difficulty of 

eradicating S. aureus infections has been attributed to its ability to evade host defenses via 

selective release of virulent material until the establishment of a suitable quorum of cells [2, 

9, 34, 75, 154].  

For this reason, the QS pathway has become a viable target for therapeutic strategies 

aimed towards S. aureus biofilm-based infections [75]. One such strategy involves the direct 

targeting of the agr-locus, where ongoing research proceeds with either of the following 

goals: 1) inhibiting the autoinducer characteristics of AIP by targeting or mutating genes of 

primary metabolites of the locus [80, 82, 155-157] or 2) introducing secondary metabolic 

molecules to compete with the agr-locus’ AIP synthesis and/or detection pathways [86, 88, 

158-164]. 

While the agr-targeting therapeutic strategies have resulted in some success in animal 

models [54, 80, 83, 87], this method still faces some challenges toward the successful 

application to potential human drug remedies. One of the main challenges to agr-targeting 

therapeutics is the existence of four agr groups, corresponding to four different AIP types 
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synthesized, among S. aureus strains [74]. An inhibitory molecule or agr-targeting 

metabolite that targets all four groups simultaneously has not been discovered. Similarly, 

other biofilm therapies have an increased failure rate due to the increased resistance of 

biofilm structures to antimicrobials. For this reason, other biofilm prevention strategies that 

rely on bioengineering of physical or chemical barriers on indwelling devices are on the 

horizon [41, 103, 104, 106].  

There is increasing scientific evidence that bacterial attachment and subsequent 

biofilm formation are significantly impacted by surface topography [39, 40, 97, 101, 107, 

165-168]. Physical micropatterned PDMS barriers were shown to decrease biofilm 

development by E. coli as well as revealing evidence of interaction among adjacent cell 

clusters [39, 40]. In addition, other studies revealed that defined spatial localizations of 

clusters influence the formation of biofilm by various other bacterial strains [101, 107, 168]. 

However, these studies have mostly focused on limiting the adhesion of cells [104, 106, 

169], rather than studying the events that follow adhesion. Also, little is known of the three-

dimensional development of S. aureus biofilm developed under flow on a micropatterned 

substratum that is free from physical barriers that may limit the mass transfer of metabolites 

 The study discussed in this chapter focuses on the understanding how adhesion 

pattern and spacing of adhered S. aureus cell clusters influences three-dimensional biofilm 

structure. In the previous chapter, the effect of different spacing between adjacent clusters 

was theorized via in silico simulation, suggesting that a larger distance between clusters 

results in a longer time to achieve threshold local AIP concentration. Thus, in the absence of 

nutrient mass transfer limitation (due to experimentation at the shear rates of 100 s-1 and 300 
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s-1), this section aims to experimentally investigate the effect of the adhered cell-cluster 

spatial arrangement on developed biofilm. These studies, in addition to the information from 

the previous chapter, can further elucidate the underlying processes governing biofilm 

development under hydrodynamic fluid conditions. 
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4.2 Results 

 

4.2.1 Evaluation of S. aureus biomass accumulation during biofilm 

development on patterned substratum under fluid flow 

To evaluate the effect of the substratum configuration on the development of S. 

aureus biofilm, experiments were performed under flow with different substratum pattern 

configuration of cells at the start of experiments. Substratum configurations consisted of 

single layers of cells seeded to saturation within a clustered circular geometry of 10 µm 

diameter with 20 µm, 50 µm, or 110 µm distance between adjacent clusters. The overall 

configuration was repeated within a total 4 mm × 4 mm square array. A full coverage single 

layer of cells covering a total 4 mm × 4 mm square area was used as a control. Following 8 

hours of media exposure under flow, images were captured using CLSM that revealed 

differences in the overall growth of biofilm among the different configurations (Figures 4.1 

& 4.2). Biofilms developed on the patterned configurations showed a diminished volume and 

thickness when compared with those grown at full coverage. Biofilms developed on the 20 

µm spacing configurations exhibited a significant increase in the overall biomass observed 

when compared with the biofilm developed at both 50 µm and 110 µm spacing (Figure 4.2). 

The 20 µm spacing configurations also displayed a higher tendency for linkage across 

adjacent clusters (Figure 4.1 B) while no such linkages were observed in either the 50 µm or 

110 µm spacing configurations (Figures 4.1 C & D). Overall, the images reveal an increase 

in volume and thickness of the bacterial biomass as the distance between adjacent cell 

clusters was reduced. 
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Quantitative characterization was performed with ISA3D, a MATLAB-based image 

analysis software, on exported image output of the individual fields represented in Figure 

4.3. To characterize the overall structure of developed biofilm, both biovolume and biofilm 

thickness (mean and maximum) were utilized. The biovolume of biofilm clusters diminished 

as the spacing between adjacent clusters increased during development under flow (Figure 

4.4). Statistical analysis revealed a significant difference in the biovolume of the full 

coverage biofilms compared to any of the patterned configurations. Furthermore, the 

difference in biovolume decreases significantly as the spacing configurations increased from 

20 µm to 50 µm, however, further increase in spacing to 110 µm did not decrease the 

biovolume further. Analysis of the mean and maximum biofilm thickness revealed a 

significant decrease in both when comparing full coverage control to all pattern 

configurations. Additionally, the mean and maximum thickness of biofilm decreased when 

the cluster spacing was increased from 20 µm to 50 µm, but the 110 µm spacing showed no 

further significant decrease compared to the 50 µm spacing (Figure 4.5 A). The surface 

roughness coefficient was also evaluated to determine the extent of structural disturbance on 

the biofilm surface (Figure 4.5 B). The   heterogeneity captured by the roughness coefficient 

indicated no statistically significant difference among the patterned biofilm surfaces 

compared to the full coverage biofilm (Figure 4.5 B). Interestingly, the roughness coefficient 

of biofilms developed from all the patterned spacing configurations showed no statistically 

significant difference among each other. However, the roughness of the full coverage control 

was significantly lower indicating overall that the surface of the full coverage biofilm was 

smoother than the surface of biofilms developed from the patterned substratum. Overall, 
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these data suggest that the introduction of micropatterned substratum diminishes the 

accumulation of biomass during the development of biofilm under flow. 

 

4.2.2 Influence of cluster spacing on the porosity and diffusion distance of S. 

aureus biofilm 

To further characterize the structural parameters that are useful in describing the 

internal development of biofilms, additional analysis was performed to evaluate porosity and 

diffusion distance of developed biofilms (Figure 4.6). The analysis was performed on the 

basis of individual clusters as represented in Figure 4.3. The porosity describes the fraction 

of the entire three-dimensional biovolume that is made up of interstitial or void space. It is 

calculated mathematically as the ratio of the volume of interstitial space and the volume of 

the whole biofilm. The diffusion distance parameter describes the physical distance from any 

point within the three-dimensional biofilm to the nearest void space. This parameter is 

numerically calculated by ISA3D using a quasi-Euclidean distance mapping method, which 

measures the straight-line distance between a set of three-dimensional segments [48, 110, 

111]. 

A completely dense biofilm with little to no porous channels will have a porosity 

value closer to zero and the value increases as porosity does to one representing complete 

interstitial space free of biomass. Conversely, higher diffusion distance values indicate the 

presence of large chunks of continuous biomass compared to the location of voids. The lower 

porosity of the full coverage biofilm compared to the patterned biofilm thus indicates a more 
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densely packed internal structure when compared with biofilms cultured on micropatterned 

substrata (Figure 4.6). Furthermore, the 20 µm pattern spacing exhibits significantly less 

porous biofilm compared to the 50 µm and 110 µm configurations. In addition, there was no 

significant difference in the porosity between the 50 µm and 110 µm spacing. In contrast, the 

diffusion distance increased as the patterned configurations was introduced compared with 

the full coverage control (Figure 4.6). However, the diffusion distance increased significantly 

as the distance between adjacent clusters increased from 20 µm to 50 µm, and also from 50 

µm to 110 µm. 

Additional analysis was performed to determine the distribution of porosity and 

diffusion distance as a function of the distance from the base of the developed biofilm 

(Figure 4.7). To do this, the areal porosity and diffusion distance were numerically calculated 

using image structure analyzer in two dimensions (ISA2D). Single two-dimensional images 

that comprise the CLSM image stack was analyzed to determine the local or textural porosity 

and diffusion distance of each image layer. The total biofilm height was then normalized by 

percentage and the porosity was evaluated in increments of 10 % of total biofilm height 

beginning at the substratum. For the sake of perspective, the volumetric porosity can be 

considered as the integration of the areal porosity across all CLSM image layers [111]. The 

data shows that the full coverage control biofilms generally had a consistent porosity and 

diffusion distance along the height of the developed biofilm (Figure 4.7). However, the 20 

µm spacing developed biofilms that were less porous at the bases and exhibited increased 

porosity after approximately 30 % of the total biofilm height (Figure 4.7 A). Also, the 

diffusion distance for the 20 µm, 50 µm and 110 µm spacing showed that biofilms developed 
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at these configurations generally possessed more biomass at the base (Figure 4.7 B). The 

shape of these curves indicate that the biomass generally tended to tapering at the top of the 

developed film. Overall, these data provide evidence of the multifaceted and complex nature 

of the internal structure of biofilms and indicate that the events that lead to mature biofilm 

development can further be influenced by the configuration of the initial adhesion 

substratum. 

