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Bacteria and other microbes interact with their environment through nanoscale 

mechanical and chemical processes. Understanding these interactions is critical for 

controlling bacteria, both in preventing biofilm formation and in using these interactions 

to control bacterial metabolism and behavior in industrially relevant applications such as 

fermentation and biomaterial generation. Biofilm formation is a key step in the process of 

biofouling, a process of great importance in shipping and food processing industries and 

especially in healthcare where it is of utmost importance to prevent the formation of 

biofilms on medical equipment which would further prevent infections. In this 

dissertation, I examine the biological responses of the Gram-negative bacterium, 

Escherichia coli (E. coli) to alterations in the surface nanostructure, persistent 

photoconductivity, and the stiffness of the surface material. 

In my characterization of Bacterial interactions with nanostructured surfaces, I 

examined the behavior of E. coli bacteria, when exposed to twenty-one different 

nanostructured polymeric substrates etched from seven common and industrially relevant 

polymers. I demonstrated that in the bacteria respond to the surfaces by changing their 

adhesion, morphology and biofilm formation. Interestingly neither surface energy nor 

structure appeared to control these behaviors. The predominant effect on bacterial 

behavior appeared to be directed by the composition of the surface.  

 



 

To investigate the mechanisms that control the bacterial response to a surface 

phenomenon known as persistent photoconductivity (PPC), I used E. coli strains that 

were mutant for genes that encoded specific components of adhesion and/or biofilm 

formation. One goal of microbial bioelectronics is to develop hybrid organic/inorganic 

interfaces between living cells and electronic devices.  Type III semiconductors such as 

GaN are a good candidate for such interfaces; Gallium nitride and Oxide materials are 

biocompatible, a growing material system for electronics, and have a property known as 

persistent photoconductivity (PPC), which is the persistence of a charge after excitation 

energy such as ultraviolet light is removed. Work in the Ivanisevic and LaJeunesse labs 

have shown that PPC changes the physiology of the bacterial cells and results in both an 

increase in intracellular Ca2+ and alteration to cell adhesion. To determine which cell 

surface and adhesive components of E. coli are required for the response to PCC, I used a 

collection of E. coli deletion mutants and examined the loss of these cell structures on the 

bacteria’s response to PCC.  I found that mutation in the synthetic pathways that generate 

the LPS, curli, and mutations in flagella significantly alter the response of E. coli to PPC.  

To determine the bacterial adhesive response to material stiffness, I tested the 

adhesion of E. coli to Polyacrylamide hydrogels of three different stiffnesses (~17kPa, 

29kPa and 1547 kPa). Wild type E. coli demonstrated the highest adhesion to the soft PA 

hydrogel and the least on the hard gel. I used single-gene deletion mutants of E. coli 

bacterial surface appendages to determine how the loss of these cellular structures would 

affect bacterial adhesion to these gels. I compared the adhesion trends of the various 

knockouts to the WT trend and found that they were vastly different, and with no 



 

particular pattern. Adhesion of bacteria to the soft gels was significantly lower than the 

adhesion of the WT except for the csgD mutant. All the knockout bacteria adhered more 

to the hard gels in comparison to the WT adhesion. Identifying the most important 

deletion remains a challenge, even though all the deletions resulted in a change in 

bacterial adhesion. This analysis has provided a framework for the further elucidation of 

genetic pathways involved in the bacterial responses. 
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CHAPTER I 

INTRODUCTION 

I.1. Microbial Biofilms 

Biofilms are a complex community of bacteria embedded in an extracellular 

matrix (EPS) composed of DNA, polysaccharides, proteins, lipids1,2. They form on any 

substrate in proximity to water3. The air-water interface is the ideal location for the 

growth and maturation of biofilms and is found in almost every environment on Earth, 

from showers and pipes to medical devices4. 

Biofilms are highly problematic for many medical and industrial processes 

wherein they damage material surfaces, sometimes eating through the material in the 

process of producing the biofilm5. Bacterial biofilms on medical implants, open surgical 

wounds are a cause of persistent infections6. The CDC estimates a ~$33 billion/year 

worldwide cost in nosocomial infections7, and approximately 99,000 deaths each year8,9. 

At least 65% of all persistent and chronic bacterial infections are biofilm related10,11. The 

biofilm environment is extremely resistant to antibiotics, most of which have been 

designed to target freely swimming planktonic cells11,12. Antibiotic-resistant bacteria have 

arisen despite the enormous efforts placed to combat biofilm-related infections. The risk 

of biofilm-related infections increases every year, posing an urgent need for the 

development of new methods of biofilm prevention and control. 
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I.2. The Role of Extracellular Polymeric Substance in Protecting Biofilms 

Bacteria exist in the planktonic (single cells in suspension) state as well as in 

multicellular communities (biofilms). Biofilms are complex communities of cells that are 

attached to a substrate and themselves by means of an organic glue-like substance known 

as the Extracellular Polymeric Substance (EPS)13. The EPS performs the important 

structural role of stabilizing the cells and provides a protective bubble-like environment 

against mechanical damage and shear caused by fluid flow at the interface14–16. It is made 

up of complex polysaccharides, proteins, and extracellular DNA secreted by the members 

of the biofilm community by processing the nutrients available upon adhesion to the 

substrate1,17. The EPS allows its community members to share nutrients, communicate 

through chemical signaling molecules (Quorum sensing), pass along genetic information 

through lateral gene transfer and are even involved in promoting electron transfer18. All 

these functions are enhanced in biofilm communities compared to planktonic cells. 

Bacteria monitor, synchronize and adapt to environmental changes through a 

process known as Quorum Sensing19. Quorum sensing allows different parts of the 

biofilm to communicate, enabling the biofilm to adapt to environmental changes20. This 

effective cell-cell communication is achieved through the release and response of 

autoinducers, which are quorum-sensing molecules. The release of autoinducers is a 

function of the number of cells present in the biofilm. The concentration of autoinducers 

increases due to an increase in cell density20. Once a certain threshold is reached, the 

autoinducers activate genetic pathways in the bacteria to produce the appropriate 

response21. In bacteria, homoserine lactases are the most common form of autoinducers, 
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although the eukaryotic autoinducer oxylipin has been found to mediate cell-cell 

communication in Pseudomonas aeruginosa 22. One method of preventing biofilm 

growth is to prevent the release of autoinducers into the biofilm23. 

Bacterial biofilms provide the bacteria with extensive protection2,24. The EPS not 

only protects the bacteria present in the biofilm from mechanical damage and 

hydrodynamic stress but also forms a barrier to protect it from antibiotics and 

antimicrobial treatment25. Antimicrobial mechanisms tend to work synergistically, and it 

has been shown that resistant biofilm cells respond to stress26,27. Environmental stressors 

such as antibiotics28,29 and nutrient depletion such as nitrogen starvation30 may lead to the 

formation of persister cells within the biofilm. These are small populations of bacterial 

cells that are difficult to destroy due to changes in their phenotype (slow-growing cells)31. 

Persister cells are shielded by the EPS and its components and are found embedded deep 

within the biofilm, making it very difficult for antimicrobials to reach.  When under the 

influence of environmental stresses, bacteria decrease their ATP levels, forming dormant 

persister cells31.   

Biofilm associated infections are difficult to treat due to their altered gene 

expression and growth states32. It is difficult to develop treatments and preventative 

strategies against biofilm-associated infections due to their highly adaptive and protective 

nature. Global gene expression analyses of biofilms have revealed the involvement of 

genes related to adhesion (cellular surface structures) (e.g. fimbriae type-1, curli, 

flagella), auto-aggregation (antigen 43) and stress response (soxS, hslS)33–37. Niba et al. 

have used the ‘Keio collection’38 of single deletion mutants of E. coli to identify 110 
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individual genes required for biofilm formation37. An alteration to even any one of these 

genes can cause drastic changes in biofilm formation. E. coli biofilms are heavily 

affected by the motility genes for flagella and fimbriae. Alteration to genes that encode 

for structural proteins such as OmpC, and slp (encodes for an outer-membrane 

lipoprotein) would interrupt the initial adhesion phase of biofilm formation36. 

 

I.3. Bacterial Biofilm Production  

Biofilm formation is a dynamic four-step process involving attachment, colony 

formation, maturation and finally dispersion39. It begins with the initial attachment of a 

planktonic bacterium to the surface. This initial phase is rapid (occurs within ~1 min) and 

reversible, involving hydrodynamic and electrostatic interactions40,3. The substratum 

must first be conditioned by its exposure to the fluids, in a process called surface 

conditioning41. Biochemical components such as water, proteins, lipids, ECM molecules, 

salts, adsorb onto the surface of the substrate to form a conditioning layer 24,42. Surface 

conditioning is essential for the formation of a foundation layer which creates a suitable 

substrate for bacterial adhesion24. When the negatively charged bacterial envelope and 

the substrate interact, the total attractive and repulsive forces of the two surfaces 

determine the ability of the bacteria to adhere to the substrate. The attachment is 

influenced by many factors such as the environmental conditions of the medium (pH, 

temperature) and the inherent properties of the substrate which mediate electrostatic, 

hydrophobic and van der Waals interactions3,43,44.  
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A stable and robust adhesion is the outstanding characteristic of the second phase 

of bacterial biofilm formation. During this phase, bacteria that have initially adhered 

undergo changes in gene expression changing them to irreversibly adherent bacteria. 

Phase II is irreversible due to the involvement of van der Waals interactions3. Molecular 

interactions between bacterial surface structures and the substrate govern this phase of 

adhesion. These surface structures are a group of filamentous bacterial appendages 

composed of proteins found on the outer membrane of most bacteria and mediate specific 

attachment to the substrate45,46. These cellular structures include flagella, pili (fimbriae) 

and curli46. These bacterial appendages possess proteins (such as adhesins) upon their 

terminal end which bind to molecules found on the conditioned substrate and upon 

contact with the substrate, activate bacterial genetic pathways, such as Rcs and Cpx47, 

which initiate the production of EPS48. These same genetic pathways also alter the 

motility of the bacteria, making them adherent by inactivating the flagella 49,50. The 

attached bacteria proceed to multiply and form a biofilm matrix that encloses the colonies 

51. Quorum sensing molecules exchanged between bacteria activate different bacterial 

behavior within the matrix, creating microcolonies within the EPS for various activities21. 

Bacterial cells develop and mature during this stage of biofilm formation, making their 

community thrive as a consortium of species 39. Biofilm communities are highly 

specialized: some produce new EPS52 and quorum sensing molecules20, others are 

responsible for nutrient recycling53,54, protection and persistence29,31. Several genes are 

switched on during this transition from planktonic to sessile biofilm, chiefly the ones 
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associated with the appendage control such as motA, motB, and fimA27. In E. coli, ~4000 

genes have been identified as being involved in biofilm production34,36. 

During stage III of biofilm formation, planktonic cells detach from the mature 

biofilm and proceed to colonize at other locations39. When the biofilm reaches a critical 

mass, fragments of biofilm and planktonic cells from deep within the mass disperse due 

to external forces such as shear, enzymes, and stresses. 

 

I.4. Sensing the Environment 

The sense of touch is very important, even to bacteria. It enables the bacteria to 

sense the environment, avoid hazards and detect surfaces. Bacteria have the ability to 

sense chemical signals (chemosensation) as well as respond to mechanical stimuli 

(mechanosensation).  

 

I.4.i. Chemosensation 

 Bacterial cells use chemical gradients to identify and respond to environmental 

signals such as nutrition depletion30. These chemical gradients are sensed through outer 

membrane (OM) lipoproteins such as porins. OmpF is one such porin in which acidic pH 

triggers the reversible closing of the channel55. These OM proteins further activate signal 

transduction pathways to yield a response to this chemical stimulus56. During biofilm 

formation, chemical gradient sensing impacts bacterial function and cell-cell 

communication57.  

Figure  SEQ Figure \* ARABIC 1 Mechanosensing organelles: pili, curli and flagella as 
depicted in “bacteria-surface interactions: introduction to microbial surface sensing” 
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 A local microenvironment is created around cells trapping ions and molecules 

close to the surface, which induces a change in the intracellular pH and ATP levels58 and 

extracellular osmolarity59. These processes are controlled by the Cpx two-component 

system, which is activated by envelope stress60,61. Some surfaces release chemical 

molecules known as chemoattractants which draw bacteria closer to the surface and 

promote bacterial adhesion. The interspecies quorum-sensing signal autoinducer-2 (Al-2) 

doubles as a chemoattractant in E. coli. The self-activation of highly motile bacterial cells 

by Al-2 enables cellular aggregation and the ability to form surface-enabled structures62.  

As cells draw closer to the surface and closer together, this chemosensitive process 

inhibits the mechanosensitive flagellar function, ceasing bacterial motility and activating 

biofilm formation. This is promising for the future of antibacterial surfaces; using 

chemoattractants to lure bacteria onto contact killing surfaces63, for instance. 

 

I.4.ii. Mechanosensation 

Mechanosensation is the biochemical response to physical stimuli64. An increase 

in turgor pressure at the lipid bilayer of the cytoplasmic membrane activates 

mechanosensitive ion channels that further activate signal transduction pathways65,66. 

Mechanosensitive channels (MS channels) are proteins found in cell membranes that 

open nanoscale pores in response to force-induced perturbations66. There are two major 

classes of MS channels: mechanosensitive channel of large conductance (MscL) and 

mechanosensitive channel of small conductance (MscS)64. MscL is thought to play an 

important role in regulating the bacterial turgor pressure67. During osmotic shock, 
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bacteria rapidly eliminate some of its components to compensate for the osmolarity, 

thereby maintaining homeostasis68,69. Understanding the gating mechanism and 

controlling the forces that activate these channels could help in the production of 

antimicrobials. MS channels modulate biochemical signals in response to mechanical 

forces. Bacteria are frequently equipped with mechanotransmitters to aid in this process.   

Mechanotransmitters are structures that propagate mechanical force and induce 

downstream genetic responses to the physical stimuli. These mechanotransmitters are in 

the form of extracellular surface organelles, flagella, pili, and curli, that mediate specific 

adhesion interactions with extracellular materials and other cells52. The roles of these 

structures in biofilm formation have been described below. 

  

 

 

 

Figure 1.1 Bacterial Surface Appendages as Depicted in “Bacteria-Surface 
Interactions”278 
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I.4.ii.A. Flagella 

The flagella are an external appendage of the bacteria that can rotate, providing 

the bacteria with locomotory ability and directionality70. The bacterial flagellum plays an 

important role in recognizing when to stop as the bacteria encounters the substrate 71. 

During initial surface contact, bacteria sense surfaces through the obstruction of the 

rotation of its flagella46,72.  This activates the DegS/DegU two-component system73 where 

the DegS senses the inhibition of the flagellar rotation and in combination with DegU 

upregulates genes for biofilm formation73.  The flagellar motor is deactivated, and initial 

biofilm processes begin. Flagella respond to environmental cues by altering its speed, 

torque, and direction58. The highly conserved flagellar motor74 structurally adapts to the 

environmental cues. This explains how bacteria sense changes in fluid properties like 

viscosity. Flagella work simultaneously with another mechanotransmitter, pili to control 

bacterial movement72 and biofilm formation. An effective strategy to prevent bacterial 

adhesion is to inactivate or target the removal of flagella using compounds such as c-di-

GMP, thereby inhibiting motility and the chance to propagate.  
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Figure  SEQ Figure \* ARABIC 2 the structure of flagella 
as depicted in " Stepwise formation of the bacterial 
flagellar system” 

Figure 1.2 Distribution of Flagellar Proteins as Depicted in 
“Stepwise Formation of the Bacterial Flagellar System” 
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I.4.ii.B. Pilus 

Pili, also known as fimbriae, are the many hair-like appendages composed of the 

protein pilin that are found on the cell membrane of bacteria75. Pili are mechanically 

actuated organelles that alternatively extend and retract pulling the bacterium forward76. 

When pili attached to a surface, its movement is controlled by the force generated by 

pilus retraction.  

They possess highly adaptive responses and are known for their adhesive, motility 

and horizontal gene functions as well as their involvement in virulence and host 

colonization77. The different types of pili are classified according to their architecture and 

assembly: chaperone/Usher (CU) pili, type1 pili, type IV pili, and conjugative F-pili. Pili 

are regulated by the fim and pap gene clusters. The two major subtypes are type 1 pilus 

(T1P) and Type 4 pilus (T4P). The T4P extends and retracts from the cell poles and 

controls its motility using physicochemical forces. Type 1 pili (mannose-specific adhesin 

fimH) is necessary for the initial surface attachment of the bacterium78. When not bound 

to mannose, it promotes stable adhesion. Mechanical surface contact induces an increase 

in the production of cAMP79. Modulation of cAMP levels controls bacterial twitching 

and virulence 80,81.  

The most ubiquitous pili biogenesis pathway in E. coli is the chaperone/usher 

(CU) pathway82. A chaperone binds the pilus subunits together and they are further 

polymerized at the outer membrane by a protein called the usher83. Pili activity begins 

immediately upon initial adhesion. Adhesion using pili leads to altered outer membrane 
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composition84. Other systems that control its formation and function are the two-

component rcsB85 and two-component chemosensory Chp80,81 systems. 

Bacteria use T4P to crawl, walk and slingshot on surfaces 86,87. Biofilm formation 

on surfaces requires the cooperation of flagella and pili. Flagella are responsible for the 

detection of substrates and their transition from planktonic to sessile state. As soon as the 

flagellar machinery switches off, the pilus is activated. Adhesin molecules present at the 

tip of the pili enable adhesion during biofilm formation. As bacterial flagella are also 

responsible for their swarming activity, the density of bacteria on the surface increases 

through this switch 88,89. Targeting this switch, i.e. the initial adhesion mechanism of 

biofilm formation is a strategy that is being employed to remove biofilms. Another 

strategy is using chemicals to remove the adhesin molecules from the tips of the pili to 

reduce adhesion.   
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Figure  SEQ Figure \* ARABIC 3 The structure of a pilus as depicted 
in “Pilus assembly across the outer membrane” 

Figure 1.3 Type-1 Pili Assembly as Depicted in “Chaperone-Usher Pathways: 
Diversity and Pilus Assembly Mechanism”82 
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I.4.ii.C. Curli 

Curli are extracellular bacterial structures and belong to a class of fibers known as 

amyloids. They function during the initial attachment phase of biofilm formation and 

heavily contribute to adhesion, cell-cell aggregation, and biofilm production90. Curli are a 

major component of the EPS. Curli production is influenced by environmental factors 

such as temperature, nutrient limitations. The 2-component regulatory systems 

OmpR/EnvZ91 and CpxA/R92 and the Rcs pathway93 moderate curli production, although 

new evidence has surfaced that the CpxA/R system may not be activated in surface 

sensing and biofilm formation94. Its production is turned off when the Cpx and Rcs 

pathways are activated. The csgBA and csgDEFG operons control curli biogenesis and 

function95. The csgD gene controls the transcription of both these operons95. Curli are 

secreted by the interaction of the OM proteins csgG, csgE and csgF. csgG is in the form 

of a pore and is found dispersed on the OM. csgA is the major curli subunit; it interacts 

with csgB to assemble into an amyloid fiber96. CsgE interacts with csgG to secrete csgA 

to the OM for assembly while csgF assists in the assembly of csgA and csgB96,97.  

The expression of csgD is stimulated by C-di-GMP, a secondary messenger 

responsible for reducing flagellar activity 90,98. The production of ECM requires csgD as 

it regulates curli expression and indirectly regulates cellulose production, which is an 

integral component of biofilms. csgD activates AdrA which in turn synthesizes cyclic-di- 

GMP, which is required for the production of the cellulose component of the EPS99,100. 

Figure  SEQ Figure \* ARABIC 3 The structure of a pilus as depicted 
in “Pilus assembly across the outer membrane” 
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Figure 1.4 Curli Structure as Depicted in “Curli Biogenesis: Out of Disorder”97  
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I.4.ii.D. LPS 

The distinguishing feature of Gram-negative bacteria is the presence of 

lipopolysaccharide (LPS) on its outer membrane. LPS serves as a permeable barrier that 

allows only low molecular weight, hydrophilic compounds through passages known as 

porins. Its primary function is the protection of the cell, but it also aids in adhesion when 

the cells do not have surface appendages. The OM layer of bacteria is elastic; when 

confronted by a large mechanical load, it bears the mechanical stresses, thereby 

stabilizing the OM. 

LPS structure can vary amongst bacteria, but the core structural components 

remain the same: hydrophobic lipid A region anchored on the bacterial OM, core 

oligosaccharide linked to the lipid A region and O-antigen (O-specific polysaccharide)101. 

The O-antigen of the LPS layer promotes virulence and stimulates immunogenic 

responses. Bacterial surface attachment induces virulence in hosts due to the endotoxic 

nature of the Lipid A layer.  Chemo-sensitive channels such as Toll-like receptors (TLR) 

and transient receptor potential ion channels (TRP) are activated by LPS and trigger 

inflammatory responses in the host102–104.  

When exposed to stresses (mechanical, osmotic, etc.), the LPS biosynthesis is 

disturbed, activating envelope signal transduction pathways RpoE sigma factor and 

RcsB105. Defects in the OM caused by asymmetrical LPS production can cause local 

stresses upon the OM. Biofilm associated lipid-A palmitoylation (incorporation of lipid-

A ) i.e. remodeling the OM and peptidoglycan layer can rescue cells from lysis59,106,107. 
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The adaptable nature of LPS and its resultant anti-virulent nature provide biofilms with 

robust protection against external forces. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.5 Lipopolysaccharide Structure from “Structure and Function: Lipid A 
Modifications in Commensals and Pathogens”101 
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I.5. Bacteria/Extracellular Substrate Interactions 

Bacterial biofilms form on bacteria-surface interactions, making the study of the 

properties of the substrate critical in biofilm control15,108. This is especially true when 

attempting to prevent the initial adhesion of the bacteria. Increased attention 

notwithstanding, it remains difficult to attribute specific effects upon bacteria to the 

various material properties. Contradictory results regarding the importance of individual 

material surface properties on bacterial adherence have been reported. For instance, some 

scientists found that roughness promotes bacterial adhesion109–111, others found that it 

reduces adhesion112–116 while some scientists have found no correlation whatsoever115,117. 

