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Abstract of the Dissertation 
Towards a Scalable, Biomimetic, Antibacterial Coating 

By Mary Nora Dickson 
Doctor of Philosophy in Chemical Engineering 

University of California, Irvine, 2017 
Professor Albert F. Yee, Chair 

 
 
Corneal afflictions are the second leading cause of blindness worldwide. When a corneal 
transplant is unavailable or contraindicated, an artificial cornea device is the only chance to save 
sight. Bacterial or fungal biofilm build up on artificial cornea devices can lead to serious 
complications including the need for systemic antibiotic treatment and even explantation. As a 
result, much emphasis has been placed on anti-adhesion chemical coatings and antibiotic 
leeching coatings. These methods are not long-lasting, and microorganisms can eventually 
circumvent these measures. Thus, I have developed a surface topographical antimicrobial 
coating. Various surface structures including rough surfaces, superhydrophobic surfaces, and the 
natural surfaces of insects’ wings and sharks’ skin are promising anti-biofilm candidates, 
however none meet the criteria necessary for implementation on the surface of an artificial 
cornea device.   

In this thesis I: 1) developed scalable fabrication protocols for a library of biomimetic 
nanostructure polymer surfaces 2) assessed the potential these for poly(methyl methacrylate) 
nanopillars to kill or prevent formation of biofilm by E. coli bacteria and species of 
Pseudomonas and Staphylococcus bacteria and improved upon a proposed mechanism for the 
rupture of Gram-negative bacterial cell walls 3) developed a scalable, commercially viable 
method for producing antibacterial nanopillars on a curved, PMMA artificial cornea device and 
4) developed scalable fabrication protocols for implantation of antibacterial nanopatterned 
surfaces on the surfaces of thermoplastic polyurethane materials, commonly used in catheter 
tubings. This project constitutes a first step towards fabrication of the first entirely PMMA 
artificial cornea device. 

The major finding of this work is that by precisely controlling the topography of a 
polymer surface at the nano-scale, we can kill adherent bacteria and prevent biofilm formation of 
certain pathogenic bacteria, without the use of any chemical antibiotic agents. Such 
nanotopographic coatings can be applied to implantable polymer medical devices with scalable, 
commercializable processes, and may deter or delay biofilm formation, potentially improving 
patient outcomes. This thesis also opens the door for adaptation of antibacterial, nanopillared 
surfaces for other applications including other medical devices, marine applications and 
environmental surfaces. 
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1. Introduction 
Corneal afflictions are the second leading cause of blindness worldwide. Artificial cornea 
devices are the last option for restoring sight when corneal transplants are unavailable or 
contraindicated. Current artificial cornea devices are prone to bacterial infection, imposing long-
term use of antibiotic eye drops.1,2 Though antibiotic use can greatly decrease the rate of 
infection, 85% eyes with keratoprosthesis still culture positive for pathogenic bacteria, 100% of 
them drug resistant.3 Explanted keratoprosthesis were microscopically examined and bacterial 
biofilm was found on surfaces of devices in seemingly unaffected eyes.4 Biofilm forms when 
planktonic bacteria attach to an artificial cornea device and proliferate.5 A biofilm is a highly 
regulated, protective state characterized by a large, dense cluster of bacteria encased in an 
extracellular polymeric substance (EPS).6–8 It is resistant to removal by mechanical (shear) force 
and to antibiotic drugs and biocides. Therefore, biofilm build up on a corneal implant often leads 
to explantation.1,2,5, 9 
 In nature, biofilms serve many roles. In rivers and lakes, they form the base of the food 
chain and on the roots of plants, they serve to fix nitrogen from the atmosphere.6,10 However, 
biofilms can sometimes threaten human health and endeavors; they can harbor infection on 
medical devices11 or clog water pipes.12 Anti-adhesion chemical coatings and antibiotic leeching 
coatings are in high demand. These coatings may be targeted only to certain types of bacteria. 
Moreover, bacteria that are initially sensitive often eventually circumvent these measures. 
Therefore, researchers are examining the possible role of surface topography on bacterial 
adhesion and proliferation. For example, superhydrophobic surfaces have been found to be self-
cleaning and therefore resistant to bacterial adhesion.13 Nanorough surfaces have been found to 
adhere bacteria differently than smooth controls.14,15 Since biofilm is ubiquitous in nature, higher 
order organisms have had to evolve to resist biofouling. Thus, researchers have shown 
antibacterial properties of insects’ wings and structures that mimic sharks’ skin.16,17 However, 
these approaches may not be manufacturable, or appropriate for all dimensional scales. In this 
thesis, I will generate surface nanopillared topography inspired by cicada wings. 

In order to develop a viable artificial cornea device, we must meet several criteria in 
addition to the prevention of bacterial biofilm build up. The device must be compatible with the 
human body. Neither the material itself nor the nanostructured pattern should elicit an 
inflammatory response. Host response is the focus of another project in the Yee lab. Secondly, 
the material must be transparent, and ideally would be approved for use in a medical device. 
Poly(methyl methacrylate) meets these criteria and is indeed used in hard contact lenses as well 
as in the back-plate of the current artificial cornea device.2 It has also been found to be more 
resistant to biofilm build-up than silicones in a simulated intraocular device.18 The device must 
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be dome shaped (similar to a contact lens) to fit over the front of the eye. Finally, the device 
must be manufacturable in industrially scalable ways with minimal risk for contamination so that 
the device could eventually be approved and manufactured.  

Therefore, this thesis details the development an effective bactericidal 
nanotopographical coating and its application to a PMMA artificial cornea device. First, I 
fabricated a range of nanopillared structures using soft lithography and nanoimprint lithography. 
Next, I assessed the potential for poly(methyl methacrylate) nanopillars to kill Escherichia coli 
bacteria, and investigated the mechanism of this cellular rupture process. Then we assessed the 
pillars’ effectiveness against the biofilm forming bacterial species Pseudomonas and 
Staphylococcus. Finally, we integrated these biomimetic nanopillar coatings onto a curved, 
PMMA artificial cornea device. This project constitutes a step towards both the fabrication of the 
first entirely PMMA artificial cornea device. 

The last portion of this thesis concerns the extension of these methodologies to another 
common biomedical material (thermoplastic polyurethane) with an eye for future applications to 
catheter devices. Therefore this work opens the door for adaptation of antibacterial, nanopillared 
surfaces for other applications including other medical devices, marine applications and 
environmental surfaces. 

1. 1. Bacteria-surface interactions 

1. 1. 1. Making contact 
Planktonic bacteria in bulk fluid, more than 10 µm away from a surface, do not feel any surface 
effects. However, their position is not static, as the bacteria move about randomly by Brownian 
motion, thermal gradient, gravitational force, and/or by intrinsic motility (generally flagella-
powered). When these motions bring the cell within the hydrodynamic boundary layer, surface 
effects are felt. The movements of motile bacteria are impacted by boundary layer 
hydrodynamics as far as 10 µm away from the surface. For instance, the E. coli bacteria (an 
archetypical flagellated swimmer) moves with a characteristic random-walk in open fluid; when 
it is close enough to the surface, however, E. coli trace out clockwise circular trajectories.19,20 
Wobbling in the approach angle due to the flagellar motion as well as flow disturbances can 
eventually force a bacterium to pass very closely to the surface.  

Within tens of nanometers of a surface, electrostatic forces between the bacterial and the 
surface become dominant. In the aqueous, high ionic strength physiologic environment, the 
material’s surface charge will give rise to a neutralizing electrical double layer of ions and their 
associated spheres of hydration. This layer is several nanometers thick. Proteins and other small 
molecules will adsorb readily to this layer. This conditioning film can be tens of nanometers 
thick, and is highly dependent on the underlying material’s surface chemistry as well as the 
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environment.21,22 It is important to note that, while nonspecific adsorption of bacteria to 
biomaterials is most commonly considered, and will be the basis of this discussion, specific 
adsorption does occur between various bacterial species and host cells and extracellular matrix 
proteins, and this is associated with virulence.22 The simplest models of bacterial adhesion, based 
on thermodynamic wetting models, predict that hydrophobic surfaces and high-energy surfaces 
would adsorb bacteria most easily.23,24 Since the bacterial cell carries a net negative charge at 
physiological pH (with very few exceptions),25 surface charge is also used to predict adhesion. 
Negatively charged surfaces were found to decrease adhesion of negatively charged bacteria, 
such as Escheria coli and Pseudomonas putida, while the relatively few positively charged 
bacteria such as Stenotrophomonas maltophilia could adhere to these surfaces.26–28 While these 
models have been able to predict bacterial adhesion in carefully controlled conditions, they have 
also led to conflicting results, especially under variant environmental conditions. 

Glaringly absent in the above model of bacterial adhesion is any description of the 
heterogeneity and dynamism of the bacterial cell surface. Bacteria are broadly divided into 2 
categories: Gram-negative bacteria (e.g. Escherichia, Pseudomonas) surrounded by a very thin 
(1-2 nm) peptidoglycan wall sandwiched between inner and outer membranes and Gram-positive 
bacteria (e.g. Staphylococcus, Streptococcus), surrounded by a thick (15-80 nm) peptidoglycan 
wall, and containing only an inner membrane. The cell wall will be discussed further in Chapter 
3. Bacterial appendages include: flagella, about 20 nm in diameter and up to 20 µm long, which 
drive cellular motion (as indicated above); fimbriae or pili, 2-10 um in diameter and 0.2 – 2 µm 
long; and shorter (< 0.2 µm) fibrils. The presence, composition, and density of all these 
“nanohairs” vary by the species.25 Besides these nanohairs are surface-bound lipids, 
polysaccharides and polypepties that extend from the cell surface. Additionally, bacteria secrete 
EPS, as mentioned in the introduction, which may be water soluble or loosely adhering to the 
bacterial cell, forming a so-called “slime capsule”. EPS consists mainly of polysaccharides but 
can also include DNA and lipids and may account for up to 50% of the dry weight of a biofilm. 
Because of these appendages and moieties, the high water content of EPS and bacterial cell 
walls, and ionizable surface groups such as carboxylic acids, amino groups and phosphates, the 
outer surface of a bacterial cell can be thought of as ion penetrable, and therefore its charge is 
responsive to changes in the environment.25 The bacterial appendages and moities help the cell 
penetrate into the electric double layer, moving it close enough to the surface to adhere. It has 
been found that bacterial adhesion generally consists of 2 steps. The first is a reversible adhesion 
consisting of van der Waals and hydrogen bonding between the cell and the conditioning film. 
The bacterial cell may continue to move along the surface in a twitching motion by using pili or 
flagella. Eventually, the cell will irreversibly adhere to the surface through the surface 
nanofibers, surface proteins and in some species the flagella, pili and fimbriae.29,30 The variety of 
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chemistries and mechanisms among and even within bacterial species explains some of the 
conflicting results mentioned above as well as the difficulties inherent in employing chemical 
modifications to regulate bacterial adhesion. 

Surface topography can also influence bacterial adhesion. Natural surfaces are rarely 
atomically smooth as evidenced by body tissues including microvilli in the gut and the micro and 
nanocrystalline structure of tooth enamel. Microtopographical features smaller than bacterial cell 
bodies have in some cases been found to reduce adhesion, ostensibly by offering fewer 
attachment points.13,23,31 Nanotopography had mixed results. In some studies, nanorough surfaces 
decreased adhesion14,32 while in some studies nanofeatures actually increased adhesion.15 Some 
of the perceived confusion may be due to the difficulty of modulating physical nanotopography 
without changing the chemical composition of the surface. Additionally, there are many 
organism-specific considerations. For instance, the Aizenberg group showed that fimbriae and 
flagella displayed by some species are what allow them to explore their increased total surface 
area and adhere to nanotopographical features. The references cited here form just a subset of the 
myriad of careful studies of topographical effects on bacteria. A useful review is provided by 
Anselme et al.30  

1. 1. 2. Biofilm formation  
After bacterial adhesion, biofilm begins to form. This process has been extensively studied in 
many genera of bacteria and has been found to be highly variable. The first step is generally 
microcolony formation, with cell-cell adhesions mediated by proteins and polysaccharides found 
on bacteria outer membranes or cell walls.  Some bacteria including Pseudomonas and E. coli 
continue to twitch after attachment, and can locomote until they attach to other cells and 
irreversibly attach. Staphylococcus bacteria, however, are non-motile and simply attach to each 
other with adhesion proteins. Once encased in the bacterial biofilm, cells undergo a complete 
transformation in gene regulation, in some cases including an increase in production of EPS 
(slime), down regulation of flagella production, and changes in metabolism.6–8 The reviews cited 
here by O’toole and Donlan offer much more information about bacterial life in biofilms. The 
focus of this thesis is strategies to prevent biofilm build up by preventing the initial cohort of 
bacteria from colonizing the surface.   

1. 2. Strategies to control bacterial-surface interactions  

1. 2. 1. Chemical strategies to control bacterial-surface interactions 
As mentioned above, the interaction of the surfaces of implanted medical devices with bacterial 
cells is highly sensitive to: the particular species of bacteria; the pH and salt content of the 
immersion environment; and the subsequent adsorption of body proteins. Hydrophilic surfaces 
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grafted with long chain poly- or oligo(ethylene glycol) can prevent bacterial adhesion.33 These 
polymer chains are very mobile in water and their configurational movement sweeps out a large 
area. Additionally, because of their chemical composition, the chains stabilize the water layer at 
the surface on which they are tethered. These surfaces are highly effective in preventing protein 
adsorption and similarly they prevent bacterial pili, flagella, and EPS from contacting them.29,33–

40 However, the effectiveness of glycol surfaces is found to depend heavily on the length and 
density of the grafted chains.37,41 For an industrial coating process, tight control of these 
parameters may be difficult. More detrimental is that ethylene glycol can degrade via auto 
oxidation, which is accelerated by high temperature and the presence of air. While under static 
culture in a physiologic buffer these surfaces can repel proteins up to 30 days, the presence of air 
significantly accelerates their degradation process.41–43 
 Another well-researched method for preventing bacterial build up is to tether a biocide 
onto the material surface. There are a myriad of options:29,44,45 metal biocides including silver 
nanoparticles, which require light activation,46–48 selenium nanoparticles,49 and copper;50,51 
surfaces with tethered small-molecule antibiotics;52,53 and antibiotic polymer-modified surfaces 
including antibiotic peptides54–57 and quaternary ammonium salts, a known antibiotic agent since 
the 1970’s.57,58 None of these are long-term solutions, however. While these treatments may kill 
the first cohort of cells to interact with the surface, bacteria have an arsenal of ways to evolve 
resistance. That in combination with any inhomogeneity in biocide concentration could give 
several bacteria a foothold. As soon as these bacteria begin to form a biofilm, they will be much 
less affected by the biocides. It is known that bacteria in biofilms are 10-1000 times more 
resistant to antibiotics and biocides such as chlorine than planktonic bacteria.59 Increasing 
concentration of the biocides may be either impractical or impossible due to both limitations in 
diffusion as well as toxicity of these agents.45  

1. 2. 2. Physical micro- and nano- topography to control bacterial-surface interactions 
Because of some of the limitations of the chemical methods discussed above, physical 
topographical strategies have been developed. Many physical topography strategies exploit the 
decreased adhesion of bacteria to microtopography, as mentioned above. These approaches are 
not ideal because the body of work suggests that some bacterial adhesion is inevitable, and once 
these bacteria do adhere, they will form microcolonies, prerequisites for biofilm formation. 
Moreover, large micropatterns scatter light, which could produce optical disturbances on the 
surface of the cornea device. Therefore I focused on several nanotopographical strategies for 
controlling/mitigating biofilm formation.  

Structures on the size scale of bacterial cells have been shown to affect and localize 
bacterial adhesion. In Figure 1, I have attempted to categorize the responses of E. coli bacteria to 
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pillar arrays in several geometric regimes. The well-known Sharklet pattern consists of large 
structures with large spacings. These microstructure islands may serve to inhibit quorum sensing 
and thus prevent biofilm build up.60,16 Microlines with a slightly smaller scale, similar in size to 
those depicted in Figure 1 A, were examined by Diaz et al., who found that bacteria can align 
and orient between grooves that are as wide as the cells.61 The Aizenberg group studied pillared 
geometries with similar sizes and spacings, as depicted in Figure 1A and B. They found that 
pillar rows with spacings about the width of bacterial cell bodies facilitate bacterial cell 
adhesion. The bacteria were found to adhere due to their flagella and pili and were able to rest on 
the tops or sides of the features.15 With careful choice of geometry, these arrays were even 
capable of aligning bacteria.15,62,63 These works on large structure-bacterial interactions offer 
insights into the ability to control or inhibit biofilm formation by patterning bacterial adhesion. 
Jin et al.64 studied pillars depicted in Figure 1 C, that are large (comparable to the size of a 
bacterium) but closely spaced (left). These pillars only minimally affected bacterial morphology 
and did not affect bacterial adhesion, when compared with flat controls. When the spacing of 
their nanopillars was increased, the structures began to impact the morphology of cells. Figure 1 
C (right) depicts pillars comparable in size to of a bacterium, with spacing close to the size of the 
bacterial cell bodies. The group found a statistically lower number of adherent E. coli and they 
also found substantial morphological changes. This result indicates that the pillars affect 
individual bacteria. 

 Figure 1 D depicts bacteria on the surfaces of a cicada’s wing, which has very small 
pillars with very small spacing. The pillars are closely packed, truncated cone-shapes with a 
spacing of about 200 nm.65 The Ivanova group reported a remarkable result—the nanostructures 
appear to rupture the bacteria and kill them.17 They were able to replicate these results using 
nano-needled silicon (black silicon).66 These results lead to the hypothesis that synthetic 
bactericidal surface nanotopography could be used to kill adherent bacteria before they can even 
form a biofilm. These pillars must evidently be smaller than the size of an individual bacterial 
cell and be densely packed enough that bacterial cells contact multiple pillars. 

In order to design a biomimetic nanopillared surface that can kill bacteria, we must think 
about the mechanism of bacterial rupture on these surfaces. The Ivanova group has proposed that 
the force of adsorption of the bacterial cell to the increased surface area of the pillars stretches 
the cell wall, eventually rupturing it.67 This model is plausible. Another researcher performed 
surface-energy calculations that support this general model.68 The force of adhesion of bacterial 
cells to surfaces can be very high due to the thousands of sites available for specific and non 
specific adsorption (primarily through hydrogen bonding); bacteria have evolved to readily 
adhere to a variety of environmental surfaces.29 However, these researchers treat the bacterial 
cell wall as a homogeneous membrane, which I endeavor to show is an over simplification. A 



 7 

more detailed description of the hypotheses of bacterial cell wall rupture on nanopillars is 
presented in Chapter 3.  

 

  
Figure 1: SEM images of E. coli responses to nanopillared surfaces. Size of pillars and spacing of pillars is 
compared to the diameter of the cell body. A) E. coli orient in between structures if the structure is smaller than the 
cell body and the spacing is at least as wide as the cell body.63 Reprinted with permission from Hochbaum AI, 
Aizenberg J. Bacteria pattern spontaneously on periodic nanostructure arrays. Nano Lett. 2010;10:3717-3721. 
doi:10.1021/nl102290k. Copyright 2010 American Chemical Society. B) E. coli rest on top of structures if the 
structures are large and the spacing is at least as wide as the cell body.15 Reproduced with permission from PNAS 
under an agreement for academic/non-commercial use. C) E. coli can adhere on tops of small, closely spaced 
features and often use pili or flagella to adhere. E. coli can adhere on surfaces with smaller, farther spaced pillars, 
but their morphology or alignment may be affected. Figures from: Jin L, Guo W, Xue P, et al. Quantitative assay for 
the colonization ability of heterogeneous bacteria on controlled nanopillar structures. Nanotechnology. 
2015;26(055702). doi:10.1088/0957-4484/26/5/055702; © IOP Publishing.  Reproduced with permission.  All rights 
reserved. 64 D) E. coli adhering on very small, closely spaced nanopillars appear deflated and die as they stretch over 
multiple pillars.69 Reproduced with permission from Springer. 

