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Bacterial biofilms are a population of bacteria attached to each other and 

irreversibly to a surface, enclosed in a matrix of self-secreted polymers, among others 

polysaccharides, proteins, DNA. Biofilms cause persisting infections associated with 

implanted medical devices and hospital acquired (nosocomial) infections. Catheter-

associated urinary tract infections (CAUTIs) are the most common type of nosocomial 

infections accounting for up to 40% of all hospital acquired infections.  

Several different strategies, including use of antibacterial agents and genetic cues, 

quorum sensing, have been adopted for inhibiting biofilm formation relevant to CAUTI 

surfaces. Each of these methods pertains to certain types of bacteria, processes and 

has shortcomings. Based on eukaryotic cell topography interaction studies and Ulva 

linza spore studies, topographical surfaces were suggested as a benign control method 

for biofilm formation. However, topographies tested so far have not included a 

systematic variation of size across basic topography shapes. 

In this study patterned topography was systematically varied in size and shape 

according to two approaches 1) confinement and 2) wetting. For the confinement 

approach, using scanning electron microscopy and confocal microscopy, orienting 
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effects of tested topography based on staphylococcus aureus (s. aureus) (SH1000) and 

enterobacter cloacae (e. cloacae) (ATCC 700258) bacterial models were identified on 

features of up to 10 times the size of the bacterium. Psuedomonas aeruginosa (p. 

aeruginosa) (PAO1) did not show any orientational effects, under the test conditions. 

Another important factor in medical biofilms is the identification and quantification of 

phenotypic state which has not been discussed in the literature concerning bacteria 

topography characterizations. This was done based on antibiotic susceptibility 

evaluation and also based on gene expression analysis. Although orientational effects 

occur, phenotypically no difference was observed between the patterned topography 

tested. 

Another potential strategy for biofilm control through patterned topography is 

based on the design of robust non-wetting surfaces with undercut feature geometries, 

characterized by 1) breakthrough pressure and 2) triple phase contact line model. It was 

found that height and presence of undercut had statistically significant effects, directly 

proportional to breakthrough pressures, whereas extent of undercut did not. A predictive 

triple phase contact line model was also developed. 
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CHAPTER 1 
INTRODUCTION 

Bacterial biofilms are a major problem in several areas because they resist 

antibiotic treatments even at very high concentrations (1). They can serve as a nidus of 

infection, resulting in recurring (often chronic) infection and colonization of distal sites 

within a specimen/organism. This is especially true in organisms with a compromised 

immune system (2). 

Table 1-1. Medical biofilms (3) 

Human infections Medical devices 

Native valve endocarditis (NVE) – vascular 
endothelium 
mitral, tricuspid and pulmonic valves 
Otitis media (OM) – inflammation of mucoperiosteal 
lining 
Chronic bacterial prostatis – infection of the prostate 
gland 
Cystic fibrosis – infection of the lungs due to improper 
mucus production  
Urinary tract infection (UTI) 
Blood stream infections (BSI) 
Periodontitis 

Prosthetic heart valves  
and vascular grafts 
(NVE/Prosthetic VE) 
Tympanostomy tubes 
(OM) 
Endotracheal tubes (CF) 
Venous catheters (BSI) 
Urinary catheters (UTI) 
Orthopaedic implants 
Dental implants 
(periodontitis) 
Contact lenses 

 

Bacterial biofilms also impact functioning of industrial systems. They can foul 

pipelines, thus increasing pressure head needed for pumping important fluids such 

water, oil, and even contaminate them in the process (4). They can also be a basis for 

fouling on ship hulls, leading to excess drag and in increase in fuel costs (5). Biofilm 

formation on ships leads to an estimated 20% increase in fuel costs (6). Bacterial 

biofilms thus represent a major economic and quality of life problem and therefore 

provide the incentive for studying methods to prevent their formation.  Healthcare costs 

due to pathogenic/opportunistic biofilms are on the rise. Medical biofilms can be broadly 

divided in to two categories 1) human infections involving biofilms and 2) biofilms on 
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medical devices (3). Table 1-1 summarizes the major types of healthcare associated 

infections. It has been estimated that in US hospitals, in the year 2002 alone, 1.7 million 

HAIs occurred with 98,987 casualties (7). The overall healthcare cost associated with 

such infections is estimated at $4.5 billion (8). The total estimate is based on the 

hospital acquired infections (HAIs) reported to national nosocomial infections 

surveillance (NNIS) obtained from 283 hospitals with 678 intensive care units (ICUs). 

The national hospital discharge survey (NHDS) data was obtained from 445 

participating hospitals. In addition to these, the American hospital association survey 

supplied data from 5800 hospitals.  

 
Figure 1-1. Total hospital acquired infections (1,195,142 outside of ICUs) ( for the year 

2002, in the US, consisted of 4 major categories: blood stream infections 
(BSI), surgical site infections (SSI), pneumonia (PNEU), urinary tract 
infections (UTI)  and 22% other infection types (adapted) (7). 

Figure 1-1 shows a pi-chart of the various types of HAIs reported, data obtained 

from 1997-2004. Of specific interest to this study is the fact that urinary tract infections 

represented 36% of all HAIs in 2002 accounting for nearly 13,000 deaths. Of the nearly 

BSI, 11% 

UTI, 36% 

PNEU, 11% 

SSI, 20% 

Other, 22% 

Hospital Acquired Infections (2002) 
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99,000 fatalities, pneumonia (35,967) and blood stream infections (30,665) claimed the 

most casualties(7). Invasive medical implants, such as catheters and stents, are major 

infection sites. The annual cost for catheter related blood stream infections has been 

estimated to be $60 to $460 million (9). Staphylococcus aureus (s. aureus) (7, 10) and 

pseudomonas aeruginosa (p. aeruginosa) (11) are among leading causes of 

nosocomial infections and bacterial biofilm formation on implants.  

From the general perspective of pathogenic and fouling bacterial biofilms on 

medical and industrial materials/devices, several approaches have been put forth in the 

attempt to solve these problems. One approach is to attach anti-bacterial molecules to 

surfaces of materials that kill bacteria on contact (12). But as bacteria get killed and coat 

the surface with a layer of dead bacteria, such a surface may become ineffective and 

get conditioned for further attachment and growth. Another approach is to use specific 

genetic cues such as quorum sensing, density depend chemical signaling between 

bacteria capable of acting as global biofilm regulators, to control biofilm growth and/or 

development (13, 14). For example, researchers have synthesized a halogenated 

furanone, based on macroalgal (seaweed), desalia pulchra, furanone extract, which 

shows enhanced quorum sensing inhibitory activity for some types of biofilm (depending 

on the species present) (15). This approach makes use of unique intercellular signals as 

a means to control biofilm formations and could present specific solutions to the 

bacterial biofouling problem. Another approach is to design environmentally benign 

surfaces based on modifications of surface chemistry/topography which are non-toxic. 

Polyethylene glycol and similar molecules capable of reducing protein adsorption have 

been shown in some studies to decrease biofouling (16). Recently, the SharkletTM 
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surface was reported as a potential strategy, using SEM characterization, to inhibit 

biofilm growth(17).  In the particular arena of catheter associated urinary tract infections 

(CAUTIs) there are several complications. CAUTIs account for greater than 40% of all 

nosocomial infections(18). CAUTIs are also estimated to comprise the largest reservoir 

of nosocomial antibiotic-resistant pathogens(19). Urinary catheters have been 

constructed traditionally from natural rubber latex. 

As an approach to prevent CAUTI, natural rubber has been incorporated with 

antimicrobials and disinfectants. One approach is to continuously drain the catheter, 

while adding antibacterial agent or disinfectant to the collection bag(20). Another 

possibility is to induce controlled release(21) of antimicrobials from glass type or 

polymeric materials (22). However, these interfere with its mechanical properties and 

biocompatibility and may also have toxicity issues(23). Therefore, coatings have been 

developed as alternatives for the same purpose and these include silver, silver oxide, 

PTFE® and silicone coatings. Silver and silver oxide based coatings have provided 

mixed results. In one study with catheterized male patients, an increase in the amount 

of staphylococcal infection was observed (24) and another study questioned the 

potential benefits silver coated catheters (25). A more recent study showed statistically 

significant differences based on the silver coated catheter use (26). PTFE® coated 

catheters, used mainly for the properties of lubricity and low surface energy, have been 

shown to be among the most toxic catheter materials (27). Hydrogel coatings have also 

been employed to increase ease of insertion and biocompatibility (28, 29). A 

comparison based on the mechanical properties, reported hydrogel catheters to be 

inept at handling the stresses that catheters are subjected to (24) and in some cases 
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have been reported to be prone to rapid encrustation (23). Polydimethylsiloxane (or 

silicone) has been used to construct all parts of the urinary catheters and is one of the 

major structural polymers used in making Foley catheters (30). Silicone too has had 

mixed reports in the literature with regard to its ability to prevent fouling. One report has 

shown that all silicone materials showed maximum bacterial fouling (28), whereas 

others tout such materials to be most favourable for the inhibition of bacterial adhesion 

(23, 31, 32). In all the materials and coatings used till date there still remain 

complications due to infection, encrustation and blocking due to bacterial contamination. 

There is a definite need for better materials for preventing biofilm formation and 

lengthening the life catheters. 

Research Approaches Used In This Dissertation 

This study was undertaken in order to bridge the following scientific gaps found in 

the literature in relation to using patterned topography as an approach to solving the 

CAUTI problem.  

Gap Analysis 

    It has been suggested that the mechanism by which topography appears to 

inhibit biofilm formation is by disrupting colony formation(17). According to the 

experimental conditions used, there are two possible mechanisms by which the surface 

is colonized by bacteria: 

 Random attachment: (A) reversible attachment leading to irreversible 
attachment/surface motility (B) irreversible attachment 

 Growth subsequent to attachment (A) by replication (B) by motility 

Random attachment is based partly on the basic forces governing the interaction 

of surface forces in a solvent. It is also based partly on the modification of the bacterial 
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response, gene expression regulation, to environmental stimuli. Growth subsequent to 

attachment mostly depends on genetic responses to environmental stimuli and the 

internal need to replicate, but physicochemical forces also play a role. Motility includes 

swimming, gliding and swarming (33, 34).  

The proposition that biofilm formation is disrupted by colony formation, doesn’t 

state whether one or all of these is/are impeded by the topography. The majority of 

biofilm formation studies, based on surface interactions, either consider initial 

colonization and modeling on initial attraction forces over short durations (within 48 

hours).  

Although this is an important problem, within time periods usually considered, 

differentiation of bacteria to a biofilm phenotype (Chapter 2: Defining Biofilms) may not 

have occurred. The findings of such tests might not directly apply to medical device 

problems.  

Also, the nature of quantification is, in most of the cases, based only on 

microscopic analysis. This implies that a very small area that is probed and statistically 

significant results are obtained by sampling a number of different regions on very large 

sample (relatively). The sampling might not include regions with all the different extents 

of coverage and therefore the numbers might not reflect actual number of bacteria 

present.  

The presence of “functional biofilms” (Chapter 2: Defining Biofilms) has not been 

part of the test criteria in most cases and definitely not been tested on any of the 

topographies. The phenotypic ability of bacteria in biofilms, to resist antibiotic treatment 

is of major importance when considering medical device biofilm studies.
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Figure 1-2. SharkletTM response over 21 days (A,C,E,I) and (B,D,F,J) representing 2, 7, 

14 and 21 days of static immersion in high nutrient conditions. Reprinted 
(adapted) from (17). Copyright © 2007, American Vacuum Society..
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Another approach related to the use of patterned topography in biofilm inhibition, 

with potential applications in catheters, is the use of submerged non-wetting surfaces. It 

has been suggested that wettability or rather the lack of it may be used as a strategy for 

the inhibition of biofilm formation (35, 36). Before such a study can be undertaken, there 

is a need to ensure the stability of air pockets in the submerged surface. This is similar 

to the stability of Cassie-Baxter mode of wetting (a state where a droplet sits partial on 

the micro/nano structures of a surface and partially on air pockets). There are only a few 

accounts of the study of the stability of such non-wetting surfaces underwater and even 

those retain the property over very short periods of time, on the order of a few hours 

(37, 38). 

 

Figure 1-3. Illustration of current major mechanisms of colonization 

The important questions for which answers are sought in this study are: 

 Gap 1: Which mechanism of biofilm formation is affected by topography? 

 Gap 2: Does microscale topography quantitatively reduce biofilm formation 
compared to the smooth surface for long test durations?  

 Gap 3: How does microscale topography affect bacterial transitions to the biofilm 
phenotype? 

 Gap 4: What size range of undercut patterned topography that would be effective 
at maintaining a stable non-wetted state? How effective will such a surface be in 
inhibiting biofilm formation? 
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 Gap 5: Can droplet pinning by discrete undercut patterned topography be 
predicted accurately? This may be used for future designs, tailored to prevent 
biofilm spreading, since biofilms depend on water wetting to spread. 

The aim of this study is to determine the effectiveness of patterned topographical 

surfaces in controlling biofilm formation. For this two different approaches were 

considered. These approaches are explained in detail in the following sections. 

 Approach 1: Confinement - Growth inhibition via physical barriers to growth 

 Approach 2: Wetting - Inhibition by control of water wetting of surface 

 
Figure 1-4. Hexagonal pit and pillar type topography design 

The Confinement Approach 

The confinement approach is intended for bridging Gap 1, Gap 2 and Gap 3 stated 

above. Bearing in mind the CAUTI application, microtopography that was used 

successfully for inhibition of ulva linza settlement was proposed as a solution for the 

inhibition of s. aureus settlement (Figure 1-2). This study was based on the results of 

SEM imaging indicated a significant decrease (p<0.05) in percentage areal s. aureus 

biofilm formation on the topography compared to the smooth surface. It is suggested 

that the growth of s. aureus colony was impeded due to the physical constraints of the 

topography. So, an initial hypothesis was proposed- “biofilm formation is disrupted by 

topographical features” (17) (Figure 1-3). This is modified and the “Confinement 
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Hypothesis” is proposed here as, “growing bacterial colonies are confined by abrupt 

changes in topography“. 

Based on the above described criteria, the following topographies have been 

proposed for testing the Confinement Hypothesis. 

Topography group 1: pit and pillar type hexagons 

The reason for selecting a hexagonal array of hexagons was due to the fact that 

pattern displays the maximum planar symmetry in structures, and therefore present the 

highest similarity based on bacterial landing site. Also, the original SharkletTM structure 

is actually basic hexagonal pattern and this was chosen to both serve as a simpler 

study system and basis for comparison (Figure 1-4).  

 

Figure 1-5. Cross type topography design 

The reason for testing both pit type configuration in addition to the usual pillar type 

structures was to observe differences in the quantitative responses in biofilm formation. 

Previous studies with other microorganisms resulted in predominant valley settlement, 

as shown in the literature review. This might then provide a means to isolate bacteria in 
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smaller micro colonies using the pit topography. The quantification of phenotypic state 

can then be used to provide recommendations for future topography scales. 

Only morphological observations have been conducted so far and therefore this 

would be important to discuss the efficacy of the coating in reducing biofilm based 

infection.  The reason for going with larger aspect ratios was to answer the question, at 

what point topography doesn’t prevent the cells from differentiating to the biofilm 

phenotype.  

Topography group 2: cross topography 

The cross topography was designed to present a tortuous path for the biofilm 

formation in addition to the discrete hexagonal array. The object of this topography was 

to observe whether the repeated change in direction of the topography any quantitative 

influence on the number of bacteria and their phenotypic state (Figure 1-5). 

The Wetting Approach 

The topography design for testing the wetting approach for bridging Gap 4 and 

Gap 5 is explained below. The effort reported here for this approach did not involve 

biological testing, although it was originally intended. Only fabrication and 

characterization of the wetting properties of novel undercut surfaces were conducted 

within the time frame that was available for this research study. 

 

Figure 1-6. Parts of undercut patterned topography 
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Topography group 1: non-wetting undercut hexagonal patterned 

topography: Another potential strategy for biofilm control through patterned topography 

is based on the design of robust non-wetting surfaces. Non-wetting surfaces may be 

used as tools in inhibiting the formation of biofilms. Before this is directly tested, it would 

be fruitful to understand two specific aspects of non-wetting surfaces with potential 

applications in biofilm inhibition in mind: 

 As stated earlier, the presence of robust submersed air pockets could reduce the 
area available for colonization by large amount: To what extent can undercut 
surfaces remain non-wetted under submersion? 

 The ability to tailor the contact angle hysteresis of a surface so as to pin the 
medium of expansion of a colonizing biofilm. This control can be established by 
developing a predictive model for the contact angle hysteresis 

Answers to these questions are explored in this study using patterned 

topographical surfaces with undercut geometries. An undercut microstructure is a 

microscale planar piece, top, which sits atop a pillar with portions of the top extending 

over the dimensions of the top of the pillar (Figure 1-6).  

Undercut surfaces have been shown to be capable of displaying a robust Cassie 

state (37, 39). This translates to the stability of air pockets retained by the topography 

underwater. The manner in which the measurements are made is that, the entrapment 

of air within the topographies produces a mirror like interfaces due differences between 

the refractive index of air and silica tops. When the sample is submerged in water in a 

chamber fitted with a pressure gauge to a cylinder, as the pressure increases it moves 

from a large fraction of shimmer to no shimmer state.  

Initially, a camera was positioned in many different positions to obtain pictures 

which were to be used to quantify the extent of shimmer due to the air pockets. This 

approach had to be abandoned because the images produced resulted in too much 
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noise and it was impossible to isolate the required data. Therefore, a qualitative human 

observation based study was conducted with two points represent initial and final 

breakthrough, points correspond initial appearance of no shimmer regions to a final 

point where there was no shimmer on the entire surface. 

The second water wetting test involved the use of undercut microstructures for 

studying the dynamic apparent contact angles as a droplet advances and recedes on a 

surface. It would be useful to deconstruct effects due to partial penetration of droplet on 

to structures from effects due only to surface heterogeneity (Figure 1-7).  

 

Figure 1-7. Effect of feature geometry on wetting 

The pattern used was a symmetric hexagonal array of hexagons since the Cassie-

Baxter equation works best in the symmetric case (least anisotropy) and would be a 

good pattern for comparison (39). It would be useful to obtain a predictive equation 

based on the linear fraction and compare and show that it works as well or even better 

than the Cassie-Baxter equation which is based on the areal fraction for such a system. 

Rationale for Scale of Chosen Topography 

For designing surfaces, through the confinement approach, for that inhibit biofilm 

formation, the application of topography as derived from the topographical approach 

would necessitate topography with submicron features. However, one potential problem 

is proposed here that, there is an additional concern that bacteria expressing the genes 

required for the production extracellular polymeric substances (EPS) following initial 

attachment may produce enough EPS to fill the gaps within ultrafine submicron 
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trenches, approaching the nanoscale, and thereby gaining a better state of attachment 

compared to the smooth surface combining mechanical interlocking and bonding. The 

energy expenditure needed to produce enough EPS to fill submicron trenches near one 

micron size and above sizes trenches can be expected to increase proportionally size of 

trenches that need to be filled. Therefore, a region in the micron scale feature size and 

spacing was selected for testing the inhibition of biofilm formation.  

Following that argument, as the size of the feature increases, there should be a 

threshold value beyond which there is no observable effect on biofilm formation. 

Therefore, it was decided to conduct a biofilm formation test on systematically varying 

topography size. The lower limit was close to the size of a bacterium (500nm to 2µm) 

and the upper limit was as much as 20 times its size.  

For designing surfaces through the wetting approach, which inhibit biofilm 

formation when a sample is completely submerged, the undercut surface design can 

robustly trap air-water interfaces within the surface of the material, such that less area is 

exposed for colonization. When the surfaces are not completely submerged, the 

mechanism of pinning of water droplets is made use of in preventing the advance of the 

biofilm over the entire surface, which again lessens area available for colonization 

drastically. For these purposes, the feature sizes have to be capable of supporting the 

top, while the undercut must be significant enough to display the desired effect (Figure 

1-6). Tops equal to or lesser than 5µm were ill suited for this as the pillars were not able 

to support the tops. Thus top sizes from 10µm onwards through 100µm, approaching a 

smooth surface were tested and 20µm tops spaced by 6µm, 12µm, 24µm, 48µm and 

96µm were chosen to explore the effects of varied spacing on the stability of the air 
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water interface. In addition, 5 different etch conditions were tested including short pillar, 

less undercut, normal undercut, thick top and tall pillar were studied (Figure 4-39).  
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CHAPTER 2 
LITERATURE REVIEW 

The literature review is organized in terms of the major topics required for 

understanding the contents of this field. Figure 2-1 summarizes the major topics 

covered in the literature review and identifies the connections between them. It clarifies 

the concepts from the three related topics of eukaryotic cell topography interactions, 

response of algal spores to topographical surfaces and effects of topographical surface 

on wetting applied to solving the problem of biofilm formation to surfaces. 