Taking into account some other influential surface properties such as surface energy, 

chemical modification and stiffness, a direct relationship between the properties and 

bacterial adhesion behavior has yet to be found. Is surface energy more important than 

surface roughness? What is the correlation between bacterial adhesion and the stiffness of 

the substrate? The resolution of this debate will require a mechanistic understanding of 

the biochemical components that govern these processes. 

Thus far certain properties to play critical roles in bacteria/substrate interactions 

have been identified: hydrophobicity, material composition, roughness, chemical 

modification, topography. These properties change the near-surface interaction dynamics. 

Their roles are not necessarily unrelated. For example, Hydrophobicity, chemical 

modifications and change in roughness can result from change in topography. 

Understanding the roles of these properties can lend to our understanding of biofilms and 

the microcolonies formed within. 
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I.5.i. Surface Roughness 

The relationship between bacterial adhesion and roughness has long been 

studied110,111,118,119. In general, smooth surfaces are found to be more hydrophobic and 

supposedly colonize fewer bacteria. An increase in roughness promotes bacterial 

adhesion due to increased surface contact108,120. Adhesion events are directly related to 

maximizing the cell-surface contact points and further control the location of bacterial 

deposition73. Rough substrates allow for an increased rate of initial deposition and 

conditioning. 

The presence of nanoscale properties reduces the surface potential barrier for the 

bacteria coming in contact with a surface119. Roughness may affect other substrate 

properties which in turn influence bacterial adhesion. For instance, the roughening of 

polypropylene discs showed a higher rate of bacterial adhesion than the smooth 

surfaces121. While many different substrates of varying roughness have been tested, it was 

found that bacteria preferentially adhere to surfaces of comparable size122.  

 

I.5.ii. Surface Energy/Wettability 

Bacterial adhesion is commonly thought to be affected by the wetting properties 

of the substrate123–125. Wettability studies typically measure the contact angle of a liquid 

on a substrate126–128. Wetting properties on the macroscale are a result of the nanoscale 

composition of the material129. A contact angle less than 90◌֯ indicates hydrophilic 

surfaces, while above 90◌֯  indicates hydrophobicity or low wettability126. In the extreme 

case, surfaces with contact angles above 150◌֯ are known as superhydrophobic, while 
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those with contact angles below 10 are superhydrophilic111,126. Both superhydrophobic 

and superhydrophilic substrates prevent bacterial adhesion129. Some naturally occurring 

superhydrophobic surfaces are the lotus leaf130 and gecko’s feet131; their hierarchical 

structures have made way for products that have both anti-wetting, antifogging and 

antiadhesive properties127,131–133. Naturally occurring superhydrophilic surfaces such as 

elephant’s ears and red blood cells’ plasma membranes have inspired its utilization in 

commerce such as the self-cleaning windows and ultrafiltration membranes134. Both 

hydrophobicity and hydrophilicity have been utilized to develop anti-bacterial 

technologies. A significant reduction of microbial adhesion was seen on chemically 

functionalized hydrophobic hydroxyapatite surfaces135 as well as superhydrophilic co-

polymer coatings on dentures136. 

 Recent evidence supports the theory that water contact angle measurements are 

not a good way of assessing biological responses to materials137. For most studies in the 

past, biological materials were considered akin to solid inert particles. However, due to 

the immense complexity of biological materials, they do not adhere to the same set of 

rules as inert particles138. The general assumption until now has been that hydrophobic 

surfaces prevent bacterial adhesion and vice versa with hydrophilic surfaces139,140,141. 

Recent advances have shown that this is not necessarily true. Several studies have shown 

that hydrophobicity promotes bacterial adhesion142,143, and in one case even shows that a 

contact angle of 90◌֯ produces the highest amount of bacterial retention144. This shows 

that there is no exact relationship between the hydrophobicity of the material and the 

adhesion of bacteria. Hydrophobicity can be considered to be a product of topography 
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and chemistry. The hydrophobicity of bacteria, however, can play an important role in 

adhesion. Hydrophobic bacteria prefer hydrophobic surfaces and vice-versa145. When 

wetting properties are considered along with surface charges, it is seen that bacterial 

adhesion is greatest on hydrophilic surfaces with a positive charge, followed by 

hydrophobic surfaces with negative charge 142.  

 

I.5.iii. Surface Charge (Electrostatic Attraction and Repulsion) and Surface 

Chemistry 

 Bacteria, in general, possess negatively charged outer membranes due to the 

presence of numerous carboxyl and phosphate groups. Both Gram-positive and negative 

bacteria possess a peptidoglycan layer, which is a polysaccharide made of two alternated 

glucose derivatives: N-acetylglucosamine (NAG) and N-acetylmuramic acid (NAM), that 

are cross-linked. The teichoic acid (a glycopolymer) found embedded only in the 

peptidoglycan layer of Gram-positive cell wall lends it a net negative charge, which is 

essential for developing proton motive force (pmf) within the bacteria. The structure of 

Gram-negative bacteria is more complex than Gram-positive bacteria, with fewer 

peptidoglycan layers but possess an outer membrane (OM). The LPS layer, which is 

anchored to the OM possesses carboxyl and phosphate groups, lending the OM a net 

negative charge.  

 Generally, a negatively charged surface reduces bacterial adhesion due to greater 

repulsion between the negatively charged substrate and bacterial surface146. To study this 

property, Terada et al modified polyethylene sheets by adding a negative charge. He 
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found that E. coli adhere preferentially to the positively charged surfaces (23x higher than 

the negatively charged surfaces)147 but leads to the disruption of their cellular 

membranes142. These properties can be used to prevent biofilm formation. There have 

been some conflicting reports regarding the influence of surface chemistry upon bacteria, 

but this is to be expected due to the varied characteristics of the substrates in use and the 

different strains of bacteria in play.  

 The charge of the substrates can be inherent or introduced during processes such 

as plasma etching and UV radiation148. The surfaces can be functionalized using different 

types of plasma etching149. Due to the material removal effect of etching, exposed 

functional groups such as aldehyde and hydroxyl have an influence on the net substrate 

surface charge 150,151.  

 Substrate functional groups can influence the adhesion, viability, and morphology 

of bacteria 152. Negatively charged species on the substrates and those on the surface of 

bacteria interact via Ca2+ bonds. These electrostatic interactions, or surface charge, are 

commonly referred to as zeta potential. Quaternary ammonium salts, which have 

bactericidal properties, are amongst the most common cationic groups used for 

functionalizing antimicrobial surfaces15. Zwitterionic surfaces are amongst the most 

effective anti-biofilm strategies. They contain positive quaternary ammonium salts and 

negative functional groups such as carboxylate, phosphate and sulfate153. A cellulose-

based coating with pH-sensitive charges154 is amongst the latest in Zwitterionic surface 

design.  
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 The surface charge of both the bacteria and the substrate can change upon varying 

external conditions such as protein adsorption, ionic strength, and pH14,155. This has been 

shown to be the case during surface conditioning of materials156: materials that originally 

resist bacterial adhesion now have a conditioning layer rich in nutrients and perfect for 

attachment.  

 An interesting case of the effect of surface chemistry upon bacteria is the 

prevention of bacterial adhesion on superhydrophobic surfaces due to the entrapment of 

air119. This occurs commonly in small micro pocket topologies. The local environments 

so created experience short-range forces known as Lewis acid-base interactions, which 

are governed by hydrogen bonding.  The long-range forces are mainly electrostatic and 

van der Waals interactions 157,158. The adhesion of bacteria to substrates can be modeled 

using the Derjaguin–Landau–Verwey-Overbeek (DLVO) theory159. The classical DLVO 

theory considers microbes as inert particles leading to inaccurate predictions. Due to its 

inability to account for divalent cations, an extended DLVO theory was created 138,159 

which is valid only if surface charge of the substrate and hydrophobicity of bacterial 

surface are significantly different146. The Lifshitz van der Waals theory was later 

developed taking into account all the electrostatic forces from neighboring molecules and 

interactional forces160. These forces are generally attractive and operative over a 

relatively long-distance range. Electrostatic forces can either be attractive or repulsive 

depending on their magnitude or distance range, as determined by ionic strength and pH 

of the solution. The Lewis acid-base theory is used to measure the short-range forces. 
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These are acid-base interactions between hydrogen-donating and hydrogen-accepting 

groups that can also be attractive or repulsive.  

 

I.6. Biofilm Control 

I.6.i. Antibiotics  

 The conventional method of controlling bacterial infections is to use antibiotics. 

Their general mechanism of action is to target specific and unique bacterial targets such 

as enzymes or specific lipid components of a bacterial cell that human cells lack161. For 

example, beta lactam antibiotics, such as penicillin and vancomycin, target the bacterial 

cell wall biosynthesis 39,162, Fluoroquinolones inhibit DNA synthesis by unwinding 

bacterial DNA29 and tetracyclines inhibit protein synthesis29. The major issue with using 

antibiotics to control biofilm formation is the evolution of antibiotic resistance bacteria at 

rates faster than the ability of doctors to treat infections 32,161. Microbes also develop 

resistance if exposed to more than optimal dosage (greater than the minimum inhibitory 

concentration)163. More concerningly, the heredity of antibiotic resistance has been 

confirmed29. 

 

I.6.ii. Matrix Degrading Enzymes  

 High throughput screens of small molecule chemical compounds that inhibit 

certain gene expressions required for biofilm formation are being investigated 164,165. A 

potent broad-spectrum anti-biofilm peptide 1018 with a marked increase in adaptive 

resistance to conventional antibiotics has recently been developed11. It works by blocking 
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the expression of (p)ppGpp11, an important marker of biofilm development166. Other 

chemical molecules, such as GH12 have been shown to target the EPS matrix of S. 

mutans that have infected rats167. The list of such molecules to interfere with biofilm 

formation is increasing at a rapid rate. The mechanisms of action of these molecules are 

still largely unclear and beget further investigation.  

 

I.6.iii. Nanoparticles 

 Nanoparticles (NP) have the distinct advantage of being small in size (10-9 m). 

This allows them to travel into regions that would normally prohibit entry to 

antibacterials. Nanoparticles attach to the surface of the biofilm with ease, penetrate and 

migrate within it. They can be made with any number of materials with different 

functionalities and different shapes and sizes within the nanoscale. Material properties 

tend to work differently at this scale and this has been used as an advantage in anti-

biofilm processes. Silver and gold NP are the most commonly used in this field, although 

they can be made of almost any material. Silver possesses naturally antibacterial 

properties, while gold is inert, has unique optical properties and can be traced in vivo if 

necessary. Silver is an ancient and powerful bactericidal agent and has popularly been 

used as an antibacterial coating 168–170. The discovery that the antibacterial effects of 

silver are primarily due to the presence of the silver ion changed the ways silver is 

used169. However, coating medical devices with metallic silver has surprisingly been 

ineffective and limited in application, largely due to the inactivation of silver ions upon 

contact with blood 171,172. A study recently conducted upon metallic cadmium, copper and 
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silver materials, has shown that these metallic surfaces are antibacterial through a 

phenomenon known as contact killing, whereby bacteria are killed within minutes to 

hours upon contact168. This study also introduces the novel concept of oxide formation 

and metal ion dissolution being key factors for a metal to be antibacterial168. Silver 

nanoparticles have found to prevent biofilm formation by many pathogens such as E.coli, 

S. aureus 170. A study by Graves et al regarding the exponential increase of silver NPs to 

bacteria has shown that bacteria can develop tolerance to the silver nanoparticles upon 

repeated exposure173. This clearly indicates that resistance can be conferred from repeated 

exposure to even nanoparticles, and thus care should be taken in its usage. Surfaces have 

also been modified by coating with metallic films to induce antimicrobial activity. In a 

research study conducted upon copper and silver nanofilms on nosocomial infections, it 

was found that copper surfaces showed better activity than silver surfaces174.  

 Since polymers are used so abundantly in medical studies, the use of polymeric 

nanoparticles is useful. In 2018, Sanchez et al prepared polymeric PolymP-n Active 

nanoparticles to study their antimicrobial properties against a subgingival (dental) 

biofilm175. Tan et al loaded chitosan NP with drugs (oxacillin and Deoxyribonuclease I) 

to treat biofilm-related infections175. The results of both these experiments are promising 

and in vivo studies should be considered for their application.  
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I.6.iv. Anti-biofouling Coatings 

 Since biofilms are generated by bacteria residing on a solid surface rather than as 

floating planktonic collection of cells, an approach that has been employed is to coat 

surfaces with bactericidal substances 176,177. Antimicrobial materials focus upon the 

modification of surfaces to prevent biofilm formation. Initial modifications involved the 

covalent linkage of antibiotics (such as Vancomycin) to Titanium surfaces178. Although 

this approach was innovative, it still relied on antibiotics and its eventual lead to 

antibiotic resistance.  

 Another strategy is to prevent biofilm formation and block or slow the initial 

adherence of the bacteria to the surface. Anti-biofouling agents are biomaterial coatings 

that prevent microbial adhesion that are different from antimicrobial coatings, which kill 

microbes when they come in proximity to the coating179. There has been recent concern 

regarding the development of antimicrobial resistance from anti-biofouling agents. One 

such case examined whether an anti-biofouling paint containing heavy metals that could 

potentially select for antimicrobial resistant genes179. Although the paint did not 

contribute to resistance, a close look must be taken at all products entering the market. 

 Understanding the mechanisms of attachment could possibly help in designing 

strategies to prevent early adhesion, thereby controlling biofilm formation. Recently, a 

team of biophysicists has discovered that the contact area between the bacterium and the 

surface does not have to be large in order to result in a strong adhesive force180. Different 

appendages are involved in the process of bacterial adhesion. Bacterial appendages 

include fimbriae, pili, curli and flagella. In E. coli, curli have been identified as the 
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appendages responsible for early development of biofilm architecture and their 

irreversible attachment46. Thus, many antiadhesive coatings target curli in their attempt to 

curb bacterial adhesion. 

 

I.6.v. Nanoscale Topographies for Biofilm Control 

 Biofilms growing in all environments have developed increasing resistance to 

antibiotics, biocides and other chemical anti-biofouling methods. This has created a need 

for other non-toxic methods of biofilm prevention and removal. Researchers have spent 

considerable effort in developing anti-adhesive coatings to deter initial biofilm 

attachment and diminish the adhesion strength of bacteria to the substrates. This 

development can be accelerated through nanotechnology.  

 An area of interest has been the use of mechanical forces to impact biofilm 

formation. Most innovative technological fields take their inspiration from nature. 

Nanotechnology too has taken inspiration from naturally existing biomechanical 

interactions. One of the most popular and well-studied examples of nanotechnology in 

nature is the ability of the gecko to walk on walls. It was not altogether surprising when 

they were also found to possess biocidal properties as well. Biotemplate replicas of the 

nanotipped hairs of gecko skin were shown to kill pathogenic bacteria with high 

efficiency131. Researchers branched out further to gain inspiration from nature. Watson et 

al. have spent many years examining the cuticular micro- and nanostructures on insects. 

Not only do these structures exhibit incredible anti-wetting, anti-drag, and various 

photonic properties, the varied nanotopographical structures on the insect cuticles have 
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also been shown to be antibacterial181. Cicadas, in particular, have been shown to 

naturally exhibit an antimicrobial wing topology 182,183,184.  

 An important question that has arisen is whether the antimicrobial effects of 

surfaces are due to their topographies or due to some other behavior such as their wetting 

nature. For instance, the superhydrophobic nature of cicada wings could be attributed to 

their killing185, however other groups have also shown that the antimicrobial nature of the 

cicada wings is due to the physio-mechanical interactions that occur and not its ability to 

repel the microbes 182,183.  

 Nowadays, bioinspired nanoarchitecture is not uncommon. Researchers have 

attempted using several different materials, from Titanium to Carbon Nanotubes, and 

various polymers to make these nanostructures. These have provided varying degrees of 

success, from the complete elimination of bacteria to control over adhesion on the 

surfaces. 

 It is important to consider the effects of these nanostructures upon the bacteria 

they encounter. The low effectiveness and safety of traditional disinfectants such as UV, 

chlorine, and heat, have spurred researchers to develop innovative methods of controlling 

microbial biofilms. In this regard, many antimicrobial surfaces coated with a range of 

antibiotics, nanoparticles, and anti-adhesives have been developed, focusing on the initial 

adhesion phase of biofilm development. Since these coatings do not last for long periods 

of time, a more effective solution is needed. By developing materials that inherently 

possess antibacterial or anti-adhesive qualities, scientists aim to curb biofouling. 



30 

 Nanostructured surfaces occur abundantly in nature, from the superhydrophobic 

surfaces of lotus leaf which provide anti-adhesive quality to the various cuticular 

structures of different insects with anti-wetting, anti-drag and even optical properties 181. 

The cones and needles (of different aspect ratios depending on the variety) present on the 

surface of cicada wings provide a topological barrier against microbes. They have been 

shown to cause the cell-wall rupturing of S. cerevisiae 181 and are also lethal to P. 

aeruginosa 186.  

 Naturally occurring bactericidal surfaces are useful in providing a starting point in 

the design of antimicrobial structures. Ivanova et al have had success in fabricating 

various bactericidal nanostructures (nanograss, pillars, and cones) on black silicon187.  

Biomedically implantable materials such as Titanium, have been nano patterned to 

resemble the surface of dragonfly wings and shown to possess selective bactericidal 

activity188. The use of polymeric surfaces has offered a much greater deal of control in 

terms of methods of fabrication and the ability to synthesize composite materials189,190. 

The infusion of antibacterial substances such as nanoantibiotics and nanoparticles with 

polymeric materials provides a broad range of substrates to choose from while 

developing antibacterial surfaces191.  

 The current approach, however, is largely trial and error based. This is evidenced 

in the numerous research papers in this area, each of which has used different materials 

(each with different properties such as stiffness and tensile strength) which would affect 

bacterial adhesion and biofilm formation in their own way120. While they have had a 

modicum of success, there has not been clear-cut reasoning behind their approach besides 
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availability or ease of manufacturing. There has recently been a shift in this trend to a 

more informed method of engineering surfaces192. Researchers are now attempting to 

tease apart the factors that guide bacterial adhesion to purposefully design surfaces.  

 

I.6.vi. Bioelectronic Interfaces 

 Bioelectronic interfaces are the bridges between advanced electronics and 

biological materials. Nowadays they are commonly found in everyday life. From glucose 

monitors for diabetes management to ingestible electronics to detect intestinal bleeds193, 

the bioelectronics field has advanced at an unprecedented rate. As the world develops 

more nanotechnology, its association with biology is becoming indistinguishable. Living 

things have developed strategies to overcome nature’s biggest challenges. Bioelectronics 

interfaces pre-existing biological reactions with electronic equipment for human use. 

 Bacteria are ideal candidates for this purpose. They are miniature living 

bioreactors capable of sensing a variety of biomolecules, chemical, and mechanical 

signals. They have relatively short generation cycles and are compatible with almost any 

environment in the world. We are now using their evolutionary adaptations as biosensors. 

They offer the potential uses of their various biosensing strategies:  optical, mechanical, 

electro sensing. Bacteria are also used due to their inherent electrochemical activities. 

They can perform similar oxidation/reduction reactions as on electrodes. Since their 

environment is basically an ionic solution, it lends itself to the conductance of electricity.  
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 Bacteria can also naturally produce electricity. These electrogenic bacteria are 

even more amenable to being used in electrochemical systems. They allow the transfer of 

electrons to and from their membrane using a process known as extracellular electron 

transfer (EET)194. EET process connects intracellular pathways of bacteria to external 

environmental electrodes and other bacteria using the EPS18. One such electrogenic 

bacteria that has been studied extensively is Lactobacillus195,196. 

 Bacterial regulation of gene expression and the consequent production of 

molecules for intra biofilm communication is known as quorum sensing. Bacteria use this 

as a method of microbe-microbe interaction communication. Once the quorum sensing 

molecules reach a certain threshold, genetic mechanisms are activated thereby enabling 

cross-talk within biofilms. Single swimming bacteria can sense electrical signaling to join 

surface colonies197. Intra and interspecies communication can take place through the 

regulation of quorum sensing molecules. Another method of bacterial communication is 

via electromagnetic fields. Sound and light waves are thought to generate these 

electromagnetic fields around bacteria198.  

 By combining this natural mode of communication with semiconductor materials, 

scientists have developed bioelectronic devices. In the nano world, nanostructured 

electroconductive materials such as metal/semiconductor have been extensively studied 

to aid in electrocatalysis199. An excellent review of such advancements has been written 

by Kato et al200. 
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 GaN is one such semiconductor material. It is a group III/IV wide bandgap 

semiconductor material that possesses a phenomenon known as persistent 

photoconductivity (PPC). Photoconductivity is when photons get converted to electrons. 

It is a common feature of group III/IV semiconductors. However, the electrons remain on 

the surface longer during persistent photoconductivity201.  

 We assumed that bacterial adhesion could be affected by the application of an 

electric field. Gall et al. hypothesized that the electric field would impact the electrostatic 

energy barrier between the bacterial cell and the charged substrate202. They noticed that a 

negative potential increased the rate of bacterial adhesion and vice versa. Other scientists 

noticed that the bacteria were alive after passing cathodic current, while they became 

inactive with the application of anodic current. Cathodic currents seemed to create a 

significant change in the extent of the detachment of the bacteria203. When 

physiologically relevant levels of current (5 and 20 mA) were applied to cultures of P. 

aeruginosa, S. aureus and E. coli, no change in growth was reported although there was a 

reduced rate of growth in Pseudomonas204. More recently, Berthelot and Neethirajan 

applied low voltage currents (0, 0.07 and 0.125 mA) to cultures of P. aeruginosa, E. coli 

and methicillin-resistant Staphylococcus aureus (MRSA) and noticed that the current 

induced an increase in cellular directionality and a drop in velocity205. None of the studies 

mentioned that there was any change to the size of the individual bacteria upon electrical 

stimulation. When scientists exposed bacteria to persistent photocurrent produced by UV 

light on ZnO powder, as in the research by Ann et al, they noticed that there was a 

potential bactericidal effect203.  
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 Examining the mode of attachment under different physiological conditions 

provides an insight into what is happening at the biointerface. Snyder et al. examined 

such interactions at the interface of the persistent photoconductive semiconductor GaN 

with PC12 cells206. They noticed a significant change in the adhesion of the PC12 cells to 

the charged substrate due to the charge accumulated on the surface. The same group 

branched out to see the effect persistent photoconductivity had on other microbes. There 

noticed a change in membrane voltage of the yeast, S. cerevisiae 207 and have proven that 

there are internal physiological responses within bacteria such as Pseudomonas 

aeruginosa when exposed to photocurrent208. Changing the surface chemistry by UV 

radiation can influence biofilm properties. This information is helpful to know while 

designing interfaces. GaN has proven to be an invaluable substrate for biocomputational 

purposes due to its photoconductive properties, biocompatibility, and ease of chemical 

functionality leading to different surface properties.  