Bacteria are not the only pathogens of interest; fungi including yeast and molds can also 
lead to infection of corneal devices. A benefit of this antibacterial mechanism is that it may also 
be anti-fungal as well. Similarly to bacterial cell walls, rigid fungal cell walls maintain the turgor 
pressure of the cell and any breach will cause lysis. These cell walls consist of a “fabric” of 
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glycoproteins and polysaccharides.70 Indeed, nanopillared substrates have been found to 
mechanically rupture yeast cells, though the mechanism has not yet been elucidated.71 

1. 3. Bactericidal nanotopography: selection of fabrication techniques 
One of the barriers to systematic study of the effects of nanotopography on bacterial adhesion 
and viability has been the difficulty of controlling surface topography at or below the size range 
of bacterial cells. Shown in Table 1 is a list of different nanofabrication methods, comparing the 
relevant selection criteria. For this study, it is critical to produce small nanofeatures with a 
precisely definable geometry. They must be made on the surfaces of the biomaterials used in 
medical devices. An additional criterion is the utilization of massively-parallel processing. This 
term from the semiconductor industry indicates a batch-style process in which many (often many 
millions) of small components are fabricated across a large area surface  (tens of square 
millimeters) in a single step. The trade-offs amongst these various methods are explicated below. 
Table 1: Nanostructuring Methods Selection Criteria 

 

Technique Category 
Minimum 

Feature 
Size (nm) 

Selective 
Patterning? Materials Process 

Block 
Copolymer 
Lithography 

Self-
Assembly < 10 No 

Very specific, specially 
designed polymers are 
needed– frequently not 
commercially available. 

Batch 

Nanosphere 
Lithography 

Self-
Assembly ~10 No 

Monodisperse particle 
suspensions commercially 

available. 
Batch 

Anodization 
Self-

assembly, 
Chemical 

~10 No Aluminum or titanium Batch 

Etching 
Self-

assembly, 
Chemical 

~10  No Polymers, oxides Batch 

Electron Beam 
Lithography 

Top-down, 
Chemical < 10 nm Yes 

Necessary resists are 
commercially available; 

typically oxide substrates. 
Serial 

Focused Ion 
Beam 

Lithography 

Top-down, 
Chemical < 10 nm Yes Works on a broad range of 

materials. Serial 

UV 
Photolithgraphy 

Top-down, 
Chemical < 10  Yes, with 

mask 

Necessary resists are 
commercially available; 

typically oxide substrates. 
Batch 

Soft 
Lithography 

Top-down, 
Physical ~100 Yes, with 

mask 

Works on broad range of 
materials whose viscosity 

can be manipulated. 

Batch 
 

Nanoimprint 
Lithography 

Top-down, 
Physical < 10 nm Yes, with 

mask 

Works on broad range of 
materials whose viscosity 

can be manipulated. 

Batch -or- 
Continuous 
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Table 1 is organized by the physical process used to generate the structures. Self-
assembly refers to a process by which molecules at a surface layer are provided an increased 
entropy environment (usually by heat or making more dilute by the introduction of a solvent) and 
allowed to rearrange themselves to satisfy a more favorable enthalpic state. One such example is  
block copolymer self-assembly,  in which domains within polymer chains segregate into 
nanoislands or nanolamellae. 72 Another example nanosphere self-assembly,73 in which particles 
are deposited on the surface and capillary and surface forces arrange them into a semi-ordered 
monolayer. Anodization74 and reactive ion etching75 are processes by which chemical reactions 
are occurring at the surface, as the surface layer of the material is dynamically re-structuring. 
While these categories involve a variety of specific chemistries, they have been shown to 
produce semi-ordered surfaces down to the 10s of nanometers in size scale. However, in all of 
these methods, the surface structures are often limited to particular geometrical configurations in 
which the spacing, depth, and or size cannot be manipulated independently. Additionally, 
materials selection for all of these processes is limiting.  

In order to make controlled patterns of very small features, newer types of lithography 
are needed. Fortuitously, these needs have been anticipated and met by the semiconductor 
industry. Techniques such as extreme ultra violet (EUV) lithography, electron beam (E-beam) 
lithography, focused ion beam (FIB) milling, soft lithography (aided by improved materials), and 
nanoimprint lithography (NIL) are routinely able to reach into the hundred and even tens of nm 
size scales.  Most importantly, all of these methods can be used to precisely define the resulting 
geometries on the materials surfaces. Using the Integrated Nanosystems Research Facility 
(INRF) and the Irvine Materials Research Institute (IMRI) at the University of California, Irvine, 
we can harness these state-of-the-art techniques for controlled fabrication and subsequent 
characterization of nanostructured surfaces.  

Many of the processes mentioned above are considered batch (see Table 1). However 
some of these processes require fabrication of a master mold or a mask by way of a one of the 
serial methodologies described above, such as electron beam lithography. This is acceptable 
because it is anticipated that such a master mold will be reusable. It would be advantageous for 
us start with commercially available master molds to minimize the time and expense. In this 
work, we make this a hard design criterion, however in the last chapter of the thesis I will 
describe how use of custom molds would lead to further improvement.  In Chapter 2, mold 
selection is discussed in detail. 

Thus, even with methodology to achieve high-throughput (or batch) production of 
controllable features of desired size and dimensions, we have yet to satisfy our other criteria. 
Most crucially, our technique needs to be compatible with commercially available, 
biocompatible materials, in this case, the polymer materials that comprise many implantable 
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medical devices. In addition, we do not want to introduce surface contamination that would alter 
the material’s biocompatibility or cell-surface interactions. Electron beam and UV 
photolithography both require chemical etching steps to reveal the radiation-patterned geometry. 
These methods were largely developed for the fabrication of nanostructured oxide surfaces, 
primarily silicon (but also glass and other metal oxides); however, etching of nanoscale 
structures has been shown on polymers including PMMA.76 A potential drawback is that these 
methods would likely need to be reworked for each individual polymer material. A technique 
that is generalizable for a variety of polymer materials would be ideal. Additionally, such plasma 
etching treatments on PMMA surfaces degrade the material, both by chain scission and by 
degradation of the methyl ethyl groups.76 These changes could harm the inherent 
biocompatibility of the material that we seek to maintain. As Table 1 indicates, the physical-
based lithographies (soft and nanoimprint lithography) fit all our criterion. 

1. 3. 1. Nanoimprint lithography 
Thus we have chosen to use nanoimprint lithography (NIL) for this work.77 NIL refers to a suite 
of techniques used to fabricate nanoscale surface topographies from a master mold with the 
inverse features. It is a 2.5D method of physical pattern transfer by which a material with a low 
viscosity flows into the crevices on the surface of a pre-defined master mold. Then the material 
is hardened. Upon release of the master mold, the material retains the inverse of the patterns on 
the master mold. The method is not material-specific, and indeed has been used on hundreds of 
types of materials. A cluster of sub-techniques has been developed including hot-embossing NIL 
which uses heat to soften the material before imprinting, UV-NIL in which UV irradiation is 
used to cure the material after imprinting, microcontact printing, and reversal imprinting which 
uses solvent dispersal and subsequent annealing to densify the material. There is a low risk for 
surface contamination since the physical imprinting or curing process does not depend on 
breakage of surface bonds.  

The aim of this thesis is to control the interactions between biological systems and 
nanotextured surfaces. We hypothesized that small changes in geometry could greatly impact the 
results. So, as cells range in size from 0.5 µm (prokaryotic) – 20 u µm (eukaryotic), the 
formation of self-similar structures over a large-area is absolutely critical for the collection of 
reliable data. Therefore NIL, which is massively parallel and produces precisely controllable 
structures, would be ideal for this application. Indeed, once the desired master mold has been 
obtained, millions of nanofeatures can be patterned on the wafer-scale in a single step. By careful 
choice of master mold and process parameters (discussed in Chapter 2) resultant nanofeatures are 
precisely-defined, often down to the sub 10-nm scale (and in some cases, more precisely).  
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Crucially, a variety of biomaterials can be structured using NIL-based techniques—
including biomolecules such as proteins and sugars and biocompatible polymers such as PMMA, 
the material of choice for an artificial cornea.78–80 Notably, inorganic precursors81 and even 
dispersions of nanoparticles82 can also be patterned in this way.  

These benefits make NIL an extremely versatile and potentially reliable technique for 
fabrication of well-defined nanostructures over the surfaces of a variety of materials. This thesis 
concerns not only the study of antimicrobial nanotextures, but also aims to implement these 
textures into prototype artificial cornea devices. Therefore it was important to ensure a route to 
scale-up at the outset. NIL has largely been applied in a batch-wise manner to planar substrates 
(often wafers), however it has been implemented as a roll-to-roll technology.83 There has been 
much foment surrounding NIL in the fields of photonics and solar energy, as evidenced by 
several recent papers. 84–87 Therefore, we have reason to believe that use of NIL to imprint 
coatings on medical devices is a practical aim.  

1. 4. Poly(methyl methacrylate), a suitable polymer for a nanostructured ophthalmologic 
device 
Poly(methyl methacrylate) (PMMA) is a transparent acrylic polymer glass that also goes by the 
trade names including Lucite and Plexiglas. It has been used as a substitute for glass since the 
1930s. In the Second World War, PMMA was utilized for aircraft windshields and periscope 
lenses. Inevitably, during combat some of these materials were shattered, impaling unlucky 
soldiers’ eyes with shards of PMMA. However, Sir Harold Ridley, an ophthalmologist in Britain 
found that soldiers’ eyes injured by PMMA shards would not become inflamed, in stark contrast 
to the terribly injured eyes resulting from the impact of glass shards. Some soldiers were found 
to have PMMA that persisted in the eye unnoticed for decades. Thus, Ridley found a use for this 
wonder material, in replacement of the lens in patients who had cataract surgery. In 1949, he 
implanted the first intraocular lens device, made of PMMA.88 Though newer, flexible materials 
superseded PMMA in recent decades, PMMA lenses were effective and safe for long-term wear. 
PMMA was also used in hard contact lenses that were widely used until the 1970s, when more 
oxygen permeable materials were developed. The transparency, hydrophilicity, and 
biocompatibility allowed for good visibility and wearability.  

A more recent and most relevant incarnation of PMMA in ophthalmologic devices is in 
the artificial corneal device known as the Boston Keratoprosthesis invented by Claes Dohlman in 
the 1960s.2 This device consists of two PMMA plates, which form the optic zone through which 
light passes via the pupil onto the retina. These are mounted onto a skirt comprised of donor 
corneal tissue. This is the device upon which we seek to improve. While there are several 
drawbacks to the device design itself, as mentioned earlier, we feel PMMA is still the best 
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material for our device due to its biocompatibility, wettability, and transparency. Thus, we have 
chosen to fabricate a device entirely made of PMMA. We aim to integrate the desired 
antibacterial PMMA nanotexture onto the surface of the PMMA artificial cornea device using 
nanoimprint lithography. 

1. 4. 1. Chemical properties of PMMA relevant to the application 
PMMA is formed from the polymerization of the clear compound methyl methacrylate, as shown 
in Figure 2. PMMA can be polymerized by emulsion polymerization, solution polymerization or 
bulk polymerization. In these reactions, the monomers are joined with no preferential orientation 
with respect to the backbone (e.g. each acrylate group could be pointing “up” as shown in the 
figure below, or “down”). This generates an atactic PMMA, which will not crystalize. Because 
of this inability to crystalize, the material is amorphous at the molecular level, and, with no 
micro-scale domains, it remains very transparent. For this reason it is referred to as a polymer 
glass in its solid state.   

 
Figure 2: Methyl methacrylate is polymerized to form poly(methyl methacrylate). The acrylate group (containing 
one carbonyl group with an oxygen bonded to the carbonyl carbon) is polar, leading to a weakly hydrophilic surface.  
The randomized orientation of subsequent acrylic groups along the carbon backbone leads to an amorphous, 
transparent material. 

Polymerization conditions can be tuned to generate a targeted dispersion of molecular weights 
(MWs). This is important, because the polymer’s viscosity (a key parameter in NIL) increases 
nonlinearly with MW. As a safety consideration, to prevent diffusion of short PMMA chains out 
of the bulk device material into the patient’s body, medical grade PMMA typically has long 
chains in the range of MW = 1,000,000 Da. Uncrosslinked PMMA can be processed in solution 
or melt states. PMMA dissolves in many common organic solvents including acetone, 
dichloromethane and toluene. However vapors of other solvents, such as alcohols, which do not 
dissolve PMMA will still swell the network, which could result in crazing (micro cracks) when 
under stress. More commonly, PMMA is melt-processed by extrusion, compression molding, or 
injection molding. When heated above a specific temperature PMMA softens and can be formed. 
This temperature, the glass transition temperature (Tg), of pure PMMA is 105° C for MW in the 
ranges utilized in this thesis (all above 100 kDa). More information on selection of processing 
conditions for NIL is given in Chapter 2. 
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Bulk polymerized PMMA is generally a crosslinked polymer network. In this thesis, we 
will be concerned with the processing of uncrosslinked PMMA, but the corneal device itself is 
comprised of crosslinked PMMA. The relevant consideration is that the surface chemistry is the 
same, whether crosslinked or not. 

Because this device is to be used in ophthalmologic applications, good optical properties 
are crucial. Optical transparency of PMMA has been measured to be above 90% for the entire 
range of visible light, comparable to glass. Some PMMA formulations filter UV light irradiation, 
while some PMMAs are transparent into the UV range.89 In addition, the refractive index of 
PMMA is about 1.48, which is close to that of the corneal tissue, which is 1.376. 

Due to the acrylic groups at the surface, which are polar, PMMA is hydrophilic, meaning 
that water will wet the surface. This is assessed by measuring the angle of contact between a 
water droplet and a PMMA surface and applying Young’s equation for static contact angle:  

𝛾!" − 𝛾!" − 𝛾!" cos𝜃! = 0 
where 𝛾!"  is the surface energy at the solid and gas interfaces, 𝛾!" is the surface energy at the 
solid and liquid interfaces, 𝛾!"  is the surface energy at the liquid and gas interfaces and 𝜃!  is the 
angle at which the droplet makes contact with the solid surface. If the contact angle is less than 
90°, then cosine 𝜃 is positive and the surface is taken to be hydrophilic. PMMA is hydrophilic 
with a water contact angle of 68 °.90 The hydrophilic surface makes the PMMA wettable by the 
tear-film in the eye. This is an extremely favorable property for the comfort and long-term 
wearability of the PMMA cornea device.  

This knowledge of PMMAs properties and processing conditions will aid in the 
development of nanotextured surfaces with NIL and application of these surfaces to PMMA 
artificial corneal devices.  

1. 5. Chapter 1 Summary 
This chapter presents the aim of fabrication of PMMA antibacterial nanotextures on the surface 
of an artificial corneal device. Background was provided about how bacterial cells approach and 
sense surfaces, as well as how they form biofilms on surfaces. A comprehensive review of 
surface technologies that are used for the control of biofilm, focusing on physical surface 
topography was provided. Methodologies by which surface micro- and nano- topography can be 
fabricated, were discussed, explicating my use of nanoimprint lithography. Finally the history of 
PMMA in ophthalmology and its favorable properties for this application were introduced.   
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2. Fabrication of PMMA Biomimetic 
Nanopillars 
 
In order to evaluate the potential of nanotopography on the surface of synthetic polymeric 
materials to kill bacteria, I began by fabricating a library of nanopillared structures on the 
surfaces of poly(methyl methacrylate) (PMMA) thin films. I hypothesize that the pillar tip 
geometry, pillar size, and pillar spacing are all important parameters that will affect bactericidal 
properties. 

2. 1. Application of nanoimprint lithography 
As mentioned above, NIL includes hot embossing techniques as well as UV-based nanoimprint 
and others. These techniques have been applied primarily to planar substrates. This chapter 
focuses solely on traditional imprinting of planar substrates. In Chapter 5 and 6, other NIL 
methodologies relevant to this thesis will be considered.  

2. 1. 1. Hot embossing nanoimprint lithography: temperature effects  
 In hot embossing nanoimprint lithography, the surface patterns are formed in a 
thermoplastic polymer layer. We use elevated temperature to lower the modulus of the polymer; 
thus, under heat and pressure, the polymer flows into the features in the mold. The polymer is 
cooled and the pressure is released, releasing the formed solid polymer features from the mold as 
shown in Figure 3. 

 
Figure 3: Hot embossing nanoimprint lithography (NIL) scheme and process conditions. Left) General scheme of 
hot embossing NIL. Right) Generalized hot embossing NIL process, showing correlation of temperature, time and 
polymer viscosity 
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In order to design a NIL process, we must examine the effect of temperature on the 
modulus of the polymer resist, PMMA. A generalized scheme is shown in Figure 4, left. It is 
important to note that this polymer material does not undergo a thermodynamic phase change 
during the heating/cooling process but it does change states, exhibited by a dramatic altering of 
the modulus. At room temperature, PMMA chains have very little mobility, as they are 
kinetically trapped in an amorphous state, known as a glass. In the glassy state has a bulk 
modulus of about 2.8 – 3.7 GPa (the exact estimate is affected by formulation, humidity and 
strain rate).91 However, around the temperature of about 105°C, the polymer chains gain enough 
thermal energy and are no longer kinetically trapped in place. The modulus decreases by orders 
of magnitude. This is called the “rubbery” state. The transition from glassy to rubbery is called 
the glass transition. PMMA molecules in the glassy state have local chain motion but the 
enthalpic forces between adjacent chains still prevent overall chain motion and reorientation. In 
the rubbery regime an increasing fraction of these enthalpic traps are overcome by thermal 
energy with time and temperature; therefore, any deformations of PMMA in this state are 
viscoelastic. As the temperature is increased farther (exact temperature depends on the molecular 
mass) the polymer enters the melt phase. This is characterized by a yet lower modulus, and 
whole chains can slip past each other. By heating the PMMA into a melt, deforming it, and then 
cooling it under pressure, the deformation will be irreversible. 

The glass transition temperature and melt temperature can be measured with multiple 
different techniques. The most relevant technique to this work is temperature-sweep dynamic 
mechanical analysis (DMA). In DMA, a low-amplitude sinusoidal oscillating strain—usually at a 
fixed frequency—is applied to the material and the corresponding stress is measured. If the 
material were purely elastic, there would be no phase lag of the strain response. A polymer can 
appear elastic if all the stress causes only bond length or bond angle deformations along the 
chain backbone. At low temperatures and in short duration (high-frequency) stress fields, there is 
either not enough time or not enough thermal energy for other molecular relaxations to occur, so 
stress relaxation is mostly elastic. In a purely viscous material, a liquid, there would be a 90° 
phase lag in the response. At higher temperatures or over slowly applied (low-frequency) stress 
application, other polymer relaxation modes become available. For PMMA, a β relaxation occurs 
between 0° - 50° C (at 1 Hz), corresponding to rotation of the acrylate side groups. The glass 
transition, corresponding to bulk chain motion as described above, is referred to as the α 
relaxation. Generally, polymer materials are viscoelastic and their relaxations are composed of 
both elastic and viscous responses with strain (𝜀) lagging stress (𝜎): 

𝜎 = 𝜎! sin 𝑡𝜔 −   𝛿  
𝜀 =    𝜀! sin t𝜔  
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where t is time, 𝜔 is frequency of oscillation and 𝛿 is phase lag between stress and strain. During 
the glass transition, as the modulus drops and the polymer becomes more viscous, the phase 
angle becomes closer to 90°. The elastic characteristic can be plotted as a storage modulus, E’, 
while the viscous characteristic is plotted as the loss modulus, E”, proportional to the cosine of  
𝛿 and sine of 𝛿, respectively: 

𝐸! =   
𝜎!
𝜀!
cos  (𝛿) 

𝐸!! =   
𝜎!
𝜀!
sin  (𝛿) 

the maximum of the derivative of the ratio of the storage to the loss modulus, also called the “tan 
delta” peak is the glass transition, indicating the damping, or rate of change in viscoeleasticity 
with respect to temperature, is at a maximum. Below in Figure 4 is a sketch of the relationship 
between temperature and modulus for a typical glassy polymer and a thermal-DMA result for 
PMMA, showing a dramatic decrease in the modulus at the glass transition temperature, about 
105 °C. 