 

Figure 2-1. Summary of literature review topics and interconnections 
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Eukaryotic Cell Topography Interactions 

Harrison first showed that nerve cells were capable of growing directionally on  

closely woven spider web fibers (40). The term ‘contact guidance’ was coined by Weiss 

to describe the guided movement of cells on such fibrous materials (41). Patterns of 

varying adhesiveness were also found to influence the direction of cell locomotion. The 

orientation of Schwann cells on glass fibers of 13µm diameter was suggested to be due 

to the spreading of colloidal exudate by capillary action, with fibrous elements of the 

exudate becoming oriented by shear stresses (41). However, it was found that chick 

heart fibroblasts oriented themselves along the axis of glass fibers of 5µm to 15µm 

diameter without detectable colloidal exudate (42). This suggested that the response of 

chick heart fibroblasts must be due mainly to the shape of the substratum. In order to 

avoid the complication of tissue explants, dissociated chick and mouse fibroblasts were 

shown to align based on cylindrical grooved surfaces (43). This helped strengthen the 

reasoning that substratum shape and not oriented protein adsorption was the main 

reason for the orientation of the cells. Curvatures of the lesser than 100µm was shown 

to have an effect on the orientation of chick heart fibroblasts because greater curvatures 

are slight in comparison with the dimensions of the chick heart fibroblasts. This led to 

the hypothesis that linear elements of the cell locomotion is limited by curved substrate 

shape and relevant curvature will cause the cells to expand in the direction of the cell 

locomotion along unrestricted directions (44) 

The presence of very close contacts of the order of 0.25µm to 0.5µm thick and 

2µm to 10µm wide was observed and named focal contacts. They were observed under 

the peripheral ends of the discrete cytoplasmic fibres visible in the differential 

interference image. Interference reflexion microscopy was established as a useful 
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technique in determining relative separation distances under a cell and to track its 

movement on this basis (45). 

Additional evidence for the Shape Hypothesis of contact guidance was advanced 

in a study where chick heart fibroblasts were cultured on hydrated, air-dried and acid 

treated collagen fibrils. It was observed that hydrated collagen, which has a 3D network, 

had bipolar strongly oriented growth whereas the air-dried and acid treated collagen, 

which have flattened 2D collagen network, showed random growth. The 3D network of 

collagen fibrils could distort the shape of the cell if the cells aren’t aligned properly to the 

direction of alignment of the fibrils (46).  

Microfilament bundles may be the reason why the cells are capable of bridging 

and retaining a stiff base while spreading over grooves. However, microfilament bundles 

alone are insufficient to explain why the cells orient themselves, even on features 

smaller than themselves. Another hypothesis was proposed that the maximization of the 

focal contacts, parts of the cell in direct contact with the substrate (0.25µm to 0.5µm 

wide and 2µm to 10µm long), probably determine orientation.  

Focal contacts were found to be associated with the distal ends of microfilament 

bundles and it was found that microfilament bundles pass centripetally through the 

cytoplasm. Direct evidence was also provided to support that hypothesis that 

microfilament bundles form synchronously with the formation of focal contacts (46). 

Finer features limit focal contact formation in a direction perpendicular to ridge direction 

while being unrestricted along the ridge and therefore cells may orient themselves to 

increase adhesion in that direction. For describing cell growth/locomotion on curved 
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substrates, it may be necessary to include both micro-filament bundles and focal 

contacts (47). 

New focal contacts are formed continually from existing ones through lamellipodia 

or microspikes. In 90% of the cases, cytoplasmic fibers form from the microspikes or 

lamellipodia and then extend out into while the focal contacts attach under the base of 

the lamellipodia. Thus, a primary role of the lamellipodia and microspikes is to extrend 

the cell margin, forming new adhesion and for the extension of cytoplasmic processes. 

Formation of new close contacts occur independent, both in time and space, of focal 

contacts and only occur when the extreme margin of the cell is extended for several 

microns free of the substrate, at 100nm separation, as a lamellipodium. Formation of 

close contact by lamellipodium is the result of movement of the cytoplasm in to the base 

of the lamellipodium resulting in an advance of the leading lamella, the required force 

being transmitted through close contact. Formation of focal contact and stress fibers 

and movement of cell body through forces developed in the stress fibers(48). 

On a flat surface where there are no orientational effects, 46.2±1.9 was found to 

be the average angle of human gingival fibroblasts to an arbitrary axis. For a ridge type 

topography, for all the conditions regardless of the groove depth and groove/ridge width, 

the cell alignment was significantly less than 45 (p<0.001). Also, with the presence of 

the hierarchical patterning, the cells were found to orient themselves to the major 

grooves instead of the micro grooves. The cells were also capable of climbing over 

ridges and moving in to the grooves demonstrating considerable flexibility. The 

mechanism of contact guidance has been suggested to have two facets: 1) those with 

selective adhesion(43) 2) the mechanical properties of the system involved in cell 
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locomotion(44). Although insertions of microfilament bundles in to focal contacts and 

subsequent contractions have been shown to be important in the locomotion of some 

fibroblasts, other fibroblasts have been shown to be actively motile without either (49-

51). It has also been suggested that microtubules which have been identified as the 

prime cytoskeletal element determining cell polarity(52), may be more important in 

contact guidance. It can be inferred from the flexibility of the cells in moving from ridges 

to grooves that the topography does not provide absolute barriers to cell locomotion 

(53). 

It has also been shown that simple step type topographies may be efficient in 

guiding cells and that cell flexibility may increase the frequency of crossing across step 

type topographical features. The height of the steps considered is an important factor 

with heights less than 3µm showing little or no effect in comparison to both controls and 

the larger steps. The direction of approach also showed a significant effect with the 

crossover being lower in the ascent (from the bottom) compared to the descent (54).  

Fluorescence microscopy revealed that given approximately the same amount of 

cell attachment, 100 percent of tested human fibroblast cells oriented themselves to 1 

micron ridge type topography whereas they were randomly oriented on pure silicon. 

Using TEM it was inferred that additional attachment by mechanical interlocking 

enabled better attachment to substratum (55). Overall, the picture on contact guidance 

that emerges from a literature analysis suggests that, fine structured filaments and 

microtubules in a cell’s cytoskeleton together with focal adhesion points sense the 

nature of the topography and likely to respond to it when there is variation that is equal 

to or larger in size scale compared to these elements. They also depend of the 
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abruptness of change in some of the curvature. It is important to notice that all studies 

on contact guidance consist of understand how topography affects cell locomotion than 

the expansion of colony of cells.  

One type of eukaryotic cell which is commonly used for studying/modeling cell 

topography interactions is the fibroblast and its usual lifespan is about 57 days (56). 

This is extremely large compared to the lifespan of bacteria which multiplies every 57 

minutes (57). Also, bacteria form biofilms well within this time period. Therefore the 

concepts explaining the nature of cell motility may not be directly applicable to bacterial 

interactions with topography.  

That said, the flexibility of the exoskeleton of eukaryotic cells varies to a large 

extent and the ability of cells to crossover topographical barriers is proportional to their 

flexibility (54). Since, bacteria are less flexible compared to cells (58), the curvature 

effects seen for some of the cells which are also less flexible compared to others may 

be applicable to bacteria as well. The other important research area, which is potentially 

applicable to topography based research on biofilm inhibition, is the response of algal 

spore fouling of surfaces.  

Response of Algal Spores to Topographical Surfaces 

Micro-patterned topographies were made with dimensions 5µm, 10µm and 20µm 

spaced channels (59). The channels were 5µm deep and 10,000µm long. The 

attachment of zoospores of the plant ulva linza was test with this to understand the 

effect of topography. In another experiment, 5µm squares spaced 5µm apart with a 5µm 

depth was also studied. Attachment assay was performed according to the following 

procedure. Following the harvesting of ulva spores, quadriperm polystyrene culture 

dishes (Fisher Scientific) (26mm by 76mm leading to a total height of 5mm of culture 
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medium) were inoculated  with 10ml of spore suspension, at a concentration of 2 x 106 

spores per ml, was added and incubated in the dark for 60 minutes.  Based on these 

studies it was concluded that topography depth, spacing and type significantly affected 

the attachment of spores (60).   

The SharkletTM topography (Figure 2-2) along with a number of other topographies 

was tested for porcine vascular endothelial cell (PVEC) attachment and with ulva linza 

zoospores. The size of the features were explored from a minimum 2 µm width by 2 µm 

micron spacing to 5 µm (20 µm) width by 20 µm (5 µm) spacing. The height varied from 

a minimum of 1.5 µm to 5 µm. The algal spore assay was as described in the previous 

article discussion. The study concluded that, settlement was primarily in the valleys of 

the tested topography and as the spacing increased the settlement was closer to that of 

the smooth surface.  

The SharkletTM topography with dimensions lesser than that of the spore reduced 

attachment significantly. In accordance with previous observations, PVEC alignment 

was much higher on the ridges as well as the channels compared to the smooth 

surface(59). 

     
        

  
                 (2-1) 

Based on spore settlement data, from the above mentioned studies, an 

engineered roughness index, Equation 2-1 (a dimensionless ratio) was proposed to 

characterize patterned topographical surfaces (61). The variables are r representing 

Wenzel roughness, df representing degrees of freedom for movement on the surface 

and fD representing depressed surface fraction. 



 

41 

This equation was modified to Equation 2-2 in order to make it more predictive by 

including the number of distinct features (n) in the pattern instead of degrees of freedom 

which resulted in better correlation with experimental measurements for ulva spore 

settlement (62). This equation was used for characterizing biofilm test specimens to 

provide a basis for comparison of results in this work.  

      
       

  
           (2-2) 

 
Figure 2-2. Types of topographies used in the algal spore tests. A, 5µm by 5µm spaced 

pilars; B, 5µm by 5µm spaced pits; C, 5µm by 20µm spaced channels; D, 
5µm by 20µm spaced ridges and E; SharkletTM topography. Reprinted 
(adapted) with permission from (59). Copyright © 2006, Taylor & Francis. 
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Although this equation empirically predicts settlement to some extent, the use of 

Wenzel roughness factor and depressed area fraction results in redundant use of areal 

parameters and can be reduced to a single fraction. It is also not clear how the factor n 

contributes to the mechanism of settlement inhibition. In systems with flow based on log 

and stationary phase cobetia marina (c. marina) settlement it was found that, in a 2 hour 

test period, there was statistically significantly lesser settlement on the topographies 

tested compared with the smooth surface. Apart from experimental results the study 

also proposed the inclusion of a Reynolds number component, based on the size and 

shape of the organism, to the original ERIII equation (Equation 2-2). A predictive model 

(Equation 2-3) was obtained by correlating both ulva spore and bacterial attachment to 

ERIIII and Re (R2 = 0.77). The predictive model is to serve as one model for different 

classes of organisms; algal spores and bacteria. In the test topographies used in this 

study, some features such as hexagonal array of pillars and the triangle-pillar array 

which are essentially hexagonal arrays have similar fluid flow patterns from every 

direction. Whereas, the SharkletTM, despite being a hexagonal array, and the ridge 

topography, have differences in flow pattern based on whether the features are oriented 

parallel or perpendicular to the flow direction. This wasn’t addressed in the study, and 

thus it is may be incorrect to generalize on this one basis. 

    
 

  
                        (2-3) 

Several studies (59-61, 63), with various patterned topography with ulva linza algal 

spores, were conducted following the same procedure as described for the spore 

attachment assay. Although the samples were immersed in nanopure water before the 

tests were conducted and were supposed to be fully wetted during the tests. The nature 
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of attachment of the algal spores to the valleys rather than the peaks could be 1) due to 

an increase in the attachment area and 2) due to signaling by the attached spores to 

enhance further attachment. Also, the fact that most attachment is observed to be in the 

valleys suggests that the samples were probably fully wetted. The reduction in the size 

of the features in at least one dimension (as in SharkletTM) reduced spore attachment. 

This has been suggested to be due to the reduction in the number of attachment sites 

(Figure 2-3). Despite the correlations obtained based on these analyses, it is not clear 

that the terms used in the correlation are causing the effect of decreased settlement. 

 

Figure 2-3. Ulva linza spore attachment reduction due to smaller size features 

Biofilm Formation on Surfaces 

Distinctly different characteristics between free floating (planktonic) and attached 

(sessile) bacterial biofilms were not fully appreciated and a great deal of our 

understanding of bacterial growth from Louis Pasteur and Robert Koch until relatively 

recently were understood based primarily on planktonic bacterial studies (4, 64). With 

the advent of wide scale computer use coupled with great advances in microscopy and 

imaging techniques and methods for studying biological molecular mechanisms, many 

groups have looked more closely into biofilms (65-73). Since then, accumulating 
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evidence clearly suggests that biofilms are a distinctly different form of bacterial 

existence in which bacteria co-operate to cope with environmental stresses. 

Defining Biofilms 

A generally accepted definition of bacterial biofilms is that biofilms are a population 

of bacteria enclosed in a matrix of self-secreted polymers (e.g, polysaccharides, DNA,  

proteins, etc.) attached to each other and irreversibly to a surface(4). Although this is 

widely accepted, another definition of biofilms namely “functional biofilms” has been 

advanced on the basis of resistance to antibiotics (74). In light of analysis of biomaterial 

colonization and infections, the latter might be more appropriate.  

Structure and Function of Biofilms 

In order to elucidate the now established fact that biofilms are not merely 

homogeneous biofilms, a uniform dispersion of bacterial cells embedded in a 

continuous extracellular polymeric substance (EPS) matrix, a number of experiments 

were carried out in several studies. In one study, micron sized fluorescent latex particles 

were allowed to settle on to a biofilm, many of which reach the bottom of the biofilms 

(75, 76). According to the original model (77), the latex particles should have been 

pushed out due to growth of bacteria from underneath and the presence of a continuous 

EPS matrix. This method is now used to determine flow rates within biofilms (78, 79).  

Another interesting study on the structure of bacterial biofilm and its effect on 

surface materials were originally based on the hypothesis that microbe induced 

corrosion should decrease due to depleted oxygen levels near the substratum because 

of the continuous EPS matrix. However, accelerated corrosion due to formation of 

aeration cells by diffusion of oxygen through voids is one of the mechanisms of 

microbially induced corrosion (80). 
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Another particularly noteworthy study showed that chemical profiles obtained 

using microelectrodes show different values at different locations. This when viewed 

with confocal scanning laser microsocopy (CSLM), added evidence to the heterogeneity 

of biofilms (65, 79). Flow velocity distribution experiments observed using nuclear 

magnetic resonance imaging (NMRI) indicated that flow velocities reached zero only 

near the surface of substrate and not that of the biofilm (81-83).  

To explain these and other such observations, a more realistic model of a 

heterogeneous biofilm developed. A heterogeneous biofilm consists of densely 

clustered micro-colonies covered in EPS, comprising most of the biomass, separated by 

large voids usually filled by water and strands of EPS known as streamers extending in 

the direction of flow. In natural and industrial environments they vary from dense, 

amorphous biofilms to well defined, structurally robust biofilms.  

 
Figure 2-4. Illustration of a hypothetical wound biofilm formation following the steps 

reversible attachment, EPS production and irreversible attachment and 
replication, micro-colony formation, differentiation in to biofilm phenotype, 
release of planktonic cells for colonization of other areas (84). 
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As biofilms age, it has been found that the semi-continuous layer close to the 

substratum surface of attachment becomes denser and thicker, while the architecture of 

portions above remain relatively the same(7). It is not clear whether this is due to 

accumulation of debris or due to growth and accumulation at the bottom(4).  

Hydrodynamics is very important in the biofilm growth processes, namely cell 

transport, attachment, growth and detachment. Hydrodynamics is responsible for mass 

transport to and within the biofilm, as well as biofilm erosion(85). 

Based on this accumulated understanding, a general picture of biofilm formation 

has emerged. Figure 2-4 illustrates the process of a hypothetical wound biofilm 

formation. The details may differ but this is quite typical of most bacteria (61, 86). 

The ability of bacteria to respond rapidly to changes in their environment is 

generally termed phenotypic plasticity. This is a major problem when it comes to 

implanted medical devices because all bodily fluids are abundant in nutrients; the 

surfaces provide a favorable breeding ground and a means to introduce pathogens into 

the body’s fluid environment (2, 4, 65, 87-94). Example images of mature biofilms are 

given in Figure 2-5. 

Biofilms in the Environment 

It is universally accepted that the only absolute requirement for microbial growth, 

or any life as we know it for that matter, is water. Thus, there are few habitats that 

bacteria have not colonized. They have been shown to grow at any available 

intersection between water and nutrients, even in very harsh conditions such as low pH, 

high salt concentrations and high temperatures, characteristic of boiling hot spring 

waters (88, 95-97). The microflora of the human body is estimated to consist of nearly 
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ten to a hundred times the number of human cells (98). They are indispensable in many 

areas (98) and can be life threatening in others (14, 99).  

 
Figure 2-5. SEM images of a mature PAO1 biofilm on pig skin post 24 hour (6 cycle)  

negative pressure therapy with saline instillation: a) PAO1 cells embedded in 
EPS matrix attached to pig skin under the instillation port (12 µm scale). B) 
PAO1 cells attached to the surface of pig skin under the V.A.C.TM port (3 µm 
scale) (74) 

Medical Biofilms  

Bacterial biofilms cause persisting infections associated with implanted medical 

devices and nosocomial infections. In the formation of mature biofilms an important step 

involves cell to cell signaling, commonly referred to as quorum sensing. It has been 

found that bacterial signaling molecules, for example acyl homoserine lactones, are 

responsible for differentiation of attached sets of bacteria to biofilm phenotype when 

they reach a certain population density (87). 

Biofilms offer robust protection to bacteria from antibiotic treatments and the 

minimum biofilm eradication concentration (MBECs) are typically about 100 to 1000 

times the minimum inhibitory concentration (MIC) of planktonic bacteria (2, 4). One 

hypothesis for the increased tolerance of biofilms to antimicrobials is the ability of the 

extracellular polymeric substances to absorb and delay the passage of these agents. 

Another hypothesis suggests slower growth rate in biofilm cells could lead less 
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susceptibility(3). Biofilm growth on medical devices has been studied for nearly 3 

decades with most of the investigation using basic techniques. They involve plate 

counting and scanning electron microscopy for the most part. A list of medical device 

colonization with respect to bacterial species involved is available in the literature. 

Nosocomial infections by staphylococcus epidermis (s. epidermis) and aureus infections 

lead to the colonization of suture, arteriovenous shunts, mechanical heart valves and 

catheters. Contact lenses are colonized by p. aeruginosa and gram-positive cocci. 

Endotracheal tubes are colonized a variety of bacteria and central venous catheters are 

colonized by s. epidermis and other bacteria (2). 

Central venous catheters are used for administration of fluids, medicine and 

nutrients. Biofilms have been shown to occur on the outside as well as inner lumen of 

catheters. Many microorganisms have been identified on these devices including 

coagulase negative staphylococci (CoNS), s. aureus, p. aeruginosa, klebsiella 

pneumoniae (k.pneumoniae), enterococcus faecalis (e. faecalis) and candida 

albicans(c. albicans) (3). 

Quorum sensing 

Quorum sensing is the manner in which bacterial gene expression is regulated on 

the basis of population density. The regulation is carried out by small chemical 

molecules synthesized by bacteria following patterns of attachment or responses to 

environmental stimuli (100). 

Bacterial cell-cell signaling has been shown to be important in the development of 

p. aeruginosa biofilms. Mutant bacteria incapable of producing differentiated biofilm 

phenotypes were produced by silencing expression of the lasI gene. When the 

autoinducer molecule, acyl homoserine lactone (AHL) was added to the system, it 
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restored the cells to a biofilm phenotype producing colonies similar to the wild type 

strain(87). It was also shown using a PAO1 model system that, synthetic furanones, 

based on a natural quorum sensing inhibitors, were capable of inhibiting biofilm 

formation (13). While specific quorum sensing mechanisms based on AHL or an auto-

inducing peptide (AIP), found in s. aureus biofilms, are known to facilitate 

communication between bacteria of the same species, it has been found that another 

signaling molecule auto-inducer 2 (AI-2), appears to be universally responsible for 

interspecies communication (Figure 2-6) (101). Biofilm inhibitors may be designed using 

AI-2. 
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Figure 2-6. Universal quorum sensing autoinducer 2 molecule for interspecies 

communication, originally isolated from from vibrio harveyi (adaptation (101)) 

Additionally, quorum sensing is not restricted only to communication between 

bacterial cells. Communication between hosts and microorganisms may also take place 

through quorum sensing molecules. Such signals are referred to as inter-kingdom 
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signaling (102). An understanding of these communication systems may allow for the 

development of biomaterials specifically for cell attachment and growth in preference to 

bacteria. Although there are studies where quorum sensing has been shown to be 

important, it may not play any apparent role under some conditions. The role of agr 

expression, touted to be an important factor for biofilm formation in s.aureus biofilms, 

under some conditions has no discernible influence. Its role in biofilm formation was 

found to be dependent on environmental conditions (103).  