 

I.6.vii. Tuning Substrate Stiffness for Bacterial Control 

 Another method of biofilm control is through the alteration of substrate stiffness. 

Changing the stiffness of substrates that stem cells grow on has shown to influence their 

differentiation and lineage 209–212. Substrate stiffness increases the organization of the 

cystoskeleton213. For the most part, if the stiffness of the substrate is similar to the 

biological equivalent in the human body (e.g., tissue, muscle), the stem cell differentiates 

into that lineage210. Normal (non-stem cells) tissues also respond to changes in the 

substrate stiffness 214,215,216. Their individual responses depend on cell type 217. Altering 
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such a basic property can influence the choice of materials for biointerface applications. 

The stiffness property is not exclusive of the other material properties such as surface 

chemistry, material chemistry or topography218. A proper evaluation would involve the 

combined consideration of all these properties and not their individual effects. 

 Stiffness or elasticity is the ability of a material to return to its original 

conformation in response to an applied force219. There is a difference between stiffness 

and strength: a material can be strong and elastic or strong and stiff. The mechanical 

property that denotes this relationship is called Young’s modulus. It is the measure of the 

ability of a material to withstand changes in length while undergoing tension.  

Young’s Modulus:   

    
𝑌 = 	

𝜎
𝜖  

Where Stress σ: force on an object on an area perpendicular to force  

𝜎 = 	
𝐹
𝐴 

and strain ϵ: length change relative to absolute length. 

𝜖 =
𝑌𝐴
𝑙 ∆𝑙 
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Altering the stiffness of substrates has been shown to influence bacterial adhesion 220,221; 

fewer bacterial cells adhere to softer surfaces. Song et al. have gone further and shown 

that bacteria adhering to the harder surfaces are more susceptible to antibiotic activity 222. 

This result has resulted in a shift in the paradigm of creating antibacterial surfaces. The 

discovery by Kolawi et al that bacteria adhere more to thinner hydrogels223 also has 

implications in possible wound healing. This area is still new, and few papers exist that 

evaluate the mechanisms affecting bacterial adhesion. The most noteworthy amongst 

these is by Song et al, having discovered that motility of the bacteria is greater on stiff 

surfaces during early biofilm formation224. They further investigated whether motility 

Figure 1.6 A Standard Stress-Strain Curve used to Measure the Modulus of Elasticity. 
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was in any way responsible for the bacterial response to changes in stiffness. The motB 

(isogenic flagellar mutant) is affected during this response.224 

I.7. Bacterial Stress Responses 

 Bacteria have evolved strategies to survive a vast number of unfavorable 

conditions. Their stress responses allow them to acclimate to changes in their 

environment. External sensors trigger transmembrane cascades that induce morphological 

plasticity in cells225. Some bacteria change their shape to account for environmental 

stresses, while others go into sporulation mode and wait until conditions are more 

favorable to grow225. Pseudomonas putida develops vesicles on its OM to alter its 

hydrophobicity as an adaptive response226. In yeast, external stressors encourage the 

hyphal state to change into the normal state to assist in host colonization227. Different 

mechanisms are involved in detecting the various types of stresses: temperature shock, 

osmotic, shear, antibiotic and even biofilm induced stresses. These stress responses are 

actually useful for the bacteria. For example, Staphylococci increase their mutability in 

response to oxidative stress228. Repeated exposure to stressors can even lead to antibiotic 

tolerance229.  

 These stressors direct spatial coordination within biofilms. Different layers within 

the biofilm are assigned specific functions depending on their location and proximity to 

stressors230. They help determine which phase of growth to adapt, either stationary or 

proliferative225. It can be concluded that stress responses guide biofilm architecture, 

bacterial morphologies, and microcolony functions230. 
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 Bacteria initiate the cell envelope stress response (CESR) following exposure to 

mechanical perturbations225. These responses have evolved to help the bacteria adapt to 

their environment. A common regulatory mechanism involves sigma factors (σ). These 

are a group of small proteins that bind to RNA polymerase which targets genes to induce 

specific stress responses166. Stress proteins maintain physiology and homeostasis of the 

bacteria. They are also essential for viability231. 

 During conditions of duress, E. coli accumulate a specialized sigma factor, RpoS 

(sigma factor σs). They function only when there is a high enough number of cells in the 

stationary phase to warrant a response. Measuring the activity of catalase, an important 

enzyme that protects cells from reactive oxygen species (ROS) damage, is an indirect 

indicator of RpoS activity166. Stress proteins also affect mitochondrial activity, increasing 

the accumulation of ROS species (H2O2, NO, H2S, etc.). Sigma factors function as cell-

induced cellular messengers and activate proteins OxyR, SoxR231. The intensity of stress 

controls whether the cells survive. 

 In response to mechanical stresses, several envelope stress pathways become 

activated: Cpx, Psp, EnvZ/OmpR, Bae, and Rcs232. The Cpx/ Rcs pathways are the most 

important amongst these. Both the Cpx and Rcs pathways are switched on by outer 

membrane proteins known as porins. Porins act to convert mechanical stimulation into 

intracellular signals. The Cpx pathway is activated as a response to misfolded proteins on 

the outer membrane of the bacteria225. The Cpx pathway regulates both curli operons: 

csgDEFG and csgBA and controls pili function225,233. Rcs also responds to outer 

membrane stress. It negatively regulates csgD, which is responsible for the regulation of 
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csgBA166. In this way, the Cpx and Rcs pathways act as on/off switches for biofilm 

formation.  

 These genetic changes within the bacteria in response to mechanical stresses 

induce physical changes to the cell envelope protein development. Some cells lose their 

cell wall (L-forms) in response to osmotic stresses or antibiotic-induced membrane 

perturbations. The elongation of cells (filamentation) is a common response to DNA 

damage as is the shape change from rod-shaped to coccoid morphology225. When bacteria 

are starved, they become spores until more favorable conditions appear. Other 

morphological changes include the addition of external adhesion-related appendages84. 

For example, contact with solid surfaces induces the production of swarmer cells, i.e. 

cells with more flagella225.  

 The next few chapters deal with bacterial responses to change of the substrate 

topography, photoconductive stimulation, and stiffness. This work lays the foundation for 

the creation of better bio interfaces.  

 

I.8. Conclusion 

 The control of biofilm formation is an ongoing problem. A potential strategy to 

combat its growth and prevent its initial adhesion is to modify substrate properties. Such 

properties include surface chemistry, topography, chemical composition, wettability, 

mechanical load, etc. In this thesis, we examine the physiological effects of three specific 

material properties on the bacteria E. coli. We hypothesize that changing the substrate’s 

material properties will alter the microbial biological response.  
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CHAPTER II 

BACTERIAL ADHESION AND BIOFILM FORMATION ON POLYMERIC 

NANOSTRUCTURED SURFACE 

II.1. Introduction 

Biofilms are three dimensional microbial thin films that are composed of living 

cells and an array of secreted biomolecules that includes cell wall and adhesion proteins, 

polysaccharides, lipids, and DNA234. Interfaces whether between air/liquid or liquid-

solid, serve as the ideal locations for biofilm development and hence, these complex 

living communities are found on virtually every surface on earth15. Although biofilm 

composition varies from microbial species to species, they serve similar functions 

providing protective barriers from mechanical, chemical and physical damage; 

controlling microbial physiology to drive drug resistance and structurally organized 

diverse microbial communities that enable adaptation and evolution235. 

Many antibiotic-resistant microbes demonstrate enhanced biofilm production and 

adhesion161. Furthermore, the communal aspect of biofilm compounds the risk of 

antibiotic resistance by creating an environment that promotes the spread of antibiotic 

resistant genes through processes like conjugation and transformation32. 
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At least 65% of all persistent and chronic bacterial infections are biofilm 

related8,236,237. Subsequently, biofilm formation in the context of medicine has caused 

billions of dollars of losses in industry and are responsible for numerous deaths8,236,238. 

Due to the growing tolerance to antimicrobials, which are generally designed to treat 

freely swimming planktonic cells, it has become increasingly difficult to treat biofilm-

related infections239. 

Microbial biofilms form in a multi-step process 235,240,122  that begins with the 

initial and perhaps most crucial step the immediate and reversible attachment of 

planktonic bacteria to a surface. This step is controlled by surface topology, composition, 

and local interfacial physicochemistry24,241. Under favorable conditions, these adsorbed 

microbes will develop stronger and irreversible adhesive interactions that are followed by 

proliferation of the attached microbes, the secretion of extracellular materials, and the 

formation of a biofilm matrix that encloses the colony 15,1.  

Surface topology has been demonstrated to control the adsorption/adhesion of a 

broad range of cell types including microbial cells. It was discovered that bacteria possess 

preferential adhesion, i.e. the ability to select adhesion sites 242–244. Roughening the 

surfaces has the dual capability of promoting and preventing bacterial adhesion. For 

instance, it is utilized widely to improve the adhesion of biofilms in bioreactors245. When 

the roughness was reduced to the nanoscale bacterial adhesion was seen to increase 

although different bacteria had different attachment patterns 246,247. Surface roughening is 

more commonly known for its ability to prevent bacterial adhesion. Roughened surfaces 

can act in both bactericidal and anti-adhesive capacities. Naturally occurring rough 
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surfaces such as the lotus leaf possess nanostructures that provide a superhydrophobic 

surface property130, which enables liquids to simply roll off. Ivanova et al. were the first 

to report that naturally occurring nanostructures present on cicada wings rupture 

microbial cells upon contact183. Biomimetic surfaces have been influenced by such 

patterns and have improved the development of antibacterial surfaces. Black silicon 

187,248–250, titanium oxide188,251,252 and various organic polymers 243,253–256 are some 

materials that have been used for anti-biofilm patterning of surfaces. Depending on the 

technique used for surface modification, the material used and chemical modifications168, 

a plethora of patterned structures can be produced. Direct penetration of nanostructures 

kills bacteria by piercing through their cell membranes 257. Other antibacterial surfaces 

work by stretching the cellular membrane over carefully spaced pillars114. Determining 

the range of parameters required for developing antibacterial nanostructures is ongoing. 

However, little work has been shown to demonstrate whether there is a 

relationship between the immediate response of bacteria to different nanostructured 

surfaces and the physical properties that are a product of these surfaces. To address this, I 

have examined the acute interactions of E. coli when in contact with twenty-one different 

polymeric nanostructured surfaces. I test the hypothesis that nanostructured polymeric 

surfaces will control bacterial deposition (the initial phase of biofilm formation) and will 

alter cell viability and adhesive potential. I show that changes to nanoscale modification 

of polymeric surface often change the acute response of E. coli, these changes are not 

predicted by changes to the formation of specific surface morphologies or changes to 

surface energy. I conclude that the observed changes in bacterial behavior is controlled 
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foremost by the surface composition, perhaps by its mechanical properties or subtle 

changes to interfacial chemistry. Many of the observed changes in bacterial behaviors 

that are exhibited by the E. coli bacteria on these surfaces are reduced or eliminated 

which suggests that these bacteria are able to adapt to surface features, even those that 

appear to be initial deleterious. 

 

II.2. Materials and Methods 

II.2.i. Fabrication of Polymeric Nanostructured Surfaces via Reactive Ion Etching 

The following polymers substrates were used: Polycarbonate (PC), polyimide 

(PI), Perfluoro alkoxy alkane (PFA), Polyethylene (PE), Acrylonitrile Butadiene Styrene 

(ABS), Acetal polyoxymethylene (POM), Polyethylene Terephthalate Glycol-modified 

(PETG; McMaster and Carr). The polymer substrates were thin films and had a uniform 

thickness of 0.005” (127 µm) except for PETG at 0.0625” (1587.5 µm). Polymer thin 

films were cleaned by ultrasonication for 10 min in isopropyl alcohol (IPA) to remove 

surface contamination. The samples were etched via oxygen plasma cleaning using a 

South Bay Technology Model PC-2000 plasma cleaner. Control over directionality (i.e. 

anisotropic versus isotropic etching) was achieved as described by Nowlin and 

LaJeunesse (2017). The instrument specifications are as follows: RF discharge at 

frequency 13.56 MHz capacitively coupled plasma (CCP) operated at forward power 

100W with a chamber pressure 180-200mT. The exposure times of 10 min for the 

isotropic etch and 1 min for the anisotropic etch were used. Each polymer sample was cut 
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into 1 cm2 squares before use and then placed at the bottom of the PEGylated well for 

assays.  

 

II.2.ii. Scanning Electron Microscopy 

I characterized all Polymeric NSS using a Zeiss Auriga Scanning Electron 

Microscope (SEM) located in the electron microscopy facility at the Joint School of 

Nanoscience and Nanoengineering. Images were collected using an accelerating voltage 

of 5kV after the deposition of 5nm of gold/palladium using a Lieca EM ACE2000 sputter 

coater. I characterized the surface morphology of the polymeric substrate fabricated for 

these experiments before and after exposure to the bacteria using). The polymeric 

samples containing microbes were prepared as follows: 1cm2 pieces of each polymeric 

substrate with bacteria were prepared as described above, fixed in Karnovsky’s solution 

(2.5% glutaraldehyde / 2% formaldehyde solution in 1 M cacodylate buffer (pH 7.4)) 

overnight at 4 ̊C  and dehydrated with an ethanol dehydration series (35%, 50%, 75%, 

90%, 95%, 100%). The dehydrated samples were mounted on SEM stubs and sputter-

coated with 5 nm Au using a Leica EM ACE2000 before SEM analysis at EHT = 3kV. 

 

II.2.iii. Contact Angle Measurements of NSS Polymeric Surfaces 

Static contact angle (CA) measurements were made using the Ramé-Hart 260-F4 

contact angle goniometer and analyzed using the DROPimage Advanced software. 2 µl 

of deionized water drops were placed on the surfaces. The contact angles were made on 
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at least 3 different locations on each surface and ten measurements were taken. Data were 

analyzed using student t-test function in MS Excel. 

 

II.2.iv. Bacterial Strains and Culture 

I used an E. coli DH5α GFP expressing plasmid that also carried an Ampr 

selection gene. For each experiment, a colony was selected from a freshly streaked LB 

plate that contained Ampicillin; cultures were grown overnight in a 5 ml LB liquid 

culture containing ampicillin. All the liquid cultures were grown at 37 ̊C in a shaking 

incubator. At this point, a solution of 20% L-arabinose was added to the growing culture 

at a ratio of 1:100 (arabinose: total culture volume).  The overnight culture was used to 

start/spike fresh cultures the next day and adjusted to an OD600 of 0.05. This was allowed 

to grow to an OD600 of 0.1 measured on the Thermo Scientific NANODROP 2000C. All 

the assays were performed in PEGylated 24-well plates in a shaking incubator at 37 ̊C. 

 

II.2.v. Cell Adhesion, Membrane Integrity, Cellular Proliferation/Colony Unit 

Forming Assays 

The preparation of the microbes  for all cellular assay is as follows: 1 ml of an 0.1 

OD600 E. coli culture was added to a well in a 24-well Polyethylene Glycol (PEG treated 

plate which contained a polymeric sample at the bottom – PEG pretreatment of the well 

limited the binding of cell to the well bottom and walls, PEG treated was also used as a 

negative control; the bacteria cells/sample were incubated with the surface for 1h at 37  ̊C 

in a shaking incubator; after incubation, the well/sample was manually washed twice with 
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1x PBS; then used to perform one of the standard assays: adhesion, membrane 

integrity/viability, colony unit forming (CFU). 

For cell adhesion, bacteria that have been labeled with GFP were mounted onto a 

slide and the number of cells/fields of view were manually counted using Zeiss Axio 

Vision spinning disc confocal microscope. At least 3 images were obtained from each 

sample at 100x. The total number of cells was counted per field of view and averaged. 

For the membrane integrity assay, cells were labeled with 0.5 µl/ml acridine 

orange/ethidium bromide in 1x PBS for 1 min followed by another wash with 1x PBS. 

The fluorescence was assayed using the Zeiss Axio Vision spinning disc confocal 

microscope with ex488/em 518 for acridine orange (intact cells) and ex535/em617 

ethidium bromide (permeabilized cells). At least 3 images were obtained from each 

sample at 100x. The total number of cells in each channel was counted manually and by a 

Gen5 plate reader and the ratio of red to total cells (red and green-labeled cells) was 

determined and averaged. An additional membrane permeability study was performed 

using Propidium iodide (PI) to support EtBr observations. 

To perform a standard CFU/ml assay to determine the density of living cells on 

the polymeric nanostructured surfaces 183,258. Serial dilutions were performed, and plating 

was done on LB agar plates with Amp. Colonies were counted after 24 h of incubation at 

37 ̊ C. Plate colonies are representative of the viable cellular concentration in CFU/ml 

which were then extrapolated according to the dilution factor to obtain actual 

concentrations. All experiments were performed in triplicate with at least 3 biological and 

3 technical replicates. 
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II.2.vi. Statistical Analysis 

 A standard t-test and a one-way ANOVA were performed on all values to 

determine the statistical difference (p<0.05) in Microsoft Excel. 

 

II.3. Results 

II.3.i. Fabrication/Characterization of Polymeric NSS Materials 

To generate the twenty-one different surfaces to examine early E. coli interactions 

with nanostructured topologies, I modified seven different polymeric thin film substrates 

using two different oxygen plasma etching parameters: an isotropic etch and a directional 

anisotropic etch Figure 7A.  

Polymers are a common component of many biomedical devices and allow a great 

deal of control in terms of methods of fabrication and the ability to synthesize composite 

materials 259,260. Oxygen plasma etching is a relatively well-understood technique to 

allow surface modification of polymers to increase surface energy, hydrophobicity and 

reduce bacterial adhesion to surfaces261. Plasma etching has been shown to etch 

nanotopographies onto various materials while also having the advantage of allowing the 

polymer to retain its bulk properties 150,262–265  
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 Figure 2.1 List of Polymers and Contact Angles. A)The list of polymers used 
in this study and their corresponding contact angles measured using a Rame Hart 

Goniometer. B) The contact angles of the 7 different plastics and their etched 
counterparts listed in order of their wettability.  
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Figure 2.2 Topographies Obtained Through Oxygen-Plasma Etching .Figure 
indicates the different topographies obtained after oxygen plasma etching 

treatment of the bulk polymers. A)a Flat B) Popcorn; white arrow indicates the 
irregularly etched polymeric material with canyon-like features C) Crater: 

Similar to the popcorn surfaces in roughness but has circular rings etched as 
well. D) Tent; Conical projection formed through the etching procedure E) 
Grass; found only on the iPETG, the plasma has eaten away at the material 
leaving behind a stringy network and porous base. White arrow points to the 

stringy connections and black arrow indicates the pores. The scale bars of the 
insets are 200 nm, and all the rest are 1μm in length. 
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Figure 2.3 Pattern Distribution by Etch Type and Material. The distribution of patterns 
obtained through oxygen plasma etching of the 7 polymers. †Graph developed by Dr. 

Cary Cotton, UNC.   
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 Plasma etched polymeric surfaces exhibited four distinct nanoscale topographic 

configurations: “flat”, “popcorn”, “crater”, “tent”, or “grass” (Fig. 8, Supplemental figure 

8). All the bulk samples were flat, with no protrusions or defects (Fig 8). The only etched 

sample that was flat was the anisotropically-etched polycarbonate (aPC), with small 

features (440 nm) that lended angular sharpness to the surface but was otherwise flat 

(Supplemental Image 1). The distribution of the patterns obtained through plasma etching 

of the polymers is displayed in Figure 9. 

The most common nanoscale morphological feature produced by our etching 

processing was the “popcorn” feature (Figure 9).  Four polymeric surfaces, isotropically 

etched PolyImide (iPI), anisotropically etched Polyimide (aPI), anisotropically etch 

perfluoroalkoxy alkane (aPFA), and anisotropically etched Polyethylene terephthalate 

glycol-modified (aPETG) displayed a “popcorn” morphology (Fig. 8b: arrow). The 

“popcorn” structures are nanoscale waffle-edged structures with sizes that range between 

22 and 70 nm and are distributed on the surface with densities of (minimum 10 features/ 

1 µm2 to maximum 100 of features/1 µm2). The anisotropically etched acetal 

polyoxymethylene (aPOM) has a popcorn feel due to the increased distance (~100 nm) 

between the popcorn structures. Anisotropically etched Ultra High Molecular Weight 

Polyethylene (aUHMWPE) has preferential directional etching with popcorn texture.  

Four surfaces, isotropically etched polycarbonate (iPC), acrylonitrile butadiene 

styrene iABS, aABS, and Ultra-high molecular weight polyethylene (iUHMW PE) 

exhibited a “crater” surface topology; a crater topology was defined as irregular circles 

created as a result of the etching process. The craters on the surface of iPC (5-10 per 10 
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μm2; i.e. 144 μm2) were between 100-400 nm in diameter. The craters on the iABS were 

between 300-500 nm in diameter, but they were sparsely distributed, with only 2-3 per 10 

μm2 (144 μm2 at 10,000x magnification (Table 1, figure 8c). In sharp contrast, the craters 

on the aABS surface were dense and interconnected. 

The tent configuration (figure 8d), which was present only on the iPFA, exhibited 

small pyramidal formations (between 200-400 nm) capped with 3-8 spherical structures 

that ranged in size between 25-50 nm in diameter.  