 

Figure 4: Relationship of temperature and modulus of glassy polymers. Left) Scheme showing the relationship of 
temperature and modulus in a glassy, thermoplastic polymer. As the polymer is heated through the glass transition 
temperature (Tg), the modulus changes by several orders of magnitude and enters the rubbery state. If heated further, 
the polymer becomes a melt, and the modulus further drops. Right) Thermal DMA measurement of the shear storage 
modulus and the damping of PMMA, showing glass transition at ~105 °C.92 

2. 1. 2. Hot embossing lithography: rheology 
Viscosity can be decreased by orders of magnitude by increasing temperature. The remaining 
variables are the combination of time and pressure that can force the polymer into a pore of a 
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melt%
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certain radius. In this study, the conditions were determined empirically by setting times less 
than 60 minutes and raising the force to no more than 2.5 MPa. The goal was to fill the crevices 
in the mold with polymer within a reasonable amount of time. Additionally, the pressure had to 
be low enough to avoid cracking the master mold and within what the load-cell could deliver 
accurately. Conditions in these ranges of parameters worked for all pillar geometries.  

If the surface of the pore does not have a strong affinity or phobicity towards the 
polymer, we can assume that the externally applied force drives the melt into the pores.  Given 
our knowledge of fluid mechanics we could apply the Hagen-Poisseuille equation for Newtonian 
pipe flow to get a very rough estimate of the relation between these parameters. This equation 
assumes that the effective viscosity (resistance to flow) of the fluid does not depend on the shear 
rate, or rate of change of the velocities of one “parcel” of flowing liquid and one adjacent. In 
reality, polymers are well known to be shear thinning, as their viscosities decrease at higher 
shear rates. However, this effect is not observed at very low shear rates. Additionally we assume 
that beyond a certain entrance region, the polymer flow into the pore approximates fully 
developed flow: 

Δ𝑃 =   
8𝜇𝐿𝑄
𝜋𝑟!  

where 𝜇 is the dynamic viscosity, L is the length the polymer flows into the pore, Q is the flow 
rate (a product of time and pillar cross-sectional area), and r is the pore radius. Therefore, 
increased pressure is required to force polymer into pores of decreasing diameters. Future studies 
to optimize the pillar fabrication of small pillars would be wise to increase temperature or lower 
viscosity in other ways (such as solvent plasticization). 

2. 1. 3. Nanoimprint lithography: surface energy effects  
Surface energy interactions between the polymer and the walls of the pore are critical to the 
infiltration of polymer melt as well as to the removal of polymer pillars during de-molding. In 
some instances, capillary forces have been used to draw the polymer melt into small pores. This 
has been studied by Yung et al.93 By coating the 80 nm diameter pores of anodized aluminum 
oxide (AAO) with silane tethered octadecyl groups, they induced polyethylene to flow 50 µm in 
40 minutes (above the melting point, 130 °C) with minimal external pressure. On the other hand, 
if the surface energy is very low, the wetting interaction may not be favorable and therefore the 
capillary forces will oppose fluid flow into the channel and will need to be overcome by an 
increase in the applied pressure. The pressure generated by polymer wetting at the sidewall is 
calculated below: 

  𝑃!"# =   2  𝛾!" cos 𝜃 /(𝑟) 
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where 𝛾!" is the adhesion energy at the solid-liquid (polymer-pore) interface, 𝜃 is the contact 
angle of the solid-liquid interface, and 𝑟 is the pore radius. In small pores, even exceedingly 
small surface energy interactions will lead to large capillary forces.  
 While surface energy can be utilized to control infiltration into the pores, it also dictates 
the ability to separate the polymer pillar from the mold. If the polymer has a strong affinity for 
the surface of the pores, it might not demold without causing the pillar to fracture or yield. In the 
study referenced above, Yung removed the AAO mold by dissolution to reveal the pillars. It 
would be ideal to develop nanoimprinting processes that allow for reuse of the molds, since they 
are expensive and time consuming to fabricate. Thus, cleanly demolding is a critical step. Often, 
fluorinated antistiction coatings are utilized to minimize the surface energy of the mold and 
facilitate demolding. However, these can be so polymer-phobic that they preclude polymer 
infiltration. This is especially likely for small pillars, which have a very high ratio of surface area 
to cross sectional area. A force balance around the adhesive forces at the wall and the force that 
causes the pillar to yield (approximated as yield strength times cross sectional area) can be 
performed:  

𝐹!"!!"#$% =   𝑃!"!!"#$%(2𝜋𝑟ℎ) 
𝐹!"#$% =   𝜎 ∗ (𝜋𝑟!) 

where 𝑃!"!!"#$% equals the adhesion forces per unit area, r is the pore radius and h is the pore 
height, 𝜎 is the yield strength. These equations indicate that decreasing the pore radius beyond a 
certain limit increases the surface to cross sectional area of the pillar such that it will yield. While 
this balance of forces neglects some of the complexity of the system, it provides insight into the 
stiction of PMMA nanopillars.  

2. 2. Nanoimprint lithography molds used in this investigation: a selection guide 
As described in Chapter 1, there are limited fabrication methodologies for nanostructures; 
therefore there is a very small selection of commercially available nanopillar molds for 
nanoimprint lithography, and custom molds may be very expensive. Therefore, I limited myself 
to several geometries that span the size-range of interest. Our criteria, based on Figure 1, were 1) 
the nanopillar spacing must be smaller than the average width of bacterial species of interest 2) 
the tips of the nanopillars must be very small compared to the bacterial cell. Thus we utilized 
five molds: three commercial molds, one natural template and one custom fabricated mold. SEM 
images of the molds and a table of their dimensions are provided below. The following describes 
the processes and materials used to make the molds, and their relative advantages and 
limitations. Figure 5 shows scanning electron micrographs of the molds used in the studies. They 
are denoted by their periodicity (tip-to-tip spacing) as P600, P300, P200, P200A, and P100.  
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Figure 5: Scanning electron micrographs of the molds used for nanoimprint lithography. Scale bar = 1 µm.  

2. 2. 1. 200 nm pitch natural and aluminum oxide molds 
The P200 template, the inspiration of this work, was the wing of a cicada, the Quesada gigas. As 
mentioned in the introduction section, the wings have a forest of nano-scale pillars on the surface 
with a regular size, spacing, and geometry. In order to create a suitable mold, wings from dead, 
dried cicadas (species: Quesada gigas, vendor: Etsy InsectArt store) are sonicated in de-ionized 
water for 10 minutes on each side. Next, the cicada’s wings are rinsed with acetone, and dried 
using forced air. These protocols were derived from previous work indicating that a wash with 
acetone would not detrimentally affect the wing structure.94 The cicada wings are sliced into the 
desired shape and size—about 10 mm on a side—using a razor blade. The cicada’s wing, 
depicted in Figure 6 consists of large veins surrounding transparent chitin-based regions of 
nanopillared surfaces. The cicada wings are taped onto a silicon substrate using removable 
double-sided tape (3M). 

 
Figure 6: Architecture of the cicada’s wing. The veins (brown) surround regions of relatively flat, transparent 
nanopillared surface.  

The P200A mold (Synkera) was fabricated in aluminum by an anodization process. When 
made under the right conditions, anodized aluminum oxide (AAO) takes the form of an array of 
relatively monodisperse-sized pores with short range order. The electrochemical process occurs 
in acid (usually sulfuric) and begins with migration of H+ ions migrate to the cathode, where 
they are reduced to H2. The surface of the aluminum, the anode is thus oxidized: 

 

P100 P200A P200 P300 P600 
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𝐴𝑙 → 𝐴𝑙!! + 3𝑒! 
2𝐴𝑙!! + 3𝑂!! → 𝐴𝑙!𝑂! 

2𝐴𝑙!! + 3𝑂𝐻! → 𝐴𝑙!𝑂! + 3𝐻! 
In the first few minutes of oxidization a dense, continuous oxide coating called the “barrier 
layer” forms on the surface of the starting material, usually a foil. After this layer forms, a porous 
oxide forms on top. The voltage, electrolyte concentration, and time can be altered to tune the 
pore diameters (10-8 – 10-6 m), and aspect ratios (1 to nearly infinite).95 A major benefit of this 
process is that multiple templates and large areas of template can be fabricated in a single batch. 
Companies are able to generate industrial-scale molds with reproducible pore-sizes. However, 
the major limitation is that these templates can only be used to create cylindrical pillars that are 
close packed. The spacing cannot be arbitrarily adjusted, nor can the tip radius or the sidewall 
slope. AAO molds have been used to thermally emboss polymers including PMMA. 87,96 
However, another limitation is that polymer nanopillars cannot be demolded easily from AAO 
pores and so the template must often be sacrificed. 

2. 2. 2. 100 nm pitch silicon mold 
I custom fabricated the P100 in silicon utilizing a reactive ion etching (RIE) process. This 

process was first discovered as an undesired consequence of RIE etching utilizing a mixture of 
SF6 /O2 gasses.75 The SF6 generates the fluorine ions that etch the silicon, while the O2 adsorbs to 
the surface and transiently passivates it. By controlling the substrate temperature and the gas 
pressures, the gasses are tuned to work synergistically to etch vertical sidewalls.97 By controlling 
the etching parameters, a forest of nanospikes can be generated at the surface of the silicon, 
sometimes called black silicon because the surface does not reflect light in much of the visible 
electromagnetic spectrum. This process can generate reproducible pillars that are uniform across 
a large (wafer-scale) area in a very short amount of time. However, this process is very difficult 
to modify and can only be tuned empirically. With this method, it is impossible to independently 
vary the size and spacing and height of the pillars. Black silicon with larger feature sizes has 
been used as a polymer nanoimprint template, however this has not been shown in the literature 
for features as small as the size scale of interest in this study.98 Black silicon has been used as a 
template for many other processes of interest in the literature. 99,100,101 

2. 2. 3. 600 nm pitch silicon mold 
The P600 mold (Lightsmyth) was fabricated in silicon presumably using electron beam 

lithography (EBL). The advantage of this process is that an arbitrary pattern of features can be 
fabricated with nanoscale precision. Exploiting isotropic silicon etch processes, it is possible to 
vary the sidewall slope, which may allow for the adjustment of tip geometry of resulting 
features. Additionally, processes for nanoimprinting of silicon nanostructures into polymer 
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surfaces have already been well explored and reproducible techniques exist.  A disadvantage is 
that each EBL feature must be “written” individually, dramatically increasing the cost of scale-
up. Each mold must be fabricated individually in a batch process.  

2. 2. 4. 300 nm pitch nickel mold 
The P300 mold (Temicon, Germany) was fabricated in nickel, by plating of a resist 

master mold with Ni. The resist master mold was fabricated using interference lithography.102 
This maskless technique allows the fabrication of structures somewhat smaller than the Raleigh 
limit that would have been calculated given the wavelengths of light used. Additionally, the 
resulting pattern of pillars can be generated over a large area in a single step. However, the pillar 
geometry and ratio of pillar size to pillar spacing is fixed: this technique results in a 2D 
sinusoidal surface topography that extends over lateral dimensions. Fabrication of nickel 
templates from a master mold may have been easier for manufacture. However, nickel proved to 
be a more difficult material than silicon to use for nanoimprinting, as explicated below.   

2. 3. Fabrication of conformal, reusable silicone molds for nanoimprinting  
To be used for direct nanoimprinting, the mold must display the inverse of the desired features—
in this case holes. We have some nanopillar molds instead. Therefore, I had to fabricate daughter 
molds with nanoholes. 

I made these hole molds from silicone, a soft elastomer with a low surface energy and 
standard formulations with well-understood material properties and handling procedures.103 
These characteristics are important for the following reasons. Standard nanoimprint lithography 
utilizes high pressure to press a rigid, planar mold into a softened planar substrate. Some of the 
molds (P200A and P200) were not planar. Additionally, in a later part of this project, the 
nanopillared coating is applied to non-planar substrates. Finally, the nanoimprint lithography 
molds are expensive, so it was important that my nanohole molds be reusable. The use of 
silicone opens up the ability to conform the mold for transfer of nanopillars to non-planar micro 
and macro features, as will be shown throughout this thesis. Additionally, silicone molds do not 
adhere to most polymers and do not require any surface energy lowering coatings.103  

Figure 7 below diagrams the process used to fabricate reusable silicone nanohole molds. 
Prior to silicone casting, in order to prevent stiction of the PDMS to the oxide surfaces, I pre-
treated the P300 nickel and P100 black silicon molds with a fluorinated coating, 
(perfluorodecyltrichlorosilane (FDTS), Gelest, Inc.), by molecular vapor deposition using a 
device (MVD-100). The surfaces are etched with O2 plasma at 100 W for 5 minutes. This cleans 
any organic residue from the surface and cleaves oxide bonds at the surface, activating it. Next, 
the chamber is infiltrated with water vapor, which binds to the active sites, disassociating to form 
tethered hydroxyl groups. The water is pumped out and in is pumped FDTS, whose chloro- 
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groups leave in the presence of the hydroxyl sites, forming a covalent (Si/Ni)-O-Si tether and 
exposing the fluorinated tail. In this manner, a monolayer of fluorinated tails coats the surface 
uniformly to dramatically decrease the surface energy to increase contact angle from about 35 ° 
to 105 °. This process is described in the literature.104 

Then, I replicate the P300 nickel mold, P200 cicada wing, and P100 black silicon molds 
using a silicone, polydimethylsiloxane (PDMS). Initial attempts using standard Sylgard 184—
typically used in microfluidic devices and for replication—were unsuccessful, likely due to the 
low modulus of PDMS of ~1 MPa. Indeed, it has been documented that nanofeatures smaller 
than 1 µm cannot be accurately replicated by standard formulations of PDMS using thermal 
imprinting.105,106 Therefore, a hardened PDMS (hPDMS) formulation was adapted from Park et 
al. to replicate the nanofeatures at the surface.107 I bond this thin hPDMS layer by heat treatment 
(110°C for 2 h) to a pliable backing of PDMS to form a composite, 2-layer negative mold. 
Examination using SEM of such a hardened mold shows broad areal coverage of nanoholes with 
similar size and spacing to the nanopillars present on the master molds, as shown in Figure 7 
(right).  

 
Figure 7: Elastomer (hPDMS) negative mold fabrication. Left) Scheme of hPDMS negative mold fabrication Right) 
SEM image of hPDMS negative cicada wing mold.  

When first developing the process with the ciada wing molds, I examined cicada wings under 
SEM after the imprinting process, and found them to have visible particles of contamination at 
the surface, which was likely adherent hPDMS. Therefore, I use a fresh cicada wing for each 
mold. Subsequent studies have shown that P300 nickel and P100 black silicon molds can be 
replicated multiple times with silicone.  

2. 4. Fabrication of PMMA, biomimetic nanopillars 

2. 4. 1 Replication of P200, natural cicada wings 
Replication of the cicada’s wing posed a special challenge in that the wing is non-planar. 
Previous studies examining the wing find that the surface is crisscrossed with micro-scale veins 
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and ripples. The nanopillars adjacent to these ripples are therefore on a sloping, non-planar 
substrate.65 Two techniques were developed to replicate the cicada’s wing, as shown in Figure 8. 

 
Figure 8: Process flow diagrams of cicada wing replication. Schemes of thermal imprinting (top row) and drop 
casting (bottom row), as well as a photo of a large area glass-supported, PMMA cicada wing replicate (bottom right) 
generated by drop-casting. Red colored water droplet demonstrates the hydrophobicity of the replicated cicada wing 
surface. Blue is the PMMA, red is the PDMS hole mold, black is the glass substrate, and gray is adhesive used in the 
drop casting method.  

Nanoimprint lithography over large-areas of the wing would be impossible due to the 
existence of veins. By sectioning the wing to avoid major veins, I could make small (< 4 mm x 
10 mm), relatively flat silicone negative molds and imprint these into PMMA thin films. First, 
glass substrates were treated with a silane to improve adhesion of PMMA. I used an (3-
aminopropyl)triethoxysilane (APTES) treatment, which is common in polymer-glass bonding. 
By making the solution dilute (1% vol./vol. in DI water), and limiting the reaction time to only 
20 minutes and by rinsing the surface vigorously, I aimed to facilitate the formation of a 
covalently bound monolayer which would compatibilize the glass surface for PMMA adhesion. 
PMMA films adhered to APTES-treated glass slides were stable in aqueous solutions at 37°C for 
at least 48 hours. Next, a 5% PMMA solution was spin-coated onto the glass at 600 RPM for 45 
s. These samples were annealed at 100°C for 5 minutes to remove excess solvent. Next, the 
sample was pressed into the PDMS negative mold using a hot embossing press (Tetrahedron, 
San Diego, CA) at 185°C and 2.2 MPa of pressure. Lower temperatures were tried and found to 
be ineffective. Due to the elastomeric nature of the PDMS, the slight natural curvature of the 
imprinted wing surface could be overcome, and the mold pressed flat onto the PMMA thin film 
for successful imprints.  
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For studies requiring a larger area of substrate, I developed a separate technique of drop-
casting. I chose toluene as a solvent for the PMMA because it is known to wet PDMS without 
being a significant swelling agent; any excess swelling could distort the nanofeatures. (Toluene 
has a solubility parameter of 8.9 cal1/2 cm-3/2 while PDMS has a solubility parameter of 7.3 cal1/2 

cm-3/2).108 The capillary force of the toluene wetting the PDMS is enough to draw the polymer 
solution into the nanoholes. To drop cast, I place the composite PDMS stamp face-up on a hot 
plate and heated to 75°C. I spread the PMMA solution drop-wise across the surface of the mold 
and allow it to heat so that the solvent can evaporate for 20 minutes. Next, I transfer the PMMA 
film to a glass substrate. Anticipating future experiments with bacteria, glass/PMMA bond must 
be able to withstand submersion in 37°C aqueous environments for 24-48 hours. Additionally, 
the adhesive used for bonding the PMMA to the substrate must not be cytotoxic, nor may it 
deform the nanostructured PMMA. First, I tried using a standard epoxy-based glue, but it was 
toxic to the bacteria. Next, I used a cyanoacrylate glue, which is non-toxic and is often used in 
medical applications. Cyanoacrylate is known to perform poorly on glass substrates, and indeed, 
these films delaminated within several hours. Patent literature and product brochures for glass-
compatible cyanoacrylates indicate that addition of a silane component or a silane pretreatment 
step may aid in bonding.109, 110 Therefore, I employed an APTES treatment, as described above. 
PMMA films adhered to APTES-treated glass slides with cyanoacrylate were stable in aqueous 
solutions at 37°C for at least 48 hours. 
 I characterized these replicated cicada wings with SEM and AFM, and found to have 
similar feature width, height, and spacing to those of the native cicada wing. 

2. 4. 2. Nanoimprinting of P100, P300 and P600 
I imprint silicone nanohole molds fabricated from P100 and P300 molds into PMMA thin films 
utilizing the process described for the cicada wing replicates. APTES treated glass slides 
(method described above) are spin-coated with PMMA (method described above) and imprinted 
in the Tetrahedron press at 185°C and 2.2 MPa of pressure for 20 minutes.  