Catheter associated urinary tract infections (CAUTI) 

Urinary catheters are used for the purpose of preventing urine retention, 

controlling urinary incontinence, collecting urine during surgery and to measure urine 

output. They are inserted into the bladder through the urethra. The numbers of patients 

in which urinary catheters are inserted exceed 5 million every year. Catheter-associated 

urinary tract infections are the most common type of nosocomial infections accounting 

for 40% of all hospital acquired infections (104). The rate of urinary catheter infection 

can increase at the rate of 10% per day of catheterization(3). Escherichia coli (e. coli) 

leads the list of pathogens causing 26% of nosocomial CAUTI in acute care hospitals, 

followed by enterococci and p. aeruginosa representing 16% and 12% each (19). 

Short-term catheterization, up to a period of 7 days, results in 10% to 50% of 

patients having urinary tract infections (105). Infecting organisms may enter during 

insertion or intraluminally from the collection bag through the tube (3). 

Long term catheterization (greater than 28 days): about 100,000 patients have 

urethral catheters in nursing homes and many are catheterized for several months. 

Most of these patients are bacteriuric, detection bacterial contamination in the urine 

because of infection, by the end of 30 days (104).  
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The Foley catheter, the most common type of catheter has an inflatable balloon to 

hold its place in the bladder. It was invented in 1936 by Frederick B. Foley (106). 

Despite the life-saving nature of this device and other catheters which perform similar 

functions, as stated earlier, they suffer from an array of complications (Figure 2-7).  

 
Figure 2-7. Potential problems in a Foley catheter. Reprinted (adapted) with permission 

from (18). Copyright © 2001, PubMed Central. 

Among the type of catheters, since the invention of the latex catheter, several 

approaches have been put forward to solve the problem. PTFE® coated catheters have 

been shown to be among the most toxic catheter materials (27). Silicone is one of the 

most biocompatible synthetic materials. It also has excellent UV resistance and good 

chemical resistance. Silicone catheters also showed maximum time to blockage among 

commercially available catheters including, hydrogel/silver coated latex, which showed 

the least time and silicone coated latex (24).  
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CAUTI prevention has been approached by imbibing antimicrobials and 

disinfectant in natural rubber resins.  

Continuous draining of catheters with the addition of antibacterial agent or 

disinfectant to the collection bag is an option (20), whereas, releasing antimicrobials 

from glass or polymeric materials in a controlled manner is another option  (21, 22). 

Introducing antimicrobials in to materials may be toxic and may affect their 

biocompatibility and mechanical properties (23).  

Silver, silver oxide, PTFE® and silicone coatings were proposed as alternative 

coatings for preventing biofilm formation. However silver and silver oxide coatings have 

been reported to have mixed results. One study reported the increase in the amount of 

staphylococcal infection (24), while another study question the potential benefits silver 

coated catheters (25). Statistically significant differences were observed in a study 

based on silver coated catheters (26). 

Although, PTFE® coated catheters have high lubricity and low surface energy they 

have still been reported to be among the most toxic catheter materials (27). From the 

perspective of biocompatibility and increasing lubricity for ease of insertion hydrogel 

coatings have been employed for catheters (28, 29). Despite these advantages, 

hydrogel based catheters have poor mechanical performance (24) and have been 

shown to be prone to rapid encrustation (23). Most parts of the Foley catheter has been 

constructed from polydimethyl siloxane (or silicone) (30). 

Literature reports consist of mixed reports in the prevention of biofilm formation on 

silicone catheters. Silicone materials have been reported to have maximum fouling 

prevention  (28), while other studies indicate maximum bacterial adhesion (23, 31, 32). 
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Complications such as encrustation and blockage still exist as result of biofilm 

formation, in the materials and coatings used till date for making catheters. 

A review article emphasizes the need for further research in to the development 

coatings or better materials for catheters. To quote from the article “although it has been 

70 years since the Foley catheters were first introduced, the problems of infection and 

encrustation still remain”. It also states “little attention has been paid to the contributory 

effects of materials and design of urinary catheter” (24).  

Bacterial Adhesion 

Attempts to model bacterial adhesion was historically based on the 

thermodynamic approach. In an analysis based on 5 different bacteria on 4 different 

substrate materials, it was found that adhesion of bacteria followed a thermodynamic 

model to a considerable extent. Also, determination of the extent of adhesion was 

shown to potentially allow for the determination of bacterial surface tensions(107). The 

drawback with this system is that all adhesion assays were made within 30minutes and 

may not be applicable to systems where longer durations may be relevant. 

The theory for stabilization of colloidal suspensions, namely the Derjaguin-Landau-

Verwey-Overbeek (DLVO) theory has also been used for estimating attachment of 

bacteria to surfaces.  

Forces involved in bacterial adhesion 

The following bullet list is a summary of all the forces that have been described in 

the literature as playing a role in interfacial phenomena in biological systems (108). 

Non-specific interactions (NS), occur across the entire interacting surface and specific 

interactions (S) are short range forces arising from specific microscopic surface 

components on bacteria (109). 
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 Van der Waals (NS): London dispersion 

 Van der Waals (NS): Debye induction 

 Van der Waals (NS): Keesom orientation 

 Electric double layer interaction (Coulombic ) (NS) 

 Hydrogen bonding 

 Hydrophobic interactions – attractive mode of hydrogen bonding 

 Hydration pressure – repulsive mode of hydrogen bonding 

 Brownian movement forces 

 Osmotic pressure 

 Disjoining pressure 

 Structural forces   

 Steric interactions 

 Depletion interactions 

 Entropy-driven interactions 

 Enthalpy-driven interactions 

 Cross-binding interactions 

 Specific interactions (S): Short range, microscopic bacterial components  
 

Although this list contains 17 different terms, some of the effects are actually 

manifestations of the primary forces or a combination of their effects. The primary forces 

can be summarized as follows (108),  

 Lifshitz-van der Waals (LW) forces: can be attractive or repulsive depending on 
the surfaces and intervening medium under consideration (110).  

 Electrical double layer interactions (EL): the forces here are repulsive due to 
charges of the same sign 

 Lewis acid-base (AB) interactions: subsets of which include Bronsted acid-base 
and specific interactions described above 

 Hydrogen bonding: is defined as “an attractive interaction between a hydrogen 
atom from a molecule or molecular fragment X-H in which X is more 
electronegative than H, and atom or a group of atoms in the same or a different 
molecule, in which there is evidence of bond formation”(111). Hydrogen bonding is 
a major contributor to the so called “hydration forces” and “hydrophobic effect”. 

 Brownian energy: is the energy possessed by molecule or particle by virtue of 
thermal state of a system. For the same energy, the movement of molecules is 
rapid, keeping them in suspension, compared to particles of much larger 
diameters. Brownian movement was first described in colloidal particles as the 
random movement conferred by multiple collisions by molecules of the medium 
and thermal state of the particles. 
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Disjoining pressure is a summation effect of LW, EL and AB attractive or repulsive 

interactions within solvent layers adjoining surfaces during overlap (112).  Osmotic 

pressure is described by a summation of a Brownian term and LW, EL and AB term for 

solutes in a medium.  Structural forces are described on the basis of hydration or 

hydrophobic interactions due to structuring of water molecules around the interacting 

dimensions. Steric effect was used to explain the stabilization of hydrophobic particles 

in solution by non-ionic polymers or surfactants. It is essentially a summation of surface 

configurational entropy, osmotic pressure with an emphasis on the AB component and 

energy associated with the deforming the coiled chain, chain elasticity.  

Hydrophobic materials tend to strongly attract each other in aqueous media and 

this is termed the “hydrophobic effect” (113). On the other hand, when two hydrophilic 

materials are brought in contact repulsive forces have been observed at the range of 1 

nm. Examples include mica (114) and silica (115) surfaces. The repulsion is attributed 

to the energy needed to remove the adsorbed water layer. Hydration forces are caused 

by the orientation of water molecules on the strongly hydrogen accepting molecules. 

This is the motivation behind applying strongly hydrated polyethylene oxide (PEO) 

brush type surfaces (116).  

The classic DLVO theory takes into account the LW and EL forces and is therefore 

unsuccessful at explaining bacterial interactions, which co-aggregate despite having 

similar surface charges hence similar zeta potentials. By taking into account polar 

interactions in the form of an extended DLVO (XDLVO) (117) theory, several groups 

have attempted to estimate initial bacterial adhesion of the same bacterial strain to 
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different substrata (118-120). Although this approach is more accurate it still assumes 

bacteria as inert particles. 

Also, even though PEO based protein adsorption resistant surfaces work well in 

the preventing the adsorption of some bacterial strains, it has been shown that some 

strains of p. aeruginosa are capable of adhering even in such situations, reinforcing the 

dynamic nature of microbes. From a study with 3 adhesive and non-adhesive bacterial 

strains of p. aeruginosa it was found that, 1) It is supposed that surface active 

molecules (biosurfactants) such as may contribute to greater adhesion and 2) The cell 

surface hydrophobicity caused by cell surface proteins may cause the adherence to the 

hydrophobic portions of the PEO chains. From the observations made in the paper it is 

suggested that physicochemical factors alone cannot explain the interaction of bacteria 

with surfaces, and bacterial variability should be also considered (121). The important 

fact which challenges both thermodynamic (122) and DLVO based approaches is the 

fact that as living species, bacteria are capable of responding to changes in their 

environment according to their genetic code. 

Studies on attachment to surfaces 

Transportation of microorganisms to a surface may be through Brownian motion, 

gravitation, diffusion, convection and intrinsic motility (109). Initially reversibly attached 

microorganisms end up becoming irreversibly attached through exopolymeric 

substances or extracellular polymeric substances (EPS). The EPS may serve as a 

derived conditioning film, whose cohesiveness determines the strength of adhesion.  

Co-adhesion is used to represent two phenomena: 1) slowing down of planktonic 

organism by sessile organism and 2) through strong attractive interactions between 

sessile and planktonic species. 



 

57 

The differences in the acid-base character determine the hydrophobicity of the 

cells. Hydrophobicity of bacteria cannot be generalized on the basis of microbiological 

taxonomy (naming and classification of microbes) from contact angle data from a set of 

literature species or strains (123).  

After attachment, the cells start to grow and multiply, which is supposed to be the 

major factor in the accumulation of the cells on the surface (109). Roughness has an 

influence on biofilm formation, but it is supposed to be a minor factor in initial adhesion. 

Microorganisms preferentially adhere to scratches and grooves. Roughness supports 

rapid re-growth of a biofilms, rendering cleaning attempts futile. 

The process of biofilm formation has been described as primarily having the 

following 4 steps: transport to surface, initial attachment, irreversible attachment and 

maturation (124). Depending on the type of bacterium, the settlement of bacteria is 

controlled by the physico-chemical interactions between the bacterium and substratum 

surfaces in a medium to a significant extent. Bacteria such as Staphylococcus aureus 

usually falls under this category whereas, bacteria with flagella such as Pseudomonas 

aeruginosa are motile and capable of hunting for food sources. Interactions between a 

material surface and bacteria during the initial and irreversible attachment stages are, 

are relatively better understood and can be predicted based on some existing models 

(107, 119, 125, 126).  

In such early growth stages it has been suggested that surface roughness 

contributes to a more significant extent compared to surface energy. However, mature 

biofilm growth, that is proliferation of bacteria following attachment to a surface and it’s 

correlation to surface properties is very complicated and at present difficult to quantify. 
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Most of the previous studies, based on random roughness, suggest that the 

bacterial attachment to surfaces should increase with surface roughness. Bacterial 

attachment on rough surfaces has been studied in some detail. Results from restorative 

materials on the dependence of bacterial fouling on roughness seems to suggest a 

lower limit of 0.2 microns and generally increases with increase in roughness from that 

point on(124).  

Minimizing the number of contact points available for bacteria is suggested for 

reducing fouling. It has also been found that bacteria more readily adhere to 

hydrophobic surfaces (127). It has been shown in almost all cases of bacterial 

attachment to rough surfaces, there is an increase in the number of bacteria attached. 

This increase bacterial attachment has been attributed to an increase in the total 

surface area available for attachment and, in flow systems, due to increased protection 

from shear forces (128-130). These results indicate that a rough, hydrophobic surface 

should increase attachment and proliferation of bacteria.  

The novel patented SharkletTM topography was devised  based on finding that  

roughness on a surface leads to a statistically significant decrease, according areal 

coverage as measured from SEM images, in the amount of bacteria attached over a 21 

day period (Figure 1-2) (17). Another study has reported that cylindrical nanometer 

sized polymer posts that were spaced apart at various distances showed specific 

alignment of PA  cells at certain spacings (131, 132). 

Surface attachment of bacteria is known to trigger changes in gene expression 

and leads to a biofilm phenotype that is very different from the planktonic phenotype 

(133). In a 7 day incubation time biofilm growth test, combined elastic modulus and 
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surface energy variations did not appear to have any effect on s. aureus  (strain: ATCC 

35556) biofilm formation (134).  

In contrast, a 2 hour study suggested that surface stiffness could be a factor 

influencing the extent of colonization (135). Another 2 hour study reported a decrease in 

the extent of Pseudomonas fluorescens biofilm growth on sub-micron trench like 

features compared to smooth control (136).  

Biofilm Growth Protocols  

Biofilms are commonly grown in a flow cell reactor in biofilm characterization 

laboratory studies. This involves setting up a dedicated chamber for making many 

measurements such as micro-electrodes for local diffusivity measurements and optically 

sectioned images from confocal microscopy (65, 137).  

Static biofilm formation models are accepted methods in the literature (17, 134, 

138, 139). Besides picking the right method for biofilm growth based on the test 

specimens’ application, it is imperative that growth conditions are standardized.  

The comparison of biofilms based on test factors relies on the reproducible growth 

of biofilms. Environmental stimuli and growth conditions should be exactly the same in 

order to lay a basis for comparison between smooth and topographical test surfaces.  

A number of studies were conducted based on confocal microscope images and 

image analysis using a computer program known as COMSTAT (71, 72, 140). Another 

program called Image Structure Analyzer (ISA) was also developed to look at various 

parameters in quantifying biofilm structure (70, 141). It would be useful to compare 

biofilm images using such programs to ensure the reproducibility of growth conditions.   
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Bacterial Nutrient Conditions 

The following nutrient media have been used in the literature in bacterial 

attachment, growth and biofilm formation tests: 

 Tryptic soy broth: 17g/l of enzymatic digest of casein and 3g/l liter of soya bean 
enzymatic digest among other things 

 Luria-Bertani broth: 10g/l of tryptone and 5g/l of yeast extract - based on tryptone 
(assortment of peptides from a digest of casein by trypsin) 

 Nutrient broth for microbiology used at 8g/l peptone from meat extract – based on 
the enzymatic digest of animal protein 

 Mueller-Hinton broth: 17.5g/l acid casein peptone, 1.5g/l corn starch and 2g/l of 
beef infusion 

 Minimum essential medium  – contains no proteins or lipids or growth factors and 
has a sodium bicarbonate buffer system 

 

Figure 2-8. Usage nutrient media for testing biofilm formation on artificial surfaces, data 
synthesized from articles dating 1983 through 2011 

From the nutrient media used in the literature, only a very few studies state the use of 

minimum essential medium. In most studies, 75%, the use of high protein sources for 
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test media is common practice. The data synthesized from literature articles dated 1983 

through 2011 is shown in form of a pie chart (Figure 2-8) (17, 107, 121, 136, 139, 142-

148). 

Characterization of Bacterial Colonization 

Out of the several unresolved questions with respect biofilm formation on 

patterned topography, the following characterizations form the focus of this part of the 

study. Identifying differences in long term biofilm growth, between patterned 

topographies of PDMSe smooth control would be pertinent to the problem of biofilm 

formation on catheters.  

Microscopy 

Qualitative visual analysis using microscopic techniques could provide an insight 

in to the arrangement of bacterial cells on topographical surfaces. Scanning electron 

microscopy (SEM) images has been used to visually assess biofilm growth on various 

artificial and human surfaces.  

SEM can be used as a means to elucidate biofilm growth qualitatively. The high 

magnification and depth of field yield detailed images of the surface arrangement of 

biofilm on test surfaces. Despite their advantages, SEM measurements end up 

distorting the nature of the EPS matrix and introduce sample distortion and artifacts. 

Therefore, results should be interpreted with caution.  

Image analyzed epifluorescence microscopy (IAEM) has been used for counting 

planktonic bacteria in natural waters (149, 150). IAEM is especially suited for 

enumeration of bacteria on opaque surfaces. The method was adapted to enumerate 

bacteria attached to biomaterial substrate using IAEM (151). 
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Quantification of biofilm growth 

Quantifying biofilm formation reproducibly is important for identifying differences 

between topographical treatments. Several techniques have been applied to quantify 

biofilm formation in this study. The length of time for biofilm growth was chosen to be 7 

days on the basis of earlier work (134) in which biofilm growth was observed on the 

smooth sample versus the SharkletTM surface. 

Plate counts have been used to quantify number of bacteria in solution since 

Robert Koch isolated bacterial colonies on solid nutrient plate and showed that 

microbes cause human disease (64). It is the most commonly used procedure for the 

determination of viable plate counts. Unfortunately, the recovery efficiency of such 

procedures needs to be specified (3). In the case of biofilm quantification, it was 

necessary to disperse the cells into a buffered saline solution (to keep the bacteria 

alive), following which they were serially diluted and spread on agar plates to determine 

the number of colony forming units present per specified volume, mass, or specimen. 

Although this method can be used in biofilm quantification, its usefulness depends on 

the type of bacterium. Diffused sonication and vortexing can be used to completely 

disburse p. aeruginosa (Appendix A) biofilms (74). However, individual cells from s. 

aureus biofilms were not easily separated from the surfaces to which they attached or 

from each other (88, 152). Vortexing and sonication parameters may be extended to 

separate the bulk of biofilm bacteria forcibly from the surface but these methods have 

problems as they typically don’t completely remove the s. aureus cells from the surface 

nor disburse biofilm into separated single cell suspensions. Also, they may end up 

killing some percentage of the released bacteria due to the high shear rates (1, 153) 

Hence, plate counts were not used for enumerating s. aureus biofilms.  
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In this study, plate counts were used to compare p. aeruginosa biofilm growth on 

the patterned topography to the smooth control.  

Bio-timer assay (BTA), an indirect metabolism based approach, was the primary 

method used for quantifying s. aureus biofilm on the patterned topography along with 

the smooth control. This method is based on the premise that each viable cell has a 

similar rate for metabolizing glucose on average in mature biofilm and that differences 

between samples reflect differences in the number of cells present (154).  If grown 

under the same nutritional conditions over the same period of time, difference in 

metabolic rate as a whole should theoretically reflect differences in viable cells numbers 

in the biofilm in response to differences in pattern topography of the surface to which it 

attaches. Other methods used in this study employ indirect assays to comparatively 

quantitate the level of biofilm formed on each surface, including detecting ATP levels 

produced by viable cells (155) and  colorimetric assays based on staining of biofilm 

mass (152, 156). Quantitative Polymerase Chain Reaction (qPCR) was used to quantify 

the total number of cells based on relative abundance (copy number) of target genes 

within the specimen in order to compare biofilm formation between different topography 

along with the smooth control, since quantifying with BTA  used for the s. aureus biofilm 

depends on metabolic rate of viable cells. This method utilizes sonication, vortex and a 

high temperature to lyse the cells and extract the total DNA of the cells. The DNA pool 

from each specimen is then used in a real time PCR Experiment  along with a standard 

series at known concentrations (and estimated gene copy number) of genomic DNA 

extracted from planktonically cultured bacteria. A standard curve is generated and used 

to estimate the number of cells that grew on each specimen.   
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Gene expression profiling gives more direct and specific results based on relative 

expression levels of specific genes that are reported to be expressed higher in biofilms 

compared to planktonic cells. Differentiation of bacteria from planktonic to biofilm 

phenotype significantly increases their tolerance against environmental stress. Both 

plate count and BTA tests were accompanied by antibiotic treatment so that tolerant 

biofilm cells can be differentiated from the susceptible planktonic cells and the 

percentage kill can be used to measure differences between the various patterns, thus 

its relative effect on the formation of tolerant biofilm. Antibiotic susceptibility is a useful 

indicator of the amount of biofilm cells present versus the total number of viable cells 

(140, 157). These are usually based on using specific antibiotics for the bacterium in 

question. Minimum concentrations for various stages such as minimum inhibitory 

concentration (MIC), minimum bactericidal concentration (MBC), minimum biofilm 

inhibitory concentration (MBIC) and minimum biofilm eradication concentration (MBEC) 

are determined. Minimum inhibitory and bactericidal concentrations represent the 

amount of antibiotics needed to deter growth of and kill planktonic bacteria. Minimum 

biofilm inhibitory and eradication concentrations represent the same for biofilms. . Post 

antibiotic treatment at MBC or MBEC levels, if the quantification tests yield viable colony 

forming units, this would then indicate that the planktonic bacteria in the test sample are 

dead and the remaining number of cells are the biofilm phenotype.  