 

4.2.3 Cluster spacing influence individual cluster expansion during S. aureus 

biofilm development 

Finally, the data were analyzed for expansion of individual patterned clusters that 

occurs during biofilm development. Each biofilm experiment began as a cluster of cells 

adhered in an arrayed pattern of 10 µm-diameter dots. During biofilm growth, it was possible 

for the cell clusters to grow radially so that when viewed in the top-down direction, they 

would appear to expand. As previously indicated, this expansion was apparent during the 

visual inspection by CLSM, where the 20 µm spacing configuration patterns exhibited 

linkages with adjacent clusters. These linkages are accompanied by an overall expansion of 

the cluster when compared to the initial inoculum that was confined within the 10 µm dot. To 

measure this expansion, further analysis was performed for the two-dimensional projected 

area of biofilm cell cluster (Figure 4.8 A). To do this analysis, the complete stack of images 

that make up a CLSM scan was collapsed into a single two-dimensional image and converted 

to a gray scale image. Binary analysis was subsequently performed using the public domain, 

National Institute of Health supplied, image analysis software, ImageJ. 
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The 20 µm spacing configurations had an overall significantly higher area compared 

to the 50 µm and 110 µm configurations. In fact, the 20 µm spacing had a more than two-

fold expansion when compared to the 50 µm spacing configuration. Conversely, the 

difference in expansion between the 50 µm and 110 µm spacing was not statistically 

significant. In addition, the shape factor distribution of the clusters was also analyzed in 

ImageJ, where a numerical value is used to describe the overall cluster shape (Figure 4.8 B). 

The shape factor is numerically described by the circularity parameter – defined as the ratio 

of the area and perimeter-squared. A value of unity represents a perfect circle and the shape 

factor approaches zero as the shape stretches along an axis. The distribution data shows that 

the 20 µm spacing configuration had more clusters with shapes approaching a circle while 

also possessing a wider range of shape factors as evident by the range of circularity from 0.4 

– 0.7. However, the 50 µm and 110 µm configurations generally exhibited more irregularly 

shaped clusters and are mostly distributed around the 0.4 circularity value. These data 

suggest that during biofilm development, the closer 20 µm spacing configurations expands to 

adjacent clusters evenly in all directions. Since all clusters are equidistant from each other 

this expansion mostly maintains the initial circular shape of the original surface pattern. 
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4.3 Discussion 

Biofilm development is an important step in the pathogenesis of S. aureus related 

infections in humans [9, 54, 72]. Surface attachment of individual cells forming one or more 

cell clusters within a local vicinity is a critical initiation step in biofilm development [10, 35, 

42, 51, 52]. In the case of S. aureus, these adherent cells communicate via the release and 

detection of AIP [34, 42, 72, 76, 158]. The detection of AIP by S. aureus occurs with 

positive feedback where AIP detection leads to upregulation of genes for further AIP 

production [9, 31, 32, 72, 80]. Depending on the environmental mass transfer properties, this 

subsequently leads to an increase in the local concentration of AIP that individual cells 

experience. It was therefore theorized that controlling the adhesion of cells, thereby limiting 

the cell-to-cell signaling phenomena affects the development of S. aureus biofilm. 

Topographical variations of the adhesion surface available for bacterial attachment 

affects the formation and development of biofilms by various microbial species [104-106, 

170]. This phenomenon was initially described following the observation that sharks, unlike 

other large marine animals, are not fouled by microbial invasion of its skin [171]. Further 

investigation into this phenomenon revealed the reason for the non-fouling property of shark 

skin was based in its intricate diamond shaped micropatterned topography [41, 104, 171]. 

Shark skin patterns comprise microscale diamond shaped protrusions that act as physical 

barriers to both microbial attachment and biofilm development [41, 104, 106]. Few studies 

have investigated the effects of these topographical variations on S. aureus biofilm 

development, and most topographical studies focus on long term biofilm development lasting 

several days [41, 104, 106, 171]. 
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This body of work focuses on micropatterned surfaces, rather than surface relief 

modifications, to evaluate the effects of spatial segregation on S. aureus biofilm 

development. This implies that rather than separating adherent cell colonies by physical 

barriers such as pillars or rods, separation by increased spatial distance between adjacent 

colonies was utilized. This was intended to closely match conditions of bacterial invasion of 

host matrix or indwelling medical devices where surface topographies may be absent. 

Furthermore, this study was targeted towards the early development of S. aureus biofilm 

with growth duration no longer than 8 hours to investigate the effects of these micropattern 

configurations on the early phase of biofilm development. Thus, revealing the relationship 

between the spacing of adjacent clusters and the cell-signaling mechanism in this early 

developmental phase. 

Observation of the developed biofilms immediately revealed differences in the 

biomass volume of micropatterned substratum coverage compared to a control of non-

patterned substratum. These visual differences were observed when the CLSM images of 

these biofilms were compared. Quantitative analyses confirmed these biomass differences 

with all patterned configurations having significantly lower biovolume compared to the 

control. Furthermore, the effect of the pattern spacing on the biomass and thickness was 

revealed in the differences observed when the 20 µm spacing configurations was compared 

with both the 50 µm and 100 µm spacing configurations. There was however, no significant 

difference observed in the biomass of the 50 µm and 100 µm configurations. This suggests 

the existence of a critical combination of cluster size and adjacent cluster spacing that 

significantly diminishes the development of biofilm under fluid flow.  
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The concept of a critical dimension that inhibit biofilm development was suggested in 

a study of how topographical changes affect development of E. coli biofilm in static 

environments [39, 40]. In those experiments, pillar-like topographical patterns act as physical 

barriers between colonies of adhered cells. The pillars were cuboid-shaped with 10 µm 

height and equal length and depth that were systematically varied from 5 µm to 100 µm. This 

meant that the larger pillar sizes resulted in larger microcolonies that were closer to each 

other. Their findings indicated that the cells exhibited reduced biomass as the size of the 

barrier was decreased, thus increasing the spacing. Additionally, they found that at the 

feature sizes in those studies, the critical pillar size at which biofilm development was 

significant inhibited was at 20 µm pillar size. Although those experiments were conducted in 

static environments with a different microbial species, there was indication that cell-to-cell 

interaction was essential for the formation of the multicellular structure of biofilms. 

Developing biofilm is impacted by physical or spatial separation of adherent bacteria 

colonies possibly due to an interference of the communication pathway that slows down 

biofilm progression. 

In the previous chapter, the mass transfer characteristics of the cell-signal peptide, 

AIP, was simulated under flow within geometry equivalent to the experimental flow 

chamber. These simulations suggested that the time taken for the local AIP concentration to 

achieve the theoretical threshold for induction was lower for the full coverage control 

compared to the patterned cluster configurations. Experimentally, this suggested that adhered 

cells in the full coverage configuration would initiate biofilm-dependent-growth faster than 

the patterned configurations. The results appear to agree with the simulation data. The full 
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coverage biofilms developed under the influence of 300 s-1 wall shear rate developed thick, 

dense biomass compared to all pattern-developed biofilms. Additionally, the simulations 

suggested that the 20 µm spacing configuration achieved local AIP concentration threshold 

earlier than the 110 µm spacing; further implying that the wider spacing may result in further 

delay in biofilm development. In the experimental system described in this chapter, the 20 

µm spacing developed thicker biofilms with less porosity and diffusion distance than the 50 

µm and 110 µm spacing. However, there were no significant differences between the biofilm 

structures developed at 50 µm and 110 µm spacing. This suggests that for cluster size and 

wall shear rate of 10 µm and 300 s-1, respectively, the critical spacing at which biofilm 

development is significantly inhibited exists in the 20 µm – 50 µm range; and once that 

critical spacing is achieved, further increase in spacing yields no significant inhibition of 

biofilm development. 

The individual cell clusters of the micropatterned colonies in this study are able to 

communicate with adjacent clusters as they multiply. Cluster multiplication leads to the 

release of higher concentrations of AIP by the clusters that is transferred along the flow 

direction by convection. Due to the fact that the array of clusters for all patterned 

configurations cover the same total area (4 mm × 4 mm), this implies that the 20 µm spacing 

has more clusters covering the entire region than the 50 µm and the 110 µm. Based on the 

results of this study, the convective mass transfer of AIP due to the fluid flow influences the 

differences observed in biofilm development on the micropatterned cell clusters. Overall, 

these data agree with reports that the function of the cell-signaling pathway was not only 

influenced by the achievement of a suitable quorum, but also influenced by environmental 
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dynamics [35, 36, 44, 84]. The data presented in this chapter suggest that the cell-signaling 

phenomenon exhibited by the cell clusters agrees with the concept of efficiency sensing. 

However, this study represents the first reports of the influence of barrier-free spatial 

segregation of adhered cell clusters on biofilm development under hydrodynamic flow. The 

experiments in this study present a better representation of real-world dynamic environments 

where S. aureus biofilm grows. Specifically, relating to the subject matter of discovering 

antibiotic-free therapies for biofilm-based infections, this study, in addition to the data from 

the previous chapter, provide insight on the underlying mass transfer mechanism for biofilm 

development under physiological wall shear rates.  
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Figure 4.1: Top-down views of S. aureus biofilm growth at different substratum 

configurations showing the arrangement of clusters according to micropatterned substratum 

50 µm 

110 µm 

C 

D 
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via CLSM and rendered in Imaris. Cells were allowed to adhere via sedimentation on FN 

coated glass and cultured for 8 hours at 37°C with continuous media flow at 300 s-1. The 

protein coating was performed at (A) Full coverage, or an array of 10 µm dots that are 

spaced (B) 20 µm, (C) 50 µm, and (D) 110 µm apart. In each image, the direction of flow is 

along the Y-axis. Each square grid has a length of 50 µm. 
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Figure 4.2: S. aureus biofilm growth at different substratum configurations showing 

structural differences in volume and thickness as observed via CLSM and rendered in Imaris. 