Our lab has optimized standard nanoimprinting techniques for the fabrication of uniform, 
large-area negative imprints of commercially available nano-featured molds, such as the P600 
hole mold. The procedure is given briefly here. After cleaning the silicon molds with piranha 
solution (3:1 sulfuric acid: hydrogen peroxide) at 25°C, MVD is used to apply the FDTS anti-
stiction coating (method described above). APTES treated glass slides (method described above) 
are spin-coated with PMMA (method described above). Inside the nanoimprinter (Jenoptik, 
Hex03), the polymer film is heated to 160°C, which is 50°C above the glass transition 
temperature of the polymer, and the silanized silicon mold is pressed down against the polymer 
film with a pressure 2.5 MPa of for 5-10 minutes. The mold is then allowed to cool to 50°C in 
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the time span of 2.5 minutes. The temperature used in this experiment is lower because there is 
less resistance to the flow of the polymer into the larger radius pores. The glass-supported 
PMMA film is released from the silicon mold, leaving the nanostructures on the film surface.  

2. 4. 3. Fabrication of P200A pillars from anodized aluminum oxide 
I utilize anodized aluminum oxide (AAO) pores with approximately the same diameter and 
center-to-center spacing as the pillars on the cicada’s wing. Our aim was to find an industrial 
substitute for the cicada’s wing (Navarro). The AAO molds are not completely planar, so they 
can not be imprinted into a PMMA thin-film.  Instead, we dropcast 5% PMMA in onto an 
APTES-treated glass slide and dried at 80°C for 1h, to produce a thicker PMMA film. We then 
infiltrate the AAO mold with PMMA by using the Tetrahedron to press it into the PMMA 157°C 
and 2.2 MPa of pressure for 40 minutes. The imprinting time was increased from 20 minutes to 
40 minutes for this process, because it was found that the pores were not fully infiltrated with 
PMMA after only 20 minutes. After cooling and releasing from the press, we found that these 
pillars could not be de-molded mechanically. Thus, we developed a protocol for dissolution of 
the mold in dilute sodium hydroxide (1M, aq.). Aluminum oxide at the surface dissolves slowly, 
via the following reaction: 

𝐴𝑙!𝑂! +   2𝑁𝑎𝑂𝐻 + 3𝐻!𝑂 → 2𝑁𝑎! + 2(𝐴𝑙 𝑂𝐻 !)! 
Then, the exposed solid aluminum reacts with the water and is hydroxylated, releasing hydrogen: 

2𝐴𝑙 +   6𝐻!𝑂 → 2 𝐴𝑙 𝑂𝐻 ! +   3𝐻! 
This compound is dissolved relatively quickly in basic conditions by the following reaction: 

2 𝐴𝑙 𝑂𝐻 ! +   3𝑁𝑎𝑂𝐻 → 𝑁𝑎! + 2(𝐴𝑙 𝑂𝐻 !)! 
In this way, molds were dissolved for 24 h in 1M NaOH at 40°C, in a stirred vessel. The vessel 
had a cover (for splash protection) but was not closed tightly, as this reaction does evolve 
hydrogen gas. After 24 h, the glass slide with the polymer film is removed from the solution and 
rinsed with copious amounts of water to remove any excess NaOH or soluble reaction products.  

Initial trials were performed with very high aspect ratio pores (50 nm diameter, 500 nm 
tall). After dissolution of the AAO, it was found that the exposed PMMA pillars adhered to each 
other, forming a stringy mat. While PMMA has a high modulus for a polymer, compliance is 
geometry dependent. In this case, the very slender pillars were very compliant and bent towards 
each other, adhering. This process was probably facilitated by the presence of water during the 
dissolution process. PMMA is slightly hydrophilic and so the water bridging two pillars would 
draw the pillars together due to the capillary forces. Therefore, we contracted with Synkera 
technologies to provide us with pores that were 50 nm diameter and 250 nm tall. At this aspect 
ratio, the PMMA columns resembled the pillar architecture that we desired, as observed in 
Figure 9. 
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2. 4. 4. Summary of processing conditions for biomimetic nanopillars 
Table 2: Imprinting Conditions for Pillar Geometries 

 

2. 5. Characterization of biomimetic nanopillar library 
Scanning electron microscopy (SEM) and atomic force microscopy (AFM) were used to examine 
and characterize the nanopillared surfaces. 

2. 5. 1. Scanning electron microscopy characterization 
The SEM images, presented in Figure 9 show that regular arrays of pillars were generated across 
the surfaces. From the SEM images, the pillars’ diameter and periodicities could be measured. 
These results are presented in Table 3. 

Figure 9: SEM micrographs of PMMA nanoimprinted pillar library. P600, P300: 45° tilt angle. P200, P200A, P100: 
30° tilt angle. Scale bar = 1 µm. P600 and P300 images captured by Elena Liang. 

2. 5. 2. Atomic force microscopy characterization 
AFM was used to examine the P300, P200, P200A, and P100 pillars. An N-tegra instrument in 
tapping mode was used with < 5 nm silicon tips. 3D representations of the AFM images (except 
P600), produced by Gwyddion software, are shown in Figure 10 with exaggerated z-axes so that 
the shape of the pillars can be visualized. Visual examination shows the close correlation 
between SEM and AFM images. There main difference is that the pillar tips appear more closely 

Designator Mold Material Temperature Pressure Demolding 

P600 Silicon 160° C 2.5 MPa Facile 

P300 PDMS hole 
mold 185° C 2.2 MPa Facile 

P200 PDMS hole 
mold 185° C 2.2 MPa Facile 

P200A Anodized Al. 185° C 2.2 MPa Pillar breakage;  
mold destruction 

P100 Silicon 185° C 2.2 MPa Pillar breakage;  
mold degradation 
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spaced, as is expected due to the finite thickness of the AFM tip itself, which is convoluted in the 
data. However, we can measure curvature of the pillar tips accurately from the AFM data. 

 
Figure 10: Atomic force microscope scans of the PMMA nanoimprinted pillar library. 

Next, Gwyddion software was used to determine the height and the curvature of the pillar tips. 
Gwyddion software can locate the position of each pillar tip by using an algorithm to define local 
minima (troughs) on the surface. A mask is then generated, which highlights the location of each 
tip in red. Visual inspection was used to determine the veracity of the algorithm. Once the tips 
are located, Gwyddion can output the local maximum z height within each pillar tip and calculate 
the Gaussian surface curvature at that maximum point. In this way, pillar populations can be 
rapidly assessed. At least 40 pillars were examined for each geometry. The outputs were plotted 
as distributions (using R statistical software package and running R Commander user interface) 
and the masks and distributions are presented in Figure 11.  

The curvature distributions show that P300, P200 and P100 surfaces have tips with 
curvatures clustered around one modal average. The P100 surfaces have the broadest distribution 
of pillar tip curvatures. This is reasonable, because the P100 surfaces were fabricated from 
reactive ion etching of silicon, which produces a stochastically defined surface. The P200A 
curvature distribution is bimodal. This interesting result is likely the result of “doublet” pillars—

P300$ P200$

P200A$ P100$
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or pillars that are stuck together at the tips. This effect is observed in both the SEM and AFM 
scans. Because the P200A pillars are liberated from the AAO mold during an aqueous 
dissolution step, and because PMMA is hydrophilic, there is likely a strong capillary force that 
draws adjacent pillars together. As the bulk water evaporates away, the capillary would become 
smaller and smaller until the two pillars would be touching in effect. The only driving force to 
separate these pillars would be elastic recovery, which is evidently not strong enough. However, 
once the surface is rehydrated during the subsequent in vitro testing, the pillars may move apart 
and once again be freestanding.  

The height distributions show that each pillar geometry has one modal average, tabulated 
in Table 3. The average heights range from 125 nm to 325 nm. The P100 pillars have the 
broadest distribution in heights which again indicates the heterogeneity of the surfaces.  
 

 
Figure 11: Pillar tip curvature and pillar height from atomic force microscope data. Top) Masks covering the 2D 
AFM data, showing the location of each pillar tip in red. Bottom Left) Distributions of pillar tip curvatures. The 
P300, P200 and P100 curvatures are distributed about a single modal average. However, the P200A pillars seem to 
have a bi-modal distribution in curvature, indicating the presence of “doublet” tips. The P100 curvature distribution 
is quite broad compared to the P300 and P200 distributions, indicating heterogeneity. Bottom Right) Distributions of 
pillar heights. Each surface seems to have one modal average. The average pillar heights range from 125 nm to 325 
nm. The P100 pillars have quite a broad distribution of heights, indicating the heterogeneity of the surface.  
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Table 3: Pillar library characterization data. 

 

2. 6. Modification of surface to build an extended library 
For bactericidal effectiveness, I predict that pillar spacing is an important parameter. Therefore, I 
have extended my library to include rows of pillars with gaps. Figure 12 below, illustrates the 
scheme for modification of an existing pillar array in order to vary the pillar spacing. 
 

 
Figure 12: Scheme of modification to introduce gaps between rows of pillars.  

To do this, I used a double imprinting process. My lab has developed a method for printing lines 
and then using a second, lower temperature printing process to print another set of perpendicular 
lines, flattening out the regions of overlap and resulting in a square array of square pillars whose 
size and spacing is defined by the line gratings used.  

I adapted this double imprinting technique. In order to adjust the pillar spacing, while 
keeping the pillar diameter, height and tip geometry exactly the same, I can selectively print 
rows of the desired pillar array with trenches in between. To do this, I have developed a novel 
double imprinting technique. I first imprint wide lines at 185 °C, and then at 130 °C I impress a 
nanohole mold onto the lines as seen in Figure 13. This experiment paves a way for future 
investigations into the roles of size and spacing of the nanoimprinted lines.  
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Figure 13: SEM images of double-imprinted lines of pillar arrays. Top left) Unmodified P300 pillar array; Lower 
left) P300 array imprinted into PMMA substrate patterned with 208 nm line grating. Lower Right) P300 array 
imprinted into PMMA substrate patterned with 424 nm line grating. In Lower, trenches are seen adjacent to rows of 
pillared areas. SEM, 5kV, 30° tilt angle. Top Right) Scheme for imprinting rows of pillars with adjustable spacing. 

2. 6. Chapter 2 Summary  
In this chapter, background on the technique of nanoimprint lithography was provided. Mold 
manufacturing and mold materials advantages and disadvantages were discussed. The 
development of protocols for fabricating a library of biomimetic PMMA nanopillars from 
commercial and custom molds was described in detail. These surfaces form the library with 
which we can test bacterial response.  
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3. Bactericidal Effect of Nanopillared PMMA 
Surfaces 
 
In order to develop an antibacterial surface structure for an artificial cornea, my coauthors and I 
(Liang, Rodriguez) investigated whether the nanopillared PMMA surfaces can kill bacteria. For 
this study, Escherichia coli DH5α was assessed because E. coli is very commonly used in 
antimicrobial literature, making the results easy to compare across various studies. Additionally, 
this sub-species is not a biofilm former so we could assess the viability of only planktonic cells 
only.    

3. 1. Effect of nanopillared PMMA surfaces on bacterial viability 
First, the potential of PMMA replicates of cicada wings to kill E. coli bacteria was tested. If the 
wings are killing bacteria rather than preventing adhesion, then the number of colony forming 
units in suspension above cicada replicate surfaces should decrease over time (compared to flat 
films).  
 For this study, large-area samples (18 mm circular diameter) were fabricated using the 
drop casting technique described in Chapter 2. I affixed these to the bottom of a standard 12-well 
tissue culture plate using PDMS both to keep the hydrophobic samples submerged, and also to 
prevent bacteria from growing on the edges of the dish. I incubated 6,000 CFU/uL of E. coli 
DH5α in phosphate buffered saline (PBS) on the samples for 24 hours. PBS was used to limit the 
amount of proliferation of bacterial cells in suspension, which could confound the results. At 3, 
6, 18, and 24 hours, I removed three 5uL aliquots of cell suspension and mixed them (in order to 
get a more spatially averaged aliquot). Then, I plated dilutions of this sample on agar plates to 
determine the CFU/uL count of the solution floating above the samples. The results are presented 
in Figure 14. 
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Figure 14: Reduction in bacterial viability in suspension over nanopillared substrates. Left ) The CFU counts in 
suspensions above the pillared films decrease over 24 hours while the counts over the flat films remain relatively 
constant. Reproduced with permission from AIP.111 Right) Representative agar plates showing the decreased CFU 
counts in solution over P200 films compared to flat films.  

The number of CFUs above cicada replicate films is about half of the number above flat films. 
This indicates that the cicada replicates are either removing viable E. coli bacteria from 
suspension. This would either imply that the bacteria are being killed, or that they are 
preferentially adhering to the surfaces. 

Therefore, we quantified how many viable bacteria were strongly adhered to the surfaces. 
For the corneal application, it is assumed that natural blinking processes would remove loosely 
adherent bacteria. Therefore, Elena Liang and I compared the viability of adherent E. coli 
bacteria on P600, P300 and P200 surfaces. As noted above, P300 and P200 pillars both have 
narrower tip diameters than P600 and P300 and the pillars are also more closely spaced.  

In these studies, we incubated flat and nanopillared glass-supported PMMA thin films 
were incubated with suspensions (~9,000 CFUs/uL) of E. coli bacteria in nutrient broth for 20 
hours. Nutrient broth was used to allow us to assess whether the bacterial cells would be viable 
or grow on substrates. After incubation, we rinsed samples twice with 1x phosphate buffered 
saline (PBS), and stained them with BacLight™ viability fluorescent staining assay 
(LIVE/DEAD® BacLight™ Bacterial Viability Kit, Thermo Fisher Scientific). The kit is 
designed so that live cells will fluoresce green while dead cells will fluoresce red when 
illuminated with white light. Therefore we can use wide field fluorescence microscopy to 
measure the surface cellular densities. The kit contains Syto9 (green) and Propidium Iodide (red) 
nucleic acid stains. Syto9 stain can permeate any bacterium while propidium iodide can only 
penetrate bacteria with compromised membranes, ostensibly, dead cells. Since propidium iodide 
has a higher nucleic acid binding affinity, cells with compromised membranes rapidly shift from 
fluorescing green to fluorescing red. After imaging, we utilized the ImageJ Cell Counter plugin 
to manually count the numbers of live and dead adherent bacterial cells. In Figure 15 are shown 
samples of the fluorescence microscopy images and graphs of the live/dead and counts.  
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Figure 15: Fluorescence microscopy images of Live/ Dead stained E. coli bacteria on PMMA surfaces. Scale = 30 
µm. Graph of the percentage of adherent bacterial cells that are dead, as assessed by live/dead staining under 
fluorescent microscopy. P600 studies were completed by Elena Liang. Reproduced with permission from AIP.111  

Our work showed reduction in adherent bacteria on pillar surfaces, compared with flat films. On 
flat films, there are some visible microcolonies as well, which under some conditions may be the 
precursors to biofilm formation.112 Additionally, a greater proportion of the cells on pillar 
surfaces were found to be dead. P200 films had the highest percentage of dead bacteria of all the 
samples. These images and graphs show that indeed, more dead bacteria are observed on more 
closely spaced, smaller pillars arrays (P300 and P200) than on the larger, farther apart pillars 
examined in the case of P600.  

This data supports the hypothesis presented in the introduction section that E. coli cells 
are actually being killed by the pillar surfaces, since fewer viable bacteria were found in 
suspensions and more dead bacteria were found on surfaces. The dependence of bacterial cell 
death on pillar geometry supports the hypothesis that killing occurs due to interaction with 
multiple small pillars. Only one other study endeavors to determine the effect of pillar geometry 
on bactericidal effectiveness. This interesting study tests bacteria against various species of 
cicada wings with differing pillar densities (both tip spacing and sharpness vary). The results 
concur with ours—denser pillar arrays are more bactericidal.113 This hypothesis will be further 
examined later in this chapter. 
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3. 2. Scanning electron microscopy (SEM) study of bacterial cell morphology 
SEM of bacterial cells is complicated due to the fact that they are not conductive and that they 
must be dehydrated before imaging. To minimize the potential artifacts that may be introduced 
during the preparation process, we take the following steps. After incubating the E. coli for 20 
hours, we rinse the samples twice with saline so that only strongly adhering bacteria remain to be 
analyzed in these samples. Next, we fix the cells with 2.5% glutaraldehyde for 1 hour, rinse with 
water, then air dry. These samples are sputter coated with 1-2 nm of iridium and imaged under 
high vacuum mode SEM with the FEI Quanta, under 15 keV at a 10 mm working distance at a 
30 degree tilt angle. Representative SEM images of bacteria on the each sample in the nanopillar 
library are shown below in Figure 16.  

 
Figure 16: Images of bacteria on cells in nanoimprinted pillar library. Flat, P600, P600: 5kV; P200: 10kV; 30° tilt 
angle. Scale bars: left = 10 µm, right = 2 µm. Flat and P600 were prepared and imaged by Elena Liang. Reproduced 
with permission from AIP.111 

From the SEM images above, morphological changes of E. coli bacteria on pillared surfaces are 
evident. Most strikingly, on pillared surfaces, many of the bacteria appear to be deflated—

P600$

P300$

P200$

Flat$
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stretching over multiple pillars and sunken in. This is in contrast to the bacteria on flat films, 
which appear fully rod-shaped. The deflation indicates that the bacterial cell wall has been 
ruptured and turgor pressure has been lost—this is another piece of evidence of bacterial rupture 
on pillared surfaces. Another feature of the morphology that seems to be altered on pillared 
surfaces is the length of the bacteria. Quantitative analysis of the length is shown below in Figure 
17.  

 
Figure 17: Distribution of bacterial cells’ lengths on pillared and flat surfaces. Bacteria on pillared films are longer 
than bacteria on flat films. In addition, on pillared films, more very elongated cells (>5 µm) can be found than on 
pillared films. Reproduced with permission from AIP.111 

These data show that E. coli on pillared films are elongated compared to those on flat films. This 
is in contrast to the results of Jin et al.64 who found their pillared films to decrease the length of 
E. coli bacteria. Elongation (a.k.a. filamentation) of E. coli bacteria as a response to stress has 
been known for at least a hundred years, and is sometimes referred to as the S.O.S. response. The 
stresses can include DNA mutations or oxidation. Nutrient shortages will also drive 
filamentation because the cells can increase their surface area without decreasing the surface to 
volume ratio—crucial for diffusion mediated nutrient uptake. Therefore, we can surmise that the 
bacteria on pillared surfaces are undergoing more stress than on flat films. Normal cell division 
and cell shapes are crucial for biofilm formation. As seen in Figure 17, right, one of the cells 
appears bowed; such bowing correlates to a lower biofilm formation efficiency. Some of these 
issues are discussed at length in the review by Young.112 

3. 3.  Atomic force microscopy (AFM) study of bacterial cell morphology  
The observations of pillar deflation made under SEM can be quantified with AFM. AFM has 
been used to examine bacterial response to surface topography in many studies.15,17,31,61,66,114–117 
As mentioned above, many of the E. coli cells appear under SEM to be deflated and draped over 
the pillars. Moreover, it appears that the cell contents have leaked, because the cells appear 
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misshapen and thinner than normal cells. In order to quantify these findings, I seeded E. coli 
cells on samples in media for 20 hours, fixed and dehydrated them prior to AFM imaging. With 
Luis Rodriguez, we imaged in tapping mode with a cantilevered tip of 10 nm radius of curvature. 
The results are seen below in Figure 18. 

  
Figure 18: AFM images of E. coli bacteria on pillared and flat surfaces. Bacteria were incubated in media over 
surfaces for 20h and were fixed and dried before imaging. Reproduced with permission from AIP. 111 With Luis 
Rodriguez. Scale bars = 2 µm. 