The parameters of this assay were chosen in the context that 1) only a certain 

concentration of antibiotics can be administered in a patient and 2) application of 

antibiotics at MIC levels is ineffective in device related and chronic infections (4) and 3) 

surface treatments capable of lowering the number of cells in the biofilm phenotype may 
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mitigate host infection. The understanding of the effect topographical surfaces on biofilm 

formation could be improved by the insights gleaned from studying their effects on 

wetting. 

Wetting Effects of Patterned Topographical Surface Designs for Inhibiting Biofilm 
Formation 

Natural strategies utilize metastable water wetting states evolved to take 

advantage of wetting phenomena, such as superhydrophobicity observed in the lotus 

leaf effect. Several micro-/nano- structure and chemistry modifications allow for these 

special phenomena to occur in nature, some examples being the nelumbo nucifera 

(lotus leaf) (158), gerris remigis (water strider) (159), and cicada orni (160). The lotus 

leaf is an example of a natural surface that has been extensively studied (158, 161). 

The lotus leaf is super-hydrophobic due to micron sized bumps spaced 20 to 40µm 

apart with nano sized wax cuticles. The water strider legs have microscale setae with 

nanoscale grooves on them. Such unique hierarchical microstructures lead these 

surfaces stable non-wetting states for water (162). Cicada orni achieves super-

hydrophobic behaviour through nanopillar arrays alone (160, 163). Several reviews 

discuss in detail, the many methods that have been developed to produce 

microstructures that mimic nature (36, 164-167). Only a brief account of this is given in 

the next section. 

Fabrication Strategies for Nonwetting Surfaces 

Many processes have been applied for inducing micron and nanoscale roughness 

for making non-wetting surfaces. These have been broadly classified under lithography, 

etching, deformation, deposition and transfer type processes (168) (Figure 2-9) 
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Figure 2-9. Processes available for the fabrication of nonwetting surfaces (adapated 
from (168)) 

Non-wetting surfaces, defined in terms of high liquid contact angles, made using 

the above described processes were, until recently, fabricated using two main 

strategies(164): 

 Roughening of low energy surfaces  

 Roughening a surface followed by reducing its surface energy 
The first strategy uses materials such as Teflon®(169), silicones(170), organic 

polymers (polypropylene (171), polyethylene (172)), inorganic crystals (ZnO <001> 

facet (173), Figure 2-10 (A)) which are intrinsically low in surface energy and induce 

micron or nanoscale roughness. The second strategy roughens surfaces and tailors 

their surface energy through low surface energy coatings. 

Another way to classify the processes used to make non-wetting surfaces is as 

follows: 

 Top-down approach: represents the modification of bulk materials to obtain 
necessary surface face feature sizes, example: semiconductor processing 
techniques 
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 Bottom-up approach: using the physics and chemistry of molecular systems to 
build micron and nanoscale structures; examples: Polymerization(174), 
electrospinning (175-177) (Figure 2-10 B) and sol-gel techniques (178) (Figure 2-
10 (C)). 

 

Figure 2-10. Examples of super-hydrophobic surfaces fabricated using various methods 
(A) SEM image of ZnO nanorods, insets showing XRD results <001> being 
the main crystal plane and the transition from non-wetted to fully wetted due 
to the electron-hole pair formation under UV light Reprinted (adapted) with 
permission from (173) Copyright © 2004 American Chemical Society. (B) 
electrospun poly(styrene-b-PDMS) copolymer Reprinted (adapted) with 
permission from (175) Copyright © 2005 American Chemical Society. (C) 
ambient pressure dried, MTMS xerogel (methanol solvent) with 
superhydrophobicity Reprinted with permission from (178). Copyright © 2007 
Elsevier (D) sparsely distributed hair-like 600nm diameter polypropylene 
fibers with high contact angle (>170°) Reprinted (adapted) with permission 
from (167) Copyright © 2010 American Chemical Society. 

The strategies mentioned so far, lead to the creation of metastable air-water 

interfaces due to scale of roughness involved. This is termed as the lotus-effect. 

Another category of surfaces with a nonwetting property make use of bendable 

nanofibers as seen in the water boatman insect, notonecta glauca(179). 
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The super-hydrophobic property is achieved through what is known as the plastron 

effect. Plastron is defined as a metastable layer of air when a surface is submerged 

underwater, maintained by the dissipation of pressure fluctuations by the bending of 

submicron fibers(180). Figure 2-10 (D) is the SEM image of one such surface with 

sparse (7 * 105 pillars per cm2) nanofiber superhydrophobic surface showing the 

plastron effect. 

 

Figure 2-11. Examples of patterned topographies used for testing wetting models with 
contact angle data (A) 1µm silicon pillars (181) (B) another example of a 
regular array of etched silicon microposts Reprinted (adapted) with 
permission from (182) Copyright © 2008 Highwire Press. (C) undercut silicon 
microstructure with hydrophilic silica top exhibiting superhydrophobicity 
Reprinted (adapted) with permission from (183) Copyright © 2007 American 
Chemical Society. (D) undercut microstructure with silica top coated with 
fluorosilane capable of superoleophobicity Reprinted (adapted) with 
permission from (184) Copyright © 2008 National Academy of Sciences. 
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While there are many different methods to make superhydrophobic surfaces, the 

resultant surfaces are not easily, mathematically, definable. Therefore it is difficult to 

model the wetting effects observed via these surfaces. In order to overcome this 

disadvantage, using semiconductor processing based top-down approaches (Figure 2-

9), for the purposes of modeling and testing existing wetting models, different patterned 

topographical surfaces have been fabricated (Figure 2-11). 

The first important concept discussed, in the wetting approach, in this study, which 

is pertinent to biofilm formation, is the robustness of the submersed non-wetted state. A 

reduction in the area wetted could lead to a reduction in biofilm formation as bacteria 

depend on water for adhesion and survival (185). There are two reports for the 

characterization of breakthrough pressure measure. The first method uses CLSM scan 

images in combination with mass transfer measurements (38) and the second method 

uses changes in laser diffraction patterns through a translucent or transparent patterned 

material. The former requires the presence an elaborate setup with a tedious 

measurement procedure, however ends up being more informative. The latter, on the 

hand is easy to work with but is only applicable to translucent to transparent materials. 

Breakthrough pressure measurement represents the pressure needed to transition from 

a non-wetted to a wetted state. There are some accounts in boiling studies of undercut 

cavities (186, 187) on this and in recent publications on undercut topography for non-

wetting applications (37, 183, 184, 188). However, there is a definite need for more data 

and analysis for understanding this phenomenon. 

The second concept discussed here is the pinning of water by patterned 

topography. Apparent contact angle measurements, being reflective of the 
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inhomogeneity of a surface, provides a technique to characterize this pinning (189). 

Pinning leads to different apparent contact angles, termed dynamic contact angles, from 

the lowest called the ‘receding contact angle’ to the highest called the ‘advancing 

contact angle’. The difference between the two is termed hysteresis and signifies 

energy lost in switching between metastable states (190). 

Modeling Contact Angle Hysteresis  

Many models have been put forward to predict the apparent contact angle 

observed on a surface (189, 191-193). There have also been arguments on the 

importance of the triple point contact line over the wetted area fraction of the solid 

surface for apparent contact angle prediction (193-197). Contact angle data on 

patterned topography with varying dimensions is necessary to illustrate the importance 

of the TPCL over the surface areal for predicting dynamic contact angles. 

 
Figure 2-12. Young equilibrium contact angle on a smooth surface 

A TPCL model was developed in collaborative work by a colleague (198) and the 

linear fractions (φS advancing and receding) were employed in the analyses in this 

study. It is important to make clear the use of TPCL to model dynamic contact angles 

due to extent to which the Cassie-Baxter model is used in explaining wetting 

phenomena. 

The basic models for explaining how wetting occurs are the Young-Dupre, Wenzel 

and Cassie-Baxter (189, 191, 192).   
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         (2-4) 

The Young-Dupre (Equation 2-4) is derived from balance of forces between the 

liquid (L), solid (S) and vapour (V) interfaces with θY representing equilibrium contact 

angle of the droplet on an ideal surface, shown in Figure 2-12. The equation is 

alternatively represented in terms of the work of adhesion where, the work of adhesion 

is a function of the solid-vapour and solid-liquid interfaces being destroyed and the 

solid-liquid interface being formed (Equation 2-5). 

                        (2-5) 

In the interest of understanding the nature of wetting on woven or knitted fabrics, 

Wenzel studied the resistance of solid surfaces to water wetting. The roughness ratio 

was proposed to characterize surfaces as the ratio of total surface area to the geometric 

area. 

     
                 (2-6) 

Wenzel concluded that the effect of a roughened surface would magnify the 

wetting property of the base material in proportion with the roughness of the material. 

By implication, the rough surface would be more wetting if the surface was originally 

prone to wetting and less so if it was not easily wetted. This effect is captured by 

Equation 2-6 where θW is the apparent Wenzel contact angle and r is the roughness 

factor (total surface area over planar area). 

Although, there is significant agreement of measured contact angles for a lot of 

surfaces with the Wenzel model, several natural and artificial surfaces such as the lotus 

leaf and fabric surfaces showed much higher apparent contact angles than could be 

explained by only Wenzel roughness.  
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In order to explain these observations, Cassie and Baxter advanced a theoretical 

argument based on the inclusion of porosity and therefore effect of vapour entrapment 

on the surface under the droplet. 

Figure 2-13 illustrates Wenzel and Cassie type wetting modes on hypothetical 

patterned substrates. 

      
                            (2-7) 

θ*
CB is the apparent Cassie-Baxter contact angle and φs is the solid area in contact 

with the liquid (Equation 2-7). When the vapour phase in contact with the liquid is air, 

the Cassie-Baxter equation becomes (Equation 2-8), 

      
                         (2-8) 

The Cassie-Baxter equation makes use of the areal solid wetted fraction and air 

pockets to account for the high apparent advancing and receding contact angles on 

fabric and natural surfaces. 

 
Figure 2-13. Wenzel and Cassie-Baxter type wetting modes 

For hydrophobic surfaces, depending on the extent of increase in pinning sites and 

air pockets resulting from roughening, leads to an increase in the apparent contact 

angle. Base surfaces showing contact angles up from 90° show this effect. However, as 

a hydrophilic surface is roughened the apparent contact angle proportionally decreases 

till the roughness reaches dimensions where the apparent contact angle shoots up 

beyond 90° giving an apparent hydrophobic effect due to stable air pockets. This effect 
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can also be examined by varying the liquid surface energy systematically on a rough 

surface, as illustrated in Figure 2-14. This is why the lotus leaf and other surfaces such 

as cellulose based fabrics appear super-hydrophobic even if the underlying surface 

maybe hydrophilic. Once the stability of the air pockets is destroyed the lotus leaf loses 

its super-hydrophobic property (199). 

An overwhelming majority of literature articles use the Wenel and Cassie-Baxter 

equations with areal solid wetted fractions to predict the nature of the wetting on 

surfaces. In order to argue for the use of the TPCL versus an areal approach, a simple 

thought Experiment was proposed by Gao-Mccarthy (200). Figure 2-15 (A) illustrates 

this, their idea is to pose the question of whether any forces at points P or Q affects 

force balance at R, i.e., along the TPCL. They demonstrate this by using puddles 

between and beyond nails on a surface as shown in Figure 2-15 (B) and remark on the 

similarity between the droplets in such a situation. 

 
Figure 2-14. Variation of apparent contact angle on an alkyl ketene dimer surface with 

variation of the probing liquid: various ratios of 1,4-dioxane and water. 
Reprinted (adapted) with permission from (174). Copyright © 1996 American 
Chemical Society. 

The presence of 3 significantly different contact angles surface was first noted by 

Bartell and co-workers (201). These were measured by carefully inserting into and 
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removing the plate surface in question from the liquid of choice. As opposed to previous 

areal fraction arguments, it was proposed that the balance of forces at the TPCL should 

dictate the liquid surface. The work of adhesion, needed to overcome or fill in the solid-

vapour interface, needs to be minimized or maximized as the TPCL advances or 

recedes (193).  

Good first discussed the possibility of metastable states, using experimental 

description provided by Bikerman(202), based on the existence of a ‘contortional’ 

energy barrier. This is defined as the energy spent in changing the liquid-vapour 

interface in order advance or recede. This is easily visualized on a rough surface peaks 

and valleys decrease the contortion of liquid-vapour interface would decrease leading to 

a decrease in hysteresis. 

 
Figure 2-15. Gao-McCarthy thought Experiment: (A) Hypothetical question, how do 

forces at A and B affect force balance at C? (B) Demonstration that TPCL is 
unaffected by majority of the area within the droplet Reprinted (adapted) with 
permission from (200). Copyright © 2009 American Chemical Society. 

A similar treatment on the basis of chemical surface inhomogeneity was also used 

to explain hysteresis on smooth surfaces. Based on this models were proposed by 

Johnson and Dettre and Joanny for contact angle hysteresis on a surface using the 
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difference in overall free energies between two metastable states along due to changes 

in surface area and defects along the TPCL(203, 204).  

The results of the previously discussed hysteresis analyses some are based on 

surface area (conceptually incorrect) and others mathematically elaborate and are not 

easy to use. In order to overcome these problems, Extrand proposed the use of a 

criterion based on an undistorted TPCL. He developed a criterion for suspension or 

collapse by considering a balance of forces along TPCL. For suspended ‘Cassie’ 

droplets he describes a linear fraction of TPCL based equation for the direct 

determination of the apparent contact angle (39). 

Recently, undercut surfaces were shown to be capable of maintaining a super-

oleophobic state (meaning surfaces having a contact angle of any liquid to be above 

150 degrees). A linear model was proposed to predict apparent contact angle based on 

rφ, φs and a separate model was proposed for estimating the stability of wetting states 

based on capillary pressure and φs (37, 188). 

The modified CB equation (Equation 2-9) (m-CB) involves the introduction of a 

differential parameter φd 

       
                             (2-9) 

The advancing and receding conditions are the locally stable maximum and 

minimum contact angles as the TPCL advances and recedes respectively. They 

correspond respectively to a minimum in φd,adv and maximum in φd,rec (Equation 2-10 

and Equation 2-11). 

           
                 (        )        (2-10) 

           
                 (        )               (2-11) 
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It has been proposed that the advancing and receding angles may be predicted 

based on the maximization and minimization of respective φd. According to the model 

proposed φd,adv value of zero should yield an apparent advancing angle of 180 degrees, 

but it is suggested that natural vibrations prevent this from showing on the apparent 

contact angle images (188). 



 

77 

CHAPTER 3 
MATERIALS AND METHODS 

Materials 

Materials Used for the Confinement Approach 

The materials required for fabrication and testing include n-type silicon wafer 

(University Wafer Inc., Boston, MA), Silastic T-2 polymer base and curing agent (Dow 

Corning Corp.,). Bacterial cultures were grown in tryptic soy broth (Sigma-Aldrich corp.). 

Washing solutions consisted of distilled water and 1X phosphate buffered solution 

(PBS) (Sigma-Aldrich corp.).  

Gentamicin (Sigma-Aldrich corp.), oxacillin (Sigma-Aldrich corp., St. Louis, MO), 

molecular biology grade absolute ethanol (Sigma-Aldrich corp. , St. Louis, MO), tryptic 

soy broth (Sigma-Aldrich corp. , St. Louis, MO), tryptic soy agar (Fisher Scientific), 

Muller Hinton broth (Sigma-Aldrich corp., St. Louis, MO), phenol red, PBS (pH 7.4), 

PCR primers (IDT-DNA, Coralville, IA), DNA extraction kit (Invitrogen, Carlsbad, CA), 

RNA extraction kit (Invitrogen, Carlsbad, CA), superscript III RT-PCR kit (Invitrogen, 

Carlsbad, CA), glycogen, nuclease free water, acid-phenol:chloroform with isoamyl-

alcohol (125:24:1, pH 4.5), PCR microtube plates, 96-well microplates, crystal violet 

were also used in the microbial testing process. 

Nutrient medium  

The nutrient medium used for biofilm formation was 30 grams per litre of tryptic 

soy broth so as to provide maximum nutrient availability to the bacteria for growth. This 

was chosen to make the conditions most difficult to for the inhibition of biofilm formation. 

Also, literature review showed that up to 75% of biofilm studies use protein rich media 

(Chapter 2: Biofilm formation on surfaces: Bacterial nutrient conditions). 
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Test material 

A silicone elastomer was chosen for two reasons, 1) it is a frequently used 

catheter material and therefore would be appropriate for test an approach to solving the 

CAUTI problem and 2) it is an excellent moldable material with the ability to replicate 

submicron features. 

The Silastic brand (Dow Corning Corp., Midland, MI) is commonly used for Foley, 

central venous catheters, kidney dialysis tubing and shunts for movement of fluid in the 

brain. Polydimethyl siloxane is also the material used in mammary prostheses, 

orthopedic finger joints and testicular implants (205). 

Silicon wafer and octafluorocyclobutylene are materials regular process in the 

electronics industry and have been optimized for use with conventional processing 

machines. A silicon wafer is usually used in semiconductor manufacturing and is 

compatible with the standard process machine used to produce deep pattern etches, 

surface technology systems deep reactive ion etching (STS DRIE, San Jose, CA). 

Octafluorocyclobutylene is a reactive gas capable of producing a passivation (passive to 

silicon etch mixture sulphur hexafluoride and oxygen) coating which aids in an 

anisotropic etch. 

Bacterial test species 

S. aureus and p. aeruginosa were chosen as the model species as in both cases 

they have extensively studied for biofilm formation characteristics and they are also 

known opportunistic pathogens that are commonly reported as the major contributor of 

medical implant associated infections (7, 10, 11). 

The s. aureus wild type strain SH1000 was used in this study. This laboratory 

strain has been used in numerous reported biofilm studies and its genome sequence 
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was found to match very closely(206) to the publically available sequence of its parent 

strain s. aureus strain NCTC 8325 (NCBI genebank). s. aureus is a natural constituent 

of human skin microflora of which several notoriously pathogenic strains have evolved 

that are commonly associated with nosocomial and outbreaks of community acquired 

infections with increasing prevalence (i.e., Methicillin Resistant Staphylococcus Aureus 

MRSA). 

The P. aeruginosa wild type strain PAO1 (ATCC 15692) was chosen because it is 

the most widely used laboratory P. aeruginosa strain and its sequence is publically 

available (NCBI genebank). P. aeruginosa is ubiquitously found in soil and water and is 

an increasingly prevalent, nosocomial, opportunistic pathogen that is capable of forming 

biofilms on wounds, in cystic fibrosis patients(2), and the lining of catheters(11). Another 

P. aeruginosa strain, P. aeruginosa Rochester, was also used. 

E. cloacae, strain ATCC 700258, biofilm formation tests were conducted and 

CSLM images were obtained at the Engineers Research and Development Corps 

(ERDC) by Megan Merritt.  

Materials Used For The Wetting Approach 

Following is a bullet list of materials used: 

 Silicon wafers (n-type, <001>, test grade, University Wafer Inc., Boston, MA) 

 Octafluorobutylene (STS DRIE, Newport, UK) 

 Sulphur hexafluoride (STS DRIE, Newport, UK) 
 

Methods Used for the Confinement Approach 

Duration of the Test 

The duration of the tests was chosen to be 7 days due to its relevance in catheter 

studies. Catheters are used for varying durations with 7 days signifies an average 
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duration for catheter applications. The results from this study would therefore be of 

direct interest to problem that is being addressed here. Also, initial tests with both p. 

aeruginosa (PAO1) and s. aureus (SH1000) indicated that there was very little overall 

growth up 5 days even on the smooth surface, with growth protocol used. A third reason 

for choosing 7 days was so that comparisons can be made with previous work with s. 

aureus biofilm formation on patterned topography. 

Fabrication of Patterned Topography for the Confinement Approach 

The fabrication process is as follows (Figure 3-1): in order to obtain multiple 

individual wafer molds the following process was employed using a single patterned 

mask. Firstly, a 4 inch diameter wafer was heated at 120°C for 5 minutes and coated for 

45 seconds with a stream of hexamethyl di silazane (HMDS) at 90°C. It was then spun 

coated with a positive photoresist (S1813, Microposit, Shipley, Dow Chemical Co.) and 

soft baked at 105°C for 2 minutes. The wafer was then cleaved in to several small 

pieces each above 1.15 cm by 1.15 cm in dimensions.  