I only observed the “grass” morphology on a single etched surface, iPOM. The 

“grass” surface (figure 8e) was composed of an interconnecting web of nanoscale thin 

tubes (~25 nm in diameter) on ridged mounds (Supplementary Image 6).  

Like many nature-inspired nanostructured surfaces 127,131,132,266, several of the 

fabricated surfaces also displayed hierarchical structures in the micron-scale range.  For 

instance, on iPFA, the surface appears to be popcorn at the micron level. The surface of 

the iUHMWPE has parallel striations, while aUHMWPE exhibited preferential 

directional etching, with deep micron-scale grooves (approximate size) that was 

composed of popcorn texture.   

 

II.3.ii. Contact Angle  

To characterize changes to the surface energy of these polymeric surfaces I 

performed a static contact angle analysis 267,268.  While contact angle is a macroscopic 

effect the data reflect a detail of nanoscale physicochemsitry of the surface as a function 

of free energy and therefore is a powerful surface characterization tool 128,269. Surfaces 
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that demonstrate contact angles below 30° are considered hydrophilic, with contact 

angles below 10° being superhydrophilic, while those with contact angle greater than 

120° are considered superhydrophobic 267,268,126.  High contact angles denote low surface 

energy with reduced free bonding opportunities, while low contact angle materials have 

higher free energy 126.  Surface modification via plasma etching of all polymeric 

materials used in this study resulted in changes to the contact angle when compared to the 

initial bulk materials (see figure 7).  I observed contact angle measurements in our 

fabricated nanostructured surface ranging between 8.6° for the cratered surface, iUHMW 

PE (8.6° ± 0.74°) (Figure 7A) to the highest angle was for “tent’ surfaced, iPFA, 132.09° 

± 0.04°. PFA surfaces, bulk, isotropic and anisotropically etched, were uniformly 

hydrophobic, with above 110°.  The material that showed the greatest degree of 

variability compared to its etched counterpart is ABS (bABS = 112.36° ± 0.09°; iABS = 

12.1° ± 4.27°  

 

II.3.iii. Bacterial Adhesion to Polymeric NSS Materials 

In these experiments, I used E. coli transfected expressing a GFP reporter gene 

(REF for the GFP plasmid).  I examined bacteria adsorption on untreated glass coverslips 

as a control to establish a baseline of bacterial adhesion270. I used polyethylene glycol 

(PEG) treated glass slides as a negative control – PEG treatment reduces cellular 

adhesive interactions with surface substrates270. I also used gelatin (50% w/v) treated 

glass slides as another positive control; gelatin treatment has been demonstrated to 

enhance the adhesion of several different cell types to surface substrates including 
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bacterial cells 271,272.  As expected, I observed virtually no bacteria per field of view (10 

μm2) on PEG-treated surfaces (2 ± 0.3 cells /10 μm2; Figure 14); while glass surfaces 

treated with gelatin exhibited higher numbers of bacterial cells per 10 μm2 than untreated 

glass (175 ± 0.5 cells vs 40 ± 0.3 cells; Figure 14).  

 

 

Figure 2.4 Statistical Analysis of Live Adhered Cells by Material and Etch Status. 
Mean Count of Live Adherent Cells Counted by Material and Etch Status, with the 

Upper 95% Wald Confidence Limit and Two-sided p Values for the Exact Savage Multi 
sample Test Comparing Etch Status Within Materials. †Graph developed by Dr. Cary 

Cotton, UNC. 
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Figure 2.5 Statistical Analysis of Dead Adherent Cells by Material and Etch Status. 
Mean Count of Dead Adherent Cells Counted by Material and Etch Status, with the 

Upper 95% Wald Confidence Limit and Two-sided p Values for the Exact Savage Multi 
sample Test Comparing Etch Status Within Materials. †Graph developed by Dr. Cary 

Cotton, UNC. 
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Figure 2.6 Statistical Analysis of Live Adherent Cells by Material and Pattern. Mean 
Count of Live Adherent Cells Counted by Material and Pattern, with Pooled Etch 

Status, with the Upper 95% Wald Confidence Limit and Two-sided p Values for the 
Exact Savage Multi sample Test Comparing Pattern Within Materials. †Graph 

developed by Dr. Cary Cotton, UNC. 
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Figure 2.7 Statistical Analysis of Dead Adherent Cells by Material and Pattern. Mean 
Count of Dead Adherent Cells Counted by Material and Pattern, with Pooled Isotropic 

Status, with the Upper 95% Wald Confidence Limit and Two-sided p Values for the 
Exact Savage Multi sample Test Comparing Pattern Within Materials. bUHMWPE, 

bPC, bPFA, aPFA showed in decreasing order the number of dead cells per surface.  
   †Graph developed by Dr. Cary Cotton, UNC.   

     

I observed a range of bacterial adhesion on the nanostructured polymeric surfaces 

that I had generated for these experiments.  I predicted that changing the surface texture 

at the nanoscale of a polymeric material would impact bacterial adhesion. However, this 

hypothesis was not uniformly supported in all materials.   Some surfaces like PFA and 

PETG did not exhibit any differences in adhesion of the bacteria between the bulk and 

etched counterparts (Supplementary Figure 3, 7).  PC, PI, UHMW PE, ABS and POM 

materials exhibited significant differences in the number of bacteria/10 µm2 when 
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comparing the bulk processed substrates and etched versions (Supplementary Figures 2, 

4, 5, 6). In some cases, the binding of cells to our polymeric surfaces exhibited enhanced 

binding when compared to untreated and gelatin treated controls. For instance, the 

highest level of bacterial cell adhesion was on the flat unprocessed bPC (408 ± 40 

cells/0.1 mm2; Fig. 3, Supplementary Figure 1). However, bacterial adhesion of plasma 

etched PC surfaces was significantly reduced, including an isotropic plasma etched (iPC; 

Supplementary Figure C) or an anisotropic etched PC (aPC; Supplementary Figure E).    

Several polymeric substrates demonstrated reduced affinity to bacteria cells when 

compared to the glass coverslip control, although none were similar to the PEG-glass 

negative control. These surfaces included, the only surfaces to have a fewer number of 

cells were: iPC, iPI, iUHMW PE, iABS, aABS, iPOM, bPETG and aPETG 

(Supplementary Images 1, 2, 4, 5, 6, 7).  The common trend of each of these surfaces is 

that the surfaces that didn’t bind bacteria  tended to be hydrophilic.   

I also examined bacterial adhesion after 24-hour incubation on these surfaces.  In 

most cases, I observed an increased number of cells when compared to a 1-hour 

incubation and that all surfaces regardless of their treatment exhibited statistically similar 

numbers of cells/0.1mm2, which suggests that bacteria have the capacity to overcome 

surfaces with properties that were not initially optimal for colonization.  In four cases 

(bPFA, iPFA, aPI and UHMWPE; Supplementary Figures 3 B, D, 2 F, 7 F) I observed 

fewer cells/0.1 mm2 at 24 hours than at 1 hour, which suggests that the processing of 

these materials may inhibit the growth of bacterial biofilms.  
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Figure 2.8 Membrane Permeability Assay. Percentage of dead cells per sample 

displayed as a fraction of the total number of cells for that sample. The graph 
represents the cumulative adhesion data recorded upon 1 hour of incubation of the 
E.coli on the bulk, isotropic and anisotropic surfaces. Gelatin was used as a positive 

control and PEG as a negative control. There is no consistent trend, but a similar 
pattern of adhesion exists on the PI, UHMW and POM surfaces. The callout boxes 
indicate the percentage of cells with membrane damage on each surface. While in 

some cases the percentage of permeability is high, eg. bPFA, it should be considered 
relative to the total number of bacterial cells adhered per polymeric topographical 

surface.
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Figure 2.9 Pooled Analysis of Live and Dead Adherent Cells by Pattern. Mean Count 
of Live and Dead Adherent Cells Counted by Pattern, with Pooled Material and Etch 

Status, with the Upper 95% Wald Confidence Limit and Mean Difference in Cells 
Counted with p for unadjusted Comparison and Comparison Adjusted for Material, 

Estimated by General Linear Model with Exact Estimator of Variance.  
 †Graph developed by Dr. Cary Cotton, UNC. 
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Figure 2.10 Statistical Analysis of Live Adherent Cells by Pooled Pattern Type. 
Mean Count of Live Adherent Cells Counted by Material and Pattern, with the 

Upper 95% Wald Confidence Limit and Two-sided p Values for the Exact Savage 
Multi sample Test Comparing Etch Status Within Patterns. †Graph developed by 

Dr. Cary Cotton, UNC. 
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Figure 2.11 Statistical Analysis of Dead Adherent Cells by Pooled Pattern Type. Mean 
Count of Dead Adherent Cells Counted by Material and Pattern, with the Upper 95% 
Wald Confidence Limit and Two-sided p Values for the Exact Savage Multi sample 

Test Comparing Etch Status Within Patterns. †Graph developed by Dr. Cary Cotton, 
UNC.   
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II.3.iv. Contact Angle does not Affect Adhesion at the Nanoscale  

None of the differences observed in bacterial adhesion correlated with the 

topological features or with the observed changes in contact angle (Figures 18 and 19) 

For a given material, the pattern influenced the number of adherent cells. Among the flat 

materials, the number of adhered cells was directly proportional to the contact angle 

(Figures 18 and 19). The contact angle did not have a major effect on popcorn or crater 

patterns.  

Figure 2.12 Statistical Analysis of Live Adherent Cells by Contact Angle. Mean Count 
of Live Adherent Cells Counted by Contact Angle and Pattern, with the Upper 95% 
Wald Confidence Limit and Two-sided p Values for the Exact Savage Multi sample 

Test Comparing Etch Status Within Patterns. †Graph developed by Dr. Cary Cotton, 
UNC. 



64 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.13 Statistical Analysis of Dead Adherent Cells by Contact Angle. Mean Count 
of Dead Adherent Cells Counted by Contact Angle and Pattern, with the Upper 95% 
Wald Confidence Limit and Two-sided p Values for the Exact Savage Multi sample 

Test Comparing Etch Status Within Patterns. †Graph developed by Dr. Cary Cotton,  
     UNC.       

       

II.3.v. Alteration of Bacterial Membrane Integrity and Viability to Polymeric NSS 

Microbial interactions with many chemicals and materials, including many 

nanoscale materials, disrupts the plasma members, which often results in a reduction in 

viability 273–276. To determine whether interactions of the E. coli with our nanostructured 

polymeric surfaces, I examined the changes to the permeability of the bacterial plasma 

membrane, using the vital dye propidium iodide (PI).  PI is a nucleic acid dye that is 

plasma membrane-impermeable and will only label cells that have a disrupted plasma 
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membrane 275.  Bacterial cells exposed to untreated glass substrates exhibited a 

background level of 6.72 ± 0.27 % of PI labeled cells.  In the positive control experiment 

of sodium hypochlorite treated bacterial cells, we observed 100% of the cells labeling 

with PI. On our experimental surfaces, I observed a range of cells exhibiting plasma 

membrane perturbation.  Some surfaces resulted in an elevated level of plasma membrane 

disruption as demonstrated by PI labeling:  bPFA, 63.21 ± 3.78%, iPFA 63.55 ± 4.77%, 

bUHMW PE 58.06 ± 1.41% and iABS 54.72 ± 2.80% all exhibited high percentage of 

E.coli cells that labeled with PI after one hour of contact, suggesting that these surfaces 

may damage or stress the integrity of the plasma membrane (Figure 14).  However, other 

surfaces, even those with the same composition as the plasma membrane disrupting 

surfaces, showed no significant PI labeling when compared to the controls (Fig 14). For 

example, the percentage of permeable cells on the following surfaces: iPC, aPC, all the PI 

substrates, aUHMW PE, bABS, bPOM, aPOM, iPETG, and aPETG, was within the 

range I had accounted for using the glass coverslip control substrate. In many cases, there 

were significant differences in the percentage of PI labeled cells on substrates that are 

composed of the same material but have different surface topography due to the etching 

process, suggesting that plasma membrane stress may be the result of bacterial interaction 

with specific features of these surfaces. However, as with the adhesion, there was no 

correlation between the general classification of surface feature or surface composition 

that predicts plasma membrane perturbation. The only material to exhibit a significant 

difference in PI labeled E. coli when compared to the substrate control (~10%) after 24-

hour exposure was the popcorn surfaced aPETG, in which I observed a higher number of 
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membrane perturbed cells (Supplementary Figure 7L; aPETG at a percentage of 19.67 ± 

0.27%). 

In many cases, PI labeled cells are unviable or dying277; however, there has been 

some evidence that microbes may tolerate higher levels of membrane permeability and 

thus label with PI but not be dead or dying273. To determine whether the observed PI 

labeling correlates with reduced viability I conducted a standard colony forming unit 

assay258 (CFU) on the substrates at 1 hour (figure 20) and 24 hours of culture 

(supplementary figure 12).  

 

 

 

 

Figure 2.14 CFU Assay after 1h Incubation. Graph indicates the results of a colony 
forming unit (CFU) assay performed after 1 hour of incubation of the E. coli on each 

polymeric nanostructured surface. Several of the bacteria were damaged but viable 
after 1 hour of contact with the samples (see tall bars). Polyimide, PFA and 

aUHMWPE retained bacterial cells that were the least viable amongst all the surfaces 
tested. p<0.05.   
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II.3.vi. Change in Bacterial Morphology upon Contact with the NSS 

The interaction of bacteria with different surface substrates have been shown to 

alter overall bacterial morphology as a result of stress225.  I also observed changes to 

bacterial cell morphology on these polymeric nanostructured surfaces including changes 

in length and the presence of cellular appendages.  On untreated glass surfaces, E.coli 

bacteria have a cylindrical shape that is 3-5µm long (Fig 17). However, shorter bacteria, 

i.e.£ 3µm, were seen on several surfaces, including iPC, bPFA, bPETG and aPETG 

(supplementary figures 1I, 3G, 7G and 7K), while on several other surfaces I observed 

longer bacterial cells (³ 10 µm), aPC, bABS, and aABS (Supplementary Figures 2L, 5H 

and 5L). On some surfaces (aPI and iPFA: Supplementary figures 2L and 3J) I observed a 

range of sizes. I also observed qualitative differences in the presence of different cellular 

projections in cells associated with different surfaces (Fig 18). On most surfaces, the 

bacteria exhibit the same morphology (Figure 18e) which includes the presence of 

bacterial surface adhesion appendages. However, E. coli associated with aUHMW PE 

and iUHMW PE exhibited a higher level of biofilm secretion at the end of the bacterial 

cells (Figure 18 b, 18f). E. coli on aPFA and aPC appear to secrete materials that bridge 

contact points on the surface (Fig 18 c, 18 d) reaching out for adhesion points on the 

surfaces. The bacteria on iPOM demonstrate an increased surface area to maximize 

contact points (Supplementary image 6J).   
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Figure 2.15 Morphological Changes the E. coli Undergo Upon Contact with the 
Polymeric Nanotopographies. The glass coverslip and Poly-L-lysine were used as 

negative and positive controls respectively. The E. coli on the glass coverslip depicts an 
unaltered, unmodified, unstressed bacterium of average length. Poly-L-lysine is known 

to be lethal to bacteria; this is represented in the picture above indicating extreme 
morphological strain. The bottom two figures represent examples of bacterial size 

variations; on the aPI, E. coli were small, with an average length of 1μm; the 
bacterium on the bABS shows E. coli that have undergone filamentation. The 

polymeric nanotopographies are seen to induce different responses related to cell 
division and growth. 
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Figure 2.16 Modes of Adhesion to the Polymeric Nanotopographies. iPOM shows a 
pockmarked, isolated E. coli bacterium on the isotropically etched POM surface 

clinging to the stringy substrate. iUHMW PE shows a web-like biofilm secreted by the 
bacterium to assist in adhesion. Strings from the web are clearly seen to be interacting 
with the bacterium. The bacterium on aPC shows that bacteria can produce a bridge-

like connection between the cell and surface. The cell in the aPFA image is seen 
clinging to nanoscale adhesion points on the etched PFA surface. bPC shows the 

typical adhesion response of bacteria; surface appendages (short and long pili and 
flagella) are seen on the extremities of the bacterium aiding in adhesion. The end of 

the bacterium depicted in the UHMW PE image shows that bacteria can secrete biofilm 
at the poles to aid in adhesive behavior.   
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II.4. Discussion 

I have shown that nanoscale surface modification alters E. coli absorption to 

polymeric substrates. Although I generated a range of morphologies and surface 

chemistries none of these features or properties had a major deterministic role in 

controlling adhesion; instead, I found that the overarching factor that determines E. coli 

binding to a surface is surface composition and how this aspect determines is unclear and 

may involve mechanical or other interfacial chemistry.  Preventing the initial adhesion of 

bacteria is a key step in controlling biofilm formation. Numerous material properties have 

been reported to influence the initial adhesion including hydrophobicity, roughness, 

topography, surface chemistry and charge 278. Studies have shown that many bacterial 

strains prefer to attach and grow on smooth surfaces, and hydrophobic surfaces while 

texturing surfaces tend to reduce microbial adhesion 139,279. The high aspect ratio 

nanoscale cones and needles (of different aspect ratios depending on the variety) present 

on the surface of cicada wings provide a topographic barrier against microbes. They have 

been shown to cause the cell-wall rupturing of S. cerevisiae 183 and are also lethal to P. 

aeruginosa186. Nanostructures fabricated (nanograss, pillars, and cones) on metals and 

polymers are also bactericidal. 

The current approach in developing these surfaces, however, is largely trial and 

error based. This is evidenced in the numerous research papers in this area, each of which 

has used dissimilar materials (each with different material properties such as stiffness and 

tensile strength) which would affect bacterial adhesion and biofilm formation in their 

own way. While they have had a modicum of success, there has not been clear-cut 
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reasoning behind their approach besides availability or ease of manufacturing. There has 

recently been a shift in this trend to a more informed method of engineering surfaces. 

Researchers are now attempting to tease apart the factors that guide bacterial adhesion to 

purposefully design surfaces. Hsu et al. have altered silica surfaces to produce shapes 

with different dimensions (circular and rectangular wells of assorted sizes and spacings) 

and have found that feature size and shaping have an effect on bacterial attachment and 

even the orientation of their attachment 280. Dickson et al have observed that small, more 

closely spaced nanopillars made of PMMA showed fewer adherent cells127. The studies 

conducted by Ren et al have validated the use of 10µm hexagonal patterns on PDMS to 

control the orientation of bacterial attachment and adhesion281. These studies are a 

starting point for the purposeful design of surfaces. They suggest that nanoscale 

topographical features and their geometries affect bacterial adhesion. No specific set of 

rules has been established yet.  

 

II.4.i. Fabrication of NSS on Polymers with Varying Topographies and Wettabilities 

In this study, I chose polymers that mimicked the mechanical properties of 

biological samples, following the “biological triangle” , wherein biological materials 

exhibit low Young’s modulus at moderate extensibility282. The use of polymeric surfaces 

has offered a great deal of control in terms of methods of fabrication, the ability to 

synthesize composite materials and the tunability of moduli of the materials 259,260. 

Oxygen plasma etching is a relatively well-understood technique to allow surface 

modification of 150,151,265. Oxygen etching offers greater biocompatibility to the polymeric 
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substrate283. Plasma is defined as an ionized gas containing equal proportions of 

negatively and positively charged particles261. Plasma etching has been shown to etch 

nanotopographies onto various materials while also having the advantage of allowing the 

polymer to retain its bulk properties 262,263150,264,265. I used an oxygen plasma to etch the 

surfaces of 7 commonly available polymers isotropically (10 min, 200 W) and 

anisotropically (1 min, 200W). In our study, five different nanopatterns were produced 

through plasma etching. The differences in material composition i.e. the number and 

arrangement polymeric chain repeats, can influence the etch rate284. More energy is 

required to break some bonds than others, leading to this disparity.  

Generating plasma also introduces a great number of unstable oxygen species, 

thereby functionalizing the surfaces and leading to differences in hydrophobicity263. 

Nanoscopic roughness and hydrophobicity of nanostructured surfaces go hand in hand. 

Depending on the intrinsic hydrophobicity of the material, nanoscopic roughness 

increases or decreases hydrophobicity285. While the introduction of nanoscale topography 

promotes hydrophilicity, nanoscale surface modification can also limit adhesion by 

discouraging the hydrophobic interaction by creating the substrata-bacteria repulsion. My 

results clearly indicate that even within the same material, the topography and wettability 

can be altered by plasma etching. Results from previous studies indicate that a contact 

angle 90° represents a moderate level of hydrophobicity, while extreme hydrophobicity 

and hydrophilicity reduce adhesion144. Our observations concur (for the most part) with 

this result. Combining the results from the adhesion experiment, structural and 

hydrophobicity analysis, I concluded that all the surfaces that showed less adhesion than 
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the glass coverslip were hydrophobic in nature (<90°), with most of them tending to be 

on the lower end (between 8°-30°). A more global multi-variable analysis revealed that 

contact angles influenced the adhesion of cells only on the flat surfaces. The contact 

angle did not alter the adhesion of bacteria onto the nanoscale modified substrates.  

In a study by Yoshida et al, the polymers used in the study showed an increase in 

hydrophobicity283 instead of the wide range we observed. Our results further indicate that 

there is a fine line between adhesive to non-adhesive. An interesting observation made 

during this time was the change in contact angle after a certain period. Contact with 

liquids also changed the nature of these surfaces. Incubation in liquid, such as media, 

convert the contact angle to a hydrophilic state. This is referred to as the conditioning of 

surfaces126. Proteins present in solution interact with the surface thereby altering the 

surface chemistry regardless of the original surface properties263,286. 