C 

D 
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Cells were allowed to adhere via sedimentation on FN coated glass and cultured for 8 hours 

at 37°C with continuous media flow at 300 s-1. The protein coating was performed at (A) Full 

coverage, or an array of 10 µm dots that are spaced (B) 20 µm, (C) 50 µm, and (D) 110 µm 

apart. In each image, the direction of flow is along the Y-axis. Each square grid has a length 

of 50 µm. 
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Figure 4.3: Detailed view of biofilm developed from a 10 µm cell cluster. Images were 

captured via CLSM and rendered in Imaris. In each image the direction of flow is along the 

Y-axis. The images show biofilm developed from clusters with adjacent spacing: (A) Full 

coverage used as control, (B) 20 µm, (C) 50 µm, and (D) 110 µm. Each square grid has a 

length of 10 µm. 
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Figure 4.4: Biovolume analysis of S. aureus biofilm developed from micropatterned 

substratum quantified with ISA3D reconstruction of CLSM image stacks. This chart reports 

the mean biovolume (± 95% confidence interval, n = 16) of the biomass produced by 

individual single cell clusters spaced by varying distances among adjacent clusters. The 

images were captured at ~ 300 µm distance from the posterior end of a 4 mm × 4 mm square 

total array area and biofilm was developed under flow at 300 s-1. Full coverage indicates non-

patterned surface and was used as control. * indicates statistically significant difference (𝑝 <

0.001) compared to full coverage. § indicates statistically significant difference (𝑝 < 0.001) 

compared to 20 µm pattern spacing. 
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Figure 4.5: S. aureus biofilm development with respect to micropatterned substratum 

showing (A) biofilm thickness, and (B) roughness coefficient (mean ± 95% CI, n = 16). * 

indicates statistically significant difference (𝑝 < 0.001) compared to full coverage. § 

indicates statistically significant difference (𝑝 < 0.001) compared to 20 µm pattern spacing. 
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Figure 4.6: Effect of substratum micropattern configuration on the internal development of 

interstitial space within S. aureus biofilm developed under flow. The internal development is 

described here by the porosity and diffusion distance (mean ± 95% CI, n = 16). * indicates 

statistically significant difference (𝑝 < 0.001) compared to full coverage. § indicates 

statistically significant difference (𝑝 < 0.001) compared to 20 µm pattern spacing. ¥ 

indicates statistically significant difference (𝑝 < 0.001) compared to 50 µm pattern spacing. 
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Figure 4.7: Internal height profile of S. aureus biofilm developed on micropatterned 

substratum. The distribution of interstitial voids along biofilm height (A), and the mean 

diffusion distance (B) shows the variation in internal development with respect to substratum 

pattern configuration for biofilm developed under flow. Each data point represents the mean 

± 95% CI, n ≥ 8.
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Figure 4.8: Evaluation of the expansion of cell clusters during biofilm development under 

flow. (A) The area (mean ± 95% CI, n ≥ 12) indicates the 2D area of spread outside of the 10 

µm initial colony diameter. * indicates statistically significant difference (𝑝 < 0.001) 

compared to full coverage. (B) The shape factor analysis describes how the general shape of 

the cluster varies based on the pattern dimensions. Black bar indicates mean shape factor 

location. 
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Chapter 5: Influence of physiologically relevant shear on the 

morphology of Staphylococcus aureus biofilms developed from a 

patterned substratum  
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5.1 Rationale for study 

In the preceding chapter, it was shown that S. aureus biofilm development from 

micropatterned cluster substratum diminished when the spacing between adjacent clusters 

increased. The total array of clusters in those experiments covered a 4 mm × 4 mm square 

region. The full-coverage-control configuration can be described as the upper limit of total 

cluster number as the spacing decreases from 110 µm to 50 µm to 20 µm. Chapter three 

suggested, via in silico simulation, that there was convective influence on AIP mass transfer 

within the flow chamber on micropatterned cluster geometry. Additionally, the simulated 

mass transfer of AIP resulted in higher concentration profile magnitudes as the spacing 

between geometric clusters decreased for the 4 mm × 4 mm configurations. This resulted in 

the observation that simulations for the full coverage control achieved threshold local AIP 

concentration for induction faster than the patterned geometries. Additionally, the cluster 

geometry with 20 µm spacing achieved the threshold faster than the geometry with 110 µm 

spacing.  

Therefore, I postulated, in the previous chapter, that mass transfer of AIP was the 

underlying reason for the observed differences in biofilm development on the micropatterned 

substrata. However, in the previous experiments, as long as the total array of clusters covered 

the same 4 mm × 4 mm square, a decrease in the spacing between adjacent clusters resulted a 

higher number of clusters within the overall region. The alteration of cluster spacing resulted 

in a higher total number of cell clusters as spacing decreased from 110 µm to 20 µm while 

maintaining 4 mm × 4 mm total coverage. This implied that it may be possible that the 

increased total cell density also impacts biofilm development at the 20 µm spacing 
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configuration. To study this experimentally in this chapter, the total cluster number was 

systemically changed by reducing the total array coverage area to 2 mm × 2 mm for all 

pattern configurations. This rationale ensures the evaluation of similar patterned cluster 

configurations for any possible effects of total cluster number. The simulations result in 

chapter three suggest that altering the wall shear rate between experiments, from 100 s-1 to 

300 s-1, should impact the structural characteristics of developed biofilm. They also suggest 

that changes in the total cluster number from 2 mm × 2 mm to 4 mm × 4 mm should impact 

biofilm structural development. However, it was unclear if any interactive effects exist when 

these parameters are systematically altered. These analyses aim to further elucidate the 

underlying mass transfer of AIP within all these varying experimental configurations of 

cluster pattern spacing and total cluster number; and the influence of physiological shear on 

the developed biofilm. 
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5.2 Results 

 

5.2.1 Influence of shear rates on structural characteristics of S. aureus biofilm 

development on micropatterned substrata 

In the preceding chapter, S. aureus biofilm development, under fluid flow, on 

micropatterned substratum was impacted significantly, having less biomass and thickness 

compared to full coverage biofilm. This was attributed to the changing mass transfer 

properties of the system as the micropatterned spacing was increased. Subsequently, this 

study assesses the influence, of varying the shear rate on the developmental impact already 

observed previously. Evaluation of the effect of wall shear rate on S. aureus biofilm 

development on micropatterned substratum was performed at shear rate values of 100 s-1 and 

300 s-1. Additionally, the total area of the square array comprising the substratum coverage 

was varied between 2 mm × 2 mm and 4 mm × 4 mm. This was performed to achieve an 

overall four-fold change in total adherent cell cluster number between experiments. For 

comparative analyses in this study, images were captured at approximately 300 µm from the 

posterior end of 4 mm × 4 mm coverage area. This represented an approximate 7.5% 

normalized distance from the posterior end and was arbitrarily selected. The developed 

biofilms for various micropattern configurations showed qualitative differences via CLSM 

when the shear rate varied between 100 s-1 to 300 s-1 (Figures 5.1 & 5.2). For the full 

coverage and the 20 µm micropattern spacing, biofilms developed at 300 s-1 possessed 

visibly dense structures compared to biofilms developed at 100 s-1 shear. Additionally, at 100 

s-1 shear, the volume and thickness of developed biofilm decreased as spacing between 
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adjacent clusters increased (Figure 5.3). This aligns with the impact of the micropatterned 

substratum at equivalent wall shear rate observed in the previous chapter. 

The biovolume of developed biofilm at 100 s-1 were significantly lower than those 

developed at 300 s-1 (Figure 5.3). This was the case for comparison of shear only on the full 

coverage and the micropatterned cell clusters. Additionally, the magnitude of the change in 

biovolume diminished as the micropatterned spacing increased. For example, in response to 

the increase in shear rate, the 20 µm spacing increased in biovolume by ~500 µm3. In 

contrast, both the 50 µm and 100 µm spacing responded by minimal magnitudes of ~100 

µm3 and the full coverage control changed by more than 1000 µm3. In the analyses of the 

mean and maximum thickness, the full coverage biofilm increased in both parameters as the 

shear rate increased from 100 s-1 to 300 s-1 (Figure 5.4). The 20 µm and 50 µm spacing 

configurations showed no significant changes to both the mean and maximum thickness in 

response to the wall shear rate change. However, the 110 µm spacing showed a decrease in 

thickness as the wall shear rate increased from 100 s-1 to 300 s-1.  

The porosity and mean diffusion distance were also evaluated for structural changes 

with wall shear rate change (Figure 5.5). The full coverage and the 110 µm spacing 

developed biofilm showed no change in porosity with increase in wall shear rate (Figure 5.5 

A). However, both the 20 µm and 50 µm spacing responded to increased wall shear rate with 

decreasing porosity (Figure 5.5 A). In contrast to the observation made in the previous 

chapter, at 100 s-1 only, there was no significant difference in the porosity as the spacing 

between adjacent patterns increased from 20 µm to 50 µm (Figure 5.5 A). The mean 

diffusion distance decreased as the wall shear rate increased for the full coverage, 20 µm, and 
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50 µm spacing (Figure 5.5 B). However, the 110 µm spacing showed a minimal, non-

significant increase in diffusion distance in response to increased wall shear (Figure 5.5 B). 

Overall these analyses suggest that the added reduction of shear diminished biofilm 

development from the micropatterned cell clusters. 

 

5.2.2 Influence of total cell cluster number of micropatterned substrata on S. 

aureus biofilm development under flow 

All data reported thus far were performed with a total area of cluster coverage 

equivalent to 4 mm × 4 mm. To investigate the effect of the total cell cluster number on the 

developed biofilm, the total cluster coverage area was reduced by a quarter to 2 mm × 2 mm. 