 
Figure 3-1. Fabrication process schematic for fabricating patterned topography on 

PDMSe 

Photomask with pattern 
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6
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The samples were then exposed through the patterned mask for 21 seconds, 

followed by development for 1 minute and 30 seconds for pillar topographies. For the pit 

topographies following the 21 seconds exposure to UV light, the samples were exposed 

for 20minutes to ammonia reversing the image of the original exposure followed by 52.5 

seconds of the flood exposure to UV (no mask) and development for 1 minute and 30 

seconds. The samples were then hard baked at 125°C for 3 minutes and etched under 

different etch conditions to obtain similar heights. The SharkletTM samples were made 

using silicon wafer molds provided by Liwen Jin (courtesy of Dr. Anthony Brennan, 

University of Florida). 

Casting topography on PDMSe: The test specimens were made using platinum 

catalyzed PDMSe Silastic T-2 (Dow Corning Corporation) base and curing agent 

according to manufacturer’s recommendations. A pre-polymer mix consisting of 10 

weight percent curing agent to base was hand mixed in a plastic container for 3 minutes 

following which it was degassed twice at -25 in Hg pressure and room temperature for 

3.5 minutes each time. Samples were peeled after 24 hours. The peel should be 

performed with a small unidirectional force. 

Scanning Electron Microscopy 

This was chosen as one of the methods to assay the 7 day biofilm growth because 

the method is excellent in adequate depth of field and high resolution images for 

analyzing the morphology of the biofilm. 

Microstructure images were obtained using the scanning electron microscope 

(SEM). JEOL SEMs (JEOL 6400 – MAIC, JEOL 5700 – PERC) (thermal) were used to 

obtain the SEM images for this section of the study. Silicon samples were image without 
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any additional treatments in the secondary electron mode. All non-conductive samples 

were coated with gold-palladium and imaged in the secondary electron mode. 

Following the final rinses, according to the growth protocol, the samples that were 

to be prepared for SEM analysis were immersed in 20ml of 10mM cetyl pyridinium 

chloride solution to fix the bacterial cells. After a 24 hour incubation period, the solution 

was aspirated and allowed to dry overnight. The entire sample (1.1cm by 1.1cm) was 

then placed on a SEM chuck (ϕ = 1 inch) with double sided adhesive copper tape. The 

SEM chucks were then placed in a vacuum chamber with mounted gold-palladium 

target and coated with plasma making the samples conductive. The samples were then 

imaged using a JEOL 6400 SEM in the secondary electron scanning mode. 

Table 3-1. Primers used for the qPCR and RT-qPCR tests 

Species  Primer Type Primer Sequence 

PAO1 & SH1000 16S rRNA Forward 5’-TCGTCAGCTCGTGTCGTGAG 

 16S rRNA Reverse 5’-CATTGTAGCACGTGTGTAGCCC 
SH1000 arcA Forward 5’-GTGCAGATGTACGTTCTGAAACGC 
 arcA Reverse 5’-CTGGAGAGCACGACGACGAGA 

 

Profilometry 

To determine the height of surface features, a profilometer (Wyko NT 1000 

Profiler, Veeco Instruments Inc., Tucson, AZ, U.S.A) was used. This optical profiler uses 

non-contact vertical scanning interferometry, based on reflected light interference 

signals. Sensors identify the top plane of a topographical surface and scan downward 

until the lower plane of the topography is reached. The height of the features is reported 

as the difference in height between the top surface and bottom surface planes. This was 

conducted at 5 different locations on the sample in order to obtain an average height. 
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Primers Used in the Study for polymerase chain reactions (PCR) 

PCR primers for estimating total cell counts were designed on the basis of 

constitutively expressed genes (Table 3-1). Global gene expression has been studied 

previously and the housekeeping gene arcA (arginine deiminase), involved in arginine 

catabolism during anaerobic conditions and nutritional limitation, has been shown to be 

one of the genes that are expressed in large amounts in s. aureus biofilm cells 

compared to planktonic cells after 48 hour growth(207). 

Biofilm Growth Protocol 

Biofilm phenotypic characteristics can be very different with variations in growth 

conditions. It is therefore imperative that samples should be standardized and were 

grown according to the following protocol to obtain reproducible results. The growth 

protocol (Figure 3-2) was adapted from earlier work done in the group for the sake of 

comparison of previously obtained results. 

 

Figure 3-2. Growth protocol (A) petridish growth container with 20ml of TSB (B) sample 
arrangement within chamber to simulate near identical conditions for the 
different topographies 

The samples (fabricated 1.1cm by 1.1cm silicone elastomer samples) were initially 

prepared for sterilization by immersing each of the samples for 10 seconds in absolute 

alcohol and allowing them to dry while in contact with a petri dish. Following this the 
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samples were dried in vacuum (-25 in Hg).The dried samples were then ethylene oxide 

sterilized. The samples were always inoculated with 20ml with tryptic soy broth (TSB) 

containing the bacterium species of interest. The inoculum optical density (OD @ 

600nm) was measured and verified to be within 0.2 and 0.4, representing early log 

phase culture. The culture medium was changed every 24 hours for the length of entire 

growth period. Before aspiration of the media, the petri dishes were placed on an orbital 

shaker for 1 minute at 40 RPM. Each time while aspirating the old media, the top pellicle 

layer was aspirated first followed by the rest of the media. The same growth protocol 

was used for both p. aeruginosa (PAO1) and s. aureus (SH1000).  

Confocal Laser Scanning Microscopy (CLSM) 

This method was chosen to study the distribution bacteria on the substrates via 

fluorescence staining by Syto 9® followed by multiple images obtained for obtaining 

semi quantitative information.  

This method allows for observation of bacteria in a hydrated state as opposed to 

the SEM imaging method. The microscope slides were stained with SYTO9 by either 

covering the slide in the petri dish or by placing the slide (biofilm side down) on top of 1 

ml of stain. Following which it was incubated for 30 minutes at room temperature in the 

dark. It was then rinsed with sterile water and dried in the dark. Post drying, 30 µl of 

sterile water was added and a cover slip placed on the sample. The slide was mounted 

(coverslip down) on to the microscope and focused using the 100x oil objective with an 

Argon laser to excite the stain. Ten to fifteen random fields were taken per slide as 

images for the purpose of quantification. 
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Plate Counts 

Plate counts were performed as follows (Figure 3-3). Following the final rinses 

according to the growth protocol, 8mm punch-outs were obtained using the same 

biopsy punch for the same patterns across the different conditions. Before moving from 

one pattern to the next, the punch and the tweezers were dipped in absolute alcohol, 

burnt off in an open flame to remove any contamination, and allowed to cool between 

punches.  Each punch-out was aseptically transferred to sterile 15 ml tubes (NUNC) 

with 5 ml 1X phosphate buffer saline (PBS, pH 7.4) with 5 ppm Polysorbate-80. The 

samples were vortexed for 30 seconds each and then placed on a rack and sonicated 5 

times in a sonicating water bath for 1.5 minutes with 1 minute rest intervals per cycle. 

Each bacterial suspension was ten-fold serially diluted with PBS (100 µl / 900 µl) to a 

dilution factor of 106 in triplicate. 

 

Figure 3-3. Plate count protocol (A) petridish from which 8mm diameter circular pieces 
are punched out (B) punchouts are then placed in 5ml PBS with polysorbate-
80, then vortexed and then serially diluted for plating. 
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The last four dilutions were plated and incubated at 37°C overnight, following 

which the number of colony forming units was counted.  

Bio-Timer Assay (BTA) 

The bio-timer phenol red (BT-PR) medium was made by mixing 21 g of Mueller-

Hinton (MH) broth, 10 g of glucose and 25 mg of phenol red in 1000 ml of water. The 

media was sterilized by autoclaving at 121°C and 15 psi for 20 minutes(154). 

Microcentrifuge tubes were also autoclaved at the same conditions and 680 µl of BT-PR 

medium was transferred into each tube by means of a sterile pipette tip.  

Following the final rinses according to the growth protocol, 8 mm punch-outs were 

obtained using the same biopsy punch for the same patterns across the different 

conditions. Before moving from one pattern to the next, the biopsy punch and the 

tweezers were dipped in absolute alcohol, burnt off in an open flame to remove any 

contamination, and allowed to cool between punches. Each punch-out was carefully 

immersed in 680µl of BT-PR medium. The lids of the microcentrifuge tubes were then 

pierced with a sterile 18.5 gauge needle in order to allow for air flow. The samples were 

incubated at 37°C until the maximal colour change developed in all samples and 

photographs were taken at 15 minute intervals. 

Calibration curve 

The calibration curve was prepared corresponding to the activity of the bacteria in 

the volume of BT-PR medium corresponding to the volume to be used for sample 

testing. The colour change times that were obtained were for the same volume used for 

sample testing. The CFU/ml determined to be present in an original overnight culture by 

plate count assessment was used to estimate the number of CFUs/ml contained in the 
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sample dilutions for the BT-PR colour change assay. A graph of CFUs/ml versus colour 

change times was plotted to generate a standard reference curve. 

Image analysis 

After the images from the BT-PR colour change assays were obtained, they were 

analyzed using a matlab code to accurately determine the colour change based on the 

literature standard. The images were scaled between 0 and 255 for the primary colours 

(red, green and blue) and a pixel id list was created to map the pixels with the various 

colour scales. A standard image from the literature was used to obtain the colour 

change point, and all images were analyzed to determine the colour change point. This 

was done for the calibration curve images as well as the corresponding mean planktonic 

equivalent (PE) colony forming units was obtained for all the different surfaces. 

Antibiotic Susceptibility 

This is an indicator of the phenotypic state of the bacteria. If the chosen antibiotic 

kills more bacteria grown for the same time period on patterned topographies versus 

smooth control surface it can be concluded that patterned topographies are effective in 

biofilm growth control. 

The antibiotic susceptibility test was carried out for 24 hours following the 7 day 

growth period. At the beginning of the eighth day, the 24 hours old nutrient medium was 

aspirated and 20 ml of TSB containing 120 μg / ml oxacillin for s. aureus and 20 μg / ml 

gentamicin for PA. The concentrations needed for s. aureus were based on earlier work 

(208). The concentration used in that study was close to 10000 times the MIC for the 

strain ATCC 35556 (0.125μg/ml) and resulted in 100 % kill and might have been over 

the MBEC. The strain used in this study was wild type strain SH1000 with an MIC of 

1.25μg/ml. Thus, a concentration of close to 100 times MIC was used so as to identify 



 

88 

differences in the extent of biofilm differentiation while killing planktonic bacteria 

assuredly. Following the oxacillin susceptibility protocol, the bio-timer protocol was 

employed to assess the differences between the various surfaces with respect to its 

effect on biofilm growth. 

For the wild type PA strain PAO1 (MIC of 2 µg/ml gentamicin), 20µg/ml of 

gentamicin was used to determine the extent of biofilm phenotype differentiation based 

on gentamicin susceptibility. The plate count protocol was followed with the modification 

that only ten-fold serial dilutions to a dilution factor of 103 were made, and all dilutions 

were plated and incubated at 37°C overnight, following which the number of colony 

forming units was counted. 

Following the final rinses according to the growth protocol, with or without 

antibiotic treatment, 8 mm punch-outs were obtained using the same biopsy punch for 

the same patterns across the different conditions. Before moving from one pattern to the 

next, the biopsy punch and the tweezers were dipped in absolute alcohol, burnt off in an 

open flame to remove any contamination, and allowed to cool between punches. Each 

punch-out was aseptically transferred to sterile 24-well microplates for BTA analysis. .  

After exposing the SA and PA biofilms to the antibiotics for 24 hours, the old 

antibiotic nutrient mix was aspirated and rinsed 3 times each in 1 X PBS and doubly de-

ionized water. Following this, the BTA protocol was employed for SA biofilms and plate 

count protocol was employed PA biofilms to detect differences between the various 

surfaces. 

Quantitative Polymerase Chain Reaction (qPCR) sample preparation 

Following the final rinses according to the growth protocol, four 5 mm punch-outs 

were obtained from each sample and transferred into sterile 2 ml microcentrifuge tubes 
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with 1 ml of sterile 1X PBS. The samples were then vortexed for 1 minute at maximum 

speed, sonicated 5 times for 1.5 minutes with 1 minute rest intervals per cycle. The lids 

were then punctured using a sterile 18.5 gauge needle. Following this they were boiled 

for 10 minutes at 95°C to lyse the bacterial cells, nature proteins, and inactivating 

DNase, thus freeing genomic DNA. The tubes were then sealed with paraffin wax and 

the lysates were stored at -20°C for later use. 

Standard curve 

The qPCR standard curve samples was prepared by extracting genomic DNA from 

planktonic bacteria, according to the following protocol, and ten-fold serial dilutions were 

made and ran along with the test samples for quantitative real time PCR analysis.  

For extracting the genomic DNA: Nuclease free 100% and 70% molecular 

biology grade ethanol were prepared  in RNase & Dnase free 50 ml conical tubes and 

were chilled at -20°C. Overnight SH1000 cell cultures were prepared and 1 ml of cells 

was pelleted by centrifuging at 14000 RPM for 5 minutes. Cells were resuspended in 

200 µl of 1X PBS.  

350 µl of Solution A (Qiagen DNA extraction kit) was added to the cell suspension 

and was vortexed at 1 second intervals until solution became clear. Then the samples 

were incubated at 65°C for 10 minutes. 150 µl of Solution B (Qiagen DNA extraction kit) 

was added and vortexed vigorously until the precipitate moved freely in the tube, and 

the sample reached uniform viscosity (10 seconds to 1 minute).  

For isolating the DNA: 50 µl of chloroform was added and vortexed until the 

viscosity decreased and the mixture became homogenous (10 seconds to 1 minute). 

The samples were then centrifuged at 14000 RPM for 10-20 minutes at 4°C to separate 

phases and the upper aqueous phase was transferred into a fresh microcentrifuge tube. 
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For DNA Precipitation: 1 ml of nearly anhydrous ethanol (received 100% 

anhydrous) (at -20°C) was added to the samples and vortexed briefly, and then 

incubated at -20°C overnight. The following day the samples were thawed and 

centrifuged at 14000 RPM for 10-15 minutes at 4°C. The ethanol was then removed 

from the pellet with a drawn-out Pasteur pipette. The DNA pellet was washed to remove 

residual salts by adding 500µl of 70% ethanol (-20°C) and inverting the tube 5 times. 

The samples were then centrifuge at 1400 RPM for 3 to 5 minutes at 4°C. The majority 

of the ethanol was then removed with a drawn Pasteur pipette and the pellet was 

retained. The samples were then centrifuged at 14000 RPM for 2 to 3 minutes at 4°C 

and the residual ethanol was removed with a pipetor. The DNA pellets were then air 

dried. The pellet was resuspended in 100 µl standard Tris-EDTA (TE) buffer (pH 8.0) 

and 2 µl of freshly thawed E. coli RNaseH (2 U/µl, superscript III first-strand synthesis 

kit, Invitrogen, Life Technologies, Carlsbad, US) was added to the sample to digest 

contaminating RNA. The samples were then incubated at 37°C for 30 minutes. The 10-

fold serial dilutions standards were made and the concentrations of DNA were 

measured using a NanodropTM spectrometer.  

Table 3-2. Constituents and corresponding volumes for qPCR  

Reactants Volume per reaction (µl) 

SYBR Green PCR master mix (Applied Biosystems) 12.5 
Genomic DNA* 1 
Forward-Reverse 16s rRNA Primers Mix (10 µM) 0.5 
Nuclease free water (Ambion) 6 

* Sample cell lysate or extracted DNA standards  
 

Quantitative real time PCR (qPCR) plate preparation 

The concentrations of DNA in the various samples were determined by using a 

quantitative real-time polymerase chain reaction. All sample reactions were performed 
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in a 96-well PCR plate with a 20 µl total reaction volume per sample with the recipe 

given in Table 3-2. 

The PCR reaction plate was kept on ice during reaction sample preparation until it 

was load onto a Bio-Rad icycler PCR machine under standard PCR cycle parameters 

recommended by the manufacturer (SYBR Green PCR master mix, Applied 

Biosystems). 

Quantitative Reverse Transcriptase PCR (RT-qPCR) sample preparation 

Detection of phenotypic state was performed with mRNA based reverse 

transcription followed by quantification to confirm the antibiotic susceptibility assay. For 

accurate quantification of total bacteria present DNA based quantification was used. 

Following the final rinses according to the growth protocol, one 8 mm punch-out 

and two 3 mm punch-outs were obtained from 9 individual test samples in order isolate 

enough RNA for testing. The samples were then transferred to 2 ml RNase/DNase free 

microcentrifuge tubes with 500 µl of RNA ProtectTM (Qiagen) (used to stabilize the RNA 

within the bacterial cells), vortexed for 5 seconds and incubated at room temperature for 

5 minutes. They were then centrifuged for 10 minutes at 14000 RPM. 

All centrifugation was done at 14000 RPM. Only nuclease free molecular biology 

grade ethanol was used in the process steps. RNase AwayTM (Molecular BioProducts, 

ThermoFisher Scientific) was used to wipe down the work area, containers, and gloves 

during RNA Experiments. Gloves were discarded between each major step. These 

directions were followed strictly to prevent RNase contamination. 

For RNA extraction: 100µl of lysozyme solution was added to the samples and 

were incubated at room temperature with vortexing for 10 minutes. Following this 350 µl 

of RLT buffer with β-mercaptoethanol (Qiagen RNeasy Mini kit) was added to the 
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samples and vortexed at maximum speed for 1 minute. The samples were then stored 

at -80°C to facilitate complete lysis of the bacterial cells for better RNA recovery. 

The samples were thawed and 250 µl 100% molecular grade ethanol was added 

to each and mixed by pipetting. 700µl of the lysates was transferred to respective 

RNeasy extract columns (selectively binds nucleic acids) and centrifuged for 15 

seconds (flow through discarded). 700 µl of buffer RW1 was added, after processing the 

9 lysates, to the columns and centrifuged for 15 seconds (flow through discarded). After 

this, 500 µl of buffer RPE was added and centrifuged for 15s (flow through discarded). 

Then, 500µl of buffer RPE was added and centrifuged for 2 minutes (flow through 

discarded). The collection tube was then changed and the columns were centrifuged 

again for 1 minute. The old sample collection tubes were swapped for new nuclease 

free 1.5 ml collection tubes and 50 µl RNase free water was added to each of the 

columns twice with 1 minute incubation before centrifuging to elute the RNA (total 100 µl 

elution volume).  

DNase digestion: DNase treatment was carried out on all RNA extraction 

samples to eliminate contaminating genomic DNA interference in subsequent RT-qPCR 

assays. To the RNA extract, TURBO DNase buffer (made up to 1X from 10X stock 

concentration) was added followed by addition of 1 µl of TURBO DNase (Ambion) 

(1U/1µg of DNA). Samples were incubated at 37°C for 30 minutes.  

For phenol-chloroform extraction: The samples were cooled to room 

temperature and the RNA was extracted with Phenol-chloroform to remove 

contaminating proteins (i.e., RNases).  After final volumes of each sample were brought 

to 100 µl using nuclease free water (if necessary), 100 µl of acid-phenol-chloroform with 
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isoamyl-alcohol (125:24:1, pH 4.5; Ambion) was added. They were then centrifuged for 

10 minutes at room temperature. The aqueous phase was then transferred to a fresh 

nuclease-free microcentrifuge tube.  

Ethanol precipitation: Ethanol precipitation, to remove residual phenol-

chloroform or to concentrate nucleic acids, was carried out by adding 0.5 µl of glycogen, 

0.1 by volume of 3M sodium acetate (pH 5.5), and 2.5 by volume of ice cold 100% 

ethanol. The samples were then incubated at -20°C overnight, following which they 

were brought to room temperature and were centrifuged for 30 minutes at 4°C. The 

pellets were carefully washed by pipetting with 300 µl of ice cold 70% ethanol (care 

should be taken in this step as pellet may get dislodged and drawn with the pipette tip). 

The ethanol was then removed and the pellets were allowed to air dry.  

Methods Used for the Wetting Approach 

Fabrication of Undercut Topographical Surfaces for the Wetting Approach  

The fabrication process (Figure 3-4) starts with the deposition of 300nm thick 

hexagonal silica (SiO2) layer on silicon. Following this, pillars with various aspect ratios 

were fabricated in a periodic hexagonal pattern using an adaptation of a procedure, 

previously reported in the literature (37).  

A SiO2 layer was first deposited onto bare silicon over which positive resist 

(S1813) was spin coated. This was then exposed to a 400nm wavelength in standard 

G-line photolithography with the required mask. After the exposed resist was developed 

off, the wafer subject to a CHF3/O2 reactive ion etch to etch down to the bare silicon in 

the exposed regions. The wafer was then subject to the Bosch process in a deep 

reactive ion etch with SF6&O2/C4F8 etch chemistries to yield etching in between and 

under the silica tops. 
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Figure 3-4. Fabrication process schematic for topographies for water wetting studies 

A final coat of C4F8 (part of the STS deep reactive ion etching process) was given 

to hydrophobize the surface. 