 

II.4.ii. FTIR 

Fourier Transform Infrared Spectroscopy (FTIR) was used to identify changes in 

surface composition after etching. Polymers were etched for as long as possible to see 

whether the etch rate would affect surface bond formation. Isotropic and anisotropic 

samples were etched for 15 min and 2 min respectively. Only slight differences were seen 

in the IR readings even though the samples were etched for longer periods of time. All 

the etched samples showed a decrease in bond intensities when compared to the bulk 

unmodified material. The FTIR graphs have been added to the supplementary figures. 
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II.4.iii. Bacterial Responses to NSS 

Understanding the bacterial response to a specific structure brings us a step closer 

to developing substrates that can tune the behavior of bacteria. Bacteria are found in 

every environment and have developed resistances over millennia. When the 

environment is not suitable for the bacteria, they tend to exhibit stress responses287. These 

could be due to osmotic or thermal changes, for instance. These stress responses help the 

bacteria understand its environment and transmit this information to its cohorts, thereby 

altering the biofilm production for its specific needs288. Such responses can be seen when 

bacteria encounter surfaces with different topographies287. One such common response is 

death. Most bacterial death attributed to high aspect ratio nanostructures is due to their 

ability to pierce through bacterial cell membranes289. Researchers have utilized this fact 

to produce antibacterial surfaces capable of popping microbes. Others have developed 

surfaces that prevent bacterial adhesion, thereby preventing any initial bacterial adhesion 

for biofilm formation on the surface. These surfaces do not necessarily have a high kill 

rate but are still effective. The polymeric nanostructured surfaces were used to 

demonstrate (a combination of) these responses.  

In our experiments, I noticed that E. coli bacteria exposed to surface substrates 

composed of PFA, UHMW PE and ABS all exhibited significant differences in PI 

labeling when comparing the bulk unmodified versions of the plastics to their isotropic 

and anisotropic etched versions (Figure 3).  However, with other polymers, I noticed that 

only one type of processing resulted in changes to PI permeability. For instance, both the 
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POM and the PETG exhibited differences between the “bulk” unmodified substrate and 

their isotropic counterparts (Figure 14).  

Despite the surfaces showing high percentages of membrane disrupted cells (PI 

values), these percentages are in relation to the total number of cells adhered/surface. So, 

while bPFA and iPFA may show the highest percentages of membrane disruption, they 

have only an average of 35 cells/0.1 mm2 on their surfaces.  

We have come away with the knowledge that not every material can recreate a 

specific topography or induce an identical response from bacteria. However, 

predetermined patterns can be used to gain an understanding of bacterial growth290. 

Microscopic structures etched onto substrates in a specific pattern can direct the 

bacteria118. Note that most research done in this field deals with microscopic structures; 

structures comparable in size to the bacteria. Nanoscopic responses are hardly examined. 

Our research includes this form of structure. Several nanoscopic structures in nature have 

inspired the production of biomimetic nanostructures291 and hierarchical 

microstructures247. The most notable ones are the patterning of substrates to mimic the 

surface topography of the cicada wing. There is a varying degree of responses to these 

structures; some bacteria are killed immediately upon contact 187,248,250 while others show 

a delayed response to these surfaces which may suggest some sort of conditioning to the 

surface or adaptation by the cells.  Future work will be needed to determine the reasons 

why some cells rupture relatively easily while others do not. When other microbes such 

as yeast are exposed to the NSS of cicada wings, the adhesion dynamics have been shown 

to change. These results have given researchers a place to start. However, with the many 
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materials available, there is an incredible number of choices of material and the 

nanostructures that could be made with them. The same material/topography can produce 

different responses within strains. Individually adhering bacteria can increase the local 

surface heterogeneities to yield different adhesion responses that trigger the emergence of 

several microenvironments within the biofilm292. Others say that decreasing the 

topography can increase the adhesion of bacteria. This disparity results from a lack of 

procedural uniformity and the use of different strains and species of microbe. There is, 

however, some consensus in the fact that a minimum aspect ratio is required to pierce 

through the bacterial cell membrane 293,294,295,289. Surface roughness is a property 

commonly associated with topographical features. The contradictory results could be a 

product of procedural non-uniformity. Surface roughness can be measured using 14 

different parameters129. Results can vary depending on the type of roughness measured, 

and hence the disparity. I have avoided examining surface roughness as a parameter due 

to these reasons.  

Another common property associated with topography is its wettability, measured 

through contact angles. Contact angles allow us to differentiate a surface as hydrophilic 

(<<90 degrees) or hydrophobic (>>90 degrees). Hydrophilic surfaces tend to allow more 

particles to cling to their surfaces, thereby increasing the likelihood of bacterial adhesion, 

while the opposite is true for hydrophilic surfaces296. Our analyses broadly concur with 

this. 
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While experimenting with the polymers, I noticed that the surface contact angle 

varied over the course of a month137.  This can be attributed to the inversion of bonds. It 

led me to the possibility that perhaps water (or the liquid) used could also influence 

contact angle. These changes reflect the differences in chemical bonds present on the 

various substrates, indicating that physicochemical properties need to be considered as 

well 147,296. Our results reflect this need for such a dual analysis. Our use of different 

polymers accounts for the change of material (different material properties could be a 

factor even within the kingdom of polymers297), and the etching I performed generated 

the different topographies. The oxygen plasma generated during the etching process was 

not only responsible for the removal of material from the surface but also uncovering 

chemical bonds150. Thus, I was able to do an analysis between polymer materials, and the 

physicochemical properties that could have arisen due to the etching.  

The surface area: volume ratio is also a major player in maintaining cell 

homeostasis298. Increased exposure to the surface area would allow more area for 

adhesion 299,298. This is possibly why more bacteria adhered to the bulk substrates. 

Bacteria maximize the adhesion sites creating preferential adhesion to certain areas 242,243. 

This can be seen in photo (Supplementary Image 9 A). Bacterial morphology was seen to 

change drastically upon contact with the different topographies. Stress responses were 

evident in bacteria grown on certain surfaces (dips, holes, shortening). The size of the 

bacteria was the most striking difference in morphology. This morphological plasticity 

indicates that certain topographical features can stimulate specific bacterial responses300. 

Bacteria have been known to adapt in size according to environmental cues. The genomic 
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processes are sufficiently interrupted to enhance cell division (short cells) or delay 

septation (longer cells) Fig. 5. 

Different aspects of the NSS could be a stimulus for the bacteria to express 

emergent properties. Upon initial adhesion, bacteria release a substance known as EPS 

(extracellular polymeric substances) into the environment285. The production of EPS is 

not very well understood but it functions to help condition the surface and surroundings 

for the bacteria. This initial response is very important for the formation of biofilms17. I 

noticed several different biofilm release strategies. Some cells were found embedded 

within the EPS (supplementary figure 9D) while others secreted it at specific locations 

(such as the ends) to aid in possibly different modes of adhesion (figure 6 F). Bacterial 

mechanisms of adhesion vary upon contact with different topographies 114,122,287. This is 

evidenced by the nanostructures I show in fig 6. Bacteria use several modes of adhesion 

bacteria and each is tightly regulated by the environment 301,280,302. In contrast to other 

studies that have dealt with identifying the mechanisms of adhesion287, I noticed that 

different topographical features elicit different surface appendages to make a play. This 

could be the result of the activation of different mechanosensitive pathways. Only the 

substratum properties have been analyzed in this paper. Properties of the medium itself 

(pH, ionic strength, viscosity, etc.) and the bacterium of choice (Gram-negative or 

positive, the presence or absence of surface sensing appendages) also play a big role in 

determining cell-surface adhesion as well as cell-cell interactions. 
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II.5. Conclusion 

I hypothesized that by changing the material properties (in this case, 

topographical features) over a range, I should see a change in the biological response of 

the bacteria. Seven different polymers with variations in material properties, etched with 

oxygen plasma were chosen to see if slight changes in material composition and 

nanoscale topography play roles in prompting uniform bacterial responses. While I had 

predicted that I would see a trend in the biological responses of the bacteria, what was 

seen was that bacteria behaved differently on all the surfaces tested, regardless of the 

topology, material composition or hydrophobicity. It is possible that several of these 

properties are related to one another. For instance, the wettability of a substrate is a 

product of its topography. 

The bacteria displayed variations in morphology, biofilm formation and adhesive 

behavior upon all the polymers and their etched counterparts. I have conclusively verified 

that bacteria respond to differences in material properties, but not necessarily in a 

predictable fashion. This could be due to several reasons, ranging from the altered surface 

chemistry to the stiffness of the polymeric substrate. Bacterial behavior could depend on 

more than one material character not just solely composition or wettability for example. I 

have been unable to isolate one single property due to the sheer amount of data. 

While I may not have tested the exact material property that would have shown us 

the trends I was expecting, I hypothesize that there is a yet-to-be-determined material 

property that will make the bacteria react consistently upon changing specific parameters 

that have thus far prevented the development of a generalized model. The lack of 
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understanding stems from rudimentary approaches, oversimplification of microorganisms 

and a lack of understanding of the biological events involved in the process. An 

understanding of the process of pre-conditioning i.e. protein deposition on the substrates, 

should provide some insight into the initial adhesion of bacteria during early biofilm 

formation. This is part of our ongoing work. 
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II.6. Supplemental Figures 

 
  

Supplementary Figure  SEQ Supplementary_Figure \* ARABIC 1Confocal microscopy images of E. coli grown on 
bulk, isotropically etched and anisotropically etched Polycarbonate after 1 and 24 hours of incubation. 

Supplementary Figure 2.1 Confocal Microscopy Images of E. coli Grown on Bulk, 
Isotropically Etched and Anisotropically Etched Polycarbonate after 1 and 24 Hours of 

Incubation. 
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Supplementary Figure 2.2 Confocal Microscopy Images of E. coli Grown on Bulk, 
Isotropically Etched and Anisotropically Etched Polyimide after 1 and 24 Hours of 

Incubation. 
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Supplementary Figure 2.3 Confocal Microscopy Images of E. coli Grown on Bulk, 
Isotropically Etched and Anisotropically Etched Perfluoroalkoxyalkane after 1 and 24 

Hours of Incubation.  
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Supplementary Figure 2.4 Confocal Microscopy Images of E. coli Grown on Bulk, 

Isotropically Etched and Anisotropically Etched Ultra-High Molecular Weight 
Polyethylene after 1 and 24 Hours of Incubation. 

  



85 

 

Supplementary Figure 2.5 Confocal Microscopy Images of E. coli Grown on Bulk, 
Isotropically Etched and Anisotropically Etched Acrylonitrile Butadiene Styrene after 1 

and 24 Hours of Incubation.  
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Supplementary Figure 2.6 Confocal Microscopy Images of E. coli Grown on Bulk, 
Isotropically Etched and Anisotropically Etched Acetal Polyoxymethylene after 1 and 

24 Hours of Incubation.  
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 Supplementary Figure 2.7 Confocal Microscopy Images of E. coli Grown on 
Bulk, Isotropically Etched and Anisotropically Etched Polyethylene Terephthalate 

Glycol-Modified after 1 And 24 Hours of Incubation.   



88 

Supplementary Table 1.1 Categorization of the Different Polymers Based on Pattern 
Obtained after Etch. The table shows the various polymers and their etched 

counterparts broadly categorized under the different topographies. 

  

Flat Popcorn Crater Tent Grass 
All bulk 
polymers 

iPI, aPI iPC iPFA iPETG 

 aPFA iABS, aABS   
 aPOM    
 aPETG    
 aUHMW PE iUHMW PE   
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Supplementary Figure 2.8 Bacterial Attachment. A) bacteria cling to the corners of 
iPC to increase the surface area for adhesion B) examples of filamentous bacteria. 
Here, they are seen growing on bPI. C) Bacteria on aABS show signs of adhesion 

appendages D) Bacteria firmly entrenched in EPS on bPF. 
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Supplementary Figure 2.9 Adhesion Assay Performed after 24h of Incubation.
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Supplementary Figure 2.10 Membrane Permeability Assay after 24h. Percentage of 
dead cells per sample displayed as a fraction of the total number of cells for that 

sample. The graph represents the cumulative adhesion data recorded upon 1 hour of 
incubation of the E. coli on the bulk, isotropic and anisotropic surfaces. Gelatin was 

used as a positive control and PEG as a negative control. 
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Supplementary Figure 2.11 CFU Assay after 24h Incubation. Graph indicates the 
results of a colony forming unit (CFU) assay performed after 24 hour of incubation of 

the E. coli on each polymeric nanostructured surface. Several of the bacteria were 
damaged but viable after 1 hour of contact with the samples (see tall bars). Polyimide, 
PFA and aUHMWPE retained bacterial cells that were the least viable amongst all the 

surfaces tested. p<0.05 
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CHAPTER III 

 E. COLI SURFACE MORPHOLOGY CONTROLS THE CELLULAR 

RESPONSE TO GaN PPC 

III.1. Introduction 

Group III-V wide bandgap semiconductor materials, including those composed of 

Ga, possess a property known as Persistent Photoconductivity (PPC), which is the build-

up of transient photo-induced current on the surface the material after photoactivation 

303,304.  Recent work has demonstrated that these materials serve as an excellent interface 

between cells and electronic devices 196,207,305. In the experiments, photoactivated GaN 

materials alter the cell adhesion, plasma membrane potential, cell physiology, biofilm 

formation, and mitochondrial activity 206,207306. Recent work has shown the 

photoactivated GaN substrate generates locally high levels of ROS species, which may 

explain some of these changes to cell behavior and physiology.  

Bacteria, like E. coli, use a variety of surface appendages to engage their 

extracellular environment both mechanically and chemically. 66,102 E. coli has several 

important surface structures that have been involved in these types of signaling include 

flagella, pili, curli, and LPS 46,278,288. Each of the other appendages performs a different 

function during biofilm formation: pili (adhesion)75,85, curli (adhesion, aggregation and 

biofilm formation)90,97 and LPS (permeability barrier and virulence)105. 
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Understanding their involvement in the process of adhesion to photoconductive 

surfaces will provide a new perspective and inform the development of new bioelectronic 

platforms. However, the structural or surface aspects of the cell that control and enable 

these responses to PPC are unclear.  

In this chapter I systematically analyze specific morphological components of the 

Escherichia coli (E. coli) required for bacterial adhesion to PPC GaN. To determine the 

manner in which E. coli bacteria associate with GaN substrates and how these 

interactions control bacterial behavior, I examined the behavior of E. coli bacteria that 

contained deletions for genes that are associated with these surface structures. I 

hypothesized that the presence of a surface charge will have a direct effect on the 

adhesion of secreted ECM molecules and therefore the ability of bacterial cells to adhere. 

To test this hypothesis, I tested the effect of PPC on adhesion in knockout cells to 

determine the contribution of structural elements vs ECM deposition, if the dominant 

factor is due to ECM deposition, I hypothesized that structural mutants should not affect 

adhesion to charged surfaces. 
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III.2. Experimental Section 

III.2.i. Bacterial Strains and Growth Conditions  

Table 3.1 E. coli Strains and Genotypes used in this Paper 

Name Keio Library 
Strain # 

genotype 

WT BW 25113 F-, Δ(araD-araB)567, ΔlacZ4787(::rrnB-3), λ-, rph-
1, Δ(rhaD-rhaB)568, hsdR514 

ΔfimA JW4277-1 F-, Δ(araD-araB)567, ΔlacZ4787(::rrnB-3), λ-, rph-
1, Δ(rhaD-rhaB)568, ΔfimA782::kan, hsdR514 

ΔfimB JW4275-1 F-, Δ(araD-araB)567, ΔlacZ4787(::rrnB-3), λ-, rph-
1, Δ(rhaD-rhaB)568, ΔfimB780::kan, hsdR514 

ΔfimH JW4283-3 F-, Δ(araD-araB)567, ΔlacZ4787(::rrnB-3), λ-, rph-1, 
Δ(rhaD-rhaB)568, ΔfimH788::kan, hsdR514 

ΔcsgD JW1023-1 F-, Δ(araD-araB)567, ΔlacZ4787(::rrnB-3), λ-, 
ΔcsgD781::kan, rph-1, Δ(rhaD-rhaB)568, hsdR514 

ΔcsgG JW1020-1 F-, Δ(araD-araB)567, ΔlacZ4787(::rrnB-3), λ-
, ΔcsgG778::kan, rph-1, Δ(rhaD-rhaB)568, hsdR514 

ΔFliC JW1908-1 F-, Δ(araD-araB)567, ΔlacZ4787(::rrnB-3), λ-
, ΔfliC769::kan, rph-1, Δ(rhaD-rhaB)568, hsdR514 

ΔFlgE JW1063-1 F-, Δ(araD-araB)567, ΔlacZ4787(::rrnB-3), λ-, 
ΔflgE745::kan, rph-1, Δ(rhaD-rhaB)568, hsdR514 

ΔgmhB JW0196-2 F-, Δ(araD-
araB)567, ΔgmhB725::kan, ΔlacZ4787(::rrnB-3), λ-
, rph-1, Δ(rhaD-rhaB)568, hsdR514 

ΔrfaH JW3818-1  F-, Δ(araD-araB)567, ΔlacZ4787(::rrnB-3), λ-, rph-1, 
ΔrfaH783::kan, Δ(rhaD-rhaB)568, hsdR514" 

 

 The bacteria used for this paper were obtained from the Keio library38 of single 

deletion mutants with the parent strain E. coli BW25113. Prior to experimental use, a 

fresh bacterial colony was seeded from a mother plate and cultured overnight in Luria 

Broth medium in a shaker incubator at 37°C. 
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III.2.ii. Bacterial Surface Characterization 

To characterize the changes to the physical surface properties of mutant bacterial 

cells for determining whether these changes could help determine the mechanism or 

properties that are critical for interaction with GaN materials, I performed two assays: a 

Material Adhesion To Hydrocarbons (MATH) assay and a Zeta potential analysis.  To 

prepare cells for these assays , I cultured cells of the appropriate strain  overnight and 

then diluted the culture to an OD600 ~0.1. 750 µl of the culture was added to a cuvette 

followed by the dip cell electrode (Product Number ZEN2002). Zeta potential 

measurements were obtained using a Malvern Zetasizer Nano ZS. 

I performed a MATH assay (Material Adhesion To Hydrocarbons) 309 to 

determine relative hydrophilicity. The description of this procedure in brief, 5 ml of 

overnight cultures of the bacterial cells were pelleted, resuspended in 1xPBS and diluted 

to an OD600 of ~0.1. The OD600 values of the preprocessed samples were recorded. 1 ml 

of octane was added to 4 ml of each of the bacterial cultures. These samples were 

vortexed vigorously for 2 minutes and allowed to stand for 20 minutes. The OD600 value 

of the aqueous part of the cultures was noted. The following formula was used to 

determine the relative hydrophobicity of each bacterial knockout strain:  

 

% hydrophobicity =( 1 −	,-.//	012341
,-.//	52614

 ) x 100 
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III.2.iii. Adhesion Assay  

A bacterial adhesion assay was performed using the direct microscopic count 

(DMC) method on a Zeiss inverted spinning disc confocal microscope. Cells were grown 

overnight at 37°C in a shaker incubator and adjusted to an OD600 of ~0.1 the following 

day. 100 µl of OD600 adjusted bacterial cells were incubated with SYTO9 in the dark at 

room temperature (~23°C) for 20 minutes. The cell-dye combination was pelleted and 

resuspended in 1 ml 1x PBS. 100 µl of labeled bacteria were incubated on charged and 

uncharged GaN substrates for 5 minutes at room temperature. They were then washed 

gently with 1x PBS and immediately imaged. The number of bacteria per field of view 

(100 m2) at 100x magnification were counted. At least 15 images were taken per sample. 

The experiment was repeated three times. 

 

III.2.iv. Membrane Potential Assay  

A Baclight Bacterial Membrane Potential Kit (Thermo Scientific; catalog number 

B34590) was utilized to monitor the membrane potential of cells interacting with charged 

and uncharged GaN.  A working solution of the stock membrane potential monitoring 

dye [3mM DiOC2(3)] was prepared by diluting 1 µl of the stock solution in 1 ml of 

sterilized PBS. 10 µl of this working solution was then added to the cells. CCCP was 

similarly diluted. Cells were grown overnight at 37°C in a shaker incubator, adjusted to 

an OD600 of 0.05 the next day and allowed to grow to OD600 = 0.6. 100 µl of this cell 

culture was pelleted and resuspended in 1 ml PBS. A control tube containing cells, but no 

dye was kept aside. 10 µl of the DiOC2(3) working solution was then added to the 1ml of 
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cells in PBS. 100µl of this cell-dye solution was added to each substrate in a 96-well 

plate and allowed to incubate at room temperature for 30 minutes. The CCCP working 

solution was added to the cell culture tube and this was used as a positive control. Plain 

PBS with the dye solution and plain PBS were used as negative controls along with a 

well containing cells but no dye. The working CCCP solution was added to the working 

dye solution as a control for dissipating membrane potential. After the 30-minute 

incubation period, the GaN substrates were carefully removed using forceps and placed 

upside down on a cover glass and imaged using a Zeiss inverted spinning disc confocal 

microscope. At least 15 images were taken per sample. The experiment was repeated 

three times with at least two different overnight bacterial cultures. 

 

III.2.v. Catalase Activity  

The catalase colorimetric activity kit from Thermo Fisher (Catalog Number: 

EIACATC) was used to measure ROS. The catalase standard provided was used to 

generate a standard curve. The E. coli cultures were grown overnight, diluted to an OD600 

of 0.1 and 100 μl were added to the charged and uncharged GaN surfaces. The cells were 

then vortexed loose from the surface of the GaN and diluted in the assay buffer, 25 μl of 

which was added to the wells of a 96-well plate. 25 μl of hydrogen peroxide (H2O2) was 

then added to each well and left to incubate at room temperature for 30 min. 25 μl of the 

provided substrate and horseradish peroxidase (HRP) was then added and left to incubate 

further for 15 min. The HRP and substrate react to form a pink solution. The 96-well 

plate was then read spectrophotometrically at OD560. An increase in catalase activity is 
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seen by the decrease in the pinkness of the samples, which indicates a decrease in the 

amount of H2O2. The number of units of catalase present in each sample was calculated 

by plotting onto the standard curve. Each unit of catalase corresponds to the 

decomposition of one micromole of H2O2 per minute at room temperature. 

Statistical Analysis: All statistical analysis was carried out using a significance level of 

p< 0.05. 