The AFM image we took on flat films show fully rod shaped E. coli bacteria. The cells are about 
250 nm higher than the surface. On all the pillared surfaces, several bacteria were found to be 
sunken into the pillars and deflated. This is evidenced by their short heights, in some cases just 
several tens of nanometers above the tips of the pillars. On the P600 and P300 surface, the 
ripples on the cell surface correspond directly with the underlying surface topography, further 
proving that the cell is draping over multiple pillars. On the P200 surface with smaller, 
randomized nanopillars, the deflated cells are generally rippled, but cannot be precisely 
correlated with individual pillar tips. We measured the heights of bacteria on each film and 
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averaged across the length of each cell (n > 7 for each case). The distributions were plotted in 
Figure 19. 

 

Figure 19: Distribution of heights of E. coli  bacteria on pillared and flat surfaces. Bacteria sink into pillars, as 
evidenced by shorter heights on the pillared surfaces compared to the flat surface. Reproduced with permission from 
AIP. 111 With Luis Rodriguez. 

These results confirm the observations made above, showing that on average the bacteria on the 
surfaces of the flat films were 30% taller than those on pillared films. Therefore, from the AFM 
analysis, it is clear that the bacteria are actually sinking into the pillars, which strongly indicates 
rupture of the cell wall, leading to loss of turgor pressure and cytosol leakage. 

3. 4. Role of pillar spacing on cell attachment and orientation 
Several studies have examined bacterial cell orientation with respect to nanostructures, and 
found that the nanostructures can induce bacterial cell orientation, which may impact their 
function.15,61,63,115 In order to evaluate cell orientation, I analyzed SEM images. Using Adobe 
Photoshop©, I removed the backgrounds of the images, leaving only the 2-D projection of the 
bacterial cell bodies on a plane. Next, I created a transparent layer over the SEM image and 
erased the areas over the cells, yielding a binary particle mask (top row of Figure 20). I then used 
ImageJ to assess the angular distribution of the cell bodies, measuring every bacterium’s angle 
with respect to an arbitrary reference line. This yielded a distribution of angles between 0° and 
180°. Since all the pillar arrays are hexagonal, there is three-fold symmetry. Therefore, I found 
the absolute value of the difference between each bacterium and the nearest plane of symmetry. 
The orientation of a bacterium can be no more than 30° from its nearest row of pillars. 
Representative angle measurements are shown in Figure 20 (right).  
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Figure 20: SEM data used for quantification of bacterial orientations on pillar surfaces.  Left) Binary mask of cell 
bodies on flat film and on P600 Pillar film. Right) Example of a P2 SEM image with bacteria’s orientations and their 
differences from pillar axes labeled. 

The resulting measurements taken using the method described above and shown in Figure 20 
were taken for hundreds of bacteria, across three different images for each test condition. The 
results were plotted as a distribution of bacteria’s angular orientation in Figure 21. In order to get 
a rapid and compact assessment of any orientation in the surface, I also used ImageJ (nih.gov) to 
take a fast Fourier transform (FFT) of the cell bodies. Any orientational order would indicate that 
the pillared surfaces induce bacterial alignment. The FFT images are shown in Figure 21. 
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Figure 21: Orientation data for bacterial cell bodies on P600, P300, and flat films. Left) Bacterial cells on P600 films 
are more likely to orient directly with rows of pillars or in between the rows at about 20°, while bacteria on flat films 
and P300 films have no preferred orientation. Right) On the top is an FFT image of cell bodies on the P600 film 
while on the bottom is the FFT of the original image of cells on the P600 film; bright spots correspond to the 
symmetries of the pillar array. The dotted lines correspond to the lines along which cells were found to orient. Left 
image: Reproduced with permission from AIP.111 

The graph in Figure 21 shows that on P600 films, bacteria are most likely to align parallel to a 
row of nearest neighbor of pillars. Very few bacteria are orientated 10° from a plane of 
symmetry, which stands to reason since this orientation would force a cell to overlap with many 
pillars. Figure 21 (right) shows the FFT of the cell bodies above the FFT of the original image, 
which includes the pillar array. Cells aligning with the pillars correspond to connecting the 
central bright spots. From the FFT, several higher order symmetries are visible, which trace a 
line about 20° from the pillar axis. These lines correspond to bacterial orientations other than 0° 
that minimize the number of points of contact with the pillars. In contrast, on P300 pillars, no 
preferential orientation is found. This is likely because the pillars are so closely spaced that the 
cells are forced to cover many pillars and cannot settle into any preferred orientation. As 
expected, on the control flat films, no preferential orientation is measured. 

3. 5. Modeling heterogeneous bacterial cell wall rupture on nanopillared surfaces 
This study showed that biomimetic polymer surface topography was capable of killing adherent 
E. coli bacterial cells. The current hypothesis is that bacterial cell wets the material surface due 
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to adhesion forces including hydrogen bonds and other electrostatic interactions. As the outer 
layer of the cell wets, the cell is pinned by and bent around the hemispherical pillar tips, 
stretching the cell wall.67,68 The wetting of the cell wall was experimentally shown to be crucial 
for the rupture of yeast cells on cicada wing surfaces.71 

However, in order to rationally design industrially scalable bactericidal surfaces, we seek 
to develop a more fine-grained model of how the rupture would occur. First, we discuss what is 
known about the role of pillar topography in bacterial rupture. The key to this model is a more 
precise description of the failure criterion of the peptidoglycan wall of a bacterial cell. For this, 
we looked to detailed studies that assessed the mechanisms of action of several antibiotics. These 
results led us to simulate planar stretching and subsequent failure of a defective 2D hexagonal 
mesh. For this, we utilized the hexagonal spring network modeling software developed by Bela 
Suki at Boston University to simulate the bacterial cell wall failure on the nanoscale.118 

3. 5. 1. Nanopillar topography impacts on bacterial cell wall rupture 
The primary criterion for the bacterial membrane to be stretched, leading to rupture, is that the 
array of pillars must be dense enough that bacterial cell has a high probability of contacting 
multiple pillars. As the cell makes contact, it is pinned atop these pillars and stretches as it wets 
the pillared surface. Array density is a function of both size and spacing. In this chapter we 
showed that there was a maximum critical spacing, above which the bacteria could orient 
themselves in order to avoid pillar interactions. For the system studied in this chapter, the 
spacing was about 300 nm, just under the width of an average E. coli cell. In our work, we were 
unable to independently address the size (radius of curvature) and the spacing of the pillars. In a 
recent mathematical model of cell wall stretching on nanopillar arrays by Li, both density of 
nanopillars and nanopillar radius are considered. If pillar radius of curvature is set to 40 nm, then 
increasing the density of nanopillars per µm 2 increases the stretching of the bacterial cell 
membrane. This trend plateaus at a maximal density of 40 nanopillars per µm 2. Similarly, Li 
fixed the density at 100 nanopillars per µm 2 and found that increasing the radius of curvature of 
the pillars from 0 to 40 nm increased the stretching ratio of the bacterial cell membrane.68 This 
would indicate that the geometry leading to maximal stretching consists of pillars of 40 nm 
radius with a periodicity of 100 nm (thus spacing would be 60 nm). This closely resembles the 
dimensions of the cicada wing pillars that have been shown experimentally to be bactericidal. 

The pillars must also be tall enough for bending of the cell wall to occur and for the pillar 
to penetrate through the cell wall. The critical height requirement has not been experimentally 
determined but it is clear that pillar height needs to be much greater than an average cell wall 
thickness. Indeed, a mathematical model constructed by Li shows that the amount of stretching 
of the bacterial cell wall plateaus as the height of the pillar increases beyond 200 nm.68  
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The simulations of Li and Ivanova et al. assume the cell wall is homogeneous and elastic 
however. This is contrary to the evidence in the literature that the peptidoglycan layer is a rigid 
network. Therefore, there is still a gap in understanding of how the microscopic stretching of the 
bacterial cell wall by these models would lead to failure.  

3. 5. 2. Heterogeneity of bacterial peptidoglycan layer 
The peptidoglycan wall consists of linear glycan strands cross-linked by short peptides. 
Depending on the species, the glycan strands between crosslinks may be long (250 disaccharide 
units) or short (20 disaccharide units).119  

The mechanisms for peptidoglycan insertion during cell growth are still disputed. Foster 
et al. claims that as the cell is growing, peptidoglycan is added at various locations around the 
cell wall, which they hypothesize to be the more porous, permissive regions. This is in contrast 
to proposed helical insertion mechanisms.120–122 However the insertion occurs, it is well known 
that a roughly constant density of chains around the entirety must be maintained for a bacterial 
cell to maintain its shape while under its internal turgor pressure, which in E. coli cells can range 
from 0.5 atm to 3 atm, depending on the osmolality.123  

The Roux group modeled E. coli peptidoglycan in an atomic-scale molecular dynamics 
simulation, showing that the peptidoglycan layer is nearly 2-D and includes some natural defect 
sites. A reproduction of this finding is shown in Figure 22 (a).124 The Foster group found similar 
results experimentally, describing the peptidoglycan as a mesh that maintains the shape of the 
cell. They measured mesh pore sizes of 5-18 nm.125 The chemistry of the Gram-negative 
bacterial cell wall and an overlay representing my proposed peptidoglycan mesh is depicted in 
Figure 22 (b). Gram-positive bacteria have similar peptidoglycan architectures but the cell walls 
are much thicker. In an AFM study, the architecture of several Gram-positive cell walls was 
examined. In the interiors of sacculi of the ovococci Streptococcus pneumoniae and Lactococcus 
lactis, narrow bands of peptidoglycan were observed.126 The peptidoglycan strands in the 
sacculus of Bacillus subtilis were shown in a different study to have a twisted cable 
architecture.127 
 Many broad-spectrum antibiotics (including penicillins as well as glycopeptides such as 
vancomycin) cause bacterial lysis by interrupting peptidoglycan insertion, leading to defects in 
the cell wall.128 When peptidoglycan insertion is interrupted, as when treated with cell wall 
targeting antibiotics, defects accumulate and a pore is formed in the cell wall. Macromolecules 
from inside of the bacterial cell push the membrane outwards through this pore due to the 
positive turgor pressure inside, forming a bulge. This event leads irreversibly to expansion of the 
volume of the bacterial cell into the bulge, loss of turgor pressure, and total rupture and death of 
the bacterial cell. This phenomenon has been observed using fluorescent microscopy and 
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transmission electron microscopy in Gram-negative bacteria129 and Gram-positive bacteria.130 A 
cartoon of this process is shown in Figure 22 (c).122 

Mathematical models have been made to determine the “critical pore size” that would 
lead to irreversible bulge formation and cell rupture. These models balanced the turgor pressure 
against the resistance to flow of the macromolecules comprising the cytosol inside the cell. The 
model by Daly and coworkers indicates that a bulge would not form from a pore smaller than 20 
nm in Gram-negative bacteria.129 Similarly, the Weitz model calculated a critical pore size of 15-
24 nm for Gram-positive bacteria, and their experiment corroborated this result.130 These results 
are consistent with the more recent results from the Foster group which did not find any pores 
larger than 20 nm on untreated cells, and they only found about 4% of pores were larger than 15 
nm.125 A figure from Daly’s work, showing a cartoon of bulging of the cell membrane through a 
pore and two transmission electron micrographs of bulging cells is shown in Figure 22 (d). 

 
Figure 22: Literature on the Gram-negative peptidoglycan layer reveals a defective network that is prone to rupture 
if defect size exceeds 15 nm. (a) Atomic-scale simulation of the peptidoglycan layer of a Gram-negative bacterial 
cell wall. The layer is singular, nearly-planar, and is heterogeneous, containing some defects. Scale bar = 10 nm.124 
© 2014, Gumbart et al., reproduced under Creative Commons license. (b) Chemical make-up of the Escherichia coli 
cell wall119 and a sketch of a potential mesh that could represent the surface. Reproduced with permission by Oxford 
University Press. (c) Cartoon of vancomycin binding, preventing cell wall insertion and causing the mesh to fail, 
leading to a fatal bulge.122 Reproduced under PNAS agreement for educational/non-commercial use. (d) Depiction 
of the critical pore model, which predicts that a mesh pore greater than about 15 nm in a Gram-negative bacteria will 
lead to failure. Insets are TEM images showing bulges forming in vancomycin-treated E. coli. 129 Reproduced with 
permission from American Physical Society. 

(a)$ (b)$

(d)$(c)$

~"5"nm"
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 These experiments show that there is natural heterogeneity in the porosity of the bacterial 
cell wall. However the formation of larger pores is catastrophic. This is a key vulnerability of 
bacterial cells, exploited by many antibiotics. Therefore, it is natural to assess whether this could 
also be the key to bacterial cell rupture during stretching caused by nanopatterned surfaces. 

3. 5. 3. Stretching of bacterial cell wall modeled as a defective mesh  
The novel insight presented here is that natural defect sites in the bacterial cell wall are the 
nucleation points that lead to pore formation and eventually rupture. Unlike other models, I 
postulate that the failure of the bacterial cell wall will occur only at one location, which I believe 
will be near members of the network with the most accumulated stress—those adjacent to 
existing defect sites. Thus, rather than model the cell membrane as a homogenous membrane and 
trying to define a failure criterion as previous authors have done, I model it as a defective mesh, 
defining the failure criterion as opening of a pore greater than 15 nm in diameter.  

To model the stretching of a defective network and subsequent selective rupture of 
strained members, I utilize custom software developed by Bela Suki at Boston University.118 
This software allows the user to generate a hexagonal mesh of springs and define key parameters 
including: defect density and locations, linear and non-linear spring constants, bond angles, and 
boundary conditions. The user can set failure criterion defining the breakage of springs. Then the 
user programs a routine of external strain application and bond breakage, in which the model 
calculates forces on all the springs due to the inherent spring constant and also (optionally): 
pressure, surface tension, bond bending forces. Suki has used this program to successfully 
predict experimental data on mammalian tissue damage but the model is sufficiently general that 
it could be configured to model the bacterial cell wall rupture. A scheme of the modeling 
procedure is shown in Figure 23.  

 

Figure 23: Scheme of defective network modeling procedure. Model was used to simulate the stretching of the 
bacterial cell wall and subsequent rupture of stress-bearing elements. 

The table of parameters input into the model is given in Table 4. A previous mathematical model 
showed that a cell wall that drapes over the space between pillars would experience the highest 
strain, as the bacteria is pinned on the pillar tops and stretches as it wets down the pillar walls. 
Therefore in this model, I simulate a network of area of 50 nm x 105 nm, a region that would 
span the space between two adjacent pillars. The average width of a hexagonal element in the 
network is assumed as 5 nm—estimated from the molecular dynamics simulations cited 
above.124 So a mesh with 21 x 20 hexagonal elements is generated. A defect density is input such 

Generate'
network'

Introduce'randomized'
defects'

Stretch''
network'

Break'all'springs'above'
strain'threshold'
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that 1 out of 50 elements is 10 nm wide instead of 5 nm wide. To do this, 8 random springs are 
broken before the stretching takes place. Then the network is strained biaxially to simulate a 
simple planar stretching of the bacterial cell wall between pillars. The strain magnitudes are 
110%, 130% and 140%. These values represent “low” (110% biaxial) and “medium” (130% 
biaxial) stretching predicted in the two existing mathematical models of the system and “high” 
(140% biaxial) stretching corresponding to an areal increase of about 200%.67,68 I also tested 
uniaxial stretching of 140%, to determine whether a high aspect ratio finned surface, which 
would apply uniaxial strain on the cell could lead to rupture. 
 
Table 4: Parameters input into the defective network model. 

 
After stretching, the positions and the stress/strain of each spring in the network can be 

measured and visualized. The small amounts of strain induced by the nanopillared patterns will 
not have stretched the network sufficiently to open any critical pores (> 15 nm). However, the 
entire network will be under more stress. I hypothesize that the springs adjacent to existing 
defect sites bear more of the load and will be under high tension. In order to determine if a spring 
will break under this strain, we can set a maximum spring extension ratio 300%. The model will 
break any spring exceeded 300% strain. The biochemical mechanism(s) of breakage are 
unknown at this point, however it may be a strain-facilitated enzymatic cleavage. After this 
breakage, the remaining springs near defect sites are under still higher strain, and these break. 
This process will continue until a pore greater than 15 nm opens, which would lead to the 
bulging and reduction in turgor pressure described above.  

I ran each simulation ten times. After completion of the runs, I examined graphical 
outputs. We imported the images into ImageJ and measured pore sizes of the defect sites. 
Histograms of pore sizes were plotted. These along with representative images are shown in 
Figure 24. 

Parameter Value Program Input 

Total Mesh Area 50 x 105 nm 21 x 20 springs 

Defect Density (10 nm pores) 1 out of 50 8 

Strain Magnitude Geometry dependent– from 
mathematical modeling 

Biaxial: 110%, 130%, 140%  
Uniaxial: 140% 

Maximum extension (Lmax) 8.7 nm 300% 
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Figure 24: Results from defective network modeling. Left) Histograms of pore size (radius) distributions measured 
for defective networks under various strain conditions. Networks exposed to high biaxial strains formed numerous 
pores exceeding the critical pore radius of 15 nm, while the network under low biaxial strain and the network under 
high uniaxial strain did not form these large pores. Right) Representative images of networks under strain showing 
the randomized pores formed near the defect sites. The color of each spring scales with the magnitude of its strained, 
where red springs are strained to 300% and blue springs are under no strain. 

If a pore opened in a network that had a radius greater than 15 nm, I designated that network as 
failed. After examining the ten simulations for each condition, I determined that the biaxial 
140% strain networks failed at a rate of 60%, biaxial 130% strain networks failed at a rate of 
20%, biaxial 110% predicted no failure, and uniaxial 140% strain networks predicted no failure. 
Histograms also showed that the proportion of larger pores is higher on the biaxial 140% and 
biaxial 130% conditions. These results agree with the hypothesis that there is a strain threshold 
between 110% and 140% below which rupture occurs with a negligible frequency.  

These results also shed light on previous unpublished studies conducted by Liang, 
showing that fin-shaped nanotextures were ineffective in killing Escherichia coli, strain DH5α. 
Such line-gratings would only generate a uniaxial strain on the cell wall. In this model, even a 
rather large uniaxial strain of 140% did not stress the defect sites sufficiently to cause rupture.  

3. 6. Chapter 3 summary  
Taken together, the results collected Chapter 3 serve as proof of concept that nanopillared 
PMMA surfaces, in particular those with smaller, more closely spaced pillars are effective in 
killing bacteria and decreasing the number of viable, strongly-adherent bacteria. These pillars 
were shown to be effective against E. coli bacteria, which is a gram-negative bacterium. The 
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geometry of the pillars was found to be critical to their bactericidal efficiency. A simulation was 
performed to assess a potential mechanism by which this rupture might be occurring on pillared 
films. It was found that if the bacterial cell wall is approximated by a defect-containing mesh, 
and that if such a mesh is stretched, strain on the remaining members will exceed the critical 
strain threshold leading to catastrophic rupture of the cell. 
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4. Effect of Nanopillared PMMA Surfaces on 
Bacterial Biofilm Formation  
Current keratoprosthesis are found to suffer mostly from Staphylococcus aureus, Staphylococcus 
epidermidis, Streptococcus, Pesudomonas,  and Candida (yeast) infections, rather than E. coli.1,5 
Staphylococcus Epidermidis, strain ATCC 35984 (RP 62A), is the model Gram-positive coccus. 
This strain was originally cultured from an infected catheter device, and is known to be a robust 
biofilm former, able to adhere to surfaces due to its production of polysaccharide intercellular 
adhesins.131 Thus it is a good candidate for studying the capabilities of the nanopillared surfaces 
to prevent biofilm buildup. Pseudomonas aeruginosa, strain PA14, is the biofilm-forming gram-
negative Pseudomonas model my collaborators (Bhattacharjee, Hochbaum) and I have chosen 
because of its known pathogenicity and biofilm forming tendencies.  