Breakthrough Pressure Measurement 

The breakthrough pressure measurement was conducted by immersing the 

patterned topography in a 1 cm column of water in a pressure tight sealed container as 

shown in Figure 3-5. When non-wetting patterned topography is immersed in water, it 

has a definite shimmer due to the vapour trapped at the surface. The first observable 

point where the shimmer disappears was recorded as the initial breakthrough point. The 

Photomask with pattern 
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disappearance of the last observable shimmer was recorded as the final breakthrough 

point. 

 
Figure 3-5. Schematic view of the breakthrough pressure apparatus 

Some measure of error is expected due to the fact that the initial disappearance 

and the corresponding final disappearance points were judged by human visual 

observation. 

Imaging and Measurement of Static and Dynamic Water Contact Angles 

Fresh 18MΩ nanopure water was used for all contact angle measurements. 

Contact angles were imaged using a Rame-Hart contact angle goniometer (model 190 

CA, Rame-Hart Instrument Co.). In order to ensure reproducibility of results, the 

following precautions were taken: droplet volume and the manner in which the needle is 

inserted into the droplet were standardized.  

  
 

Figure 3-6. Receding contact angle measurements (A) erroneous (B) correct method 

Pressure 
1cm Water column 
 
Patterned topography 

A B 
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The starting volume for advancing contact angle measurements was 20µl. The 

starting volume for receding contact angle measurements was 30-35µl. In order to 

obtain adequate reflection during imaging, bare silicon was use as the reflective 

material adjoining the test specimen sample. The increment/decrement volume of 

droplet was 0.2 µl. Between measurement sets, the samples were dried at 60 degrees 

Celsius for 5 minutes in a conventional oven. For sessile drop measurements a 

standard droplet volume of 25µl was used.  

The lowest angle reached immediately before the droplet moves and comes to 

rest is defined as the receding contact angle. While performing this operation it was 

observed that the shape of receding droplet can become distorted due to the presence 

of the syringe (Figure 3-6). It is important to carry out the procedure so that the contact 

angle is measured free of such distortions. Contact angles were measured using the 

drop snake B-spline method in Big Drop Analysis (209). The external energy was set to 

75/25 gradient/region and the region method to Gaussian. Each image was analyzed 

twice and averaged to reduce inconsistencies generated from vertex placement. 

Statistical Methods 

Bacterial numbers were reported as mean colony forming units per ml except in 

the PCR results. For, qPCR the data was represented as the mean starting quantity of 

DNA and for RT-qPCR it was expressed as a ratio of 16S rRNA to arcA gene 

expression.  

All pairwise comparisons were performed using the student’s t-test at a 95% 

confidence level (Microsoft Excel 2010). One way ANOVA was performed to determine 

statistically significant differences followed by Tukey’s test for multiple comparisons at a 

95% confidence interval. Principal component analysis was performed to determine the 
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contribution of the different material properties to the variability in the results. All 

statistical analyses were performed in Minitab (version 15, Minitab Inc, State College, 

PA) statistical analysis software. 
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CHAPTER 4 
RESULTS AND DISCUSSION 

The Confinement Approach 

Characteristics of the Test Topography 

Test samples were analyzed for defects using SEM and optical microscopy. 

Replication quality was manually checked using an optical microscope for defects over 

the entire 1.15 by 1.15 cm2 at 10X magnification. Only samples without defects were 

used for bacterial testing. Samples with excellent replication quality were then prepared 

for bacterial tests.  

Table 4-1. Dimensions of topography used for bacterial testing 

Pattern Edge to Edge 
(E-E) 
(µm) 

Spacing 
(S) 
(µm) 

Beam Length 
(BL) 
(µm) 

Feature Height/Depth 
(H/D) 
(µm) 

 2µm  Pits 2.12 5.82 - 3.03 
 7µm Pits 7.46 5.00 - 3.13 
 17µm Pits 17.45 4.93 - 3.15 
 5µm Pillars 5.06 3.23 - 2.35 
 11µm Pillars 10.84 2.16 - 2.39 
 21µm Pillars 20.58 2.09 - 2.54 
 2µm Cross 3.01 1.72 9.22 4 
 SharkletTM 2 2.00 4 - 16 3 
 5µm Cross 5.26 4.86 22.9 21.22 

 
The topographies tested with bacteria are presented in Figures 4-1, Figure 4-2 and 

Figure 4-3. 2µm, 7µm and 17µm hexagonal pits, 5µm, 11µm and 21µm hexagonal 

pillars and the 2µm cross topography, all at 3µm feature heights were tested with s. 

aureus and p. aeruginosa. 

E. cloacae tests were conducted with 2µm cross, 5µm cross, 10µm hexagonal 

pits, 10µm hexagonal pillars and SharkletTM topographies. Detailed feature dimensions 

from SEM image based characterization are given in Table 4-1.  
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Figure 4-1. SEM images of the test topography on PDMSe. Representation: A&B - 2µm, 

C&D - 7µm E&F - 17µm hexagonal pits and G&H 2 micron cross, top and 
perspective views.
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Figure 4-2. SEM images of the test topography on PDMSe. Representation: A&B - 5µm, 

C&D - 11µm E&F - 21µm hexagonal pillars and G&H SharkletTM, top and 
perspective views. 
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Figure 4-3. 5 micron cross topography (A) Top down view of the 5µm wide, 25µm long 
intersecting beams spaced by 5µm S – spacing, E-E – edge to edge 
thickness and BL – beam length(B) Perspective view of the same topography 
(height of the features is 20 microns) 

 
Figure 4-4 lists the biofilm characterizations roadmap for which results are 

presented and discussed below. 

 
Figure 4-4. Biofilm characterization methods used for topographies testing the 

confinement approach to inhibit biofilm formation 
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These reference measurements were used in calculating following pattern 

characteristics and are in Table 4-2: 

 Sessile drop contact angle 

 Solid area fraction of the top portions of the topographies (ϕS) 

 Wenzel roughness factor (r) 

 Engineered roughness index II (ERII) 
 

Initially, both confinement and wetting approaches were intended to be tested for 

their efficacy of inhibition of biofilm formation. This effort was completed for the 

confinement approach for which the results are presented below. Only fabrication and 

characterization has been performed for the wetting approach.  

Table 4-2. Material characteristics for the samples prepared for biofilm tests 

Pattern  θ* ϕS fD Recessed 
Volume  
(cu. microns) 

r 

 2µm  Pits 112.48 (±2.25) 0.92 0.08 12.74 1.41 
 7µm Pits 124.42 (±2.10) 0.65 0.35 146.43 1.58 
 17µm Pits 132.99 (±3.14) 0.41 0.59 802.94 1.42 
 5µm Pillars 130.26 (±2.70) 0.36 0.64 89.26 1.85 
 11µm Pillars 139.83 (±5.82) 0.63 0.37 128.50 2.51 
 21µm Pillars 127.22 (±2.56) 0.80 0.20 220.83 3.04 
 2µm Cross 131.47 (±3.73) 0.59 0.41 130.15 2.67 
 SharkletTM 150.74 (±0.54) 0.48 0.52 138.00 2.50 
 5µm Cross 147.69 (±2.78) 0.47 0.53 5099.50 5.29 
 Smooth PDMSe 112.83 (±3.12) 1.00 N/A N/A 1.00 

 
Pseudomonas Aeruginosa Biofilm Formation 

Morphology of biofilms on patterned topography 

The morphology of p. aeruginosa on test surfaces was assessed by SEM 

imaging. SEM images of p. aeruginosa biofilm formation are shown in Figure 4-7 

through Figure 4-15 and are discussed in the same order. The smooth PDMSe surface 

has sporadic colony type growth with clumps of bacteria but in the majority of the sites 

of bacterial cluster attachment are well separated, indicating even distribution of 
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colonizing bacterial cells during initial attachment after inoculation. In the case of the 2 

µm pits, most of the settlement appears to be in the raised area in between the pits and 

occasionally within. The 7 and 17 µm features appear to have a more evenly distributed 

settlement. In the 5 µm and 11 µm pillars, most of the settlement appears to be in the 

recessed area in between the pits and occasionally on top of the pillars.  

SEM images indicate that there may have been more biofilm formation on the 

21µm pillar type structures as there is a definite remnant of EPS. The attached bacteria 

definitely appear to have lost their flagella and are non-motile. 

Quantitative and phenotypic evaluation of patterned topography on biofilm 
formation 

P. aeruginosa biofilm formation on test surfaces was assessed by plate counts, 

antibiotic susceptibility. Figure 4-5 represents a global comparison of plate count 

based (CFU/ml) on all the samples tested for PA biofilm formation following the growth 

protocol for 7 days. Data analysis shows no statistically significant difference (ANOVA, 

α=0.05, p=0.842, 6 replicates) between the various patterns nor between the patterned 

and smooth surfaces.  

 
Figure 4-5. Plate count numbers following 7 day PAO1 biofilm growth on topography 

and smooth PDMSe surface. Error bars represent one standard deviation. 
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Table 4-2 lists Wenzel roughness(192) data for the all the tested surfaces. Given 

the apparent variation in patterning, there seems to be no detectable positive or 

negative trend in relation to biofilm growth. Thus, it can be deduced that patterning 

on PDMSe doesn’t have an effect on p. aeruginosa biofilm formation, at the end of 

7 days, in terms of the number of viable cells. (Appendix B: plate count results on 

the PA Rochester strain). Antibiotic susceptibility tests were carried out at 20 µg/ml and 

200 µg/ml of gentamicin for PAO1 for 24 hours. No observable colony forming units 

were obtained after performing plate counts, indicating a hundred percent kill. 

 
Figure 4-6. Plot of total number of cells calculated from qPCR (hatched bars) and viable 

cells as plate counts CFU/ml (solid bars) for PAO1 on the various patterned 
topography and smooth PDMSe 

The mean start DNA quantity (Appendix D) is a function of the amount of DNA 

from the total number of cells which results from the total number of cells present in the 

test sample/situation. So, by calculation, the total number of cells was deduced from 

these numbers. Results for the total number of PAO1 cells attached to surfaces, shown 

in Figure 4-6, indicate an average of about 1012 to 1013 cells on all the patterns. 
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Figure 4-7. P. aeruginosa bacterial morphology on smooth PDMSe after 7 days. (A) & 
(B) black arrow - dispersed cells (C) & (D) denser coverage (D) Black arrow- 
end to end connection & red arrow- parallel aggregates 

 
Figure 4-8. P. aeruginosa bacterial morphology on 2µm pit topography after 7 days. (A) 

& (B) dispersed cells (black arrow) (C) & (D) disperse coverage (D) red arrow- 
cell present over a gradual curvature of the topography  
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Figure 4-9. P. aeruginosa bacterial morphology on the 7µm pit topography after 7 days 

(A) & (B) dispersed cells (black arrow) (C) & (D) black arrow – gradual 
change in curvature; red arrow- cell curving over curvature of the topography 

 
Figure 4-10. P. aeruginosa bacterial morphology on the 17µm pit topography after 7 

days (A), (B) & (C) dispersed cells (black arrow) (D) black arrow – gradual 
change in curvature   
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Figure 4-11. P. aeruginosa bacterial morphology on the 5µm pillar topography after 7 

days (A), (B) & (C) dispersed cells (black arrow) (D) black arrow – gradual 
change in curvature 

 
Figure 4-12. P. aeruginosa bacterial morphology on the 11µm pillar topography after 7 

days (A), (B) & (C) dispersed cells (black arrow) (D) black arrow – gradual 
change in curvature 
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Figure 4-13. P. aeruginosa bacterial morphology on the 21µm pillar topography after 7 

days (A), (B) black arrow - dispersed cells; red arrow - cell curving over 
curvature of the topography (C) & (D) red arrow – EPS remnant 

 
Figure 4-14. P. aeruginosa bacterial morphology on the 2µm cross topography after 7 

days (A) & (B) black arrow - dispersed cells; red arrow - cell curving over 
curvature of the topography (C) & (D) red arrow – EPS remnant
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Figure 4-15. P. aeruginosa bacterial morphology on the SharkletTM topography after 7 
days (A) black arrow - dispersed cells; black circles – bending and attached 
features due SEM sample preparation method, not observed prior to start of 
bacterial assay (B) black arrow - dispersed cells; red arrow - cell curving over 
curvature of the topography (C) & (D) red arrow – EPS remnant 

There are some overall statistically significant differences (ANOVA, α=0.05, 

p=0.045, 3 replicates) although Tukey’s multiple comparison yielded p values above 

0.05 for all the patterns indicating no significant differences between samples.Thus, 

there is a large gap between the number of cells counted as alive using plate counts 

and counted on the basis of DNA extract and qPCR because of accumulation of dead 

cells over the 7 day period. 

Staphylococcus Aureus Biofilm Formation 

Morphology of biofilms on patterned topography 

SEM images of s. aureus biofilm formation are shown in Figure 4-16 through Figure 4-

24 and are discussed in the same order. The smooth PDMSe surface had significant 

clumping in some regions whereas smaller microcolonies are observed in other areas.
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Figure 4-16. S. aureus bacterial morphology on smooth PDMSe after 7 days (A) & (B) 
black arrow – dense coverage; red arrow – cells curving over curvature of the 
topography (C) & (D) black arrows - isolated cells; red arrow- small clusters 

 

Figure 4-17. S. aureus bacterial morphology on the 2µm pit topography after 7 days (A) 
& (B) black arrow – dense coverage (C) & (D) black arrow - isolated cells; red 
arrow - small clusters
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Figure 4-18. S. aureus bacterial morphology on the 7µm pit topography after 7 days (A) 

& (B) black arrow – dense coverage; red arrow – cells curving over curvature 
of the topography (C) & (D) black arrow - isolated cells; red arrow- small 
clusters 

 
Figure 4-19. S. aureus bacterial morphology on the 17µm pit topography after 7 days 

(A) & (B) black arrow – dense coverage; red arrow – cells curving over 
curvature of the topography (C) & (D) black arrow - isolated cells; red arrow- 
small clusters 
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Figure 4-20. S. aureus bacterial morphology on the 5µm pillar topography after 7 days 

(A), (B), (C) & (D) black arrow – isolated cells; red arrow – small cluster of 
cells; white arrow – eps remnant; No dense coverage observed over the 
entire surface 

 
Figure 4-21. S. aureus bacterial morphology on the 11µm pillar topography after 7 days 

(A) & (B) black arrow – dense coverage; red arrow – cells curving over 
curvature of the topography (C) & (D) black arrow - isolated cells; red arrow- 
small clusters
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Figure 4-22. S. aureus bacterial morphology on the 21µm pillar topography after 7 days 

(A) & (B) black arrow – dense coverage; red arrow – cells curving over 
curvature of the topography (C) & (D) black arrow - isolated cells; red arrow- 
small clusters 

  
Figure 4-23. S. aureus bacterial morphology on the 2µm cross topography after 7 days 

(A) & (B) black arrow – dense coverage; red arrow – cells curving over 
curvature of the topography (C) & (D) black arrow - isolated cells; red arrow- 
small clusters
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Figure 4-24. S. aureus bacterial morphology on the SharkletTM topography after 7 days 

(A) & (B) black arrow – dense coverage; red arrow – cells on the top of the 
features (C) red arrow – cells in the recessed regions, both in the parallel 
channels and also in between features & (D) red arrow – cells connected 
continuously over the curvature of the topography (E) & (F) black arrow - 
isolated cells; red arrow- small clusters; temporally varied growth 

  
Figure 4-25. Example biofilm images on PDMSe tympanostomy tubes (A) p. aeruginosa 

biofilm and (B) s. aureus biofilm. Black arrow – dense coverage with several 
layers of cells; red arrow – bacteria embedded in an EPS matrix (139) 
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There is some separation of attached bacterial clusters as well, suggesting 

random attachment overall followed by growth or clumping. For the pit type 

topographies, morphology appears to be random. On 11 µm, 21 µm pillars and 

SharkletTM topographies, most of the settlement appears to be within the recessed area 

in between the pits and occasionally on top of the pillars, with both types showing, 

instances covering tens of unit cells. Only on the 5 µm pillars was there no continued 

colony formation. 

Quantitative and phenotypic evaluation of patterned topography on biofilm 
formation 

S. aureus biofilm formation was evaluated using the Bio-timer analysis (BTA), 

quantitive polymerase chain reaction (qPCR), antibiotic susceptibility, reverse 

transciptase, quantitative polymerase chain reaction (RT-qPCR). Figure 4-26 and 

Figure 4-27 show the results for the BTA test following the 7 day growth protocol. There 

are some overall statistically significant differences [7 day colour change: (Based on 

colour change times: ANOVA, α=0.05, p= 0.002, 4 replicates; based on mean PE 

CFU/ml: ANOVA, α=0.05, p= 0.01, 4 replicates); 24 hour oxacllin treatment: (Based on 

colour change times: ANOVA, α=0.05, p= 0.000, 3 replicates; based on mean PE 

CFU/ml: ANOVA, α=0.05, p= 0.001, 3 replicates)]. 

Tukey’s multiple comparison for the colour change times and the mean PE 

CFU/ml before and after oxacillin treatment yielded p values as follows (respectively):  5 

µm pillars [(0.0012, 0.004);(0.0012,0.0227)], SharkletTM [(0.0172,>0.05);(>0.05,0.455)], 

smooth PDMSe [(>0.05,0.0283);(>0.05,>0.05)], 7 µm pits (>0.05,>0.05);(0.0075,>0.05)], 

and above 0.05 for all other patterns for both measurements. 
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Figure 4-26. Biotimer assay results post 7 days of s. aureus SH1000 growth protocol in 

terms of mean PE CFU/ml. Error bars represent one standard deviation. 

Despite finding statistically significant differences for the 5 µm pillar topography 

based on the 7 day colour change based on the number of metabolically active s. 

aureus cells, any variation within samples is within one order of magnitude (<1 log).  

 
Figure 4-27. Biotimer assay results post 7 days of s. aureus SH1000 growth protocol in 

terms of colour change time. Error bars represent one standard deviation. 
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Considering the fact that bacteria grow and multiply at a high rate, the perceived 

differences may not be significant in terms of real world application, even though some 

of the results may be statistically significantly different under these growth conditions. 

The use of the calibration curves (Figure 4-28) for back calculating the mean planktonic 

equivalent CFU/ml is justified from the excellent correlation coefficients. 

Antibiotic susceptibility: The amount of log reduction was calculated and is 

summarized in Table 4-3. Since over a period of 24 hours antibiotics kill nearly all the 

planktonic bacteria (1), a 3 to 5 orders of magnitude of reduction in the number of 

bacteria is expected to be planktonic or immature biofilm kill (given a 5 log original 

presence). Samples with less than 2 orders of magnitude or lesser kill are taken to 

indicate the presence of a “functional” mature biofilm. 

 

Figure 4-28. The correlations of log CFU/ml versus time required for color switch from 
red to yellow for planktonic s. aureus cultures used as calibration curves in 
BTA assays. Graphs on the left and right are two test configurations used  

Based on this, all pit samples, the 11 µm pillars, 21 µm pillars, and the cross 

pattern appear to have mature s. aureus biofilm growth. The 5 µm and SharkletTM 

topographies on PDMSe appear to have little or no mature s. aureus biofilm formation. 
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The smooth PDMSe response is a special case that shows 2 to 3 orders of magnitude 

kill which suggests that some regions do have mature biofilm growth and some don’t. 

Correlating susceptibility to material characteristics: Scatter plots of CFU/ml 

versus apparent contact angle and recessed area fraction (fD) are shown in Figure 4-33 

and Figure 4-34. The recessed area fraction relates to the stability of air pockets in 

submerged patterned substrates (a more detailed discussion is conducted in Chapter 4 

under the breakthrough pressure section). For mean PE CFU/ml versus recessed area 

fraction, there appears to be a slight trend of decreasing mean PE CFU/ml with 

increasing recessed area fraction. An outlier in this trend is the 20 µm pit (fD = 0.59) 

which has a recessed fraction but shows presence of biofilm. In cases where there is 

more than 3 log reduction from a maximum of 5 log number of bacterial cells, there are 

two possible reasons that work in tandem for explaining the low number of s. aureus 

cells contributing to colour change in the end.  