This resulted in an equivalent quarter factor reduction of the initial total cell density available 

for biofilm development while maintaining equivalent micropattern cluster spacing. Biofilm 

capture on the 4 mm × 4 mm coverage area was performed as previously described. For the 2 

mm × 2 mm coverage area, biofilm capture was performed at approximately 150 µm 

distance, representing 7.5% normalized distance, from the posterior end. Qualitative analysis 

revealed that the structural compactness of the developed biofilm for the full coverage 

biofilm and the 20 µm micropatterned spacing configuration exhibited fundamental changes 

due to the total coverage area changes (Figure 5.6). The biovolume revealed no change in 

response to total cluster number for the 50 µm and 110 µm spacing at both 100 s-1 and 300 s-1 

wall shear rates (Figure 5.7). However, for the full coverage and 20 µm spacing under the 

influence of 100 s-1 wall shear rate, significant increases were observed in biovolume 

corresponding to increase in the total coverage area from 2 mm × 2 mm square to 4 mm × 4 
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mm square arrays. At 300 s-1 shear rate, there was no significant change in the full coverage 

biofilm in response to the total coverage area change, but there was a significant increase in 

biovolume by the 20 µm spacing (Figure 5.7). Interestingly, the biovolume of the 2 mm × 2 

mm coverage-20 µm spacing configuration was significantly higher than the 4 mm × 4 mm 

coverage-50 µm spacing configurations. This further promotes the influence of spacing since 

these two configurations are equivalent in the total number of clusters and only differ in the 

spacing distance. 

The change in total cluster number also revealed effects on the porosity of developed 

biofilm (Figure 5.8). There were no significant changes in porosity among all of the full 

coverage biofilm structures regardless of coverage area size, although each was significantly 

lower than their corresponding micropatterned configurations. However, the porosity 

significantly decreased as total coverage area increased from 2 mm × 2 mm to 4 mm × 4 mm 

for the 20 µm spacing. For both the 50 µm and 110 µm spacing, the porosity was 

significantly impacted at 100 s-1 shear rate only. Overall, these data suggested that the 

development of biofilm under flow was subject to mass transfer limitations of the signal 

peptide, AIP.  

 

5.2.3 Factorial analysis of the impact of shear, cluster spacing and total cluster 

number on biofilm development 

The study of biofilm developmental changes in response to shear rates suggests that 

the mass transfer of AIP within the flow environment is impacted by the following variables: 

shear rate and clusters spacing. Convective mass transfer of AIP subsequently determines the 
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duration before clusters experience local AIP threshold concentration. To assess the relative 

importance of the variables on biovolume, mean thickness, porosity and mean diffusion 

distance, full factorial analysis was performed on the data. For this analysis, the cluster 

spacing variation was defined as two distinct variables: 1) “spacing” referred to the adjacent 

spacing between clusters which varied between full coverage, 20 µm, 50µm, and 110 µm, 

and 2) “size” referred to the total cluster number (varied between 2 mm × 2 mm and 4 mm × 

4 mm). The Pareto chart, which orders the effect of variables by their magnitude, is provided 

in Figure 5.9. This analysis showed that spacing between adjacent clusters was the most 

important variable influencing the biovolume, mean thickness and porosity of developed 

biofilm (Figure 5.9 A, B & C). However, the mean diffusion distance was suggested to be 

most influenced by variation in wall shear rate. Overall, these data reveal that shear rate 

changes affect biofilm structure development on micropatterned substratum and the effect on 

the patterned substratum are intensified by increase in the micropattern spacing. 

 

5.2.4 Hydrodynamic flow reveals dependency of S. aureus biofilm development 

along the axis of flow 

In the simulation analysis provided in chapter three, it was observed that a 

concentration gradient existed along the axis of flow. This suggested the possibility of 

location dependent biofilm growth along the direction of flow. Additionally, the analysis of 

total cluster number from the previous sections of this chapter also suggests this potential. To 

assess this dependence, comparative analysis was performed on biofilm developed at the 

anterior and posterior ends of the coverage areas; referred to as upstream and downstream, 
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respectively (Figures 5.10 & 5.11). For a 2 mm × 2 mm coverage area, the upstream and 

downstream biofilms were defined by a distance of approximately 150 µm from the anterior 

and posterior ends, respectively. For the 4 mm × 4 mm coverage area, the same definition 

was achieved by a distance of approximately 300 µm from respective ends. In both cases, 

this represented a 7.5% inward distance from each end of biofilm development. This value 

was arbitrarily selected to allow enough distance for adequate development of biomass, 

while maintaining a reliable distance between the upstream and downstream ends. 

Assessment of the biovolume data revealed significant differences between the 

developed biofilm at both ends (Figure 5.10). The biovolume significantly increased at the 

downstream location compared to the upstream location in all cases. However, the magnitude 

of the biovolume change decreased as the micropattern spacing configuration increased. This 

was applicable regardless of the shear rate at which biofilm was developed or the total 

coverage area. Similarly, the porosity at all downstream location was significantly lower than 

upstream locations for all substrata (Figure 5.11). This further suggests location specific 

development of biofilm within the dynamic environment. 

Therefore, the progression of biofilm development was assessed along the axis of 

flow by evaluation of developed biofilm at intervals along the direction of flow. To do this, 

sampling was performed at intervals of approximately 500 µm from the anterior to the 

posterior end of a 4 mm × 4 mm total coverage area for biofilms developed at 100 s-1 shear 

rate and 37°C for 8 hours. Quantitative analysis of these biofilms reveals a steady increase in 

biovolume and a decrease in porosity along the axial biofilm length and in the direction of 

flow (Figure 5.12). For the 20 µm and 50 µm micropattern spacing, the rise in biovolume 
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along the flow axis suggests that the spatial location of cell clusters in a dynamic 

environment influences the structural development of biofilm at that location. This is evident 

from the observation that the biovolume is equivalent along the first 500 µm distance at the 

20 µm and 50 µm spacing. However, further downstream the 20 µm spacing increases at a 

faster pace compared to the 50 µm spacing. Overall, these analyses indicate that the dynamic 

environment favors cells growing downstream of flow and that developing cells take 

advantage of the dynamic properties of the environment during biofilm development. The 

progressive growth of S. aureus biofilm along the direction of flow illustrates this point. 

Downstream cell clusters were able to take advantage of their location benefits towards 

developing more advanced biofilm within the same duration. In other words, biofilm 

development along a line parallel to the direction of flow steadily increases in both structural 

fidelity and internal complexity. 
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5.3 Discussion 

This body of work has established in previous chapters that the substratum 

micropattern configuration impact biofilm development under hydrodynamic shear. This was 

attributed to the influence of AIP mass transfer under fluid flow. Additionally, simulation 

studies suggested an influence of shear on the mass transfer of AIP within the flow chamber 

system. This resulted in different durations at which varying cluster configurations achieved 

threshold local AIP concentration for biofilm-dependent growth. This chapter expands this 

analysis to include assessment of wall shear rate and total cluster number variation. Biofilms 

were cultured on micropatterned substratum under systematically varied flow at 100 s-1 and 

300 s-1, and total cluster arrays covering either a 2 mm × 2 mm or 4 mm × 4 mm square 

region. The developed biofilms revealed structural differences in their overall biomass 

amount (represented by biovolume and thickness measurements) and on the development of 

structural characteristics that did not increase biomass (represented by porosity and diffusion 

distance measurements).  

In general, progression of biofilm development is accompanied by an overall increase 

in biovolume and thickness [111, 115, 138]. This applies to both experimentally-developed 

biofilm and naturally-formed biofilm. This can therefore be interpreted that biofilms with 

higher volume or thickness have been in development for a longer duration. The simulation 

data predicted that the full coverage configuration initiates biofilm-dependent biomass 

growth. The experimental data agreed with this prediction. The lower cell density exhibited 

by the 2 mm × 2 mm coverage area exhibited biofilms with larger biovolume and thickness 

compared with all micropatterned configurations regardless of coverage area, or wall shear 
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rate. Additionally, regardless of coverage area and wall shear rate, the 20 µm spacing 

configuration exhibited larger biovolume and thickness than both the 50 µm and 110 µm 

spacing configurations. These suggest that cluster spacing impacts biomass development. 

This may due to increased total cluster number at the beginning of the experiment at smaller 

cluster spacing, or to the achievement of biofilm-dependent growth at an earlier time as 

suggested by simulation data. 

 To evaluate the effect of total cluster number, additional experiments were performed 

with the total array of cells systematically varied between experiments from 2 mm × 2 mm to 

4 mm × 4 mm. This meant that at the start of experiments, the number of clusters that were 

arranged along the axis of flow was reduced by half for the same cluster spacing 

configurations. Comparative analysis showed that only the 20 µm spacing configuration 

yielded increased biovolume due to increased total cluster number at both 100 s-1 and 300 s-1 

shear rates. This further agrees with the suggestion proffered in chapter four of a critical 

combination of cluster size and cluster spacing after which no further changes in biofilm 

development are observed. Furthermore, comparative analysis of micropattern configurations 

that were equivalent in total cluster number that differ only in cluster spacing (as was the 

case of comparing 2 mm × 2 mm coverage-20 µm spacing versus 4 mm × 4 mm coverage-50 

µm spacing) was performed. The results indicated that the 20 µm spacing yielded 

significantly more biovolume; further asserting that the observed influence of cluster spacing 

was not due to the change in total cluster number.  