As shown in Chapter 3, P200 pillars had the lowest fractions of dead bacteria, so I chose 
to focus on smaller nanopillars. For this study, I chose to use P200A PMMA surfaces, fabricated 
as described in Chapter 2. These are the smallest, most uniform, industrially fabricable pillars of 
my library.  

4. 0. 1. PMMA surface preparation 
I prepared homemade culture and imaging dishes using polystyrene, 12-well non-tissue culture 
treated plates. I cut a 5 mm diameter circular hole from the bottom of each well using a Versa 
Laser system in the lab of my colleagues (Khine, Nguyen). I then fabricated P200A surfaces 
following the procedures presented in Chapter 2. Next, I cut the surfaces (on 22 mm x 22 mm 
square coverslips) into 4, approximately 11 mm x 11 mm pieces. I glued one piece onto the 
bottom of each well using a 100% silicone caulk (One-part, acetoxy-cure, RTV silicone sealer 
“Dow Corning Tub, Tile and Ceramic Silicone Sealant”, Dow Corning), allowed it to cure at 
room temperature for 20 minutes, and then sterilized the plate with UVC light for 5 minutes.  

4. 1. Examination of Staphylococcus epidermidis growth on nanopillared PMMA  
Staphylococci are well known to be able to adhere to and proliferate on plastic surfaces. 
Moreover, these bacteria have dozens of microbial surface components recognizing adhesive 
matrix molecules (MSCRAMMs) that help them adhere to host tissue or host proteins that coat 
plastic surfaces in vitro.132 S. epidermidis bacteria are on the skin of all humans, and are 
considered an opportunistic pathogen—they only cause infection when they penetrate into a 
wound or are introduced on an implanted medical device. However, their ubiquity makes this 
species one of the most frequent causes for persistent infection in healthy patients with implanted 
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medical devices. The bacteria are non-motile, possessing no flagella or pili with which to swim 
or twitch.  

For S. epidermidis studies, I inoculated Difco nutrient agar plates with the sterile loop 
method from a glycerol stock. A growth curve was determined by growing dilute liquid stock in 
tryptic soy broth (TSB) at 37 °C at 250 RPM in shaker culture. The logarithmic growth phase 
was entered at about 9h. Therefore, for each of these studies, I performed shaker culture of a 
fresh colony for 12-15 hours. I diluted starting concentrations with TSB to 13,000 CFU/µL and 
400,000 CFU/µL. I incubated these on the surfaces for 4 and 8 hours (respectively).  

Next, I rinsed the samples twice with PBS to remove loosely adherent bacteria. I then 
stained the samples in BacLight™ solution diluted in PBS at 2 µL /mL for 20 minutes. I then 
imaged using the confocal scanning laser microscope (LSM 700) at 20x in order to count the 
numbers of live (green) and dead (red) bacteria and observe any adherent biofilm. The images 
were trimmed to 125 x 125 µm. Some typical fluorescent images from the dilute culture samples 
are shown in Figure 25. 

 
Figure 25: Scanning laser confocal microscope images of Staphylococcus epidermidis bacteria incubated on P200A 
and flat PMMA surfaces. Bacteria were stained with BacLight ™ nucleic acid stains to indicate dead cells in red and 
live cells in green. After 4 hours, more dead bacteria were observed on the pillar surfaces than on the flat surfaces. 
However, after 8 hours, biofilm growth was observed on both surfaces. Scale bar = 30 µm. 

The fluorescence microscopy results show that when starting with the 400,000 CFU/ µL 
suspension of S. epidermidis bacteria, biofilm would form quickly on both surfaces (<4 hours). 
When starting with the more dilute suspension (13,000 CFU/ µL) of bacteria, biofilm forms later, 

Flat%P200A%

4h%

8h%
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becoming evident on both surfaces after 8 hours, as shown in Figure 25. For the case in which 
the cells still appeared planktonic—the dilute 4h case—I quantified the percentage of bacteria 
that are dead in each frame using the ImageJ cellcounter plugin. The results are shown in Figure 
26. 

  

Figure 26: Percentage of S. epidermidis cells found to be dead on pillar and flat surfaces after 4 hour incubation. 
There was a 200% increase in percentage of dead cells, indicating that the pillar surfaces kill Gram-positive S. 
epidermidis bacteria.    

These results indicate that the P200A films harbored more dead S. epidermidis bacteria than the 
flat films. After 4 hours, the percent increase in fraction of dead cells was about 200% (average 
of 3 samples). These results show that the P200A pillars could be effective in killing initially 
adherent S. epidermidis bacteria. This study was the first time to our knowledge that polymer 
biomimetic nanopillars were shown to kill Gram-positive bacteria, with their thicker cell walls, 
which should be more resistant to mechanical damage.  

To examine whether there were any changes in the S. epidermidis morphology, we 
performed SEM. I incubated samples with 13,000 CFU/µL bacterial culture as described above, 
rinsed twice with PBS to remove loosely adherent bacteria and fixed them in 2.5% 
glutaraldehyde for at least one hour. Then I rinsed them with deionized water and air-dried. Next, 
I coated the samples with 4 nm of Ir using a plasma sputter coater (South Bay Technologies, San 
Diego, CA). Upon examination with SEM (Figure 27), I saw that even after 4 hours, the S. 
epidermidis bacteria on pillar and flat surfaces began to form mirocolonies. There are few if any 
visibly deflated S. epidermidis bacteria on either the flat or the pillar surfaces. After 8 hours, 
three-dimensional biofilm is found over much of each surface.  
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Figure 27: Scanning electron micrographs of  Staphylococcus epidermidis bacteria on flat and pillared surfaces. On 
flat and on pillared films, bacterial biofilms formed over time. Scale bars = 10 µm. 

Despite the pillars’ evident bactericidal effect on the Gram-positive bacteria, biofilm can still be 
formed on the pillar surfaces after a relatively short period of time. These results will be 
discussed and compared in a following section. 

4. 2. Examination of Pseudomonas aeruginosa growth on nanopillared PMMA  
Pseudomonas aeruginosa, strain PA 14, a clinical isolate that is a known biofilm former, was 
selected because of its virulence and known biofilm forming abilities.  It is an especially virulent 
pathogen in a variety of hosts. This is a motile bacterium with flagella and Type IV pili that give 
the bacteria both swimming and twitching mobility, allowing them to colonize surfaces and form 
microcolonies and eventually stable biofilms. 

For the P. aeruginosa studies, we inoculated cultures on luria broth (LB) agar plates 
using the sterile loop method. We grew liquid cultures until the logarithmic growth phase. We 
diluted liquid culture 1/1000 in M63. We incubated the liquid culture on the samples for 8 hours 
and 18 hours (respectively), and rinsed once with sterile PBS to remove any loosely adherent 
bacteria. We then stained the samples in BacLight™ solution diluted in PBS at 2 µL/mL for 20 
minutes. We imaged samples using the confocal scanning laser microscope (LSM 700) at 20x in 
order to count live (green) and dead bacteria (red) and to observe any adherent biofilm. The 
images are trimmed to 125 x 125 µm. Representative images are shown in Figure 28. 
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Figure 28: Scanning confocal microscope images of P. aeruginosa bacteria incubated on pillared and flat surfaces. 
Bacteria were stained with BacLight nucleic acid stains to indicate dead cells in red and live cells in green. After 8 
hours, more dead bacteria were observed on the pillar surfaces than on the flat surfaces. After 18 hours, biofilm 
growth was observed on flat surfaces but not on the pillared surfaces. As expected, many dead cells were observed 
within the bacterial biofilm. Scale bar = 30 µm.  

After 8h, one can see that there are some bacterial microcolonies forming on flat films of PMMA 
but there are none visible on the P200A films. After 18h, the flat films are mostly covered with 
bacterial biofilm. The biofilm is characterized by interconnected rafts of bacteria that seem to be 
in close contact with one another. However, on the P200A surfaces, there are no such colonies, 
nor are there even microcolonies. This is a remarkable result, showing that this robust biofilm 
former was deterred for 18h by the surface nanotopography alone.  

To learn even more from these images, we quantified the percentage of dead bacteria on 
the samples incubated for 8h, and the results are plotted in Figure 29. 

 
Figure 29: Percentage of P. aeruginosa cells found to be dead on pillar and flat surfaces after 8 hours incubation. 
There was a 200% increase in percentage of dead cells, indicating that the pillar surfaces could be effective in killing 
P. aeruginosa bacteria. 
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These results show that after 8h, most of the cells on flat and P200A surfaces are alive. However, 
there is an increased fraction of dead bacteria on the P200A surfaces. This supports the 
hypothesis presented in Chapter 3, that small pillars can rupture and kill adherent Gram-negative 
bacteria.  

In order to observe the morphology and cell-to-cell interactions of the bacterial cells, we 
used SEM to examine Pseudomonas aeruginosa bacteria on flat and P200A pillars. After 
fluorescent imaging (described above), we fixed samples in 4% formaldehyde for at least 1 hour, 
rinsed with water and air-dried. Next, we coated the samples with 4 nm of Ir using a plasma 
sputter coater (South Bay Technologies, San Diego, CA). The results are shown in Figure 30. 

 
Figure 30: Scanning electron micrographs of  Pseudomonas aeruginosa bacteria on flat and pillared surfaces. On flat 
films, bacterial biofilms formed over time, and some of the bacteria within the biofilm die (which is part of the 
normal life-cycle). On P200A films, the bacteria do not form biofilms. Scale bar = 10 µm. 

The SEM observations confirm those made with fluorescent microscopy. At shorter time points, 
microcolonies of bacteria are observed on flat films, but not on P200A films. At longer time 
points, the colonies on flat films have expanded into large, interconnected rafts, while on P200A 
films the bacteria still appear isolated. Another observation from fluorescence microscopy is that 
many of the bacteria inside the colonies appear dead after 18h. Indeed, under SEM it is clear that 
many cells in the colonies on flat films appear wrinkled and deformed. Programmed cell death, 
auto-lysis, is a well-known part of the formation of biofilm. Repeatable patterns of cell death and 
lysis have been shown, indicating that this facilitates phenotypic differentiation within 
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colonies.133 In contrast, on P200A films many cells were found to be live under fluorescence 
microscopy, and few (if any) of the cells appear deflated under SEM. However, there is debris on 
the P200A surface that could indicate sites where dead bacteria may once have adhered.  

In order to determine whether the dead cells observed on the P200A surface were being 
deflated by the pillars, we took AFM measurements of the bacterial height profiles on the pillars. 
We chose samples in which the bacteria were at the microcolony stage of development on the 
flat films. After fluorescent imaging (described above) samples were fixed in 2.5% 
glutaraldehyde for at least 1 hour, rinsed with water and air-dried. Then we performed AFM in 
tapping mode with a tip of < 5 nm radius of curvature. For each image, a region of 10 µm x 10 
µm was found that contained at least 7 cells. We used Gwyddion software for post-processing. 
Plane subtraction was completed to correct for any sample tilt. Then, the surface (either the flat 
film, or the tops of the pillars) was set to be the zero-height. Next, in each image, the height 
profiles of seven cells were measured along the long axis of the cell, for ~2 µm in length. The 
results are shown below in Figure 31. 

 
Figure 31: Atomic force microscope images of Pseudomonas aeruginosa bacteria on flat and pillared surface. 
Bacteria appear to be resting atop the pillared surfaces and do not appear deflated or sunken in. However, the cells 
do have more surface undulations when resting on top of the pillared surfaces.  

These results show that the P. aeruginosa bacterial cells have the same overall height, whether 
sitting on top of the P200A pillars or the flat surface. However, the cells sitting on the P200A 
surfaces exhibit more surface undulations than those on flat surfaces. This could be the hallmark 
of the deflation process described in Chapter 3. Since many more dead cells were observed on 
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P200A films than on flat films after 8h culture, the correlation allows us to assume that these 
morphological changes do coincide with cell death. However, the complete deflation described 
in Chapter 3 with E. coli, strain DH5α, is not observed.  

4. 3. Discussion of differing biofilm formation on flat and nanopillared PMMA substrates 
The differing responses of the Staphylococcus epidermidis, strain ATCC 35984, and 
Pseudomonas aeruginosa, strain PA14, bacteria to the nanopillared surfaces highlight the broad 
interspecies variability of biofilm formation.  

4. 3. 1. Staphylococcal biofilm formation 
Staphylococcus is a non-motile genus of bacteria, characterized by the lack of pili, fimbrae or 
flagella that would produce motion. After adhesion on surfaces, cells aggregate with adhesive 
proteins and polysaccharide-based exopolymers. The most important of these is the 
polysaccharide intercellular adhesion (PIA), which works like a glue that sticks adjacent cells 
together by electrostatic interactions.132 As the cells expand and encase themselves in this matrix, 
they begin to structure themselves into columns with fluid filled channels in between. It is 
thought that these channels are important for nutrient flow. This structuring process is regulated 
by quorum sensing processes that selectively stimulate the enzymatic degradation of the slime 
(with, for example, phenol-soluble modulins), facilitating release of the bacterial cells.132 The 
only mobility of Staphylococcus is called “darting”, which is a force produced due to the division 
of cells within an encapsulated aggregate that results in the ejection of cells.134    

4. 3. 2. Pseudomonas biofilm formation 
Pseudomonas biofilm formation can be described in 5 steps: adhesion, attachment, microcolony 
formation, biofilm maturation, and finally dispersal.135 As discussed above, Pseudomonas is a 
motile genus of bacteria with flagella and pili that aid in surface sensing and adhesion. It has 
been found that mutants missing either of these appendages cannot form normal biofilm.135 
Pseudomonas aeruginosa, strain 14, used in this study, has type IV group b pili that are known to 
drive twitching mobility.136,137 These have also been found to function as a sensor for surface 
contact.138 Twitching mobility is a rapid and highly organized motion of the pilus, by which 
bacteria form branching networks that allow them to colonize a surface very rapidly. The pilus 
extends and explores the surface ahead of the cell, binds to the surface at the tip, becomes taut, 
and pulls the whole cell forward. Once bacterial cells are in close proximity to one another, they 
utilize their pili to rotate or reorient, forming microcolonies. Microcolonies in turn can move 
together in a raft by twitching mechanisms. As they move, the rafts leave a trail of 
polysaccharides (commonly referred to as extracellular polymeric substance, EPS) including 
alginate along which other bacterial cells can easily move.136 As more EPS is produced, a set of 
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cues along with twitching mobility allows the bacteria to form into tall, mushroom-like biofilms. 
The mature biofilms of Pseudomonas may look similar to those of Staphylococcus, however as 
described here, their formation and regulation mechanisms are quite different.  

4. 3. 3. Effect of biofilm formation mechanism on response to flat and nanopillared surfaces 
Staphylococcus epidermidis, strain ATCC 35984, was shown to form a robust biofilm relatively 
quickly on nanopillared surfaces, despite apparent bactericidal action against initial colonizers. 
This indicates that subsequent adherent bacteria were able to bind onto surfaces and possibly 
even utilize the adhered, dead bacteria as a scaffold for the formation of biofilm. As the process 
of S. epidermidis adhesion and biofilm formation is static, not requiring bacterial translocation 
across the surface, the bacteria are able to cope with an unfavorable surface texture as long as 
initial colonizers can make contact, produce adhesins, and replicate. It is still an open question as 
to whether the nanopillared surfaces could affect any of those steps in the biofilm formation 
process. 
 Meanwhile the Pseudomonas aeruginosa, strain PA 14, bacterial biofilm was inhibited 
by the nanopillared surfaces. Again, some of the initial colonizers were killed by the pillared 
surface, however many were found to have survived. This indicates that the mechanism of 
inhibition was prevention of twitching and thereby prevention of quorum sensing and microlony 
formation that would begin the cascade of normal biofilm development. If biofilm cannot form, 
then adherent planktonic bacteria could still be killed by antiobiotics. This would confer a very 
important clinical benefit. This mechanism of antibacterial action of nanopillared surfaces has 
not been described before in the literature. 

4. 4. Chapter 4 summary 
The results of Chapter 4 show that the nanopillars can be bactericidal to biofilm forming 
bacteria, including gram-positive Staphylococcus epidermidis and Pseudomonas aeruginosa, but 
that their inhibition of biofilm depends on the mechanism of biofilm formation. For non-motile, 
Gram-positive Staphylococcus epidermidis, biofilm was not inhibited on the pillared surfaces, 
but for motile, Gram-negative Pseudomonas aeruginosa the biofilm formation was completely 
inhibited by the P200A pillar surfaces. After researching the differing mechanisms of biofilm 
formation, we hypothesize that inhibition of Pseudomonas aeruginosa biofilm is likely due to the 
interruption of normal twitching mobility.   
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5. Application of nanopillared PMMA 
coating to artificial cornea device 
To facilitate our first in vivo trial, I lead a student design team in the fabrication, testing, and 
optimization of prototypes for eventual implantation into animals.  

5. 1. Development of artificial corneal device prototype 
Our interdisciplinary team (Farid, Steinert, Yee, Dickson, Liang) has designed and patented an 
artificial cornea device made entirely of PMMA. The lens-like device (diagrammed in Figure 
32), which will replace damaged corneal tissue, consists of a central optic region surrounded by a 
thinner skirt. It will be inserted into a lamellar pocket in the patient’s corneal tissue. As discussed 
in the introduction section, the choice of PMMA ensures long-term biocompatibility and 
excellent optical properties. By making the device completely synthetic, we obviate the need for 
donor corneal tissue, which is a major limitation of current corneal prosthesis.  

 

Figure 32: Solidworks renderings of final device design. Diameters and thicknesses of central optic zone and skirt 
are indicated, as are diameter and placement of suture holes. 

5. 1. 1. Device design goals 
PMMA corneal prostheses are prone to the following drawbacks: inability of host tissue to 
integrate with the device, leading to extrusion from the eye; nutrient deficiency due to poor 
diffusion of nutrients from the aqueous humor in the anterior chamber to the host tissue on the 
anterior cornea; proliferation of fibrotic scar tissue across the implant optic, decreasing visibility 
and optical clarity; and infection by pathogenic microorganisms. Our design endeavors to solve 
each of these challenges. The skirt functions to anchor the device in place while allowing 
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nutrient through-flow. The surgeon initially sutures the device in place by placing stitches 
through defined suture-holes in the skirt. These suture holes will also allow the passage of 
nutrients from the anterior chamber and posterior cornea to the anterior corneal tissue. After 
several months, it is expected that the sutures can be removed and host fibrotic scar tissue will 
proliferate through the holes and create an anchor to the skirt. To facilitate this anchoring, we 
utilize a grooved surface texture on the skirt surface. Meanwhile, the central optic region is 
designed to prevent both host cell over-proliferation and pathogenic microorganism growth. This 
is achieved by incorporation of the PMMA biomimetic nanopillars onto the surface of the optic 
region. Thus, we hypothesize that we can achieve the desired optical transparency and 
biocompatibility offered by PMMA while reducing some of its risks by addition of surface 
micro- and nano-textures. 

5. 1. 2. Device architecture and fabrication 
We (Dickson, Liang, Selleck, Yee) and the surgery team (Farid, Steinert, Vu) and an optometrist 
(Blaze of Coast Optometric, Huntington Beach, CA) determined and defined the critical device 
dimensions, which include: diameter of central optic region, diameter of skirt, thickness of 
central optic region and thickness of skirt. Our team (Selleck) designed and rendered the lens 
using Solidworks 2015 (Dassault Systemes). A local optical shop, owned and operated by 
Russell Baxter (Specialty Contacts, Huntington Beach, CA) then fabricated the specified PMMA 
test-devices. The first step was to drill suture holes using very small gauge drill-bits into a 
medical-grade, cross-linked PMMA button, the standard starting material for hard contact lenses. 
Next, the anterior and posterior curvatures were milled using a digitally controlled lathe with a 
diamond tipped cutting tool to precisely control the curvature of the lens. Digital gauges also 
allow Baxter to measure the thicknesses of the optic region and the skirt. After the device was 
machined, the optical region was polished with velveteen to remove any optical-scale tooling 
roughness. The tooling roughness on the skirt, consisting of concentric grooves in the 100s of 
microns size scale, was not polished, as we hypothesized that such grooves might improve 
tissue-device adhesion. Test-lenses manufactured in this manner were carried forward to surgical 
trials. 