 

III.2.vi. GaN Substrates 

GaN substrates were manufactured as previously described208. To photoactivate 

these surfaces 5mm x 5mm pieces of GaN were irradiated under a UV lamp for 30 

minutes to induce persistent photoconductivity. The samples were kept in the dark for at 

least 24 hours prior to experimentation.  

 

III.3. Results and Discussion 

During the attachment of bacteria to a surface and subsequent biofilm formation, 

bacteria interact with the extracellular environment using a variety of surface structures 

notably fimbriae, curli, flagella, and the LPS278. In this study, I used deletions mutations 

of genes that are critical for the formation of these structures34 to identify their 

requirement for the PPC response (Table 2). I hypothesized that the presence of surface 

charge generated by the PPC would have a direct effect upon the adhesion of the bacteria. 

 Flagella are involved in motility, but also seek out crevices for adhesion 307,308. 

Fimbriae are thin, rigid, polar filaments that protrude from the surface of bacteria; 
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Fimbriae are composed of the long-chained protein, pilin, and are critical for forming the 

initial stable cell-surface attachments 23,2. Alteration to the structure of the fimbriae 

changes the adhesive potential of these bacteria 310,311. Curli are thin, intrinsic 

components of the outer membrane that are associated with biofilm formation and 

cellular aggregation 92,99. Curli production is highly regulated and helps make the 

transition from a predominantly flagellar-based motile lifestyle to a curli-enhanced 

adhesive lifestyle during the initial adhesion stage of biofilm formation98. Unlike 

fimbriae, there is no relationship between the number of curli and adhesion. The bacterial 

flagellar filament is a long tubular helix composed of a single type of protein, flagellin; 

flagella have critical roles in motility and in the mechanosensation of surfaces 301,312. 

Bacteria like E. coli interact and transduce mechanical signals from their extracellular 

environment through their cell wall which is composed of a complex matrix known as the 

lipopolysaccharide complex (LPS)105. LPS have also been known to elicit inflammatory 

and virulence responses in animals. Its structure is composed of an oligosaccharide O-

antigen, inner core and the lipid layer, lipid-A. 

The deletion mutations of three major fimbriae genes: fimA, fimB, and fimH, were 

chosen to determine the contribution of the adhesion appendages upon the charged 

surfaces. FimA encodes the major repeating protein subunit of the fimbriae and deletion 

of the FimA gene results in the loss of fimbriae formation85. FimB encodes a 

transcriptional regulator FimA and loss of FimB function results in a loss of FimA 

production313. I examined the deletions of two genes associated with curli formation: 

csgG and csgD. The csgG encodes a protein that controls the stability and secretion of the 
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major curli structural protein curli CsgA and CsgB 90, while csgD encodes a 

transcriptional activator that regulates the expression of the curli operons 95. Therefore, it 

controls the number of curli produced, and thereby offers control over the initial bacterial 

adhesion dynamics. Curli may be involved only during initial adhesion, and then silenced 

as the Cpx and Rcs pathways switch on during biofilm formation314,90. I also examined 

deletions of two major flagellar genes: fliC, which encodes flagellin, the major structural 

component of flagella315,316, and flgE, which encodes the hook connection for the flagella 

protein to the cell body74,315.  Lastly, I examined the deletion mutants of two genes that 

encode enzymes essential for the proper secretion of the LPS: gmhB and rfaH 34,317,318. 

The deletion of both genes has been shown to alter E. coli adhesion34.   
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Table 3.2 E. coli Surface Morphology Surface Structure/Function Characterization 

gene Bacterial Component/function Zeta potential % hydrophobicity 

wildtype  -15.2 ± 0.49 5±0.04 
ΔfimA Fimbriae/ major repeating 

subunit 
-13.8±0.92 10.53 ±0.09# 

ΔfimB Fimbriae/ transcriptional 
regulator of fimA 

-15.7±0.93 2.83 ±5.72# 

ΔfimH Fimbriae/ a minor protein 
component that recognizes 

mannosyl residues 

-16.6±0.25* 5.72 ±0.05 

ΔcsgD Curli/DNA-binding 
transcriptional activator in 2-
component regulatory system 

-15.7±0.8 26.3 ±0.14# 

ΔcsgG Curli/outer-membrane 
lipoprotein required for curli 

subunit secretion 

-20.2±0.64** 9.45 ±0.05# 

ΔFliC Flagella/main structural subunit -16.8±0.72* 10.99 ±0.12# 

ΔFlgE Flagella/connects filament to 
main bacterial body 

-15.4±1.57 3.84±0.03# 

ΔgmhB LPS/enzyme required for LPS-
synthesis 

-15.3±0.35 6±0.09 

ΔrfaH LPS/ core synthesis and O-
antigen attachment 

14.2±0.42 2.82±0.02# 

* P<0.05, ** P<0.001, # P <0.05 
 
 
III.3.i. E. coli Adhesion to Inactivated and Photoactivated GaN Substrates  

To determine the interactions of E. coli surface morphology mutants, I incubated 

Syto9-labeled E. coli cells on irradiated and non-irradiated GaN substrates. I observed a 

reduction of cell-substrate adhesion with wild type E. coli cells on GaN that have been 

photoactivated by UV light (Figure 11).  This result is similar to the interaction of other 

microbes such as the budding yeast Saccharomyces cerevisiae and the Gram-negative 

bacteria Pseudomonas aeruginosa with photoactivated GaN surfaces 207,208.  Whether this 

is due to the physical alteration of the local environment such as a reduction in positive 

charge or due to active response from the bacteria remain unclear.  
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I observed a uniform alteration to the bacterial adhesive behavior on uncharged 

GaN. In some cases, there was a reduction (fimA, fimB, and flgE) in binding compared to 

WT and a lack of response to changes in surface charge. Comparing the adhesion trends 

of the strains on uncharged and charged surfaces, only the WT and ΔfliC strains show a 

significant decrease in the total retention of bacteria. Several other mutants (fimH, csgG, 

csgD, gmhB, rfaH) show the opposite response, an increased binding to charged GaN 

surfaces when compared to WT. There was a 4-fold increase of retention of ΔfimH, 5-

fold of ΔcsgG and a 3-fold increase of ΔgmhB. An overall increase in adhesion of all the 

strains of bacteria was seen when grown on a UV charged surface. FimH encodes an 

essential component of the fimbria that mediates the adhesion strength, as deletions of 

fimH result in bacteria that do not form stable adhesion 319.   

The results shown here support the hypothesis that the phenomenon of persistent 

photoconductivity on charged GaN surfaces would have a direct effect on the ability of 

WT bacteria to adhere. The structural adhesion appendages of the bacteria were shown to 

be involved in the adhesion process as evidenced by the deviation in adhesion by the 

mutants from the WT when placed on charged GaN substrates.   
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Figure 3.1 Adhesion Assay of E. coli Mutants Performed on Charged and Uncharged 
GaN Substrates     

       

III.3.ii. GaN PPC Reduces E. coli Motility 

The WT bacteria showed a great deal of change in their motility depending on the 

charge of the surface: the WT bacteria were immobile on the charged GaN whereas they 

showed regular movement on the uncharged surfaces. 

This has been observed as an interesting aside during studies conducted for using 

photoelectric current as a disinfectant on surfaces. Cells that were identified as “Out of 

plane cellular orientation” (cells standing straight) were indicative of reversible 

attachment320. My preliminary results align with this observation. This property has not 

been studied in detail, but it warrants further investigation especially in the light of 

employing such properties for bioelectronics communication. The alteration of adhesion 
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and the bacterial mobility that arises when the bacteria cell is in contact with a GaN 

surface that has been UV activated is an important observation that supports the use of 

PPC in bioelectronics, because these are clear physiological alterations that are directly 

controlled by the surface condition.. The current working explanation is that the 

orientation of the bacteria feeds highly into its adhesive state, i.e. greater surface area 

contributes to a greater number of adhesive organelles in play.  

A possible explanation could involve the pili. pili are known to control twitching 

and swimming motion86, and these structures are regulated by the proton motive force 

(pmf). Reduction of pmf leads to slower pili action and therefore, slow bacteria. The 

charge generated by the PPC could affect the regulation of charge between the inside and 

outside of the bacteria, thereby halting the process of proton motive force. The abrupt 

halting of bacterial motion was an expected result for the flagellar mutants as it is known 

that flagella are primarily dependent on pmf321. Pmf is important in bacteria due to their 

involvement in pili biogenesis75,322, virulence activity, and locomotion by driving 

bacterial flagellar motility323, cell division324, outer membrane protein transport and 

catabolism325. All these functions make it an indispensable phenomenon when studying 

the electrophysiology of bacteria. When the flagella sense a surface, flagellar motor 

function ceases immediately. Inhibiting flagellar rotation increases the pmf due to the 

non-utilization of the protons generated by the Electron Transport Chain (ETC)312. The 

flagellar deletion mutants behaved as expected. Similarly, the retraction speed and 

motion of pili are controlled by the pmf86.  
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This is concurrent with previously reported data that showed a difference in the 

adhesion behavior of bacteria in response to the polarization of the substrate: increased 

adhesion upon an increase of negative potential to the surface (from -100 to -300mV) 

308,202. The rate of adhesion increases with the application of negative potential and vice-

versa with positive potential202.  

I speculated whether this result was indicative of extracellular electron transfer 

leading to membrane depolarization and further to a decrease in adhesion rate. 

Extracellular electron transfer is a type of mechanosensation18. It is a biochemical process 

where electrons are transferred across the bacterial cell membrane and be induced by the 

Persistent photoconductivity of group III semiconductor materials194. The energy transfer 

could have polarized the cell and therefore created a similar positive charge on the cell 

membrane and the surface. This could have led to the repulsion of the positively charged 

surface and the now polarized and positively charged bacteria. The UV activation may 

also have caused the deletion mutants to open previously covered porins/pathways, 

thereby creating an electron/proton gradient. I decided to test this hypothesis by 

measuring the membrane potential of the E. coli WT as a means of better understanding 

the influence of externally provided electrons upon adhesion.  
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Figure  SEQ Figure \* ARABIC 24 Figure depicts time lapse images taken 
over a period of 5 s. E. coli were deposited on uncharged GaN surfaces and 
visualized through a confocal microscope. The bacteria are seen the move 

out of the frame (top left to bottom right). 

Figure 3.2 Time Lapse of Cellular Motility on Uncharged GaN Substrates over 5 
Minutes 



108 

 

Figure  SEQ Figure \* ARABIC 25 Bacteria grown upon charged GaN substrates do not 
exhibit any movement. Time lapse images were taken over a period of 30 seconds to verify 

this result. 

Figure 3.3 Time Lapse of Cellular Immobility on Charged GaN Substrates over 1 
Minute 
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III.3.iii. Plasma Membrane Potential of E. coli Adhesion in Response to 

Photoactivated GaN Substrates 

To test whether the changes in adhesive behavior of the bacteria when placed on a 

charged photoconductive GaN substrate were due to an imbalance of the proton gradient, 

I quantified changes in bacterial membrane potential. 

To quantify any changes in membrane potential (ΔΨ), I used the ratiometric dye 

DiOC(3) on bacteria exposed to activated and non-activated GaN surfaces.  The DiOC(3) 

dye is sequestered in cells with normal proton motive force (pmf); if the membrane 

potential is altered, there will be a shift from green to red fluorescence326. The ratio of the 

green to red fluorescence was calculated for wild  type E. coli bacteria. Higher 

ratiometric values correspond to lower membrane potential (Ψ). I analyzed whether there 

were any changes in adhesion of the wild  type E. coli bacteria  that  were grown on both 

uncharged and charged GaN surfaces. A radical change in membrane potential was seen 

in the wild  type E. coli bacteria , supporting our hypothesis .  

Studies related to mechanosensation have shown that bacterial adhesion and 

biofilm formation are primarily dependent on cell surface structures: flagella, pili, curli  

86,224,327,328.  To see what effect each has on photoconductive surfaces, I chose deletion 

mutants pertaining to the bacterial cell surface structures (Table 1). Single-gene deletion 

mutants of non-essential genes of E. coli were obtained from the Keio library38. I 

repeated the experiment using the E coli bacteria that were mutants for genes encoding 

the structural and surface coating proteins to determine whether these mutant bacteria 

respond to GaN surfaces in the same way as the wild type.  If mutant E. coli bacteria does 
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not respond as the wildtype bacteria, then we can conclude that the gene encodes a 

protein that is involved in a process or mechanism that is essential for this response. 

I showed that the membrane potentials of all the mutant strains grown on the 

uncharged surfaces were lower than that of the wild type E. coli. This could have been 

due to a depolarization effect. A proton ionophore, Carbonyl Cyanide m-

Chlorophenylhydrazine (CCCP) was used as a positive control to account for this 

possibility; it reduces the membrane potential by dissipating the proton motive force. 

 
 

 

 

 

 

 

 

 

 

 

Figure 3.4 Membrane Potential Assay. The ratiometric dye DiOC(3) was used to 
determine the relative membrane potentials of all the bacterial strains grown on plain 
and UV-irradiated GaN surfaces. Lower relative fluorescence values indicate higher 
membrane potential. The WT bacteria grown upon plain and UV irradiated surfaces 
was significantly different. There is a net increase in the membrane potential after 
exposing the bacteria to UV irradiated GaN surfaces exhibiting PPC. The proton 

ionophore CCCP was used as the positive control to reduce the membrane potential to 
zero. All the data was obtained by ratiometrically profiling images obtained from a 

spinning disc confocal microscope set at 40x magnification.   



111 

 Using the results obtained as baseline membrane potentials for the individual 

strains, I compared their membrane potential to that when grown on the charged surfaces. 

In stark contrast to the ΔΨ of the WT, all the mutant strains showed little to no change in 

membrane potentials upon the comparison of their growth on charged and uncharged 

surfaces. i.e. there was no charge difference between the outside and inside of the cells. 

This disproved the hypothesis that membrane potentials were changed during the process 

of PPC and could be linked directly to a decrease in mobility. The membrane potentials 

of the bacteria that carry deletion mutation in genes encoding proteins that are 

components of surface adhesion structures or cell wall components remained constant 

even in the presence of a charge GaN substrate. Membrane potential is an important 

requirement for bacterial cell division324. Keeping the number of adhered bacteria 

constant on a bioelectronic interface can eliminate any bias caused by bacterial 

reproduction. Since the membrane potential of the wild type E. coli changed in response 

to the UV activation of the GaN substrate, I considered that perhaps membrane potential 

was not the only factor influenced through PPC. It is possible that extracellular electron 

transport pathways 329–332 could have been disrupted by the application of an external 

PPC charge. We have previously shown that bacterial internal processes are disrupted 

when incubated on GaN surfaces that have been activated via UV irradiation by 

quantifying intracellular Ca2+ concentration208. Combining this with the observations 

made in this present study, I conclude that although internal processes were affected by 

the PPC, it did not change the overall membrane potentials. In a different study, it was 

shown that the blocking of voltage and calcium flux altered mechanosensation333. It is not 
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unreasonable to think that perhaps all these bacteria (from their studies and ours, share 

the same mechanism, excluding the possibility of change in membrane potential being 

the sole driving force). The change of the plasma member of the wild type E. coli cell in 

response to GaN activation, but not any of the mutants E. coli, which alter a diverse array 

of structural components in the cell, demonstrates the complexity of maintaining property 

membrane potential, i.e. no single system is responsible for the response. 

The next step was to see whether the charge that forms between the surface of the 

the bacterial cells  and the liquid media could have had anything to do with their reactions 

to the charge. To measure this, I examined the zeta potential of the bacterial cells from 

each of the strains used in this study. To determine how the genetic/structural changes 

influence the surface properties of the E. coli cell, I determined the surface charge (zeta 

potential) and relative hydrophobicity of these cells. I found that only three mutations 

(ΔfimH, Δ csgG, ΔcsgD, and ΔFliC) had significantly altered surface potentials.   

When comparing the values of zeta potential and the adhesion behavior of the 

strains, I noticed a trend. Mutant bacterials cells that had zeta potentials lower than the 

WT exhibited an increase in the adhesion to UV irradiated GaN surfaces. Following the 

trend, I expected to see increased adhesion in all the following strains: ΔfimB, ΔfimH, 

ΔcsgG, ΔcsgD, ΔfliC, ΔflgE, and ΔgmhB. I found that for the most part, only 3 mutations 

(ΔfimH, ΔcsgG, and ΔfliC) exhibited significant changes to their zeta potential when 

compared to wild type E. coli cells. Large zeta potential values indicate a more stable 

dispersion of particles. This change in zeta potential values indicated that the genetic loss 

of the structures from in these mutant cells changed their surface physicochemical 
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properties to foster a greater degree of cell-cell aggregation. ΔfliC and ΔgmhB seemed to 

be the only exceptions to this finding; ΔfliC E. coli had reduced adhesion and  ΔgmhB 

had an increased number of cells on activated GaN surfaces.  The ΔfliC result could mean 

the flagella, which are missing in ΔfliC cells are required for adhesion and for controlling 

surface charge; and that surface charge alone is not sufficient for controlling the binding 

to the GaN surface.  it is also possible that the increased adhesion properties of ΔfimH 

and ΔcsgG were influenced by their inherent tendency to aggregate, as evidenced by their 

zeta potentials (Graph 1 and Table 1). However, this possibility can be disregarded when 

the binding of the ΔfimH and ΔcsgG E. coli cells to charged surfaces was no different 

than uncharged surfaces.  

Another possible explanation of the adhesion variances between wild type E. coli 

cells and the E. coli mutant cells on UV charged GaN surfaces is that chemical moieties 

may have become more accessible due to the deletions. The alteration in the adhesion of 

mutant E. coli may be due to steric attraction/repulsion. Bacteria are inherently negatively 

charged since their outermost layer is made of peptidoglycan, a mixture of carboxyl and 

amine groups and loss of structures like pili or components of the LPS may provide 

access to this charged surface to UV-activated GaN materials.  

The hydrophobicity of these strains was also measured using a standard MATH 

assay. Fimbriae and LPS are required for the co-aggregation of bacteria 334, which was 

corroborated by the data I had obtained. These results suggest that neither zeta potential 

nor hydrophobicity not directly affect bacterial adhesion but may be involved in the 

process by contributing to the roles that the adhesion appendages play.  
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III.3.iv. Catalase Activity 

Organisms under stress produce reactive oxygen species (ROS). ROS are 

generated in the mitochondria in response to environmental disturbances such an attack 

by macrophages. It can cause internal cellular injury. Hydrogen peroxide (H2O2) is 

amongst the most commonly found ROS. The enzymes catalase and superoxide 

dismutase are involved in the cell’s defense mechanism of converting the harmful ROS 

species into inert products. 

To test whether persistent photoconductivity induced a stress response within the 

bacterial cell, I performed an assay to measure ROS activity. I hypothesized that if the 

bacteria were experiencing environmental stress from PPC, there would be an increase in 

the ROS produced within the cell.  

The measurement of catalase can act as an indirect indicator of oxidative stress. 

Catalases are enzymes that catalyze hydrogen peroxide335 decomposition into water and 

oxygen. If the bacterial cell experiences stress when placed on a charged photoconductive 

surface and produces the ROS hydrogen peroxide, it should produce the enzyme catalase 

to catalyze that reaction. Thus, the amount of catalase produced with the cell can be 

correlated to the among of exposure to ROS the higher the catalase activity the greater 

the exposure to ROS. We found that wild type E. coli bacteria demonstrate a robust 

increase in catalase activity when exposed to an activated GaN substrate. Previous work 

has shown that activated GaN produces ROS1. All mutant E. coli used in this study, 

except FimA show enhanced catalase activity, suggesting that all are exposed to greater 

levels of ROS, perhaps produced as defects in their electron transport chain due to their 
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loss of gene function. However, in most cases there is an increase in catalase activity in 

response to the activated GaN surface. This is not true for the bacteria with mutations in 

genes that encode fimbrial FimA which showed a lowered response to activated GaN 

exposure, suggesting that fimbriae are necessary for the ROS response on GaN materials. 

These results also suggest that ROS can be used as activators of certain bacterial 

pathways and that fimbriae are  

The wild type bacteria were found to be more sensitive to persistent 

photoconductivity than the adhesion mutants. Only some of the mutants, ΔfliC, ΔgmhB, 

and ΔrfaH, showed stress responses as measured by quantifying the catalase production. 

There was 11.51% increase in the amount of catalase generated by the Wild Type 

bacteria (See Figure 8). An increase in catalase activity indicates ROS concentration at 

the interface. I repeated this experiment using the bacterial mutants mentioned above. 

ΔfliC, ΔgmhB, and ΔrfaH mutants showed 15.82%, 17.4% and 19.52 % respective 

increases in their catalase production. The ΔgmhB and ΔrfaH mutants do not have key 

components required to produce lipopolysaccharide (LPS)34 and the ΔfliC does not have 

flagella components336.  

I have shown from this assay that their removal causes an increase in catalase 

activity within the cell. The LPS are outer membrane components of Gram-negative 

bacteria primarily involved in triggering an immune response within the cell105. 

Interestingly, both the LPS and flagellin, a key component of flagella, are associated with 

microbe-associated molecular pattern (MAMP), which induce innate immunity within the 

cell337. All the other strains had no significant differences in catalase activity before and 
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after charging the GaN. This non-reactivity is perhaps the most important result of this 

experiment. All the fimbrial mutants, curli mutants, and ΔflgE did not display any 

catalase activity in response to the photoelectric current, implying their importance in 

detecting ROS species on WT. This implies their importance in responding to reactive 

oxygen species present at the interface. The electrical stimulation of semiconductor 

surfaces inevitably produces reactive oxygen species. In hopes of mitigating the toxicity 

of ROS to the bacteria, understanding the role of the extracellular adhesion appendages of 

bacteria and their responses to electrogenic stimulation is important. 