Theoretical considerations for factors affecting biofilm growth in nature include the 

hydrodynamic shear, nutrient mass transfer and biofilm associations [172, 173]. There are 
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many other influences, but those are typically dependent on the three factors mentioned 

previously. For example, biofilm associations include factors such as single or multi-species 

biofilm, environmental loss of biofilm, and cell signaling mechanisms [172]. Therefore, in 

this study, the theoretical considerations are the wall shear rate, nutrient limitation and cell 

signaling mechanism. However, previous studies performed in our laboratory reported that 

biofilm development at the shear rates of 100 s-1 and 300 s-1 utilized in this work was not 

limited by nutrient mass transfer. Further analysis was performed to investigate the influence 

of mass transfer gradients of biofilm-dependent metabolites on biofilm development. The 

results showed that biofilms developed at the same shear rate and on equivalent micropattern 

spacing varied based on their position along the flow axis. In fact, the biofilm development 

improved down the axis of flow. This further agreed with the claim that in the absence of 

nutrient limitations, the mechanism of biofilm development under shear was due to the mass 

transfer of biofilm-dependent metabolites; speculatively, AIP.  

This study reports that biofilm development within a flow environment increases in 

the direction along the flow axis. This was evident by a steady increase in biovolume, 

coupled with a steady decrease in porosity, at both the 20 µm and 50 µm spacing. In fact, this 

was also observed in the full coverage configuration that contained considerably higher 

biomass amount, overall. Biofilm development in nutrient-dependent conditions usually 

generate rough biofilm structures while development in growth-dependent conditions yield 

generally smoother biofilms [138]. Growth-dependence refers to conditions at which the only 

hindrances to biofilm development are the mechanisms that control biofilm development. In 

other words, if there was nutrient limitation, the results should indicate a decrease of biofilm 
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development along the axis of flow. This is because cells would still achieve AIP threshold 

due to convective mass transfer, however, the downstream clusters (having switched to 

biofilm-dependent growth due to achieving threshold AIP concentration before upstream 

clusters), would develop less biovolume in the presence of such nutrient limitation. Overall, 

these results provide insight into the underlying mechanism of biofilm regulating 

metabolites, such as AIP, and their convective mass transfer properties under flow. Targeting 

the cell-signaling phenomena is a viable research subject matter within the scientific 

community, especially toward therapies aimed at S. aureus infections [75, 83, 164]. Due to 

the high interest level of research on cellular communication mechanism, this study provides 

further basis for biofilm prevention by targeting the cell-signaling pathway. Additionally, 

this body of work provides a mechanistic basic route to antibiotic-free biofilm inhibition 

strategies utilizing micropatterned geometry. 
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Figure 5.1: Perspective view images of S. aureus biofilm developed on micropatterned 

substratum as a function of physiological shear rates. Images above show biofilms developed 

at (#) 100 s-1 and (#’) 300 s-1 shear rates on micropattern substratum configurations. In each 

image, the direction of flow is along the Y-axis. The configurations at the start of each 

experiment include (A) Full coverage, 10 µm array of clusters with spacing (B) 20 µm, (C) 

50 µm, and (D) 110 µm between adjacent clusters. The full coverage biofilm was used as 

D 

D’ 
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control. Cells were adhered by sedimentation on glass coverslips that has been pre-coated 

with either a full or micropatterned coating of FN. Biofilm culture was developed in situ for 

8 hours at 37°C with continuous media flow. Each square grid represents 50 µm. 

   



144 

 

 

 

 

 

A 

A’ 



145 

 

 

 

 

B 

B’ 



146 

 

 

 

  

 

C 

C’ 



147 

 

 

 

 

 

Figure 5.2: Closer perspective views of individual cell clusters of developing biofilm 

showing the microscale observable differences exhibited by the variation of micropattern 

D 

D’ 
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spacing and physiological shear rates. Experiments were performed at (#) 100 s-1 and (#’) 

300 s-1 shear rates on the following substratum configurations: (A) Full coverage used as 

control, (B) 20 µm, (C) 50 µm, and (D) 110 µm. In each image the direction of flow is along 

the Y-axis. Each square grid represents 10 µm. 
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Figure 5.3: Biovolume of S. aureus biofilm developed as a function of physiological shear 

rates on different micropatterned substratum. The above chart reports the mean biovolume (± 

95% confidence interval, n = 16) of the biomass produced by individual single cell clusters 

spaced by varying distances among adjacent clusters. The images were captured at ~ 300 µm 

distance from the posterior end of a 4 mm × 4 mm square total array area and biofilm was 

developed under flow. Full coverage indicates non-patterned surface and was used as control. 

Black bars indicate statistically significant difference (𝑝 < 0.05) between grouped pairs. * 

indicates statistically significant difference (𝑝 < 0.001) compared to full coverage. § 

indicates statistically significant difference (𝑝 < 0.001) compared to 20 µm pattern spacing.  
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Figure 5.4: The (A) mean, and (B) maximum thickness (± 95% CI, n = 16) of S. aureus 

biofilm developed as a function of physiological shear rates on different micropatterned 

substratum. Black bars indicate statistically significant difference (𝑝 < 0.05) between 

grouped pairs. * indicates statistically significant difference (𝑝 < 0.001) compared to full 

coverage. § indicates statistically significant difference (𝑝 < 0.001) compared to 20 µm 

pattern spacing.  
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Figure 5.5: (A) Porosity, and (B) diffusion distance (± 95% CI, n = 16) of S. aureus biofilm 

developed as a function of physiological shear rates on different micropatterned substratum. 

Black bars indicate statistically significant difference (𝑝 < 0.05) between grouped pairs. * 

indicates statistically significant difference (𝑝 < 0.001) compared to full coverage. § 

indicates statistically significant difference (𝑝 < 0.001) compared to 20 µm spacing. ¥ 

indicates statistically significant difference (𝑝 < 0.001) compared to 50 µm spacing.  
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Figure 5.6: The effect of total cluster number on S. aureus biofilm development on 

micropatterned substratum under the influence of physiological shear rates. Images above 

show perspective views of biofilms developed at 300 s-1 shear rate on micropatterned 

substratum configurations: (A) Full coverage, 10 µm clusters with (B) 20 µm, (C) 50 µm, 

and (D) 110 µm spacing between adjacent clusters. Cells were seeded in systematically 

different total cluster number by altering the total array size between experiments from (#) 2 

D 

D’ 
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mm × 2 mm to (#’) 4 mm × 4 mm. In each image the direction of flow is along the Y-axis.  

Each square grid represents 50 µm. 
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Figure 5.7: Biovolume (mean ± 95% confidence interval, n = 16) of S. aureus biofilm 

developed with varying physiological shear rates on different micropatterned substratum, at 

total substratum coverage of 2 mm × 2 mm or 4 mm × 4 mm. The images were captured at ~ 

150 µm distance from the posterior end of the 2 mm × 2 mm array and ~ 300 µm distance 

from the posterior end of the 4 mm × 4 mm array. Full coverage indicates non-patterned 

surface and was used as control. Black bars indicate statistically significant difference (𝑝 <

0.05) between grouped pairs. * indicates statistically significant difference (𝑝 < 0.001) 

compared to full coverage. § indicates statistically significant difference (𝑝 < 0.001) 

compared to 20 µm pattern spacing.  
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Figure 5.8: Porosity (mean ± 95% CI, n = 16) of S. aureus biofilm developed with varying 

physiological shear rates on different micropatterned substratum, and at total substratum 

coverage of 2 mm × 2 mm or 4 mm × 4 mm. Black bars indicate statistically significant 

difference (𝑝 < 0.05) between grouped pairs. * indicates statistically significant difference 

(𝑝 < 0.001) compared to full coverage. 
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Figure 5.9: Full-factorial Pareto charts of standardized effects of the following responses: 

(A) biovolume, (B) mean biofilm thickness, (C) porosity, and (D) mean diffusion distance. 
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Plots show the rankings of effect sizes on S. aureus biofilm developed with varying 

physiological shear rates on different micropatterned spacing at varied total size. All readings 

were acquired from the posterior end of the developed biofilm for comparative analysis. For 

each response, the effects are ranked from the highest effect to the lowest. Main effect bar 

values that are lower than the average effects reference line (shown as red dash) is 

considered not statistically significant to the response (𝛼 =  0.05). 
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Figure 5.10: Comparison of the upstream and downstream biovolume (mean ± 95% CI, n = 

16) of S. aureus biofilm developed under flow as a function of micropatterned substratum 

and the total coverage area. Graphs are shown for biofilms developed at (A) 2 mm × 2 mm; 

100 s-1, (B) 4 mm × 4 mm; 100 s-1, (C) 2 mm × 2 mm; 300 s-1, and (D) 4 mm × 4 mm 300 s-1. 