5. 3. 3. Optimization of device architecture and surgical technique 
Dr. Marjan Farid developed and tested the surgical technique in the surgical training wet-lab 
facility at the Gavin Herbert Eye Institute in Irvine, CA. She used fresh porcine cadaver eyes for 
testing. Tools used during the procedure include a surgical trephine, scalpel, and suture 
comparable to those used in clinical procedures. Videos were captured of each surgical 
implantation for future reference. We considered porcine eye testing a success if 1) the device 
could be inserted smoothly into the lamellar pocket 2) the device did not crack. After these 
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criteria were met, Dr. Farid undertook the implantation trials of a human cadaver eye (provided 
by SightLife). This trial was considered successful, as it met the previous criteria and the eye 
could be repressurized after suturing, creating a water-tight seal with no leakage.  

In Figure 33 are still images from an implantation into a porcine cadaver eye (a-c) and 
suturing after implantation into a human eye (d). In the images, the PMMA device is dyed green. 
In (a) a trephine is being used to cut away the damaged corneal tissue. In (b) a scalpel is being 
used to cut a lamellar pocket into the corneal tissue. In (c) the skirt of the device (green) is being 
slipped into the lamellar pocket. Note that the device in (c) has no suture holes around the skirt. 
In (d) the device (which does contain suture holes) is being sutured into place in the surrounding 
corneal tissue. 
 

 
Figure 33: Still images from video of implantation surgery. (a-c) show implantation steps of a device into a pig 
cadaver eye, while (d) shows the suturing of a device that has been implanted into a human cadaver eye. Steps: (a) 
trephination, (b) creation of lamellar pocket, (c) insertion of device, (d) suturing. Dr. Marjan Farid. 

For surgical implantation trial, we tested one or two device architectures, and for each trial that 
was unsuccessful, we modified the device design accordingly. In total, we tested five different 
device architectures. A table showing the initial and final critical parameters is shown in Table 5. 
A visualization of the different iterations is shown in Figure 34.  
  

(a)$ (b)$

(c)$ (d)$
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Table 5: Critical dimensions for the artificial cornea device and their changes throughout the trials. 

 

 

Figure 34: The 6 different prototypes that were evaluated for the PMMA artificial corneal device. In revision 2, both 
the total device diameter and the size of the optic region were decreased. Prototype number 6 is the final device 
design. In revision 3, a bottom cap was added to decrease the chance of tissue overgrowth on the back of the lens. In 
revision 4, the skirt diameter was decreased and the thickness of the top cap was increased. In revision 5, a smaller 
diameter skirt and larger diameter optic region were tested. These were found to be difficult to handle and the 
increased size of the optic region would decrease optical quality. Suture holes were also incorporated, but were 
found to be too small in revision 5. Revision 6, the final device design includes larger suture holes in the skirt.  

The major revisions were as follows: We made the central optic zone was made smaller; we 
introduced a bottom cap so that the device could be implanted securely into the corneal tissue; 
we made the skirt diameter smaller and the skirt size was made still smaller; we introduced small 
suture holes; we again enlarged the skirt size; we increased the size of the suture holes. 

Critical Dimension Initial Value Final Value Notes 

Diameter of  
central optic region 

6 mm 5 mm Smaller optic zone will create less 
light scatter and improve vision. 

 

Diameter of  
overall device 

11 mm 7 mm Smaller device will be easier to 
implant into the corneal pocket. 

 

Thickness of  
central optic region 

0.2 mm 0.4 mm Thickness increased to discourage 
scarring over the optic zone 

 

Thickness of skirt 0.2 mm 0.2 mm 0.1 mm was also tested  
and found to be too thin. 

1"
2"

3"

4"
5"6"
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Additionally we increased the thickness of the central optic region to prevent growth of corneal 
cells over the surface, and increased the skirt thickness to improve mechanical stability.   

5. 2. Modified reversal nanoimprint lithography to apply PMMA nanopillared coating to 
curved artificial cornea devices  
The next step was to integrate biomimetic nanopillars onto the artificial cornea device. This work 
was the subject of an article we published in Journal of Vacuum Science & Technology B.139 
The nanoimprint lithography methodology developed in Chapter 2 is applicable to producing 
nanofeatures at the surface of non-crosslinked PMMA, however the PMMA cornea devices are 
produced from crosslinked PMMA. In addition, that methodology is optimized for lower 
molecular weight (120 kDa) PMMA, not for high MW (1,000 kDa) medical grade PMMA. 
Finally, nanoimprint lithography requires high pressure and temperature, which only makes it 
suitable for imprinting onto flat surfaces. Therefore, some of the team members (Patel, Navarro, 
Tsao) and I employed a technique called “reversal imprint lithography (r-NIL)”140 to transfer a 
high MW nanopillared thin-film to the curved, crosslinked PMMA surface. The process scheme 
is shown in Figure 35.103,141  

 
Figure 35: Adapted reversal nanoimprint lithography (r-NIL) scheme and sample holding devices. (a) Scheme of 
adapted r-NIL for application of PMMA pillars to a curved PMMA surface. (b) Cut-away rendering of solidworks 
model of the holder device adapted for aligning the lens, curving the PDMS elastomer mold, and transferring the 
force from the planar top and bottom plates to the curved surfaces (c) Photograph of the custom-built holder 
assembly. Figure reproduced in part with permission from AIP.  139 With Noel Navarro, Yash Patel, and Justin Tsao. 
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We transferred nanopillars onto a hard lens made of PMMA (Specialty Contacts, Inc., 
Huntington Beach, CA). We fabricated the lens described above from crosslinked, medical grade 
PMMA. It has a radius of curvature of 7.8 mm. We coated nanostructures onto the central optic 
region, which is 5 mm in diameter. We replicated an elastomeric nanostructured mold from a flat 
rigid master mold in silicone.107 We prepared a 5 wt. % solution of Poly (methyl methacrylate) 
(PMMA) (1,000 kDa) solution (Sigma, Milwaukee, WI) in toluene and it filtered through a 
PTFE sub-micron filter. We next spin-cast the filtered PMMA solution onto the flat elastomeric 
mold at 600 RPM for 45 seconds. Due to the favorable wetting interaction of the solvent 
(toluene) and the PDMS, the polymer infiltrates readily into the features of the PDMS mold. We 
then annealed the cast film at 100 °C, just below the PMMA glass transition temperature, for one 
hour to allow the solvent to evaporate as the polymer rigidifies. This generates a thin, 
nanostructured film supported by the elastomeric mold. 

To transfer the nanostructured coating, we next pressed the elastomeric mold against the 
substrate with the desired curvature(s) at 105 °C, which is close to the glass transition 
temperature of PMMA. We found that a relatively low pressure of 3 MPa is suitable for transfer. 
We designed a 3-part holder using Solidworks 2016 Software (Dessault Systemes) to support 
and align the lens (figure 1b-c). The top plate assembly centers the brass plunger, which applies a 
uniform pressure on the backside of the lens. The brass ring secures the lens in the center of the 
bottom plate. The aluminum bottom plate has a hemispherical cavity to cup the elastomer mold 
into the desired curvature. The bottom plate has two 2 mm dowel pins that align the top plate and 
four 2 mm dowel pins that align the brass ring. The parts were custom manufactured, using 3D 
printing for the ring (Shapeways, Inc.) and standard milling for top and bottom plates. We 
obtained the brass plunger with a 7.8 mm radius of curvature from Specialty Contact Lens, Inc. 
The transfer of the nanostructured coating, at temperatures close to the glass transition 
temperature (Tg), is assisted by favorable surface energy matching between the substrate and the 
film and less favorable surface interactions between the elastomeric mold and the polymer 
material.140 In this case, the PMMA coating wets the PMMA lens, providing adhesion.  
 We then characterized the nanopillars on the surface of the device. We took photographs 
of the lens over a printed substrate to ensure optical transparency and fidelity and to visualize the 
presence of pillars by way of observing the diffraction pattern (colored light reflection at an 
angle). We obtained scanning electron microscope (SEM) images to examine the nanoscale 
structure of the pillars.  To perform the SEM, we sputtered a lens with 4 nm of Iridium. We 
obtained images in the FEI Magellan SEM at 3 keV using a through the lens detector and 
immersion mode as well as the monochromator to narrow the electronic energy distribution. The 
optical and SEM images are shown in Figure 36. 
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Figure 36: Corneal device prototype with nanopillared coating in central region. (a) Photograph of the lens over the 
UCI word mark. The wordmark is clearly visible, indicating optical transparency and fidelity. (b) Photograph of the 
lens from an obtuse angle reveals the colored (purple) diffraction pattern, indicating presence of structures across the 
lens surface. (c) SEM image of the pillars from top-down. Pillars have the expected size and spacing. (d) SEM 
images of pillars at the edge of the device. The appearance of tilt indicates the inherent device curvature. Figure 
reproduced in part with permission from AIP.  139 With Justin Tsao. 

We performed diffuse surface reflectivity measurements in order to determine the overall 
quality of the pillared surface. Such nanopillared surfaces are known to have 
antiglare/antireflective properties.98,142,143 As depicted in Figure 37 (Right),142 the antiglare 
properties arise because the pillars are smaller than the wavelength of the light and cause 
incoming light rays to bend as they would if there were a gradual change in refractive index in 
the surface layer. Thus, the reflectance is exceedingly sensitive to any defects in the surface 
nanopillar coverage. 

Here, we normalized the diffuse reflectance of a curved, nanopillared surface against a 
smoothly polished curved PMMA substrate using a Jasco V-670 UV-Visible/NIR 
Spectrophotometer with integrating sphere attachment (ISV-722/723 60 mm) over the full visible 
range and into the near UV and near IR (300 nm – 800 nm) in 5 nm steps. We performed 
measurements at the UCI Laser Spectroscopy Facility. For these experiments, we created a set of 

(a)$

(b)$

(c)$

(d)$



 63 

nanopillared, clear dome-shaped PMMA substrates (radius of curvature 7.8 mm, diameter 11 
mm) using the same elastomeric mold and bottom plate, but with a flat top plate instead of the 
plunger. We chose to use the dome shape rather than the lens shape device so that the device 
would be compatible with the integrating sphere sample holder. We chose to use a clear PMMA 
lens so that the tint would not contribute to the reflectance spectrum. The results are shown in 
Figure 37 (Left), and show a 60% decrease in reflectivity, which is consistent between different 
devices. 
 

 
Figure 37: Reflectivity of nanostructured curved surfaces is decreased compared to unmodified curved surfaces. 
Left) Reflectivity of the nanopillar coated PMMA lens surface normalized to the reflectivity of unmodified PMMA 
lenses. Measurements were conducted with an integrating sphere to measure diffuse reflectivity. Results show a 
60% decrease in reflection from the nanopillared surfaces compared with the unmodified surfaces. The results also 
show good reproducibility between the three different lenses in each group. Figure reproduced in part with 
permission from AIP.  139 Right) Ray trace diagram of light waves entering a nanopillared surface, where the pillars 
are smaller than the wavelength of light. Rays of certain incidence angles bend and are transmitted, rather than being 
reflected, as they would have been from flat surfaces. Published with permission from Royal Society of 
Chemistry.142 With Justin Tsao. 

5. 3. Artificial corneal device durability during implantation 
We only expect device durability to be an issue during the implantation process, since it would 
not encounter much mechanical stress once implanted in the eye. Thus, we examined the 
integrity of the pillars and fragility of the PMMA skirt during implantation. During implantation, 
the nanopillared surface may be touched by the surgeon. We carried out touching tests with a 
gloved finger applying a touch of 1 N (100 gf) (Wu) (average grip strength for an adult is 
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between 200 - 500 N, so a 1 N touch would be a relatively light grasping motion). We placed the 
sample was placed on a mass balance and a gloved finger was dragged across the surface at a 
steady rate while the applied force was measured at 100 gf. We then examined these samples 
using SEM and found damaged pillars in the regions that had been touched. To protect the 
pillared surfaces of the corneal device from such damage during transport and implantation, we 
recommend the use of protective cap that can be removed once the implant is sutured into place.*  

Next we assessed the fragility of the PMMA device skirt. The thinness of the skirt made 
it vulnerable to cracking at the tweezer sites during the implantation surgery. We hypothesized 
that this would occur when the tweezers are used to apply a lateral force on the device during the 
process of squeezing the device into the corneal pocket. A photo from this step in the 
implantation surgery is shown in Figure 38. Indeed after several trials, we did observe cracking 
around the skirt of the device at the base of the raised section after implantation. A photo of a 
device that has been implanted and removed is shown in Figure 38. In order to analyze the 
stresses being applied by the tweezer tips, we simulated the surgeon’s motion by uploading a 
Solidworks (2015) model of the device into ABAQUS engineering software (ABAQUS 
UNIFIED FEA by SIMULIA, Dassault Systemes,) and performing a finite element (FEA) 
analysis (Cai). ABAQUS, a virtual experimental tool, allows us to measure stress and 
deformation of a part when undergoing virtual simulation, saving time and money in prototyping 
and allowing us to rapidly assess changes in design. In this study, the numerical model was run 
under two point-force applications at opposite points on the perimeter of the skirt. In this case, 
point loading with magnitude of 1 newton was applied radially inwardly at the on each side 
perpendicular to the step wall of the skirt, as shown in the figure below with orange arrows. The 
applied boundary conditions constrained the device from rotating or bending out of plane, and all 
elements’ deformation in the Y direction were positive. PMMA material properties, including 
density and elastic modulus from a standard handbook, were applied in the model. Figure 38 
shows the result of this simulation. 

                                                
* These experiments were meant to investigate shear damage under dry conditions. Once 
implanted, the lens will be subject to liquid shear flow during blinking. Further work, likely in 
vivo studies are needed to determine the durability of the device under these conditions. 
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Figure 38: Damage to skirt caused by tweezer pressure during implantation. Top Left) Photo from implantation 
surgery showing the placement of a tweezer on the skirt of the device. Top Right) Photo of device after implantation 
showing cracked skirt. Bottom Row) FEI output of Von-Mises stress (bottom left) and deformation (bottom right) of 
PMMA corneal device when squeezed by an inward force applied with tweezer tips on the skirt. Junming Cai. 
Maximum values (red color): Von-Mises Stress, 100 Pa; Strain, 2x10-8. 

The simulations are consistent with the experimental results. The highest stresses are at the sites 
of force applied by the tweezer tips. Thus, we made the recommendation that the surgeon use a 
larger corneal pocket, to alleviate the stresses applied during implantation. So far this has been 
successful in preventing visible cracking of device skirts in subsequent trials. However, we are 
still concerned about the possible formation of invisible (microscopic) defects in the material, 
called crazes and shear bands. Crazing occurs under tension and shear banding occurs under 
compression and shear. Crazing could lead to micro-scale gaps in the material that can develop 
into crack propagation and eventually failure. Therefore, to reduce the stress even further, we 
recommend the use of tweezers with a wider tip coated with a soft elastomer to reduce some of 
the forces exerted during implantation.  

The best solution would be to avoid localized tweezer pressure entirely. For this reason, 
we have also proposed a vacuum pick-up system for device implantation shown in Figure 39. 
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Figure 39: Photo of vacuum pick-up device holding a corneal prototype. Device consists of a metal chamber, which 
pulls a vacuum with a mechanical valve, holding a corneal prototype (blue, translucent) with an o-ring (black). This 
device is advantageous for the implantation surgery because it neither contacts and damages the pillar tips nor 
applies stresses on the skirt of the device. With Junming Cai. 

The vacuum pick-up is a hand-held device (Pen-Vac™, Ted Pella) that we have fitted with an O-
ring to adapt it for use with our lens. The O-ring fits around the skirt of the device, and prevents 
contact of the device with the pillar tips. We envision that a surgeon could use this device to pick 
up and insert the lens, preventing the damage to the skirt.  

5. 4. Chapter 5 summary  
This chapter details the work of the multidisciplinary design team in implementing the first 
proof-of-concept device with synthetic polymer, biomimetic nanopillared coatings. First the 
device geometry was determined, prototypes were manufactured, and surgical testing helped us 
refine the design. Once a design was determined, we developed a novel fabrication protocol to 
put the nanopillared coating onto the curved lens. Next, we tested the durability of the device 
under the surgical implantation conditions: we tested the resistance of the nanopillars to shear by 
a gloved finger and we analyzed the cracking seen on the skirt of the device. We used finite 
element analysis to determine that it was likely the application of force with tweezer tips that 
generated this cracking. Finally, we developed an alternate surgical implantation tool—the 
vacuum pick-up system to help avoid some of these problems.  
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6. Extension of biomimetic nanopillars to 
polyurethane materials  
The biomimetic nanopillars discussed in the remainder of this thesis are made of a single 
material: poly(methyl methacrylate). As mentioned in Chapter 1, this material was chosen for its 
established biocompatibility and its optical properties. Many other polymer materials commonly 
used in medical devices can serve as conduits for infection when implanted in the body unless 
modified in some manner, as previous chapters have shown. Polyurethane (PU) used in medical 
devices is often found in the form of tubings—most importantly in catheter devices. Here, we 
develop methodologies for solution processing of thermoplastic polyurethanes (TPUs) for 
subsequent nanoimprint and reversal imprint lithography. We then fabricated TPU biomimetic 
nanopillars.  

6. 1. Polyurethanes as a medical material 
Polyurethanes (PUs) are used in a wide range of medical products and devices including catheter 
tubes, general-purpose tubing, artificial heart valves, and dialysis cartridges. Polyurethanes is a 
general term for a group of block copolymer materials consisting of short, alternating blocks of 
soft and hard segments. The soft segments are generally polyether or polyesters. In this study, 
polyether-based PU materials were used because of their hydrolytic stability, which is desirable 
in medical devices. A molecular structure for a polyurethane material based on ether segments is 
shown in Figure 40. The hard blocks are generally synthesized from diisocyanates and linked 
together with a low molecular weight chain extender via urethane linkages.  

 
Figure 40: Molecular formula of a common polyether polyurethane (Lycra). Soft rubbery segment consists of 
polyether. Rigid segment consists of polymerized diisocyanates. The hard and soft segments are conjoined by 
urethane linkages.144  

Polyurethanes can either be synthesized as linear or as crosslinked polymers. Crosslinks are 
inter-chain (typically covalent) bonds that are formed during the synthesis process. Crosslinked 
PUs can be used as foams, cast elastomers, or coatings. Linear (non-crosslinked) PU 
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formulations are synthesized by utilizing bi-functional reagents and low-temperature reaction 
conditions. Additionally, pre-polymer and chain extender ratios are kept at 1:1 to prevent free 
ends from crosslinking. These can be used as coatings or adhesives that can be applied by melt or 
solution processing.145 Linear PUs are often frequently used as TPUs. These can be sold as 
pellets that can be processed by extrusion, compression molding, or injection molding. TPUs 
have very high tensile strength, abrasion resistance, and resistance to degradation in addition to 
biocompatibility. For these reasons, TPUs are the most commonly used PU in medical 
devices.145 An important application is the polyurethane catheter tube. Bulk PU can be extruded 
to make a catheter tube, or alternately polyethylene or polyvinyl chloride can be extruded and 
then laminated with a solvent-cast PU surface. For this study we chose to develop a process for 
forming an antibacterial surface texture on the surfaces of several different TPU materials. The 
ultimate aim is for our process to later be made compatible with industrial catheter 
manufacturing techniques. 