In summary, I found that persistent photoconductivity of GaN semiconductor 

surfaces can be used to influence specific bacterial responses: immobility, inhibition of 

cellular replication and catalase production in the presence of external charges. I also 

determined through our analysis of the adhesion knockouts, that bacterial adhesion can be 

controlled on charged surfaces. While the exact mechanism is not evident from the data I 

have collected thus far, further investigation using double-gene knockouts is bound to 

reveal the mechanisms involved. I suggest that the PPC property of GaN materials can be 

useful in the context of bioelectronics and biosensors, where an external charge elicits 

specific biological responses at the interface. It’s short duration and gradual dissipation 

work in favor of its use in biosensors. components of this response system.  
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Figure 3.5 Catalase Assay. ROS activity as measured through the production of the 
enzyme catalase and table indicating the percentage change of membrane potential 

after charging the GaN surfaces using UV. 
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III.4. Conclusion 

I conducted a preliminary analysis of the effects of persistent photoconductivity 

upon E. coli adhesion mutants in an effort to understand how bacteria can be controlled 

using PPC. The well-characterized GaN Group III semiconductor was used in this 

analysis. UV illuminated GaN substrates had a remarkable effect on wild type E. coli 

bacterial adhesion and motility: there was an increase in the number of adherent bacteria 

and a complete immobilization upon contact with the photoconductive substrate. E. coli 

adhesion mutants were similarly tested and compared to the wild type bacteria.  UV 

charging of the substrate substantially increased the adhesion of the mutants.  I measured 

membrane potentials of all the strains upon both the charged and uncharged surfaces. 

Surprisingly, only the WT showed a significant change in the membrane potential 

indicating that PPC does not affect the chosen bacterial appendages. Additionally, I tested 

to see if PPC would influence the ROS activity of the chosen mutants. A change was seen 

only in the WT, ΔfliC, ΔgmhB and ΔrfaH adhesion mutants demonstrating that these 

particular appendages are important for stress management against PPC. These results 

provide us with evidence proving that bacteria use their adhesion appendages to adjust to 

the presence of PPC. 
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III.5. Supplementary Information 

 

 

 

 

 

 

 

         
 Supplementary Figure 3.1 Adhesion of the E. coli Mutants on Inactivated 
GaN Surfaces (Plain). All the mutants have diminished adhesion compared to the 

WT except for fliC. 
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 Supplementary Figure 3.2 Bacterial Knockout Adhesion onto UV 

Photoactivated GaN Substrates. All the strains show increased adhesion to WT. fimH 
and csgG show the highest numbers.  
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 Supplementary Figure 3.3 Zeta Potential Measurements of the Bacterial 

Strains taken on a Malvern Zeta Sizer. 
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Supplementary Figure 3.4 Gif of Bacteria Moving on the Inactivated GaN Substrate
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CHAPTER IV 

POLYACRYLAMIDE GEL STIFFNESS INFLUENCES THE ADHESION OF 

BACTERIAL MUTANTS 

 
IV.1. Introduction 

Shortly after their discovery, microorganisms were found to be the root source of 

infections and illnesses. Their most extreme form, antibiotic-resistant persister cells exist 

deep within biofilms, which are complex communities of bacteria found at the air-water 

interface2. About 71% of the earth is covered with water and the human body itself is 

composed of 60% water. This offers microorganisms an enormous number of surfaces to 

colonize and propagate. In an effort to eradicate biofilms from medical instruments and 

commercial pipes alike, early researchers studied bacteria in as much excruciating detail 

as possible146. What they failed to notice was the role the substrates played in this 

process. Surface chemistry142,338,339, wettability124,125,129,340, and topography10,131,341 are 

some material properties that have been directly linked to inducing specific bacterial 

responses. Mechanical properties of bacteria control every aspect of their existence108: 

morphology, changing their growth rate and divisibility in response to stressful 

environments. A biological perspective upon how material properties, such as stiffness 

influence the bacterial adhesion could prove invaluable. 
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Material stiffness may affect initial bacterial attachment to surfaces, which is an 

important step in the process of biofilm formation. I predict that if E. coli can sense 

different stiffnesses, then when they are placed on soft, medium and hard substrates, they 

will exhibit a decreasing trend of adhesiveness. Our preliminary experiment demonstrates 

this hypothesis; bacteria do sense change in stiffness of the substrate. The manner in 

which bacteria sense and respond to changes in the stiffness of the substrate, however, is 

unknown. Numerous reports suggest that bacteria use adhesion appendages (pili, curli, 

flagella, and LPS) to sense their environment42,52,342. For instance, it has been reported 

that flagella can sense crevices and nooks in the environment to provide bacteria with a 

sense of direction and orientation301. The flagella stop rotating when it encounters a 

surface and proceeds to activate the pili, which promotes cell-cell adhesion and initial 

biofilm formation87. However, the mechanism of bacterial sensing of mechanical 

properties such as stiffness has not been thoroughly studied. We hypothesize that if 

bacteria use adhesion appendages (pili, curli, flagella, and LPS) to sense this change in 

stiffness, then bacteria lacking functional adhesion appendages will fail to properly sense 

the surface stiffness as shown by a deviation from wild type response. Here, we examine 

the role stiffness plays on influencing initial bacterial adhesion and begin to unravel their 

underlying mechanisms. 
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IV.2. Materials and Methods 

IV.2.i. Bacterial Strains and Growth Conditions 

9 single deletion mutants and the parent strain were chosen from the Keio 

library38- a collection of 3895 single-gene mutants of E. coli BW25113 and obtained 

from the Yale E. coli genetic stock center. The list of strains has been described in Table 

1. The bacterial cells were grown overnight in Lysogeny Broth (LB) media in a shaker 

incubator set to 37°C. The strains arrived as lyophilized powders which were struck upon 

LB agar plates for overnight growth at 37°C.  The mutants were selected as Kanamycin 

resistant colonies. The bacteria were stored at -80°C for long-term storage. For immediate 

use, the bacteria were stored at 4°C for up to 2 weeks and re-plated to a maximum 

subculture of 4. 

 

IV.2.ii. Preparing Polyacrylamide Gels of Different Stiffnesses 

The polyacrylamide hydrogels used in our experiments were prepared using a 

derivative of the protocol by Tse et al343. Briefly, 40% Acrylamide (monomer) was mixed 

with a 2% bis-acrylamide (cross-linker) solution in the volumes mentioned in table 2. The 

appropriate amount of distilled water was added to the tubes to obtain a final volume of 1 

ml. tetramethylethylenediamine (TEMED) was added at a final concentration of 0.2%. 6 

μl of a 20% w/v solution of ammonium persulfate (APS) was added to each tube and the 

solutions were mixed thoroughly. 20 μl of the solution was drop casted between 20x20 

square glass coverslips. The top coverslip was coated with a silanizing agent before use 

to facilitate easy removal. This method of sandwiching the hydrogel between coverslips 
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enabled all the hydrogels to have a uniform thickness. The coverslips were kept in petri 

dishes with the lid on to prevent oxygen exposure. After 20 min, the top coverslip was 

removed, and the gels were ready. The gels were then incubated in water for 10 minutes, 

followed by media to reduce the toxicity of the polyacrylamide gels. 

  
Table 4.1 List of Keio Library E. coli Mutants and their Functions 
 

No Bacterial 
Component 

Role Protein 
Name 

KEIO library 
No. 

function 

1 WT BW 25113    
2 Flagella Filament FliC JW1908-1 main structural subunit 
3 Flagella Hook FlgE JW1063-1 connects filament to main bacterial 

body 
4 Curli  csgD JW1023-1 DNA-binding transcriptional 

activator in 2-component 
regulatory system 

5 Curli  csgG JW1020-1 outer membrane lipoprotein 
required for curli subunit secretion 

6 Pili  fimA JW4277-1 major repeating subunit 
7 Pili  fimB JW4275-1 promoting primarily on/off 

inversion regulator fimA 
8 Pili  fimH JW4283-3 minor component that recognizes 

mannosyl residues present at the 
surface 

9 LPS core rfaH JW3818-1 LPS core synthesis and O-antigen 
attachment 

10 LPS enzyme 
D,D-heptose 

1,7-
biphosphate 
phosphatase 

gmhB JW0196-2 catalyzes 3rd essential step of LPS-
synthesis 
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IV.2.iii. Material Characterization: Determining the Modulus of Elasticity 

To determine Young’s modulus, a proportionately higher volume (5 ml) was 

poured into a 3D printed dog bone shape made according to ASTM standards344 for 

plastic 1. They were then covered with a glass plate and allowed to polymerize for 20 

minutes. All the hydrogels were made at room temperature. The Young’s modulus was 

then measured using an Instron. The values we obtained have been displayed in Table 2. 

Tension tests were performed at room temperature according to the ASTM D-638 03 at a 

crosshead speed of 10 mm/min and gauge length 33.52 mm using an Instron 3384. 

 
Table 4.2 Compositions of Soft, Medium and Hard Hydrogels to Make 1 ml of 
Polyacrylamide Gel Solution. 2 μl TEMED (catalyst) and 6 μl APS (polymerizing 
agent) were added to polymerize the gels. To make 10 ml, add the proportionate 
amounts (shown below) in ml instead of μl. 
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Figure 4.1 Dog Bone Structure for Type III Plastic as Shown in the ASTM344. A 3D 

printed mold was cast in these dimensions to mold the gels into the appropriate shape 
for tensile testing.   
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IV.2.iv. Adhesion Assay 

 A standard bacterial adhesion assay was performed on a Zeiss inverted spinning 

disc confocal microscope. Bacterial cells were grown overnight in a shaker incubator at 

37°C. 100 µl of the overnight culture of bacterial cells were incubated with SYTO9 in the 

dark at room temperature (~23°C) for 20 minutes and brought up to a final volume of 1ml 

using PBS. 200 μl of this culture was drop cast onto a polyacrylamide gel-covered glass 

coverslip. The gels were then dipped into a small water bath to wash off non-adherent 

cells. The number of bacterial cells was counted per FOV at 40x magnification on the 

confocal microscope. At least 10 images were taken per sample with three experimental 

repetitions. 

 

IV.2.v. Statistical Analysis 

 The data was run through a one-way ANOVA analysis prior to performing 

standard t-tests. 

 

IV.3. Results 

IV.3.i. Wild Type Bacteria 

 The Young’s modulus is measured as a ratio of the stress of a material against the 

strain it experiences. It is the relationship between the deformation of a material and the 

force required to deform it. The Young’s moduli of the soft, medium and hard 

polyacrylamide hydrogels were 17.32 kPa, 28.9 kPa, and 1547.69 kPa respectively.  
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Figure 4.2 Wild Type E. coli Cell Adhesion on Soft, Medium and Hard Hydrogels. 

The wild type (WT) E. coli strain was grown in LB media and incubated for 5 

minutes on polyacrylamide hydrogels of different stiffnesses (figure 38 confocal images). 

The direct counting method on the AxioVision 4.8 software was used to determine the 

total number of attached cells. The average attachment of wild type E. coli bacteria was 

50 ± 32.8, 17 ± 5.09 and 6 ± 3.49 cells/cm2 on the soft, medium and hard polyacrylamide 

hydrogels respectively. There is a clear marked decrease in the total number of cells 

attached to each polyacrylamide gel with increasing stiffness. Our findings support our 

initial hypothesis that material stiffness influences bacterial attachment. To show that 

bacterial viability was not affected by the chemical composition of the material i.e. the 

monomer, cross-linker, TEMED or APS (p <0.05) a one-way ANOVA analysis was 

performed, confirming that change in the bacterial behavior was not due to the chemistry 

of the surfaces.  
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IV.3.ii. Adhesion Trends Based on the Adhesive Activity of the Deletion Mutants 

IV.3.ii.A. Adhesion Trends for Fimbrial Mutants 

Three fimbrial deletion mutants, ΔfimA, ΔfimB, and ΔfimH were chosen for this 

experiment. Fimbriae, also known as pili, are small, thin proteinaceous filaments present 

on the outermost layer of bacteria. These structures are built from pilin subunits. FimA 

and FimH subunits are necessary for the assembly of the pili346. FimA is the main 

structural subunit building the pilus rod and FimB is a regulatory protein that controls the 

function of FimA. The FimH subunit is an adhesin, present at the distal tip of the 

fimbriae37.  

 

 

 

 

 

 

 

 

 

 

           
 Figure 4.3 Adhesion Assay of Fimbrial Deletion Mutants. fimA, fimB and 

fimH, on Soft, Medium and Hard Polyacrylamide Hydrogels. 
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 ΔfimA and ΔfimB followed the same adhesive trend: lowest bacterial adhesion on 

the soft surface followed by the hard surface and then the medium PA surface retaining 

the greatest number of bacteria. Although the average cell counts per stiffness were 

different for ΔfimA and ΔfimB mutants, they were in the same range (between 12 and 30 

cells). ΔfimH mutants adhered the most on the soft and hard surfaces with no significant 

difference. The medium polyacrylamide gel retained the fewest number of ΔfimH cells. 

As fimB directly regulates the production of fimA, our result was in line with our 

expectations. Mutations in fimA have been reported to have an effect on fimH 

expression346 and could possibly explain the variances in adhesive performance.  

 

IV.3.ii.B. Adhesion Trends for Curli Mutants 

Curli are extracellular fibers present on the cell wall of some Gram-negative 

bacteria. They are involved in cell-cell and cell-substrate aggregation. Curli promote 

community behavior within a biofilm and are found abundantly in the biofilm 

matrix97,347. Curli are produced by a delicate machinery of proteins composed of the outer 

membrane protein CsgG and the accessory proteins CsgE and CsgF347,348. The CsgD 

protein regulates the function of CsgG, thereby influencing curli synthesis92,100,349. 

ΔcsgG mutants adhered to the medium surface the most while ΔcsgD mutants 

preferred adhesion to the soft gel. The adhesion levels of the ΔcsgG for soft and hard 

hydrogels were roughly the same, between 7 and 28 cells/FOV. The ΔcsgD cells on the 

medium and hard polyacrylamide gels were also roughly the same, between 5-29 cells/ 

FOV. The use of ΔcsgG and ΔcsgD knockouts has revealed the importance of curli in 
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adhesion. ΔcsgD mutants, which are responsible for controlling the synthesis of the CsgG 

subunit, adhered to the soft hydrogels in greater numbers than any of the other mutants. 

This result implies that although CsgD is required to produce major subunit CsgG, the 

bacterial cell must use other methods to compensate for its loss. 

 

Figure 4.4 Adhesion Assay of Curli Deletion Mutants. csgG and csgD, on Soft, 
Medium and Hard Polyacrylamide Hydrogels. 

 

IV.3.ii.C. Adhesion Trends for Flagellar Mutants 

The bacterial flagella are slender tail-like bacterial appendages that allow 

movement in bacteria307. The flagellar structure comprises a basal body, a hook, and 

hook-filament proteins. We chose the flagellar mutant ΔflgE for its role in synthesizing 

the hook which serves as an anchor for the assembly of the other flagellar assembly 

proteins. ΔfliC was chosen as it is the knockout of the bacterium that does not have the 

machinery to produce the fliC subunits of the filament. We hypothesized that removal of 

the genes that encode for the basal assembly and filament assembly would decrease 

Figure  SEQ Figure \* ARABIC 31 Adhesion 
Assay: Curli mutants grown on soft, medium and 

hard polyacrylamide substrates. 
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overall adhesion. The ΔfliC mutants adhered the least onto the medium surface. It showed 

a high degree of adhesion (~55/ FOV) on the soft polyacrylamide hydrogel and hard 

hydrogels (~45 cells/FOV). The ΔflgE mutants adhered mostly to the soft surface, 

followed by the medium and hard hydrogels. The ΔflgE mutants were the only ones to 

show a similar trend of decreasing adhesion to the WT. Its function has been directly 

related to the flagellar motor function and assembly350. 

As both the mutants regulate the movement of the bacteria, we had predicted that 

their loss would result in increased adhesion at a single location. This was, in fact, what 

we saw (as represented in fig 5).  

 

 

 

 

 

 

 

 

 

Figure 4.5 Adhesion Assay of Flagellar Deletion Mutants. fliC and flgE, on Soft, 
Medium and Hard Polyacrylamide Hydrogels. 
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IV.3.ii.D. Adhesion Trends for LPS Mutants 

The lipopolysaccharide layer is the outermost layer of Gram-negative bacteria. It 

is a protective barrier that can alter its shape to accommodate changes. It is composed of 

a lipid layer, O-antigen, and polysaccharide. We chose the deletion mutant ΔgmhB since 

it is a knockout of the LPS biosynthetic enzyme D-R,β-D-Heptose-1,7-bisphosphate 

Phosphatase (GmhB)34,317. ΔrfaH was chosen since it is a knockout of the transcription 

factor rfaH, which is involved in RNA synthesis34,105.  

The ΔgmhB mutants adhered to the polyacrylamide hydrogels in the following 

order (from greatest to least): medium, soft and then hard. The number of bacteria on the 

hard gel was markedly low (~7 cells/FOV). The bacteria on the medium surface adhered 

in very high numbers (~45 cells/FOV). ΔrfaH mutants adhered from greatest to least in 

the following order: soft, hard and then medium. 

FFFFFF         
 Figure 4.6 Adhesion Assay of LPS Deletion Mutants. gmhB and rfaH, on Soft, 

Medium and Hard Polyacrylamide Hydrogels. 
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IV.3.iii. Overall Comparison of Bacterial Adhesion 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.7 Adhesion Assay of E. coli Mutants on Soft, Medium and Hard 
Polyacrylamide Hydrogels. 

Qqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqqq    
           

 When the adhesion patterns were compared overall, we noticed the following:  

Soft > medium > hard: WT and ΔflgE 

Medium > soft > hard: ΔfimA, ΔfimB, ΔcsgG and ΔgmhB 

Soft > hard > medium: ΔfimH, ΔcsgD, ΔfliC and ΔrfaH  
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IV.3.iv. Comparison of Bacterial Adhesion Based on the Stiffness of the Substrate 

 To study the adhesion depicted in the figure above, we simplified the analysis by 

separating adhesion trends based on the stiffness of the substrate.  

 

IV.3.iv.A. Comparison of the Adhesion of the Mutant Bacterial Strains to the WT 

on the Soft Surfaces (17 kPa)  

The soft hydrogels retained more ΔcsgD bacteria than all the other strains, with 

adhesion values similar to WT. The adhesive behavior of all the other strains was lower 

than the WT. The soft surfaces retained ΔfimA the least, followed by ΔfimB. The ΔfimA 

and ΔfimB mutants had low average counts that were statistically significant when 

compared to the WT (p<0.05). This could indicate the role of fimbriae during the initial 

adhesion of E. coli onto soft polyacrylamide hydrogel surfaces.   
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Jfkdghzn          
 Figure 4.8 Adhesion Trends on Soft Polyacrylamide Hydrogels.   
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IV.3.iv.B. Comparison of the Adhesion of the Mutant Bacterial Strains to the WT on 

the Medium Surfaces (29 kPa) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Lfjkxbnmvlkfnxb         
 Figure 4.9 Adhesion Trends on Medium Polyacrylamide Hydrogels. 
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IV.3.iv.C. Comparison of the Adhesion of the Mutant Bacterial Strains to the WT 

on the Hard Surfaces (1547 kPa) 

The adhesion values of the bacterial strains grown on the medium-stiff hydrogels 

were mostly in the same range (between 10 – 30 cells/FOV). ΔfliC, ΔflgE, and ΔrfaH 

mutants showed lower adhesion levels on medium-stiff surfaces than the WT. ΔfimA, 

ΔcsgG, and ΔgmhB displayed increased adhesion levels. ΔfimB, ΔfimH, and ΔcsgD did 

not have statistically different adhesion values to the WT. The low adhesive levels of 

ΔfliC and ΔflgE are noteworthy here; their low values could indicate that the cells are 

mobile on the medium stiffness surface. 

Wild type, ΔflgE, and ΔgmhB E. coli bacteria all adhered in very small numbers 

onto the hard hydrogels. The greatest number of cells growing on hard hydrogels was 

seen on ΔfliC. It is interesting to note the contrasting adhesion levels between ΔfliC and 

ΔflgE, both of which are involved in the process of forming flagella. We were unable to 

discern any patterns based on this global analysis. 

In summary, E. coli BW25113 parent strains preferred to adhere to soft surfaces, 

followed by medium and hard surfaces. All the genetic knockout strains exhibited similar 

levels of adhesion on surfaces of all stiffnesses except for ΔcsgD, ΔfliC, and ΔgmhB. The 

fewest number of bacterial cells were found on the hard hydrogels; specifically, the wild 

type, ΔflgE, and ΔgmhB.  
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YJHGFB          
Figure 4.10 Adhesion Trends on Hard Polyacrylamide Hydrogels.  
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IV.4. Discussion 

The effect of material properties such as topography, roughness, surface 

chemistry, and hydrophobicity have been studied in great detail. The effects of stiffness, 

however, are less understood.  A study conducted by Lichter et al297 noting the adhesion 

trends of Escherichia coli and Staphylococcus epidermis on polyelectrolyte multilayer 

films showed the same trend of bacterial adhesion that we noticed: bacteria adhere more 

to softer substrates. More recently, this same trend was reported by Song et al, who 

performed a similar analysis on PDMS substrates of different stiffnesses222 (See Table in 

Figure 38, Figure 38B). In stark contrast to these observations, Kolawe et al reported an 

increase in bacterial adhesion with increase in the stiffness of PEGDMA and agar gels220 

(see Table in figure 38 and Figure 38C). Both Song and Kolawe performed tests using 

Escherichia coli bacteria. Song repeated his experiments with Pseudomonas aeruginosa 

and confirmed that the increase in stiffness of the PDMS gels results in a decrease in 

bacterial adhesion. Kolewe also repeated his experiments, this time with Staphylococcus 

aureus and reconfirmed his observations of less adhesion on softer hydrogels220. 