For the 2 mm × 2 mm and 4 mm × 4 mm coverage areas, upstream and downstream 

represents biofilms at ~150 µm and ~300 µm, respectively from the anterior and posterior 

ends of the total coverage area. Black bars indicate statistically significant difference (𝑝 <

0.05) between grouped pairs. 
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Figure 5.11: Comparison of the upstream and downstream porosity (mean ± 95% CI, n = 16) 

of S. aureus biofilm developed under flow as a function of micropatterned substratum and 

total coverage area. Graphs are shown for biofilms developed at (A) 2 mm × 2 mm; 100 s-1, 

(B) 4 mm × 4 mm; 100 s-1, (C) 2 mm × 2 mm; 300 s-1, and (D) 4 mm × 4 mm; 300 s-1. For 

the 2 mm × 2 mm and 4 mm × 4 mm coverage areas, upstream and downstream represents 

biofilm at ~150 µm and ~300 µm, respectively from both the anterior and posterior ends of 

the total coverage area. Black bars indicate statistically significant difference (𝑝 < 0.05) 

between grouped pairs. 
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Figure 5.12: Developmental progression of S. aureus biofilm along the axis of flow. The (A) 

biovolume and (B) porosity (mean ± 95% CI, n = 4) of developed biofilm captured at the 

locations indicated by the distance axis along a 4 mm length of total coverage area. Biofilm 

was developed under flow at 100 s-1 at 37°C for 8 hours. The direction of flow is along the 

“distance” axis from left to right. 
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Chapter 6: Conclusion & perspectives for future studies   
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6.1 Contributions of the current dissertation 

Bacterial cells, in nature, prefer to exist as a surface-attached coalescent community 

of slime encased cells known as biofilms [42-44, 46, 174]. This biofilm-forming existence 

offers several advantages to the cells involved including evasiveness to host immune 

response, resistance to antimicrobial and antibiotic therapies, communal expression of 

metabolites, and overall increased survivability in unfavorable environmental conditions [9, 

29, 151, 152, 174]. Biofilm formation has been observed for several species of bacteria 

across multiple scientific disciplines and affecting a wide variety of industries including the 

food industry, waste treatment, manufacturing pipelines, and healthcare [4, 6, 7, 42-44, 175, 

176]. In healthcare settings, S. aureus is a major etiological agent of biofilm-based 

nosocomial and community-acquired infections of indwelling medical devices in humans [9, 

177]. For example, the persistence of S. aureus in cardiovascular related infections in 

humans has been linked to its development of biofilm as an intrinsic step in infection 

pathogenesis [2, 9, 13, 15-17, 53, 177]. Furthermore, the hydrodynamic environment of the 

cardiovascular system complicates the eradication of biofilm-based infection due to the 

metastasizing of eroded cells to multiple infection sites [42, 51, 54, 178-180]. Therefore, 

remediation efforts of staphylococcal infections have been aimed at the prevention of the 

initial formative steps as well as biochemical disruption of biofilm development [15, 23, 54, 

154, 181]. There is also scientific focus on the subject matter of non-biochemical related 

biofilm eradication. One such subject matter involves the use of physical mechanisms for the 

purpose of obstructing the development of biofilm or weakening the structure of developed 

biofilm [106]. 
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Biofilm-based S. aureus infections initiates by adhering to host extracellular matrix or 

indwelling implant devices, followed by accumulation into clonal or non-clonal 

microcolonies on the path toward biofilm development. Cell-to-cell communication via the 

release and detection of AIP is a regulator of biofilm-dependent accumulation. Cells that are 

growing as biofilm produce components that make up the EPS such as polysaccharides, 

extracellular DNA and exo-proteins [9, 81, 182, 183]. The primary goal of this body of work 

was to investigate the effects of controlled adhesion of cell clusters on the development of S. 

aureus biofilm under fluid flow. In the course of the studies presented in this dissertation, it 

was demonstrated that: 1) in silico modeling of AIP mass transfer within the experimental 

environment was a viable tool in experimental design which may enhance biofilm research; 

2) increasing the adjacent spacing between microcolonies of equal sizes inhibited the 

structural development of S. aureus biofilm up to a limit after which further inhibition was 

negligible; 3) the influence of the micropatterned colonies on biofilm development was due 

to the difference in convective mass transfer of AIP; and 4) the inhibitory effect of 

micropatterned clusters on biofilm development was improved by increase in the shear rate. 

There is growing scientific interest in the specific disruption of the cell-signaling 

pathway that constitutes an intrinsic step in biofilm-based infection pathogenesis. The 

research performed in this body of work extend the understanding AIP mass transfer 

pathways within a dynamic environment. Through bypassing of initial adhesion and 

accumulation stages of biofilm development, this body of work applied focus on the cell-

sensing mechanism. Three cell-signaling theories that are currently used to describe bacterial 

intercellular communication include QS, DS and ES [35, 36]. The QS theory describes 
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cellular communication in sole response to cell population density while DS describes 

response to local environmental conditions experienced by individual cells. The ES theory 

describes cell sensing in response to local environmental cues for the purpose to efficiently 

take advantage of these environmental conditions. Thus, the cell-sensing mechanism within 

the dynamic flow environment utilized in this work, appear to favor ES as opposed to a 

simple quorum detection or diffusion detection. To elucidate this point, the following 

considerations are made from the data presented in this body of work: 1) quorum sensing 

only should result in similar biofilm progression for equivalent total cluster number and 

cluster spacing at different shear rates since nutrient limitation did not occur; and 2) diffusion 

sensing only should result in increased shear having the most influence on biofilm 

progression based on the improved convective mass transfer.  

Studies have reported that the diminishing effect of micropatterned geometric barriers 

on biofilm development under static experimental conditions, has a critical set of 

micropattern dimensions, after which, further biofilm inhibition is negligible [39, 40]. In 

those experiments, the reported critical cluster size was a square 20 µm × 20 µm and the 

critical spacing between that cluster size was 20 µm. In addition to being performed under 

static conditions, those studies were performed using E. coli as the bacterial pathogen of 

interest. The studies presented in this body of work represent the first reports of the impact of 

non-barrier-based micropatterned substrata on S. aureus biofilm development under 

hydrodynamic flow conditions. At the cluster size of 10 µm dots, under the flow conditions 

utilized in this study, the critical spacing between adjacent clusters exists in the 20 µm-to-50 

µm range. This implies that the critical dimensionality of biofilm inhibition due to cluster 
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arrangement includes the parameters of cluster size and spacing together. These dimensions 

interact with each other, within a dynamic experimental setup, such that an increase in the 

critical cluster size accompanies an increase in the critical cluster spacing. 

The implications of the results presented in this body of work may be of interest to the 

bioengineering of implant devices. Once an implant device comes in contact with the host 

plasma, the device is instantly coated with host matrix proteins such as fibronectin and 

collagen [182]. This is one of the required characteristics for the biocompatibility of implant 

devices as outlined by the food and drug administration [184]. The protein-coated implant 

device surface is subsequently available for bacterial adhesion, should an infection occur. 

The results presented in this body of work implies that such bioengineering of implants can 

be implemented to allow only a specifically coated area of the implant device by matrix 

proteins. This would result in the coating of host matrix protein in a specific pattern ensuring 

that any invasion of bacteria on these host proteins would occur within the specified pattern. 

Thus, any bacterial infection on these micropatterned implant devices, having inhibited 

biofilm progression, are susceptible to host immune response and a reduced burden of 

antibiotic use. 

Natural scientific progression implies that improvements to the research presented 

here will further elucidate the assertion made within this body of work. These improvements 

may include further refinement of the micropattern design space based technological 

availability. Additionally, the focus on the events following adhesion implied that true 

modeling of infection pathogenesis in vivo was not exact. Thus, the subject matter of future 

studies may include the study of adhesion properties of cells on patterned protein arrays 
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under flow. Furthermore, to expand on mass transfer properties of AIP (or other biofilm-

dependent metabolites) within the flow system, probing of local AIP concentration within the 

flow chamber may be a viable improvement for consideration. These considerations for 

further improvements to this study are described in the subsequent sections. 
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6.2 Simulation development toward improved mimicry of experimental conditions 

The simulation model provided in this body of work lays the ground work for in silico 

modeling of biological systems within COMSOL. Due to the complex nature of microbial 

growth and proliferation, mathematical models of microbial systems have generally been a 

challenge in the scientific community. For this body of work in particular, the difficulty was 

intrinsic to the geometry development of the simulation model. The present model focuses on 

two-dimensional model analysis of the concentration profile of AIP along the axis of flow. 

Within the experimental system, each cell cluster was arranged as circular 10-µm-diameter 

dots of attached cells. However, the simulation clusters were simplified to single 10-µm long 

rectangular planes; representing a cross-section of the cluster along the diameter. This model 

was, in part, restricted by the available computing resources that made developing complex 

models difficult. Additionally, the current simulation model focused on dependencies on 

mass transfer of autoinducer molecules imposed by the distance between adjacent patterns in 

one dimension. This means that these dependencies were based on mass transfer along the 

axis of flow. The experimental system comprised a two-dimensional array of clusters. The 

simulation model assumed the mass transfer in the direction perpendicular to the direction 

flow to be negligible. A three-dimensional simulation may be insightful in corroborating or 

contradicting this assumption. While the simulation model is adequate in terms of chemical 

engineering principles of laminar flow between parallel plate geometry, the three-

dimensional environment of our experimental system makes it a necessity to improve upon 

the current model. This three-dimensional simulation would be a closer model of 
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experimental conditions which may be useful in elaborating the validity, or otherwise, of 

assumptions that have been made in the current simulation.  



173 

 

 

 

6.3 Refinement of micropattern design space to reveal critical size and spacing 

dimensions of biofilm impedance 

One of the main outcomes of this body of work is the implication that further increase 

in micropattern spacing from 20 µm to 50 µm and 100 µm yielded no further significant 

impedance to the development of biofilm. This result suggests the existence of set of 

dimensionally critical parameters of cluster size and adjacent spacing that result in complete 

impedance of biofilm development while under hydrodynamic shear. This parameter set may 

include a smaller sized cluster and less spacing between adjacent clusters. The process of 

determining this set of design parameters exhibits analogs to engineering optimization of 

process parameters. The movement of a design space toward a desired effect involves 

changes to the parameters that influence that effect. In this subject matter, the desired effect 

is inhibition of biofilm development by the physical means of adjusting cluster size and 

spacing. The current body of work experienced limitations to the size of clusters that was 

achieved; equivalent to 10 µm. However, individual S. aureus cells are spherically shaped ~1 

µm diameter entities. To avoid major differences in cluster size, cells were adhered by 

sedimentation to ensure that total coverage of each individual dot was achieved. In an ideal 

situation of cells packed completely adjacent to each other on single patterned dots, this 

results in clusters of ~100 cells µm-2. It is currently known that in static environments, as 

little as a single cell can induce cell-signaling response [37, 38]. However, the limitation on 

cell numbers for response in dynamic environments is unknown. Further refinement of this 

micropattern design space may offer advances in the elucidation of this inquiry among also 

expounding on the proclamations of mass transfer limitations outlined in this dissertation.  