Table 4-3. Log reduction data from antibiotic susceptibility experiment along with 
corresponding inference for SH1000 biofilm formation 

Pattern Log Reduction Inference 

2µm  Pits <2.0 Indicates presence of biofilm 
7µm Pits <1.5 Indicates presence of biofilm 
17µm Pits 1.0 Indicates presence of biofilm 
5µm Pillars 3.0 Little or no biofilm 

Persister cells may be present(210) 
11µm Pillars <1.5 Indicates presence of biofilm 
21µm Pillars 1.0 Indicates presence of biofilm 
2µm Cross <1.5 Indicates presence of biofilm 
SharkletTM 3.0 Little or no biofilm 

Persister cells may be present 
Smooth PDMSe 2.0-3.0 Some areas may have biofilm while others 

have no biofilm  
Persister cells may be present 

 
Total cell count: based on DNA concentration for s. aureus was calculated by 

performing qPCR. The results are shown in Figure 4-29.  All of the topographies tested 
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appear to have the same quantity of total start DNA which indicates the same number of 

s. aureus cells is present on each surface sample. The total quantity of DNA includes 

both the live and dead cells present on the surfaces. Through the 7 day period during 

which the test is conducted, there are several different processes leading to the number 

of cells on the surface. These are 1) settlement of planktonic cells from suspension, 2) 

growth of previously attached cells on the surface, 3) locomotion of cells on the surface, 

4) release planktonic cells from the surface colonies in to suspension and dead cells 

attached from all these processes. The total cell count data calculated from qPCR 

analysis corresponds to the sum of both live and dead bacteria. It indicates an average 

of about 1010 to 1011 cells on all the patterns. There are some overall statistically 

significant differences (ANOVA, α=0.05, p=0.000, 3 replicates). The ratio of in the total 

number of cells to the number of viable is of the order of 105. 

 
Figure 4-29. Plot of total number of cells calculated from qPCR (hatched bars) and 

viable cells as mean PE CFU/ml (solid bars) for Staphylococcus aureus 
SH1000 on the various patterned topography and smooth PDMSe. 

Based on the data obtained from the antibiotic susceptibility test of s. aureus with 
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formation on most of the samples, but as to whether this response is due to sessile 

dormant (metabolically inactive) biofilm bacteria or just a reduced number of viable cells 

on the surface leading to this response was not apparent with this assay.  

Gene expression results: To shed more light on this, a direct approach was 

applied to determine the phenotype based on biofilm type gene expression levels using 

RT-qPCR. Global s. aureus gene expression patterns have been identified previously, 

and it was found that the arcA expression was upregulated, relative to constitutively 

expressing 16S rRNA, as the bacterium differentiated into biofilm phenotype (207). 

Based on the results of that study, RT-qPCR was performed for each sample using 

custom designed primers to arcA and 16S rRNA to determine the phenotypic 

characteristics of the bacteria on each test sample in this study.  

 
Figure 4-30. Relative arcA gene expression levels on patterned topography and smooth 

PDMSe (normalized with 16S rRNA expression) represented as a ratio of 
arcA expression in early log phase planktonic bacteria. Data lacks error bars 
because it is obtained from 9 replicates combined in one run, representing an 
average. Compared with the planktonic phenotype, arcA expression is 
upregulated, confirming presence of biofilm phenotype in all the samples. 
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Since RNA was extracted from a combination of 9 replicates per pattern for this 

test, the data from this sample set may be considered quantitative.  The relative acrA 

expression level was calculated by determining the Ct ratios of arcA to 16s rRNA 

amplification (internal normalizing control) within each sample.  The relative arcA 

expression level was then plotted as a ratio of sample to early log phase planktonic s. 

aureus arcA expression level. 

 

Figure 4.31. Real-time PCR fluorescence intensity amplification chart – SH1000 qPCR. 
Top red box indicates fluorescence intensity of 16s planktonic expression 
which confirms presence of SH1000 planktonic species. Bottom blue box 
indicates the nearly zero planktonic arcA expression indicating absence of 
biofilm phenotype. All other curves show positive expression for the arcA 
gene expression from test topography suggesting presence of biofilm 
phenotype. 

A ratio of 1 corresponds to no difference in expression compared to planktonic 

bacteria. The smaller the ratio, the greater the proportion of planktonic like phenotype 

cells present on the samples. The results are shown in Figure 4-30. The arcA 
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expression level for s. aureus on the 2 µm pit topography sample is the highest and the 

pit topographies seem to follow the trend for BTA with oxacillin susceptibility. 

Planktonic mRNA was harvested from an overnight culture and checked for 16S 

and arcA gene expression (Figure 4-31). In order to confirm that the lack of arcA 

expression in the planktonic case was not due to poor extraction efficiency or a 

systemic error or due to lack of reagent, 16S expression from mRNA extract was also 

tested simultaneously. In the planktonic as well as other sample cases there was a very 

strong signal for all 16S expression and this was used as basis to compare the arc 

expression levels. 

 
Figure 4-32. Oxacillin susceptibility results in terms of mean PE CFU/ml versus 

apparent contact angle. Displays no significant trend. 

Apparent contact angle did not appear to influence biofilm formation as measured 

by oxacillin susceptibility tests in terms of mean PE CFU/ml (Figure 4-32). Oxacillin 

susceptibility results (Figure 4-33), expressed as mean PE CFU/ml plotted against 

recessed area fraction, for hexagonal pit and cross topographies did not show any 

statistically significant differences,  confirming equal “functional biofilm” presence. 
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Figure 4-33. Oxacillin susceptibility results in terms of mean PE CFU/ml versus 

recessed area fraction. Only in the case of hexagonal pillars there decrease 
in mean PE CFU/ml with increasing recessed area fraction. 

However, hexagonal pillar topography indicated a decreasing trend (with 

increasing recessed area fraction (The Confinement Approach Chapter 4: Discussion). 

Enterobacter Cloacae Biofilm Morphology 

Confocal microscopy images of representative planes are shown in Figure 4-34 

through Figure 4-37. Anecdotally, similar distribution of bacteria was observed on all 

planes. The smooth surface (Figure 4-34 (A)) was almost completely covered by e. 

cloacae (ATCC 700258), whereas there was significantly lesser coverage on the other 

topographies. The 7µm hexagonal pit type topography (Figure 4-34 (B)) has bacteria 

mainly in recessed regions and within it the arrangement is along the walls of the pits. In 

some cases the inverse configuration of 7µm hexagonal pit, the 11µm hexagonal pillar 

had settlement on both the tops and in the recessed regions between the features 

(Figure 4-37 (A) & (B)). 
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Figure 4-34. Confocal images of e. cloacae growth on silicone elastomer (courtesy: 

Megan Merritt, ERDC, MS) A: Smooth surface, dense coverage; B: 7µm 
hexagonal pits, white arrow – pits with clusters; red arrow – isolated cells 
attached to pit walls 

 

Figure 4-35. Confocal images enterobacter cloacae growth silicone elastomer over a 48 
hour period (courtesy: Megan Merritt, ERDC, MS) A: 11µm hexagonal pillars, 
white arrow – depressed regions with clusters; red arrow – isolated cells and 
clusters in between ridges; B: SharkletTM 2µm spacing and 3µm height, white 
arrow – depressed regions with clusters; red arrow – isolated cells and 
clusters in between ridges  

The SharkletTM pattern displayed bacteria mainly in the recessed regions (Figure 

4-35 (B)). They were observed mostly in the uninterrupted valleys but as indicated by 

the white arrows, settlement/growth was also observed in between adjacent ridges. 

A B 20µm 20µm 

A B 20µm 20µm 
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Figure 4-36. Confocal images enterobacter cloacae growth silicone elastomer over a 48 
hour period (courtesy: Megan Merritt, ERDC, MS) A: 11µm hexagonal pillars, 
white arrow – depressed regions with clusters; red arrow – isolated cells 
attached to depressed regions; B: 11µm hexagonal pillars, white arrow – 
feature tops with cell clusters; red arrow – isolated cells in depressed regions 

It appears that the amount coverage is the same in the parallel channels versus 

the intermittent regions of the topography. The 2µm cross pattern (Figure 4-37 A) 

showed bacteria only in the recessed regions. 

The lowest coverage was observed on the 5µm cross pattern (Figure 4-37 B). 

Since the depth of the features on this topography 20µm compared to the 3µm depth on 

the other topographies, on the other samples the observed effect could be due to either 

1) the non-wetted state of the topography resulting in lesser area for colonization or 2) 

lack of image results on all the 1µm plane stacks other than the plane in which the 

observation was made. Since it was anecdotally observed that the all planes had similar 

areal coverage, the total number of bacteria on the 5µm cross topography will add up 

due to its height. Hence, there is a definite need for additional images before conclusive 

statements can be made. However, from the sparseness of coverage observed, it 

maybe speculated that the total number of bacteria on the same topography maybe 

20µm 20µm A B 
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lesser then that observed on the other topographies. Thus, most of the bacterial 

settlement/growth was observed to be in the valleys with the exception of 11µm pillar 

topography (Figure 4-35 (A) and Figure 4-36 (A) & (B)). As settlement is observed in 

both the recessed regions as well as the tops, this may be taken as evidence for being 

completely wetted. 

 
Figure 4-37. Confocal images enterobacter cloacae growth silicone elastomer over a 48 

hour period (courtesy: Megan Merritt, ERDC, MS) A: 2µm cross pattern, red 
arrow –cells attached to walls within depressed regions; B: 5µm cross pattern, 
white arrow –isolated cells within depressed regions, not attached to walls; 
red arrow – isolated cells in depressed regions, attached to walls 

The Wetting Approach 

The wetting approach consists of attempts to make novel, robust, micropatterned 

surfaces with the biofilm inhibition application for the CAUTI problem in mind. In this 

study novel undercut surfaces were designed, fabricated and characterized for this 

purpose. Future efforts could use the recommendations provided here to test biofilm 

inhibition efficacy of these designs.  

20µm A B 20µm 
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Characteristics of Test Topography 

Example SEM images of the undercut topography used in this study are shown in 

Figures 4-38 (A) and (B) represent 10µm hexagonal undercut pillars, spaced by 5µm 

and 20µm hexagonal undercut hexagonal pillars spaced by 26µm respectively. The 

variation of height and extent of the undercut used in the previous account (184), from 

which the process was adapted, was not independent of each other due to the nature of 

the method used. In order to independently change the height and extent of the 

undercut, two sequentially anisotropic and isotropic etching steps were incorporated into 

the protocol for fabrication of undercut topography.  

  
Figure 4-38. Example image: 10µm wide hexagonal array spaced by 3µm 

The surfaces were named based upon the extent of the undercut or height. Short, 

normal, and tall indicate height of test samples with short and tall having half or twice 

the anisotropic processing time of the normal respectively, but with the same isotropic 

processing time as the normal. The isotropic etch times of the normal sample was set to 

be halfway in between ‘less undercut’ and ‘more undercut’ samples. Although exact 

measurements vary across the different samples, the undercut on the normal sample 

was 3µm and the height was 5.89µm. This classification is explained in Figure 4-39 

A B 
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Figure 4-39. Classification of samples based on extent of under and height of features 

Breakthrough Pressure Analysis 

Breakthrough pressure data (Figure 4-40) was plotted against the various patterns 

as averages for the start and finish of breakthrough. These points were defined on the 

subjective basis of shimmer that starts to disappear at the beginning of breakthrough (0-

5%) and completely disappears (95-100%) at the end. They provide an empirical basis 

to compare the underwater performance of super-hydrophobic patterns. The data was 

replotted in sets for the sake of clarity.  

Figure 4-41 compares averaged 30-100µm breakthrough pressures among 

various etch conditions. The data indicate significant differences between no undercut 

(p=0.0134) and normal (p=0.00) but not between the other etch conditions taken 

pairwise. Figure 4-42 compares the averaged 20µm spaced by 6, 12 and 24µm 

breakthrough pressures among various etch conditions.  
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Tall (p=0.000) and thick etch (p=0.002) feature breakthrough pressures are 

significantly different from no undercut (0.0178). The short, less undercut and normal 

conditions form a second set significantly different from the tall. 

This measurement is very relevant to some applications such inhibition of biofilm 

formation, where patterned topography is used in a completely submerged state and it 

may be necessary to know to which pressure the designed surface will remain non-

wetting. The results in this study indicate that the presence of any undercut and the 

height of the features have a significant effect on the stability of non-wetted state.  

Triple Phase Contact Line Analysis 

Contact angle results are shown in Figure 4-44 and Figure 4-45 that correspond to 

the original design dimensions of 10 µm through 100 µm and 20 µm samples spaced 3 

µm through 96 µm apart and were plotted as a function of feature size and spacing 

respectively. 

Even though there was a spread of 5° to 10°, a major portion of the sample 

contact angle measurements overlapped. This implies that as long as the droplets in the 

‘Cassie’ state, undercut or height do not have a very significant effect as there was a lot 

of overlap between the patterns. 

Only the normal and tall advancing and sessile curves cause the observed spread, 

suggesting this may be more due to height of the features. As a result, comparisons of 

measured and predicted dynamic contact angles reported in this study were limited to 

the normal sample, normal surface here refers to the mid-point of the height and extent 

of undercut planned during the fabrication process (Figure 4-39)



 

130 

 
Figure 4-40. Collected view of the breakthrough pressure data on all the undercut patterned topography tested. 

Statistically significant differences are not shown here because of large number of data points. For the sake of 
clarity, these comparisons are presented in the following graphs. 
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Figure 4-41. Average (30µm through 100µm) breakthrough pressure versus etch type; 

A and B represent statistically significantly different groups. 

 

Figure 4-42. Average (20µm by 6µm-24µm) breakthrough pressure versus etch type; A, 
B and C represent statistically significantly different groups. 

 
Figure 4-43. Comparison of breakthrough pressure on 10&20µm samples versus etch 

condition; Asterisk represents statistically significant difference between the 
10µm and 20µm final breakthrough pressures on respective samples 
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Advancing contact angles were found to be consistently in the 160° range 

whereas, both predictions based on linear and areal fractions were much lower and 

were monotonically decreasing with increasing areal fraction (Figure 4-47). 

 

Figure 4-44. Advancing and receding water contact angles on 10µm through 100µm 
wide surfaces spaced apart by 3µm. Error on all data points is within 2 
degrees. 

On surfaces with undercut structures (ψ≤90°), the pinning effect should lead to a 

contact angle of 180° at a microscopic level(39). Errors are present when contact angle 

measurements are considered at a macroscopic level. Vibrational damping, focusing, 

and measurement errors are some errors that lead to the observed high (not 180°) and 

rather uniform contact angle across the variation in spacing and size. Measured 

receding contact angles also decreased monotonically with increasing areal fraction, or 
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more appropriately, with increasing linear fraction approaching the smooth surface near 

which the difference between the models and measurements diminished (Figure 4-48). 

  
Figure 4-45. Advancing and receding water contact angles on 20µm wide surfaces 

spaced apart by 3µm through 96µm. Error on all data points is within 2 
degrees. 

The measurements made were predicted more accurately using linear fractions 

(R2=0.999, p=10-5) than using areal fractions as dictated by the Cassie-Baxter model 

(R2=0.996, p=10-4). This is a change in the linear fraction as the spacing is varied. 

 
Figure 4-46. Advancing water contact angles versus solid wetted area fraction on the 

normal wafer, with theoretical predictions for 20µm spaced apart samples. 
Error on all data points is within 2 degrees. 
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Figure 4-47. Advancing water contact angles versus solid wetted area fraction on the 

normal wafer, with theoretical predictions for 20µm spaced apart samples. 
Error on all data points is within 2 degrees. 

Discussion 

The Confinement Approach 

Based on the definition of antibiotic susceptibility, it may be understood that p. 

aeruginosa (PAO1) cells attached to the surfaces did not differentiate into biofilm 

phenotype that could tolerate gentamicin exposure at the concentration and exposure 

time used. Since, p. aeruginosa (PAO1) was unable to form “functional” biofilms on 

PDMSe based on the susceptibility argument, direct gene expression level 

determination of the phenotype was not carried out in this study. A key difference from 

previous work with p. aeruginosa (PAO1) biofilm growth on PDMSe(139) was that a 

much smaller volume of nutrient and therefore nutritional exhaustion may have forced 

p. aeruginosa (PAO1) to switch to a more tolerant biofilm phenotype, (Figure 4-24(A): 

example image of mature p. aeruginosa (PAO1) biofilm). In this study, a 20ml nutrient 

volume was used; therefore an excess availability of nutrients may have caused the 
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surface attached bacteria PAO1 cells to switch to planktonic mode again, resulting in no 

“functional biofilm” formation. Another study cultivated p. aeruginosa biofilms using both 

a flow based and starvation based approach(147).  

Quorum sensing and phenotypic effects: A remarkable study showed that by 

grouping bacteria at close quarter within micron sized traps revealed that even small 

populations of bacteria (as little as 8 PAO1 cells) can exhibit significantly increased 

antibiotic tolerance (thus “functional” biofilm phenotype) (157). The understanding that 

bacteria do not grow as single cell layer lawns, rather as architecturally structured 

microcolonies based on chemical signaling, is reiterated by the results in this study. On 

all topographical and the smooth PDMSe surfaces, there are areas where colonies are 

observed in widespread/connected communities. This indicates that in a period of 7 

days, in the case s. aureus (SH1000) biofilms, there are certainly regions that can 

tolerate antibiotic action through transition to the biofilm phenotype. However, BTA 

suggests that there is similar quantity of bacteria based on bacterial metabolism across 

the different topographies and the smooth surfaces. When these two results are taken 

together, it may be supposed that confinement can lead to differentiation to biofilm 

phenotype. Thus, smaller colonies in between the topographies are also capable of 

differentiating in to the biofilm phenotype. The BTA observations are based only on 

numbers obtained from the colour change images and calibration curve analysis. The 

cells that survive when most of the other cells die are likely to be of persister type (210) 

after having withstood the oxacillin treatment at 120µg/ml concentration, a 100 times the 

minimum inhibitory concentration for 24 hours. It was shown through earlier antibiotic 

susceptibility tests that biofilm formation in the sense of definite presence of EPS is not 
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essential for decreases in antibiotic susceptibility in adherent bacteria and that slower 

growth rates might partially account for decreased susceptibility. Also, there is a 

potential connection between small colony variants, which are “slow-growing 

subpopulation of bacteria with distinctive phenotypic and pathogenic traits” (211), which 

display an increase biofilm forming capacity and retain resistance even in the planktonic 

state (212), and antibiotic susceptibility (144).  

In previous work (Figure 4-48) it was suggested that slow metabolism due to the 

presence of bioifilm may be the cause of delayed colour change on smooth PDMSe 

surfaces (134). On the surfaces investigated in this study, the 5 µm pillar has smaller 

sized widely distributed microcolonies and yet it shows longer times for maximal colour 

change. Based on this, it maybe reasoned the using the mean PE CFU/ml readings as 

equivalent plate count readings may be justified.  

 
Figure 4-49. Previous study biotimer assay results post 7 days of SA growth protocol. 

Error bars represent one standard deviations (134) 

In earlier work, with s. aureus (ATCC 35556) grown in TSB growth medium for 7 

days on test surfaces, it was suggested that there was more planktonic like activity on 

topographies , on five different polymers versus, their smooth counterparts assessed by 

BTA for quantifying differences between SharkletTM and smooth PDMSe (Figure 4-25).
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There are three possible reasons why the data in this study differ from earlier 

work, they are:  

 Firstly, the bacterial strain used here is different from the earlier work, it is restated 
to emphasize that it was necessary to choose a strain that closely matched the 
available NCBI genetic sequence (206).  

 A second factor that may have contributed to the observed difference from earlier 
results is using a matlab program (Appendix C) to analyze BTA images for colour 
chage times. This was an important advance because it eliminated subjective error 
in making the decision of colour change based on the observer. 

 The third reason could be the increased percent area of the samples tested  in this 
study, (8 mm punches out 1.15 sq.cm wafers) representing about 39% of the total 
sample area versus 31% (four 8 mm punches of a nearly 1 sq. inch of sample).  

 

Figure 4-49. 5µm hexagonal pillar perspective view, black dimension arrow – indicates 
artifact of etching, about 0.69µm in diameter, slightly larger than radius of 
curvature of the bacterium. The inset shows an s. aureus (SH1000) bacterium 
attached to the curvature of the artifact. The red curving arrows indicate 
gradually change in curvature at the edge of the feature.
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Curvature effects: Curvatures of the lesser than 100µm was shown to have an 

effect on the orientation of chick heart fibroblasts because greater curvatures are slight 

in comparison with the dimensions of the chick heart fibroblasts. It was also found the 

frequency of crossover of cells over a feature decreased with an increase in angle of 

features from 8° onwards (44). The flexibility of the exoskeleton of eukaryotic cells 

varies to a large extent and the ability of cells to crossover topographical barriers is 

proportional to their flexibility (54).  

Since, bacteria are less flexible compared to cells (58), the curvature effects seen 

for some of the cells which are also less flexible compared to others may be applicable 

to bacteria as well. Although this may be true, the bacterial cells have been shown in 

this and a previous study (17) to be capable of forming continuous colonies over the 

edge of the topographical features (Figure 4-22). In the topographies used in this study 

(Figure 4-49) there is a gradual change in the curvature of topography over the edge of 

features. Thus, topographies displaying gradual changes in curvature may not be 

capable of confining biofilm formation. 