Differences in experimental procedures could possibly explain these differences. For 

example, the thickness and stiffness of hydrogels have also been reported to influence 

bacterial adhesion223. The comparison of our results to that of Song’s and Kolewe’s has 

been shown in the table of figure 38. These results are different from ours, but one must 

consider the following: the order of magnitude for all the experiments was vastly 

different, along with the material chosen and the thickness of the substrates. It is possible 

that some or one of these features influenced bacterial adhesion. We recommend the 
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standardization of a protocol to study the individual effects of material properties on 

bacteria.  
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 Figure 4.11 Background of Material Stiffness and its Effects on Bacteria. A: 
Adhesion assay performed in this paper: Comparison of the number of WT E. coli 

BW25113 cells on polyacrylamide gels of varied stiffnesses. B. As reported by Song et 
al. on PDMS substrate: decrease in adhesion with an increase in stiffness C. As 

reported by Kolawe et al on PEGDMA and agar substrates: increase in adhesion with 
an increase in stiffness. All stiffness data have been compared in the adjoining table. 
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In this study, I created adhesion profiles for 9 E. coli adhesion mutants and their 

parent wild type strain. Our preliminary results regarding the adhesion of the wild type  

E. coli  strain align with other similar studies: increased bacterial retention upon softer 

hydrogels. We chose polyacrylamide gels in this study as a tunable substrate to study the 

effects of stiffness upon bacterial adhesion. We varied the amounts of the monomer 

acrylamide and cross-linker bis-acrylamide as described by a protocol by Tse et al. 

Polyacrylamide is essentially uncharged and since all the gels were made from the same 

materials, we mitigated the effects of electrostatic forces. A dynamic mechanical analysis 

was then performed to ascertain Young’s modulus of the surfaces. In this test, the 

material is stretched between two heavy loads until it reaches its breaking point. 

Hydrogels of three different stiffnesses were obtained in this manner. A simple analysis 

of the hydrogels’ hydrophobicity indicated that all the surfaces were superhydrophobic. 

We performed a live/dead cell assay (not shown) which confirmed that the cells did not 

die during this adhesion process. All the adhesion assays were performed within 5 

minutes of adding the bacteria to the substrates, enabling us to visualize and quantify the 

early adhesion process of biofilm formation.  

After our initial assay confirmed that stiffness affected bacterial adhesion of the 

wild type bacteria (E. coli BW25113), we chose adhesion deletion mutants for further 

assays to see if the deletion of key surface appendages influenced bacterial adhesion. We 

found that this was the case, although no patterns were immediately identifiable. A one-

way ANOVA analysis confirmed that the datasets were significantly different (p<<0.05). 

We determined that the datasets were too large for global analysis and that a stepwise 
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analysis would be a better option at this initial stage. The adhesive activity of the bacteria 

was categorized based on their class (i.e. flagella, pili, etc) and based on the collective 

response of the mutants to the different stiffnesses. 

The mutant strains of E. coli that we employed did not exhibit the same 

decreasing trend in adhesion as the wild type bacteria, except for ΔflgE. This suggests 

that bacteria find ways to adapt to external stresses even when physically limited. This 

leads us to believe that multiple signaling pathways must be at work. The response of the 

mutants, except for ΔflgE, to the change in stiffnesses was vastly different from that of 

the wild type bacteria, lending support to our hypothesis that bacteria use adhesion 

appendages to sense the stiffness of the surfaces they encounter. For the most part, there 

were different responses by the mutants of the same class. For example, the adhesive 

patterns of ΔfimA and ΔfimB in contrast to ΔfimH. Such non-homogenous responses 

support the notion that the bacteria adapt quickly and find alternative ways to survive 

whichever environmental stress they have been subjected to.  

The response of the fimbrial mutants and the flagellar mutants warrants extra 

attention. There is an increasing dependency on both the pili and flagella on these 

surfaces. The increase in flagellar activity could indicate a need for locomotion and an 

increase in the pili activity points to increased cellular activity. If the stiffness is 

desirable, the bacteria cease their flagellar motion and start growing biofilm. As pili are 

responsible for cell-cell adhesion and communication, we posit that this activity points to 

an increase in initial attachment required for biofilm formation. The softer surfaces were 
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more conducive to fimbrial activity than the harder surfaces. In summary, pili and 

fimbriae are important during the initial mechanosensation process. 

It is interesting to note that as the modulus of elasticity of the substrates increased, 

more appendage mutants seem to be involved in surface sensing. It could be that the 

E.coli put increasing amounts of effort during their contact with the increase in stiffness 

of the surfaces.  We can surmise that bacteria do use adhesion appendages to sense the 

stiffness of the surface but that single bacterial appendages/knockouts are not solely 

responsible for mechanosensation of the stiffness of surfaces. We infer that 

mechanosensation of stiffness relies on a combination of factors, some of which may 

even be chemical in nature. As a part of our ongoing work, we are looking to identify 

these factors using mutants and double mutants of important genes. It will be interesting 

to test whether the stiffness of the bacterial membrane also shifts in relation to the 

substrate they encounter. We also predict that these bacteria secrete different ECM 

components depending on the stiffness of the surface. These are part of our ongoing 

studies. 
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IV.5. Supplementary Information 

Supplementary Table 4.1 ANOVA: Single Factor Analysis for Wild Type Bacteria 

SUMMARY       
Groups Count Sum Average Variance std error  

Soft 30 1519 50.63333 8681.206 17.01098  
       
medium 30 531 17.7 24.35517 0.901021  
       
hard 30 183 6.1 12.16207 0.636712  
       
       
ANOVA       

Source of Variation SS df MS F P-value F crit 
Between Groups 32023.82 4 8005.956 2.691727 0.036345 2.479015 
Within Groups 252814 85 2974.282    
       
Total 284837.8 89         
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Supplementary Table 4.2 t-test: fimA 

  

t-Test: Two-Sample Assuming Unequal Variances 
   

  soft fimA medium fimA 
Mean 12.2 26.73333 
Variance 39.75172 487.1678 
Observations 30 30 
df 34  
t Stat -3.4678  
P(T<=t) one-tail 0.000722  
t Critical one-tail 1.690924  
P(T<=t) two-tail 0.001443  
t Critical two-tail 2.032245   

  soft fimA hard fimA 
Mean 12.2 17 
Variance 39.75172 109.1034 
Observations 30 30 
df 48  
t Stat -2.15486  
P(T<=t) one-tail 0.018109  
t Critical one-tail 1.677224  
P(T<=t) two-tail 0.036219  
t Critical two-tail 2.010635   
   

  medium fimA hard fimA 
Mean 26.73333 17 
Variance 487.1678 109.1034 
Observations 30 30 
df 41  
t Stat 2.183234  
P(T<=t) one-tail 0.017399  
t Critical one-tail 1.682878  
P(T<=t) two-tail 0.034798  
t Critical two-tail 2.019541   
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Supplementary Table 4.3 t-test: fimB 
 

t-Test: Two-Sample Assuming Unequal Variances 
   

  soft fimB medium fimB 
Mean 14.43333333 23.46666667 
Variance 228.254023 315.6367816 
Observations 30 30 
df 57  
t Stat -2.121547723  
P(T<=t) one-tail 0.019117933  
t Critical one-tail 1.672028888  
P(T<=t) two-tail 0.038235865  
t Critical two-tail 2.002465459   

  soft fimB hard fimB 
Mean 14.43333 16.6 
Variance 228.254 67.48966 
Observations 30 30 
df 45  
t Stat -0.69007  
P(T<=t) one-tail 0.246846  
t Critical one-tail 1.679427  
P(T<=t) two-tail 0.493692  
t Critical two-tail 2.014103   
   

  medium fimB hard fimB 
Mean 23.46666667 16.6 
Variance 315.6367816 67.48966 
Observations 30 30 
df 41  
t Stat 1.921478515  
P(T<=t) one-tail 0.030820788  
t Critical one-tail 1.682878002  
P(T<=t) two-tail 0.061641575  
t Critical two-tail 2.01954097   
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Supplementary Table 4.4 t-test: fimH 
 

t-Test: Two-Sample Assuming Unequal Variances 
  

  soft fimH medium fimH 
Mean 23.73333333 16.96666667 
Variance 156.5471264 123.4816092 
Observations 30 30 
df 57  
t Stat 2.214797939  
P(T<=t) one-tail 0.015393283  
t Critical one-tail 1.672028888  
P(T<=t) two-tail 0.030786565  
t Critical two-tail 2.002465459   

  soft fimH hard fimH 
Mean 23.73333 23.06667 
Variance 156.5471 94.82299 
Observations 30 30 
df 55  
t Stat 0.23031  
P(T<=t) one-tail 0.409353  
t Critical one-tail 1.673034  
P(T<=t) two-tail 0.818705  
t Critical two-tail 2.004045   
   

  medium fimH hard fimH 
Mean 16.96666667 23.06667 
Variance 123.4816092 94.82299 
Observations 30 30 
df 57  
t Stat -2.261304365  
P(T<=t) one-tail 0.013786827  
t Critical one-tail 1.672028888  
P(T<=t) two-tail 0.027573655  
t Critical two-tail 2.002465459   
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Supplementary Table 4.5 t-test: csgG 
 

t-Test: Two-Sample Assuming Unequal Variances 
   

  soft csgG medium csgG 
Mean 19.1 27.9 
Variance 84.36897 150.9206897 
Observations 30 30 
df 54  
t Stat -3.14226  
P(T<=t) one-tail 0.001361  
t Critical one-tail 1.673565  
P(T<=t) two-tail 0.002721  
t Critical two-tail 2.004879   

  soft csgG hard csgG 
Mean 19.1 16.7 
Variance 84.36897 99.73448 
Observations 30 30 
df 58  
t Stat 0.968815  
P(T<=t) one-tail 0.16833  
t Critical one-tail 1.671553  
P(T<=t) two-tail 0.33666  
t Critical two-tail 2.001717   
   

  medium csgG hard csgG 
Mean 27.9 16.7 
Variance 150.9206897 99.73448 
Observations 30 30 
df 56  
t Stat 3.874719912  
P(T<=t) one-tail 0.000141091  
t Critical one-tail 1.672522303  
P(T<=t) two-tail 0.000282182  
t Critical two-tail 2.003240719   

  



152 

Supplementary Table 4.6 t-test: csgD 
 

t-Test: Two-Sample Assuming Unequal Variances 
   

  soft csgD medium csgD 
Mean 57.73333 16.16667 
Variance 962.3402 112.8333 
Observations 30 30 
df 36  
t Stat 6.94331  
P(T<=t) one-tail 1.95E-08  
t Critical one-tail 1.688298  
P(T<=t) two-tail 3.9E-08  
t Critical two-tail 2.028094   

  soft csgD hard csgD 
Mean 57.73333 17.9 
Variance 962.3402 102.369 
Observations 30 30 
t Stat 6.686391  
P(T<=t) one-tail 4.87E-08  
t Critical one-tail 1.689572  
P(T<=t) two-tail 9.74E-08  
t Critical two-tail 2.030108   
   

  medium csgD hard csgD 
Mean 16.16667 17.9 
Variance 112.8333 102.369 
Observations 30 30 
df 58  
t Stat -0.64717  
P(T<=t) one-tail 0.260037  
t Critical one-tail 1.671553  
P(T<=t) two-tail 0.520074  
t Critical two-tail 2.001717   
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Supplementary Table 4.7 t-test: fliC 
 

t-Test: Two-Sample Assuming Unequal Variances 
   

  soft fliC medium fliC 
Mean 38.83333 9.933333 
Variance 323.7989 33.71954 
Observations 30 30 
df 35  
t Stat 8.371616  
P(T<=t) one-tail 3.57E-10  
t Critical one-tail 1.689572  
P(T<=t) two-tail 7.13E-10  
t Critical two-tail 2.030108   

  soft fliC hard fliC 
Mean 38.83333 32.73333 
Variance 323.7989 138.1333 
Observations 30 30 
df 50  
t Stat 1.554538  
P(T<=t) one-tail 0.063182  
t Critical one-tail 1.675905  
P(T<=t) two-tail 0.126364  
t Critical two-tail 2.008559   

  medium fliC hard fliC 
Mean 9.933333 32.73333 
Variance 33.71954 138.1333 
Observations 30 30 
df 42  
t Stat -9.52614  
P(T<=t) one-tail 2.34E-12  
t Critical one-tail 1.681952  
P(T<=t) two-tail 4.68E-12  
t Critical two-tail 2.018082   
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Supplementary Table 4.8 t-test: flgE 
 

t-Test: Two-Sample Assuming Unequal Variances 
   

  soft flgE medium flgE 
Mean 21.16667 10.63333 
Variance 157.6609 71.13678 
Observations 30 30 
df 51  
t Stat 3.814175  
P(T<=t) one-tail 0.000185  
t Critical one-tail 1.675285  
P(T<=t) two-tail 0.00037  
t Critical two-tail 2.007584   

  soft flgE hard flgE 
Mean 21.16667 7.166667 
Variance 157.6609 9.316092 
Observations 30 30 
df 32  
t Stat 5.934175  
P(T<=t) one-tail 6.57E-07  
t Critical one-tail 1.693889  
P(T<=t) two-tail 1.31E-06  
t Critical two-tail 2.036933   
   

  medium flgE hard flgE 
Mean 10.63333333 7.166667 
Variance 71.13678161 9.316092 
Observations 30 30 
df 36  
t Stat 2.116907744  
P(T<=t) one-tail 0.020622902  
t Critical one-tail 1.688297714  
P(T<=t) two-tail 0.041245805  
t Critical two-tail 2.028094001   
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Supplementary Table 4.9 t-test: gmhB 
 

t-Test: Two-Sample Assuming Unequal Variances 
   

  soft gmhB medium gmhB 
Mean 18.66667 40.83333 
Variance 86.43678 272.0057 
Observations 30 30 
df 46  
t Stat -6.41285  
P(T<=t) one-tail 3.47E-08  
t Critical one-tail 1.67866  
P(T<=t) two-tail 6.95E-08  
t Critical two-tail 2.012896   

  soft gmhB hard gmhB 
Mean 18.66667 7.766667 
Variance 86.43678 19.84023 
Observations 30 30 
df 42  
t Stat 5.791185  
P(T<=t) one-tail 3.96E-07  
t Critical one-tail 1.681952  
P(T<=t) two-tail 7.93E-07  
t Critical two-tail 2.018082   

  medium gmhB hard gmhB 
Mean 40.83333 7.766667 
Variance 272.0057 19.84023 
Observations 30 30 
df 33  
t Stat 10.60167  
P(T<=t) one-tail 1.84E-12  
t Critical one-tail 1.69236  
P(T<=t) two-tail 3.67E-12  
t Critical two-tail 2.034515   
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Supplementary Table 4.10 t-test: rfaH 
 

t-Test: Two-Sample Assuming Unequal Variances 
   

  soft rfaH medium rfaH 
Variance 145.4034483 24.17126437 
Observations 30 30 
df 38  
t Stat 5.860505927  
P(T<=t) one-tail 4.42269E-07  
t Critical one-tail 1.68595446  
P(T<=t) two-tail 8.84537E-07  
t Critical two-tail 2.024394164   

  soft rfaH hard rfaH 
Mean 26.9 21.2 
Variance 145.4034483 100.1655172 
Observations 30 30 
df 56  
t Stat 1.992272511  
P(T<=t) one-tail 0.025612367  
t Critical one-tail 1.672522303  
P(T<=t) two-tail 0.051224733  
t Critical two-tail 2.003240719   
   

  medium rfaH hard rfaH 
Mean 12.96666667 21.2 
Variance 24.17126437 100.1655172 
Observations 30 30 
df 42  
t Stat -4.044236226  
P(T<=t) one-tail 0.000109862  
t Critical one-tail 1.681952357  
P(T<=t) two-tail 0.000219723  
t Critical two-tail 2.018081703   
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CHAPTER V 

CONCLUSION AND FUTURE PERSPECTIVES 

 
V.1. Conclusions 
 

In this thesis, we peruse the effects of three material properties, nanotopographies, 

persistent photoconductivity and stiffness upon E. coli bacteria. The data we collected 

supports the overarching hypothesis that bacteria detect substrate changes through 

mechanosensation and adapt to these changes in a physiological manner. The model 

organism, Escherichia coli was chosen for this work due to its genetic accessibility. It is 

the most studied and well-understood organism on this planet with a fully sequenced 

genome. E. coli is a Gram-negative bacterium commonly found in the gut but has the 

capability of surviving outside the body. Aside from having a fully sequenced genome, 

its rapid rate of reproduction and ability to survive in variable growth conditions makes it 

an ideal candidate for study.  

In Chapter 2, we investigated how changing the nanotopographies of seven 

polymeric materials would affect early bacterial adhesion and physiology. The polymeric 

surfaces (all started as flat materials) were altered through an oxygen plasma etch process 

to produce the following patterns: tent, crater, popcorn, and grass. We hypothesized that 

these topographical features would delay the formation of biofilm by preventing proper 

deposition (conditioning phase of biofilm formation), cell viability and adhesiveness. The 

changes in bacterial adhesive behavior and viability could not be related directly to 
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specific topographical patterns. We analyzed other factors that could be influencing the 

changes. Material composition was shown to play a vital role and statistical analyses 

revealed that contact angle (hydrophobicity) does not influence the adhesion of bacteria 

onto the nanostructured polymers. We determined that bacterial adhesion is not 

influenced by a single surface property and is instead a product of multiple material 

properties working in concert with each other. Further analyses at the 24 h time point 

revealed that bacteria overcome the obstacles provided by the change in topographical 

patterns and form a robust biofilm. 

In chapter 3, we analyzed how the unique phenomenon, persistent 

photoconductivity effect of Group III semiconductors, affects the mechanosensation of 

bacteria. To do this, we used nine single-deletion mutants of E. coli BW25113 obtained 

from the Keio collection. The mutants were selected based on their importance to 

mechanosensation: pili (fimA, fimB, fimH), curli (csgG, csgD), flagella (fliC, flgE) and 

LPS (gmhB, rfaH). Non-functionalized GaN, a previously characterized Group III 

semiconductor that exhibits persistent photoconductivity upon UV illumination, was used 

as a substrate for these tests. We hypothesized that charged photoconductive substrates 

would have a direct effect on bacterial adhesion and that by using the single-deletion 

mutants, we would be able to systematically elucidate the contribution of the structural 

elements. We showed that charged GaN substrates inhibited bacterial motility and 

immobilized all the strains. The use of the genetic knockouts revealed the relative 

importance of fimbriae in bacterial mechanosensation upon charged GaN. Analysis of the 

catalase activity within the mutants revealed the importance of the fimbriae, curli and the 
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flgE genes in sensing reactive oxygen species. We predicted that the membrane potential 

of the bacteria was responsible for the immobilization of the bacteria. However, our 

hypothesis was not supported as we found no change in membrane potential activity of 

the mutant strains. The findings of this preliminary research take us one step closer to 

developing a generalized model regarding the pathways involved in mechanosensation of 

PPC. We visualize this information being used to develop the next generation of 

bioelectronics, with bacteria as the living computer system that transmits encoded 

information. It would be interesting to analyze any quorum sensing molecules secreted by 

the bacteria on the photoconductive surface. We predict that molecules such as flavin 

may be involved in transmitting extracellular signals to communicate with other bacteria 

not directly in contact with the UV activated surface. It would also be of interest to see if 

electrically stimulated surfaces also induce a similar response in bacteria or if our 

observations are limited to persistent photoconductivity effects.  

In chapter 4, we investigated the role stiffness of a substrate plays upon bacterial 

adhesion. The adhesive roles of WT E. coli and 9 of its isogenic mutants were compared 

on soft, medium and hard fabricated polyacrylamide substrates. We hypothesized that 

bacteria lacking functional appendages would fail to sense the stiffness of the substrate as 

evidenced by its deviation from the WT response. We have only just begun 

understanding the role-specific bacterial appendages play in sensing change in stiffness 

of the substrate. The pathways used by bacteria to sense and respond to changes in the 

stiffness of the substrate is still unknown. We expect further genetic analyses to lend us 

more information. To further understand how stiffness affects bacterial 
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mechanosensation, we propose microfluidic experiments utilizing shear flow as a factor 

that would both affect such environmental sensing and provide a more realistic model. It 

would also be helpful to generalize the parameters for the studies, thereby bringing 

researchers to the same level playing field enabling comparison and critique of work.  

This research provides a basic framework to expand upon for genetic analyses of 

the bacterial responses. It remains to be understood how these genes play a role in 

mechanosensation. 

 

V.2. Future Perspectives 

V.2.i. Initial Conditioning 

Bacteria release proteins when in the media as a part of the initial conditioning, to 

make the environment more suitable for inhabitation It would be productive to analyze 

the protein deposition phase of surface conditioning different nanotopographical surface. 

We hypothesize that the material composition, nanostructure and exposed functional 

groups influence will protein deposition. 

 

V.2.ii. Cell-cell Communication Between Bacteria 

We propose to measure quorum sensing molecules secreted by the bacteria to 

provide us insight into cell-cell communication. What kind of molecules are released by 

the bacteria when they interact with these surfaces? We recommend measuring flavin and 

peptide release, which can also be used as analytes in biosensing applications. Certain 

peptoids have been known to prevent biofilms and flavins have recently been shown to be 
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important for cell-cell communication between bacteria (even if they are in different 

biofilms). 

We further recommend co-culture studies (more than one kind of bacteria in the 

culture). An analysis of whether PPC promotes or inhibits commensal growth would be 

interesting. (For example, C. albicans and MRSA have a unique relationship) 

 

V.2.iii. Analyses Under Flow Conditions 

Analysis of bacterial adhesion and deposition would prove valuable if done under 

dynamic conditions. We propose using a microfluidic device to provide more realistic 

environmental conditions, which would also allow control over the flow rate and 

bacterial density. 

 

V.2.iv.Study the Forces Required for Adhesion 

As we have shown in this dissertation, bacteria adhere differently to substrates 

with different material properties. We propose an analysis of the strength of adhesion 

between bacteria and the substrate using TIRF microscopy. Lower adhesive forces should 

be easier to remove biofilms. 

 

V.2.v. Immune Response to Material-Influenced Bacterial Cells 

It would be interesting to see how immune cells (t-cells, macrophages, etc.) 

respond to bacteria that have been exposed to altered material properties. Does it promote 

engulfing the bacteria? Will there be an increase in bacterial dispersion? Will the rate of 
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bacterial multiplication exceed the ability of the immune cells to respond? Does it change 

the morphology of the immune cell? And if so, how would that affect its response to 

bacterial infections? These are some of the questions we look forward to finding the 

answers to. 
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