174 

 

 

 

6.4 Investigating autoinducer peptide concentration in situ via in-line sampling 

The studies presented in this work agreed with previous findings of the influence of 

wall shear rates on biofilm development. This influence, at low wall shear rates is impacted 

further by nutrient mass transfer in the growth broth; however, at high shear rates the role of 

nutrient mass transfer diminished [64, 141, 145]. This body of work 1) showed via in silico 

modeling an increasing concentration profile for AIP along the axis of flow; 2) suggested 

that mechanistic influence of shear was based on this AIP metabolite gradient; 3) the result 

of the AIP concentration profile directly influenced the development of advanced biofilm at 

downstream positions. During the course of this study, analytical methods utilizing ultra-high 

pressure liquid chromatography coupled mass spectrometry (UHPLC-MS) for direct 

quantitation of AIP in tryptic soy broth (TSB) media was developed based on reported 

protocols [130]. To confirm the influence of AIP mass transfer on biofilm development 

under the influence of shear, future experimental designs involving the use of probe-fitted 

flow cells would be necessary. It is necessary to probe for the presence and concentration of 

this metabolite in situ due to the low concentrations of expression. These studies may also 

employ the use of reporter S. aureus strains that have been tagged specifically for signal 

transduction upon independent activation of the P2 and P3 transcription units of the 

accessory gene regulator. The protocol for such studies would involve live imaging during 

growth focused on varying positions along the length of biofilm development in the direction 

parallel to the flow axis. The results of such studies may further elucidate the expression 

patterns of S. aureus during biofilm development under flow and how micropatterned 

substrata influence this expression patterns in situ.  
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GLOSSARY 

µCP Micro-contact printing 

Abiotic Non-living organism 

agr Accessory gene regulator 

AIP Autoinducer peptide 

Arthritis Inflammatory disease associated with joints 

Biocompatibility A property of a material to be biocompatible so that it does not elicit 

a response from a living system 

Biofilm A collective community of exo-polymeric slime encased cells 

derived from an assembly of surface-associated microbial cells 

Biotic Derived from a living organism 

BSA Bovine serum albumin 

CLSM Confocal laser scanning microscopy 

DS Diffusion sensing 

ECM Extracellular matrix 

Endocarditis Inflammatory disease of heart and its valves 

EPS Exo-polymeric substance 

ES Efficiency sensing 

FN Fibronectin 

Genomics Research focused on structure, function, evolution, and mapping of 

genomes. 
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Laminar flow Fluid flow such that movement of fluid molecules occur in layers 

and each layer moves parallel to each other without inter mixing 

Metastatic Phenomenon of disease spread by transference from an initial 

infection site to a secondary site. 

MSCRAMMs Microbial surface recognizing adhesive matrix molecules for the 

purpose of attaching ECM proteins 

Nosocomial Originating from the hospital setting 

Osteomyelitis Inflammatory disease of the bone 

Pathogen Disease causing microbe 

Pathogenesis The manner of disease development 

PBS Phosphate buffered saline 

PDMS Poly (dimethyl siloxane) 

Phenotype Observable characteristics of genotype expressions of an organism 

Pixel A minute measurement of an image in two-dimensions 

Planktonic Free floating microbial cell 

Proteomics Research focused on function of proteins expressed by cells, tissues, 

or organisms 

QS Quorum sensing 

Reynolds number A dimensionless number that represents the ratio of inertial forces to 

viscous forces and describes the regime of fluid flow 

sar Staphylococcal accessory regulator 

Sepsis Tissue damage originated from presence of harmful bacterial toxins 
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Sessile Non-moving cell, usually by attachment to a surface 

sGFP Superfolder green fluorescent protein 

Shear rate Rate of shear deformation by the movement of parallel layers of 

fluid across each other or an interface 

TSST Toxic shock syndrome toxin 

Virulence Capacity for expression of disease-causing toxins by a microbe 

Voxel A minute element that constitutes part of a three-dimensional 

structure 

YFP Yellow fluorescent protein 
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Appendix A – Determining correlations between experimental and biofilm 

variables by dimensional analysis  

Dimensional analysis is a technique that can be utilized in determining the 

correlations between different physical properties that affect a process of interest. These 

physical properties make up the measured dependent variables as well as the independent 

variables that are manipulated during experimentation. The Buckingham-Pi method is a key 

method of dimensional analysis that is utilized in determining physically meaningful 

dimensionless groups (known as Pi-groups). These Pi-groups are nondimensionalized forms 

of the dependent and independent variables which can be used to determine their 

relationships via experimentation. The advantage to using the dimensional analysis lies in the 

efficiency of experimentation. Experimentation can be performed such that the independent 

dimensionless Pi-group variables are manipulated and correlated with the relevant 

dimensionless dependent variables. 

In the preceding body of work, the independent variables include the diameter of dots 

(𝑑), spacing between dots (𝑠), fluid flow velocity (𝑣), fluid density (𝜌), fluid viscosity (𝜇), 

and diffusion coefficient of AIP-1 (𝐷𝑐). The dependent variables are the parameter outputs of 

ISA3D which include biovolume (𝐵𝑉), volume-to-surface area ratio (𝑉2𝑆𝐴), biofilm 

thickness (𝑇ℎ), etc. For the purpose of this analysis, consider that the biovolume of 

developed biofilm depends on some unknown function of the independent variables: 

𝐵𝑉 = 𝑓(𝑑, 𝑠, 𝜌, 𝜇, 𝑣, 𝐷𝑐 , ) 
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These variables possess three main dimensional units of mass (𝑀), length (𝐿), and 

time (𝑇). The following dimensional units for each of the variables is derived as follows: 

𝐵𝑉 𝑑 𝑠 𝜌 𝜇 𝑣 𝐷𝑐 

𝐿3 𝐿 𝐿 
𝑀

𝐿3
 

𝑀

𝐿𝑇
 

𝐿

𝑇
 

𝐿2

𝑇
 

The repeating variables are deliberately chosen as 𝜌, 𝑣, 𝑠 in order to have all three 

dimensions represented. There are therefore four dimensionless groups that can be generated 

from the combination of the repeating groups with each of the remaining variables. 

𝜋1 = 𝐵𝑉𝜌𝑎𝑣𝑏𝑠𝑐 𝜋2 = 𝑑𝜌𝑎𝑣𝑏𝑠𝑐 𝜋3 = 𝜇𝜌𝑎𝑣𝑏𝑠𝑐 𝜋4 = 𝐷𝑐𝜌𝑎𝑣𝑏𝑠𝑐 

The values of the exponents for each of the Pi-groups are subsequently calculated by 

substituting the dimensional units into each group as follows: 

𝜋1 = 𝐵𝑉𝜌𝑎𝑣𝑏𝑠𝑐

 
⇒ 𝐿3 (

𝑀

𝐿3
)

𝑎

(
𝐿

𝑇
)

𝑏

𝐿𝑐 

𝑀: 𝑎 = 0
𝐿: 3 − 3𝑎 + 𝑏 + 𝑐 = 0

 
⇒ 𝑐 = −3

𝑇: − 𝑏 = 0

 
𝜋1 =

𝐵𝑉

𝑠3
 

   

𝜋2 = 𝑑𝜌𝑎𝑣𝑏𝑠𝑐

 
⇒ 𝐿 (

𝑀

𝐿3
)

𝑎

(
𝐿

𝑇
)

𝑏

𝐿𝑐 
𝑀: 𝑎 = 0

𝐿: 1 − 3𝑎 + 𝑏 + 𝑐 = 0
 

⇒ 𝑐 = −1

𝑇: − 𝑏 = 0

 
𝜋2 =

𝑑

𝑠
 

   

𝜋3 = 𝜇𝜌𝑎𝑣𝑏𝑠𝑐

 
⇒

𝑀

𝐿𝑇
 (

𝑀

𝐿3
)

𝑎

(
𝐿

𝑇
)

𝑏

𝐿𝑐 

𝑀: 1 + 𝑎 = 0
 

⇒ 𝑎 = −1

𝐿: −1 − 3𝑎 + 𝑏 + 𝑐 = 0
 

⇒ 𝑐 = −1

𝑇: − 1 − 𝑏 = 0
 

⇒ 𝑏 = −1

 

𝜋3 =
𝜇

𝜌𝑣𝑠

=
1

𝑅𝑒𝑠
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𝜋4 = 𝐷𝑐𝜌𝑎𝑣𝑏𝑠𝑐

 
⇒

𝐿2

𝑇
(

𝑀

𝐿3
)

𝑎

(
𝐿

𝑇
)

𝑏

𝐿𝑐 

𝑀: 𝑎 = 0
𝐿: 2 − 3𝑎 + 𝑏 + 𝑐 = 0

 
⇒ 𝑐 = −1

𝑇: − 1 − 𝑏 = 0
 

⇒ 𝑏 = −1
 

𝜋4 =
𝐷𝑐

𝑣𝑠
 

Therefore, this analysis results in the following functional relationship between the 

four dimensionless groups: 

𝐵𝑉

𝑠3
= 𝑓 (

𝑠

𝑑
,

1

𝑅𝑒𝑠
,
𝐷𝑐

𝑣𝑠
) 

The dimensionless biovolume to spacing ratio (
𝐵𝑉

𝑠3 ) is a function of the spacing to 

distance ratio (
𝑠

𝑑
), the inverse of the Reynolds number (

1

𝑅𝑒𝑠
), and the ratio of the diffusion 

coefficient versus the product of the velocity and spacing (
𝐷𝑐

𝑣𝑠
). The dimensionless biovolume 

is normalized by the cube of the spacing between the adjacent distance between clusters of 

adhered cells. The Reynolds number is a ratio of the inertial forces versus the viscous forces. 