E. cloacae (ATCC 700258) cell clusters and individual cells were primarily 

observed in the recessed regions of the topography, except for the 11µm hexagonal 

pillar topography. This suggests that 11µm feature size may be above the threshold 

value above which the valley and feature top morphology occurs with equal probability. 

Escherichia coli (e. coli) morphology based on a 24 hour study with 5µm, 10µm, 20µm, 

30µm, 40µm and 100µm square pillars in a square array with 5µm, 10µm and 20 µm 

revealed a potential threshold between 15µm and 20µm beyond which no significant 

differences in morphology were observed. Lesser coverage was observed on the 5µm, 
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10µm and 15µm samples, all data in comparison to the smooth surface (148). The 

proposed threshold is very close to the 11µm threshold observed in this study. 

S. aureus (SH1000) bacteria are found in clusters in certain areas and are found 

to be isolated cells in other areas (Figure 4-16 through Figure 4-24 except for Figure 4-

20). This distribution appears in all the cases except the 5µm hexagonal pillars. The 

nature of the distribution can be attributed to the temporal variation in settlement. As 

indicated by the clusters of cells growing over many lattices of the features, the cells 

may have grown after attaching or colonized in a cluster from earlier time points. 

Following the initial settlement, the bacteria spread over the lattices in some regions 

forming the regions of dense coverage that is seen in the SEM images. On the basis of 

BTA based quantification all samples including the smooth sample statistically had 

equal numbers of bacteria. However, the 5µm hexagonal topography shows disperse 

small clusters, much less dense in coverage and isolated settlements. Given that this 

topography was exposed for the same amount of time, it was expected to have a 

denser coverage in certain regions. In order to explain this it is necessary to look at the 

dimensions involved. S. aureus (SH1000) diameter by SEM observation is about 1.01 ± 

0.1µm and the depressed area fraction per unit cell (Table 4-1) vary from 0.08 for the 

2µm hexagonal pits to 0.64 for the 5µm hexagonal pillar. Thus, the fraction available for 

settlement and growth within recessed area is higher than all other samples. Therefore, 

there appears to be lesser dense settlement throughout the sample in the 5µm 

hexagonal pillar topography. Although, the above arguments explain the morphology of 

s. aureus (SH1000) on the topographies, they don’t adequately explain the morphology 

on the smooth surface, which one would expect to be colonized to a greater extent. In 
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order to explain this, consider the following argument; a few bacteria, once attached to a 

surface could provide a secondary (cell to cell) attachment site, along with other 

chemical cues. So, based on signals from sessile bacteria, and the sense of their 

surroundings, other bacteria could theoretically remain unattached (in suspension or 

dividing and shedding from surface attached cells) until they settle upon a suitable spot 

with maximal surface area (131) for attachment. Since patterned topographical offer a 

lot of such sites, additional surface area to attach to, they are capable of forming such 

irreversibly attached microcolonies these sites with maximum area of attachment. This 

may explain why they are more wide spread on the topography compared to the smooth 

PDMSe surface while the total number remains the same between topography and 

smooth surface. Also, the fact that a smooth surface has similar quantity of bacteria as 

that of the topographies (Figure 4-26), this can be taken as evidence that on attaching 

to topographical surfaces, bacteria grow at a rate similar to that of the smooth surface, 

despite the presence of topography. 

In a related study (213), polyethylene terephthalate and polystyrene nanocylinders 

with a height of 160nm, 110nm in diameter, spaced 220nm apart were tested for biofilm 

formation with s. aureus (ATCC 25923), for a duration of 270 minutes, compared 

against the smooth surface with a roughness was 1 ± 0.2nm. Based on static culturing, 

they observed that the nanoscale surfaces did not affect the number of bacteria 

attached. The dimensions in the nanocylinder topography study are approximately a 

fifth of the bacterial diameter and since no significant effect was found to occur, this 

suggests that there may be a lower bound for interaction of the topography. This 

observation is consistent with earlier studies which suggest a lower limit of 200nm 
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(124). Another recent study tracked the effect of variation of spacing of square arrays 

300nm posts from 2.2µm to 700nm apart on the morphology of p. aeruginosa (PA14), 

bacillus subtilis (b. subtilis) and e. coli. The bacteria were found to attach in a similar 

pattern in all 3 cases to the topography arrays when the spacing approached their 

length scales. The study was conducted in both stationary and flow modes for up to 48 

hours. The author notes that up to 20 hour the spontaneous assembly was identical in 

both methods, but beyond 20 hours there were differences based on movement modes 

and nutrient media (131).  

The SEM images of both s. aureus (SH1000) and p.aeruginosa (PAO1) and CLSM 

images of e. cloacae (ATCC 700258) on the topographies indicate that a major part of 

the bacterial attachment/growth occurs in the recessed portions of all patterns, which 

indicates that patterned topography are probably in the fully wetted state at the end of 

respective tests. One possible reason for this is that, the artifacts introduced by etching 

offer submicron features (Figure 4-49) that are only slightly smaller than the bacteria 

themselves. This probably provides very strong interaction points all along the sides of 

the topographical features. 

From the observations in this study and other relevant studies in the literature, the 

dimensions of topography that are capable of interacting with bacteria can be narrowed 

down to 250nm through 10µm. Also, when the topographical features are very close 

together, although bacteria attach to them in an isolated manner from each other and 

may seem planktonic, the phenotypic changes brought about by virtue of attachment 

cannot be discounted. For CAUTI and other medical device applications, longer time 

periods might induce contiguous colony formation and expansion over the features.  
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Based on these arguments the original Confinement Hypothesis that growing 

bacterial colonies are confined by abrupt changes in topography is proposed to be 

modified to, topography in the range of 250nm to 10µm, influences bacterial 

adhesion (Figure 4-50). 

 

Figure 4-50. Hypothetical snapshot of the biofilm formation process on day 7. 
Topography influences bacterial adhesion within a certain size scale and 
does not confine growth. 

The Wetting Approach 

The presence of an undercut contributes to an increase in the breakthrough 

pressure and the within equally spaced samples there is not much of a variation across 

due to the extent of undercut or height. Secondly, for the samples spaced apart, feature 

height appears to have a significant effect on the breakthrough pressure.  

These observations may be explained by taking into account bending of the water-

air interface between the features due to the action of the pressure (184). In order to 

breakthrough, it may be imagined that the sag needs to reach the bottom between the 

undercut curves. This sag is much less in the case of the lesser spaced samples. So, 

they take longer to get to the initial breakthrough point but the interface may be 
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destroyed earlier due to the curvature caused by the increase in pressure whereas in 

the larger spaced samples the curvature due increase in bending undergoes a more 

gradual increase. 

The Cassie-Baxter model is very useful, and the error in using it arises from 

conceptual errors. That the apparent contact angle was a weighted average is valid, 

provided that linear weighting was used instead of area weighting.  

The maximization and minimization of differential area fractions as a droplet 

advances and recedes was applied to modify the Cassie-Baxter equation (188). 

However, as a droplet moves, it comes in contact with a variety of surface features. 

Depending on the angle of approach, the TPCL will be pinned to varying degrees by 

pattern. Based on this idea, the maximum and minimum linear contact fractions were 

calculated using a matlab code (198) on the basis of surface maps generated from SEM 

measurements in AutoCad®. 

  
Figure 4-51. Contact angle images for 20µm spaced by 24µm with a φS of 0.19 (A) 15° 

on cleaned, dried uncoated where water droplet is in contact with silica tops 
(B) 144° on surface coated with C4F8 plasma 

The TPCL fractions were then used to predict dynamic contact angles. 

Incidentally, 300nm undercut silica capped 20 µm hexagons spaced by 24 µm pattern 

with a φS of 0.19 were completely wetted by water without coating, and non-wetting with 

A B 
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C4F8 (Figure 4-51). This was different from the expected metastable states indicated on 

patterns without coating and silicon cap with a φS of 0.25 displaying a contact angle of 

144° (183, 214). This may be due to the lower contact angle exhibited by silica versus 

the contact angle of 74° shown by hydrogen terminated silicon. 

Table 4-4. Example tests: material, bacterium, protocol and results 

Test Material Bacterium Protocol Results 

Smooth PDMSe 
SharkletTM (215) 

S. aureus 7, 14, 21 days 
with media 
change every 
day 

SEM image based results 
indicate lesser biofilm on 
patterned topography 

Smooth PDMSe, 
PS,PMMA, SEBS 
SharkletTM on each 
(134) 

S. aureus 7, 14, 21 days 
with media 
change every 
day 

SEM and BTA results 
indicate lesser biofilm on 
patterned topography 

Smooth PDMSe 
PVP coated PDMSe 
(139) 

S.aureus 
P.aeruginosa 

4 day – every 
day media 
change 
followed by 
oxacillin 
treatment 

SEM and plate counts 
indicate presence of 
mature biofilm 
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CHAPTER 5 
CONCLUSIONS AND SUGGESTIONS FOR FUTURE WORK 

Conclusions 

The effects of different types of patterned topography on biofilm formation in the 

confinement and wetting approaches were studied and the conclusions are summarized 

as follows: 

P. aeruginosa biofilm formation was observed on the topography in silicone 

elastomer and compared with smooth control using microscopic and plate count 

assessment. Through microscopic analysis it was observed that only sparse attachment 

was observed under the test conditions used here. Despite the apparent difference in 

roughness, even up to 21 days, there seems to be no measurable, statistically 

significant differences between the surfaces under the growth conditions tested. 

A more objective method for quantification of s. aureus biofilm formation based on 

image analysis to obtain BTA colour change times was developed. Apparently, over a 

period of 7 days, all the pattern topographical surfaces along with the smooth PDMSe 

appear to have similar levels of total bacterial metabolism (based on pH change of the 

growth medium). However, the pillar configurations with larger recessed area but 

smaller spacings appear to have less ‘functional’ biofilm growth when assessed using 

oxacillin susceptibility. The overall trend seen with arcA (involved in L-arginine 

catabolism) gene expression results corroborates the oxacillin susceptibility results. 

Although indirect, RT-qPCR is more sensitive than BTA in detecting variation in total 

bacterial metabolism per sample in response to differences in surface topography. 

The method for quantifying the total number of bacteria on surfaces using qPCR 

for p. aeruginosa and s. aureus was adapted successfully for use with polymeric 
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patterned topographical substrates. As this is a very sensitive method it can yield useful, 

reliable, and quantitative information for early time point studies, whereas plate counts 

and BTA methods may not be sensitive enough.  

Even though patterned topography affects orientation and morphology of resulting 

bacterial colonization, under the test conditions used in this study, it appears that there 

are no phenotypic differences between the bacterial cells growing on patterned 

topography and smooth surfaces.  

Progress was made in measuring and quantifying differences in breakthrough 

pressure which will serve as design rules for fabricating undercut patterned topography 

for the inhibition biofilm formation. Breakthrough pressure measurements indicated that 

smaller spacings between topography are capable of resisting initial breakthrough but 

have an overall lower final breakthrough pressure. Whereas, larger spaced topography 

have a lower initial breakthrough but have a higher overall final breakthrough pressure. 

Breakthrough pressure appears to be most dependent on the height of features. 

 A design, such as the novel cross topography, with features capable of remaining 
undistorted at large feature heights, with an undercut could be a useful candidate 
in testing the biofilm formation inhibition efficacy.  

 Linear fractions on a TPCL based approach are able to predict receding 
contact angle data more accurately than an areal solid wetted fraction based 
approach (Cassie-Baxter model) 

Suggestions for Future Work 

Based on the current work, there are several interesting questions that still need to 

be answered with regards to the use of patterned topography for biofilm inhibition. 

The use of tests based on biofilm formation by expanding from a central bore hole, 

as used in some models, is suitable only for certain applications. This would probably 

depend entirely upon wetting; since, bacteria require the presence of water in order 
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develop a biofilm. This would imply that any surface design capable of impeding the 

advance of the wetted interface should be capable of inhibiting biofilm formation. Such 

designs maybe based on the criteria provided from the model devised in the wetting 

approach on undercut surfaces. 

In order to test the hypothesis that recessed area fraction combined with smaller 

spacing may be important for delaying biofilm formation, it is possible to design an 

experiment where the spacing can be varied using different patterns, while keeping the 

recessed area fraction constant. In all cases, increasing the height would directly 

contribute to the stability of trapped air pockets (breakthrough pressure section in 

wetting approach). When the height is increased, especially for PDMSe, it was shown 

that the 2 µm pillars do not remain rigid. Patterns such as the cross, and other 

hypothetical ones, should be able to maintain rigidity at such small dimensions, with an 

increase in the height, due to mutual support of the intersecting beam type structure. 

Creeping of water in to the capillaries formed by patterned topography over time, 

and due to bacterial action, also needs to be studied. It has been suggested that 

undercut features on polymers may enhance inhibitory effect of patterned topography 

on biofilms. But as observed in the 11µm and 21µm pillar topographies, it may be 

argued that a static column of liquid may be pinned by undercut structures. However, as 

bacteria secrete many types of molecules, these features may modify the air water 

interfaces (surface tension) at capillary sites by coating the solid, and/or may facilitate 

creep by lowering the surface energy. Thus given time, factoring the creep of water into 

the capillaries, all such designs may be expected to involve a completely wetted 

system. From the hypothesis that smaller colonies in between the topographies are also 
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capable of differentiating into biofilm phenotype, future attempts at using patterned 

topography to inhibit biofilm formation should investigate topographies designed to 

prevent any type of contact between bacteria. In order to better understand the effects 

of topography on presence of persister cells and/or small colony variants, a confocal 

imaging based surface map with live/dead staining following antibiotic susceptibility will 

provide a better understanding of nature of bacterial adhesion, advancing topography 

as a method for biofilm inhibition. 

One of the limitations of the current study is the growth protocol. The biofilms were 

grown in a stagnant column of liquid media. While this applies to situations where there 

are stagnant pools leading to biofilm growth, other applications such as industrial 

pipelines, ship hulls, and in some instances even catheters, deal with flow based 

systems. Also, there are additional stresses which make biofilms, such as starvation, 

that were not dealt with in this study. Future work should also include assays to 

determine the effect of patterned topography on biofilm growth under such stresses as 

flow and nutritional limitation. 

The nature of the breakthrough pressure measurement conducted in this study 

was at best qualitative and needs to be developed further on at least two counts: 

 Droplet on surface penetration tests: Generating droplets from a height may be 
important for characterizing the material. 

 Long-term submersion tests:  Long-term submersion may be relevant for biofilm 
formation. 

A more objective method needs to be developed to quantify the relationships 

between breakthrough pressure, undercut and height hinted at in this study. A model 

needs to be developed so that surfaces can be design on the basis of the model for 

more robust submersed states. Using this and the roll-off models, it should be possible 



 

149 

to design surfaces that have very similar apparent contact angle and hysteresis, but 

different geometries on a given material. Another possibility is to design surfaces with 

very similar apparent contact angle and hysteresis, but different surface properties and 

geometries. When these surfaces are tested for applications such as biofilm formation, 

it may be possible to dissociate the effect of geometry on such processes, thus better 

designs can be made. 

One method by which water breakthrough over long term could be tested is to use 

a low concentration dye solution capable of adsorbing quickly onto a hydrophobic 

surface, and mapping the dye adsorption on the surface as a function of time. 

It is possible to make lithographic molds with undercut at the ends of channels. A 

simple over etching step at the end of a Bosch process could easily yield a undercut 

cap in an elastomeric polymer such as silicone elastomer (Figure 4-2 F). 

Another possibility is to use silicon on insulator (SOI) type wafers. As a process 

recipe, the etching should be done until the insulator layer is reach following which any 

attempts to etch will result in an undercut. This can then be used as a mold to produce 

undercut topographies on silicone elastomer. 
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APPENDIX A 
SEM IMAGING OF SAMPLE WITH AND WITHOUT MECHANICAL TREATMENT FOR 

PLATE COUNT PROTOCOL FOR PSEUDOMONAS AERUGINOSA 

In order to make sure that the plate count protocol completely removes PA biofilm 

from test specimens, SEM images Figure A-1 (1) & (2) were obtained before and after 

the plate count protocol. These images clearly indicate complete removal of PA biofilm 

from the surface of the wafers. These images are from 7 day biofilm tests. 

1 2 

Figure A-1. Sample areas on the 10µm honeycomb pattern: 1) with sonication and 
vortexing; 2) without sonication and vortexing 

The process of sonication and vortexing removes most of the material attached to 

the surface and thus can be used in the plate count procedure.
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APPENDIX B 
PSUEDOMONAS AERUGINOSA ROCHESTER STRAIN BIOFILM FORMATION 

Figure B-1 represents plate count based CFU/ml measurements obtained from the 

samples tested for PA Rochester biofilm formation, following the growth protocol for 21 

days. PA Rochester is a clinical isolate which was previously characterized as being 

able to form biofilm like growth on smooth PDMSe surfaces based on EPS coated 

colonies observed by SEM analysis, following a 14 day growth protocol. 200µg/ml of 

gentamicin, used to elucidate differences based on gentamicin susceptibility, was 

chosen as the upper concentration limit based on previous work in which PAO1 biofilm 

formation was studied on a porcine skin model (74). As stated earlier, considering 

bacterial growth rates, the differences may not be significant even though  

 
Figure B-1. Number of colony forming units following 21 day biofilm growth on 

hexagonal pit, pillar, cross pattern, SharkletTM, and smooth PDMSe surface. 

Data analysis indicates that there was no statistically significant difference 

between the various patterns, nor between the patterned and smooth surfaces.
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APPENDIX C 
MATLAB CODE FOR ANALYZING BTA IMAGES FOR COLOR CHANGE  

function intensity = AnSH1000E27DOXCCD  

prefix='DSCSH1000E27DOXCCD(';  

suffix=').JPG'; 

pic=[1:121];  

for t=1:numel(pic)  

    img=[prefix,num2str(pic(t)),suffix];  

    im  = imread(img); 

    imagesc(im); 

    pos=floor(ginput(2)); 

    im=im(pos(3):pos(4),pos(1):pos(2),:); 

    a   = double(im); 

    r   = a(:,:,1)/255;  

    g   = a(:,:,2)/255; 

    b   = a(:,:,3)/255;  

    mask = r-b >0.2; 

    mask = bwareaopen(mask,6000,4);  

    stats = regionprops(mask,'PixelIdxList'); 

    len = length(stats); 

    for obj=1:len %for loop with obj counting up from 1 to the length of the variable 

stats to obtain the mean green index value of various objects within a binary image as a 

means to compare the BTA results% 
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index=stats(obj).PixelIdxList; % this command assigns the PixelIdxList values 

from the variable stats corresponding to the 1st object in it% 

indexmatrix(obj)=mean(g(index)); % the variable intensity is created in order to 

store the mean of all the green pixel values in each object for each image and is output 

into the main program% 

    end 

    for obj=1:len 

        y(obj,t)=(indexmatrix(obj)/indexmatrix(len)); 

    end 

    subplot(2,1,1)  

    imagesc(mask)  

    subplot(2,1,2) 

    imagesc(im) 

    pause(2)  

    close all 

end  

intensity = y; %the values obtained here are then processed, colour change points 

are obtained and interpolated with the standard curve to obtain mean PE CFU/ml 

end 
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APPENDIX D 
POLYMERASE CHAIN REACTION DATA, GRAPHS AND GEL RESULTS 

Graph in Figure 4-32 was used to obtain the data, given in Table D-1 below for the 

qPCR results with SA biofilm formation.  

Table D-1 Real-time PCR quantification data – SH1000 qPCR 

Pattern   CT Mean CT SD SQ Mean SQ SD 

 2µm  Pits 19.38 0.37 0.09 0.03 
 7µm Pits 19.24 0.45 0.11 0.05 
 17µm Pits 19.26 0.52 0.11 0.04 
 5µm Pillars 20.02 0.49 0.05 0.02 
 11µm Pillars 18.74 1.54 0.27 0.22 
 21µm Pillars 18.05 0.53 0.34 0.18 
 2µm Cross 17.26 0.52 0.71 0.32 
 SharkletTM 19.80 0.15 0.06 0.01 
 Smooth PDMSe 20.09 0.62 0.05 0.02 

 

Calculations for DNA start quantity to total number of cells is performed as 

follows.The argument follows from the accepted fact that 1µg of 1000 base pairs of DNA 

is equivalent to 1.52picomoles (216). Thus assuming 1000 base pairs is 1 DNA unit, 

1µg of 1 DNA unit = 1.52pmole 

1 DNA unit = 1.0925 x 10-12µg 

Given:  

1 SA genome molecule  = 2.821 million base pairs 

1 PA genome molecule  = 6.264 million base pairs 

Thus, 

1 SA genome molecule  = 2.821 x 103 DNA units = 3.082 x 10-9 µg 

1 PA genome molecule  = 6.264 x 103 DNA units = 6.843 x 10-9µg 

All calculations for total cell counts were based on these unit quantities. 
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