This analysis implies that dimensionless biovolume depends on the ration of the viscous 

versus inertial forces which is a property of the fluid flow during experimentation. The 

overall function of the dimensionless biovolume to the derived dimensionless independent 

variables is yet unknown. By utilizing the experimental data, the relationships between the 

biovolume and the flow regime (determined by the Reynolds number) can be developed 

(Figure A.1). The resulting data agrees with the previous conclusion regarding the influence 

of pattern spacing on biofilm development. When analyzed as a function of the inverse 

Reynolds number, the 50 µm and 110 µm spacing results in a straight line indicating that 

there was no change in the biovolume between these two spacing configurations regardless 

of the shear rate. For the 20 µm spacing, a decrease in the Reynolds number results in an 
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increase in the dimensionless biovolume suggesting that a lower Reynolds number (based on 

a greater velocity, wall shear rate or a reduced spacing between dots) correlates to greater 

biovolume of developed biofilm. Additionally, the relationship between the biovolume and 

the ratio of spacing to distance can also be derived (Figure A.2). The analysis shows that the 

20 µm spacing dots resulted in an increased biovolume regardless of the wall shear rates 

compared to the 50 µm and 110 µm spacing dots. 

Overall, these analyses show the usefulness of dimensional analysis for determining 

the relationship between several independent variables and the dependent variables that 

describe biofilm development. It is noted that the dimensionless Pi-groups that were derived 

for biovolume differ from those that will be obtained from other ISA3D parameters. 

Therefore, it is important to determine which parameters will be utilized for biofilm analysis 

in order to develop their dimensionless Pi-groups. The respective parameters may 

subsequently be analyzed for their relationships to the respective dimensionless independent 

variables. 
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Figure A.1: Relationship between the dimensionless biovolume (biovolume/s3) versus the 

Reynolds number with respect to the spacing between adjacent clusters. 
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Figure A.2: Relationship between the dimensionless biovolume (biovolume/s3) versus the 

dimensionless ratio of the spacing and dot diameter.  
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Appendix B - Quantifying autoinducer peptide concentrations by UHPLC-MS 

Ultra-high-performance liquid chromatography coupled mass spectrometry (UHPLC-

MS) was performed at the Molecular Characterization and Analysis Complex (MCAC) 

located at UMBC. Acknowledgement is given to the MCAC staff for their assistance in 

performing the UHPLC-MS analyses as well as conducting the method development for 

mass spectrometry. Samples for chromatography were collected from the effluent stream of 

the flow chamber experiments at hourly intervals beginning at 1 hour. At each time point, 1 

mL of effluent was collected in a vial and transferred to a 3 mL piston syringe. The sample 

was subsequently filtered through a Millex-GP 0.22 µm sterile syringe filters with a PES 

membrane (EMD Millipore, Cat. No. SLGP033RS) to evacuate cells. The cell-free filtrate 

was stored in a glass vial at -80°C until time for analysis.  

The UHPLC-MS method was adapted from previously described protocol [130]. 

Liquid chromatography was performed on an Altus A30 UPLC system (Perkin Elmer Inc. 

Shelton, CT) with an Acquity UHPLC BEH C18 column (2.1 × 50 mm, 1.7 mm packing, 

P/N: 186002350, S/N: 03143806625147; Waters, Milford, MA). Samples were analyzed 

utilizing a QSight Triple Quad LC/MS/MS (Perkin Elmer Inc.). The liquid chromatography 

flow rate was 0.25 mL min-1, and injection volume was 10 μL. Samples were eluted at 0.25 

mL/min using the following interval: start flow with 1 % B and hold until 2 minutes at 1 % 

B, ramp for a duration of 5 minutes to 100 % B at 7.00 minutes and hold until 8.5 minutes at 

100 % B, ramp for a duration of 0.1 minutes to 1 % B at 8.6 minutes and hold until 12 

minutes at 1 % B. The mobile phase comprised solvents A: water containing 0.1 % v/v 

formic acid and solvent B: methanol. Mass spectrometry was conducted in multiple reaction 
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monitoring (MRM) scan mode. The selected ion peak of interest has a fragment mass of 

961.50 and entrance voltages was 30 V. The complete parameters for the LC/MS/MS method 

are provided in Table A.1. 

Autoinducer peptide (AIP) concentration was calculated based on a calibration curve 

generated as area under the curve of the relevant selected ion peak versus concentration. 

Serial dilutions of AIP-I (≥ 95 % purity by HPLC, MW 961.2 g mol-1; Anaspec Inc., 

Eurogentec Group, 69740-AIP-1, Lot 1856351) were prepared in (a) TSB media, and (b) 

water containing 0.1 % v/v formic acid serial dilution. The two different mobile phases were 

tested to determine any impact the media components had on the detection of AIP-I by 

UHPLC-MS. The AIP-I concentrations were calculated using the slope of the best-fit line of 

this calibration curve, as determined with linear regression analysis (Figure A.1 A). 

Additionally, the degradation of the AIP-I signal in the presence of the complex TSB media 

was analyzed in a time-dependent manner for samples stored cryogenically and those stored 

at room temperature (Figure A.1 B). The degradation study revealed that AIP degrades as a 

function of time in TSB media at room temperature, while samples stored cryogenically 

maintained AIP concentrations for longer periods. 

  



187 

 

 

 

Liquid Chromatography 

Parameter Value 

Injection Volume 10 µL 

Mobile Phase (A) Water + 0.1 % v/v formic acid 

(B) Methanol 

Flow Rate 0.25 mL min-1 

Column Waters Acquity UHPLC BEH, C18, 1.7 µm, 2.1 × 50 mm Part No. 

186002350, Serial No. 03143806625147 

Gradient 5 % B, hold until 2 minutes; ramp to 100 % B at 7 minutes, hold 

until 8.5 minutes; ramp to 1 % B at 8.6 minutes, hold until 12 

minutes 

Mass Spectrometry 

Parameter Value 

Scan Mode MRM 

Scan time (min) 6.4 – 8.4 

HSID 

Temperature (°C) 

250 

Electrospray V1 

Position 

4500 

Source 

Temperature (°C) 

200 

Entrance Voltage 

(V) 

30 

AIP-I Fragment 

mass 

961.50 

Dwell time 

(milliseconds) 

295 

 

Table B.1: UHPLC-MS method details following method development for the detection and 

quantitation of AIP-I in TSB media. 
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Figure B.1 (A): Standard calibration curve for autoinducer peptide I (AIP-I) in TSB media.  

The slope equation of the regression line was used to derive AIP-I concentration from 

unknown solutions. (B): Standard curves for AIP-I calibration (Solid), AIP-I samples in TSB 

media stored at room temperature for 24 hours (Short-dashed), and AIP-I samples frozen at -

80°C for 10 days (Long-dashed). 
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Appendix C – Inhibitory effect of acetylsalicylic acid on S. aureus biofilm 

development 

It was reported that complication rates due to S. aureus infection, as a result of heart 

valve surgery, was reduced in patients receiving aspirin as part of their daily regimen [11]. 

Studies into this phenomenon revealed that the active ingredient contained within aspirin, 

acetylsalicylic acid (ASA), was the primary actor in this observed effect. This chemical 

species has been shown to affect the development of S. aureus biofilm at various steps in the 

pathogenesis including initial adhesion [185-187], proliferation and accumulation [188-192], 

and dispersion [181]. To investigate the effects of aspirin in the laboratory, TSB media 

preparations were supplemented with concentration of ASA equivalent to low dose and 

regular dose aspirin regimen of 16.2 mg L-1 and 65 mg L-1 respectively. This subject matter 

of this preliminary study was aspirin’s effect on already developed biofilm. To do this, 

biofilm was developed for 8 hours with regular TSB media, under flow at 100 s-1 from a full 

coverage of cells on a 4 mm × 4 mm coating of fibronectin on glass. Following the initial 

biofilm development for 8 hours, the feed media was switched to ASA supplemented media 

and the culture was resumed for an additional 4 hours. As a control, an additional 4 hours of 

TSB media perfusion was performed. Results show that ASA reduces the biovolume and 

thickness of developing biofilms (Figure B.1). This effect appears to be in form of increasing 

dispersion in addition to reducing growth as evident by the reduction in biomass. 

Additionally, the ASA effect was not affected by the dose. The preliminary exploration 

reveals a possibility for antibiotic-free therapeutic treatments for S. aureus biofilm-based in 

infections.  
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Figure C.1: Effect of acetylsalicylic acid (ASA) on biovolume and mean thickness of S. 

aureus biofilm development. Biofilm was developed for an initial time of 8 hours under flow 

in regular TSB media plus an additional 4 hours in media supplemented with ASA. Control 

represents biofilm development for an additional 4 hours in TSB media. * represents 

statistically significant difference (𝑝 < 0.001) compared to control. 
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