TPU phases are inherently immiscible and form nano-domains, which generally manifest 
as hard phases dispersed in a soft matrix. The hard phases form physical crosslinks that give 
TPU the properties of an elastomer, yet allow for thermoforming. This biphasic composition 
leads to the tunable and often superior mechanical properties and may be crucial to their 
biocompatibility.145 Modification of the bulk properties of PU is achieved by altering the 
chemical composition and length of these blocks. Crucially, in TPU materials, the microdomain 
assembly is driven by enthalpic gains and at higher temperatures (above the so-called 
microphase mixing temperature, TII), entropic gains allow the hard segments to disassociate. 
Above the melting temperature (TIII), the microdomains are completely disassociated. A diagram 
of the phase dissociation with increasing temperature is shown in Figure 41.146  
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Figure 41: Model of the disassociation of the hard phases in polyurethane. In this scheme, the material is heated 
above the so-called microphase mixing transition temperature (TII) and then heated above the melting temperature 
(TIII).146 Reprinted with permission from Koberstein JT, Russell TP. Simultaneous SAXS-DSC Study of Multiple 
Endothermic Behavior in Polyether-Based Polyurethane Block Copolymers. Macromolecules. 1986;19(3):714-720. 
doi:10.1021/ma00157a039. Copyright 1986 American Chemical Society.  

Since TPUs are so heavily utilized in medical applications, surface modifications to improve 
biocompatibility or reduce infection risk has been studied extensively. Many strategies involve 
the covalent tethering of biomolecules or active moieties that recruit host biomolecules to the 
surface.35 Graft polymerization of biocompatible polymer coatings has also been explored. 
Recently, development has begun of completely physical (surface-textural) methods of 
preventing bacterial biofilm on PU surfaces.147,148 By changing the physical properties of the 
surface rather than the chemical properties, we—and others—hope to maintain the 
biocompatibility of PU while improving its infection resistance. We also believe that 
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modification of the surface texture will be an inexpensive and long-lasting solution that could be 
applied to a variety of PU medical devices.  

6. 2. Development of antibacterial polyurethane nanopatterned catheter surfaces  
This study focuses on the development of a novel nanopatterned coating for the surface of a 
urinary catheter device, specifically the Foley catheter. Up to 50% of patients with a urinary 
catheter are at risk for infection.149 A majority (66%) of catheter associated urinary tract 
infections (CAUTIs) occur from extralumal bacterial migration by which organisms move on the 
outside of the tubing into the urethra.150 A surface that could deter or delay the swarming and 
colonization of catheters by these bacteria could improve patient outcomes. 

In order to achieve this aim, we have developed fabrication methods for P300 pillars on 
the surfaces of several different polyurethane materials that are comparable to those used in 
catheter devices. We have chosen the P300 pillars because they were found to be bactericidal to 
Gram-negative bacteria in Chapter 3 and to prevent biofilm formation by motile, Gram-negative 
bacteria in Chapter 4. 

6. 2. 1. Choice of polyurethane materials 
We aimed to develop a coating process compatible with the scalable manufacturing processes 
currently used to fabricate catheter devices. Therefore, we chose three TPUs that spanned several 
orders of magnitude in Young’s modulus. Commercial polyurethane mechanical properties are 
typically identified by Shore durometer hardness. The materials we used have hardnesses of: 
A70, D45, and D77, which spans the full range of hardnesses that are used to manufacture 
medical tubes—typically from A70 to A95 (D15 - D50).151 These materials, commercially 
known as Texin® are all polyether, thermoplastic PUs, generously provided by Covestro 
(formerly Bayer Materials) in the form of translucent pellets. Our team (McHatton, Lee) 
measured some relevant properties of the polyurethanes used in this study. To prepare the 
samples, we melted PU pellets at 300 °C and compressed the pellets to form films of 0.2 – 0.4 
mm thickness. We cut them into rectangular strips of 6 mm width with a very sharp blade, which 
produced clean edges, and placed between grips at a distance of 30 – 60 mm. Tensile testing at a 
rate of 100 mm / minute was performed (Instron 3365 testing machine). Stress and strain were 
calculated by the program from the inputted specimen geometries and the applied displacement 
and force. From the linear portion of the stress/strain curve, we calculated the Young’s modulus. 
Because the strain was not directly measured by rather estimated from the original length of the 
specimen between the jaws of the grips, the modulus is only an estimate. We measured the 
melting temperature of each material using an optical microscope (Zeiss) equipped with 
polarizers and a temperature controlled stage. In Table 5 are the relevant material properties of 
the chosen polyurethane materials.  



 71 

Table 6: Relevant properties of polyurethanes used in this study. With Scott McHatton and Albert Lee. 

 
Pillars can only be formed via hot-embossing NIL if hard segment physical crosslinks form in 
the tip of the pillar during the cooling process. Therefore, we anticipate that the critical 
parameter is the amount of hard segment association in the PU. A material that is too soft would 
be expected to have less hard segment crosslinks and would therefore not have stable nanopillars 
due to elastic recovery upon mold removal. 

6. 2. 2. Development of polyurethane nanopillar casting conditions 
In order to validate the antibacterial effects of the polyurethane nanotextures, both planar 
substrates and mock-ups of device prototypes needed to be fabricated. For both hot embossing 
NIL and for reversal imprinting nanoimprint lithography, we followed methodologies similar to 
those described in Chapter 2: the first step was the solution casting of thin polyurethane films.  
 Polyurethane can be dissolved in high weight fractions in polar, aprotic solvents such as 
dimethylformamide (DMF) or tetrahydrofuran (THF). We utilized DMF because of its lower 
toxicity. Polyurethane solutions of 5 wt. %, 10 wt. %, 15 wt. % were dissolved in a covered 
scintillation vial on a hot plate by gentle stirring at 70° C for 48 h.  
 Spincasting was used to generate thin contiguous films of polyurethane on flat glass 
substrates. Different spinning times and speeds were tested. A surface would only be usable for 
manufacturing nanostructured coatings if it is relatively uniform and does not have large islands 
of PU.  

We found that higher weight fraction solutions, spun at lower speeds for shorter times 
generated more extensive coverage of the surfaces. The results of various spincoating trials are 
summarized in Table 7. In that table, cell with the symbol “✓” refer to spincoating conditions 
that generated surfaces with adequate degree of coverage necessary for good imprinting. The 
spin coat results must have close to 100% of coverage in order to ensure non-defective imprints. 
Cells with the symbol “-“ refer to spincoating conditions that rarely or never generated samples 
with uniform coverage. Under these spincoating conditions, we could not fabricate films suitable 
for imprinting. Cells with the symbol “~” refer to spincoating conditions that sometimes 
generated adequate films, but were not reproducible. Cells filled with gray indicate conditions 
that were not tested. 

Polyurethane 
Brand 

Specific 
Gravity 
[g/cm3] 

Shore 
Hardness 

Melting 
Temperature 

Literature  
[° C ] 

Melting 
Temperature 
Experimental 

[° C ] 

Water  
Contact Angle 

[°] 

Young’s 
Modulus 

[MPa] 

Texin 1209 1.07 A70 188 - 199 196 - 198 76 2 

Texin 945U 1.10 D45 220 215 - 217 79 23 

Texin 972D 1.19 D77 218 - 241 237 - 239 74 320 
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Table 7: Results of spincoating condition development study. With Albert Lee. 

 

6. 2. 3. Development of polyurethane nanopillar molding conditions 
We employed hot embossing NIL and reversal NIL (r-NIL) to generate planar TPU nanopillared 
surfaces over relatively large areas. For both processes, we utilized the P300 hPDMS negative 
molds described in Chapter 2. We performed hot embossing in the Tetrahedron press assembly. 
The following process was used: 2.2 MPa of pressure was applied and the temperature was 
raised to 232 °C. This pressure and temperature was maintained for 30 minutes of process time 
for imprinting. After the imprinting step, we allowed the polymer to cool to 21° C for 10 minutes 
under pressure before the mold was opened. The PU materials generally released cleanly from 
the hPDMS molds. Following demolding, we examined the imprints with AFM and SEM. Prior 
to SEM imaging, we sputter-coated the imprints with 4 nm of Ir. SEM was performed with the 
FEI Magellan instrument with the through the lens detector in immersion mode, at an 
accelerating voltage of 2 keV at a working distance of 4 mm. Figure 42 shows SEM and AFM 
images of the PU pillars and gives the radius of curvature of the pillar tips for the 945U and 
972D materials. Notably, no pillars were observed on the surfaces of the 1209 material, the 
softest TPU. 
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Figure 42: SEM and AFM characterization of P300 PU pillars. Left) 945U Right) 972D Top row shows SEM 
micrographs of pillared surfaces taken at 3keV, 4 mm working distance with through the lens detector and 
immersion mode. Scale bar is 1 µm. Middle row shows AFM micrographs of pillared surfaces taken in tapping 
mode with a < 5 nm tip. Bottom row shows one peak profile from each surface (blue) fitted with a dotted line 
showing the radius of curvature of each tip calculated by successive approximation. Dimensions are given in nm. 
The radius of curvature of the 945U surface was found to be 48 nm, while on the 972D surface it was 25 nm. With 
Albert Lee. 

These images show that the PU nanopillars can be imprinted using hot embossing nanoimprint 
lithography. Because of the biphasic structure of the bulk PU material, the dynamics of the 
imprinting process are more complicated than they were in the case of amorphous PMMA 
discussed in Chapter 2. The domain size of the PU hard blocks generally measures 5-10 nm.145 It 
is known that under sufficiently high temperatures, the hard segments of PU rapidly disassemble 
giving the chains more mobility. After the polymer chains flow into the crevices of the mold and 
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begin to be cooled, some hard segment crosslinks re-form. Therefore, when released from the 
negative mold, the PU maintains the pillar surface texture. Nanopillars can evidently be formed 
in this manner, by thermal imprinting, in the two harder PU materials that were tested. However, 
we measured a difference in the radius of curvatures of the pillar tips that were formed. The 
pillars of the softer PU material have a larger radius of curvature of 48 nm compared to the 25 
nm of the harder PU material. This indicates that the softer material was less able to faithfully 
replicate the shape of the mold. This is consistent with the knowledge that softer PU materials 
have fewer or smaller hard segments, and therefore form fewer crosslinks during the cooling 
process.  
 In some cases, clinicians may want to apply such antibacterial nanopillar surfaces as 
patches on commercially available catheter tubes. Therefore we broadened the fabrication 
methodology to produce self-supported nanotextured PU films, by adapting the r-NIL 
methodologies described in Chapter 5. We performed this study with a 10% wt. solution of 972D 
in DMF. We spincoated this solution at 600 RPM for 45 s onto a planar PDMS mold. Then we 
annealed the surfaces for 1h at 110° C to remove residual solvent. To demonstrate proof of 
concept that these patches could be applied to catheter devices, we wrapped a piece of 12 mm-
wide, double-sided tape around a standard latex urinary catheter tube (carbon conductive tape, 
double coated, Ted Pella). We contacted the tape to the PU film and rolled the tubing, thus 
adhering the PU onto the tubing and releasing it from the mold. In this way, we laminated a PU 
nanopillared “patch” onto the tubing.  

6. 4. Chapter 6 summary  
Using solvent casting to form PU layers and molding them with NIL and r-NIL, we were able to 
use scalable, commercially relevant processes to implement nanotextures onto the surfaces of 
TPUs. TPUs are an important class of commercial polymer used in many medical devices 
including different types of catheters. Thus, this PU coating could provide a cheap and safe route 
for preventing bacterial colonization of catheter devices.   
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7. Outlook 
This thesis constitutes a first step towards the development of antibacterial surface coatings for 
polymer medical devices, requiring no chemical modification to the material surface. I have used 
as examples applications such as artificial corneal devices and catheter tubings. In the case of the 
artificial corneal device, PMMA was selected for its biocompatibility, wettability and 
transparency. Polyurethane materials commonly used in catheter tubings are selected for their 
processability, biocompatibility, and tunable, favorable mechanical properties. However, 
implantable polymer devices are common sites for microbial biofilm formation, which lead to 
infection and necessitates removal of the device. In this work, we determined that rationally 
designed nano-textures on the surfaces of a commercial polymer (PMMA) could effectively 
deter bacterial biofilm formation.  
 Many steps remain before this technology can be broadly applied to implantable medical 
devices used on patients. The steps are listed here and explicated below: 

! Improvement of mold-manufacturing processes 
! Optimization of pillars for improved antibacterial efficiency; testing against fungi 
! Extension of these optimized structures to different biomaterials 
! Tribology and durability testing of nanostructured surfaces 
! Development of commercial manufacturing techniques 

As evidenced in Chapter 2, the most limiting part of the process is access to appropriate 
nanoimprint lithographic negative molds. The other aspects of the study depend on access to 
molds with precisely defined and controllable nanostructure geometries, printed over large areas. 
Additionally, a pillar with a wider base and smaller tip would be easier to de-mold than a pillar 
with straight side-walls. Therefore, we would ideally find a mold manufacturing process that 
could produce such tapered pillars.  

An additional consideration is the mold material. In this work, we worked with metal and 
oxide master molds (Silicon/Silicon oxide, Aluminum Oxide, and Nickel/Nickel oxide). We 
realized that soft, reusable elastomeric molds could help improve yields by allowing transfer of 
non-planar structures and/or transfer to non-planar substrates. This improved the process when 
we needed to move the process out of the dust-free cleanroom and onto the bench-top. It also 
facilitated the novel conformal reversal imprint lithographical process we used to transfer the 
nanostructured coatings to PMMA corneal devices. However, the hPDMS/PDMS material we 
are currently using is not ideal. The harder hPDMS layer is used to replicate the nanopillars 
while the PDMS forms a compliant backing. The hPDMS material is very fragile, and since it 
has a higher modulus than PDMS, there is an interfacial shear stress during the printing 
processes that often leads to cracking. These cracks, if formed on device surfaces, would be 
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prime sites for bacterial adhesion and biofilm formation. These cracks could be prevented if the 
mold were made of one material. Therefore a tougher, yet flexible, material is needed. 
Polyurethane materials such as those examined in Chapter 6 might be the solution for this 
problem. It was shown that PU surfaces are able to be nanostructured and as PUs generally have 
a much higher tensile strength than either hPDMS or PDMS, they are less likely to be damaged 
during subsequent molding processes. In addition silicones are inherently prone to contaminate 
of solid surfaces due to their low surface energy. For these reasons many researchers have 
developed special formulations of PU materials for imprint lithography molding processes. In 
our work, we did assess the usefulness of a nanostructured Texin 972D surface for 
nanoimprinting of PMMA nanopillars; however, we found that the surface-energies were not 
suitable as the PMMA simply adhered to the PU material. Chemical surface treatments could 
improve outcomes for future studies.  

Improvement of the ability to fabricate molds of different geometries and improvement of 
the mold materials would facilitate the extension of our library to a greater range of structures. 
This would allow us to do further optimization studies to determine which nanopillars are most 
effective against different types of microbes. In the present study, we have determined some of 
the critical parameters for an effective antibacterial surface texture. We have determined that the 
pillars must be spaced closely enough that microbes would contact multiple pillars. In our 
studies, as we increased the density of the pillars, we also made the pillars smaller. The denser 
pillar arrays were more bactericidal. However, we were not able to test the roles of size, spacing, 
and height independently. With access to the desired molds, these studies would be relatively 
facile. We could plot effectiveness as a function of pillar tip radius while holding density 
constant. We could then create arrays of pillars with this radius at several densities. We 
hypothesize that a higher density of nanopillars will cause a greater stretching and lead to 
rupture, but if the density of pillars is too great, the bacteria will respond as if it is interacting 
with a flat surface. The role of height could be investigated in a similar manner. We hypothesize 
that there is a minimum critical height but that above this critical height the effectiveness 
plateaus.  

These studies could be carried out with one pathogen of choice. However, to fabricate a 
broad-spectrum antimicrobial surface, we will need to work out a range of parameters that are 
effective against a range of pathogens. Gram-positive cocci are especially difficult to kill with 
mechanical rupture because 1) they have a smaller adherent area, and therefore contact fewer 
pillars 2) they have a thicker cell-wall and therefore may be less susceptible to rupture on the 
pillared surface. Therefore, we would recommend further testing against Gram-positive cocci 
including Staphylococcus. Future studies also must include yeast strains including Candida and 
molds such as Aspergillus and Fusarium. Indeed, such studies are currently underway in our 
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group. By developing a surface with a broad-spectrum effectiveness, we can increase the 
applicability of this surface to different clinical environments. 

An interesting question raised in this thesis is: what are the mechanisms by which 
nanopillar surface textures prevent bacterial biofilm growth? In Chapter 2 it was shown that 
nanopillars were killing E. coli, as evidenced by the decreases in planktonic bacteria in solution 
above pillared surfaces. In Chapter 3, more dead Pseudomonas aeruginosa and Staphylococcus 
epidermidis bacteria were found on nanotextured surfaces than on flat surfaces. However, growth 
of subsequent biofilm was different: Pseudomonas aeruginosa biofilm was inhibited, while 
Staphylococcus epidermidis biofilm was not. From this study, we cannot conclude that there 
exists a specific mechanism of biofilm inhibition because the two species of bacteria are so 
different. Thus it would be interesting to test biofilm formation of mutant isolates of the same 
bacteria species. Alternately, real-time gene sequencing could be used to examine the 
biochemical basis for the differing biofilm responses of bacteria on flat vs. pillared surfaces. 

This thesis was solely concerned with fabrication of biomimetic antibacterial nanopillars 
in PMMA and TPU materials. In order to further broaden the scope of the research, it would be 
advantageous to extend this process to other polymers. One current goal is to fabricate a 
hydrogel with a stiffer nanostructured surface coating. This could be used in contact lenses, 
which are notoriously susceptible to infection. Indeed, our group has proposed a method for 
using r-NIL to fabricate chitosan nanopillars on a chitosan-gelatin biocomposite hydrogel. This 
would be technically challenging, but could open up new avenues in wound care, leading to 
multifunctional antimicrobial materials.  

Once we have finished devices, durability studies will be needed to determine the 
lifespan of the device in vivo. The surface of a catheter tube will experience very high shear 
while being inserted into a urinary tract or a blood vessel. A corneal device will experience 
exceedingly high shear rates during blinking. Therefore, testing must be conducted to determine 
the pillars’ deformation under shear. We anticipate that the nanopillars will be much less 
susceptible to abrasion once immersed in a liquid environment, because both of these materials 
are slightly hydrophilic and will wet and adhere a thin layer of water over the nanopillar surface. 
This layer will be essentially immobilized and will act as a boundary layer, protecting the pillars 
from the high shear stress at the edge of the flow. Computational fluid dynamics modeling can 
help us predict and optimize these properties. If we find that nanopillars are damaged under shear 
flow, we could strengthen them by increasing crosslink density. This would be accomplished by 
incorporating chemical crosslinkers into the PMMA or TPU materials, which would be cured 
(most likely by UV exposure) after nanopillar fabrication.  

The nanopillars’ function may also be inhibited by host response to the surface if host 
proteins adhere to and mask the surface topography. In vivo studies will be conducted to assess 
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the host response to nanopillars over time. Our laboratory is planning a pilot rabbit study of 
PMMA P300 pillars on an artificial corneal device. Our clinical and biomedical translational 
team members are planning to examine the rabbits for signs of inflammation and infection, and 
to explant devices at the end of trials and examine them under the SEM to see if there are any 
changes to the nanopillar topography. We anticipate that in the eye, the high shear associated 
with blinking will keep the surface relatively clear of protein agglomeration and host cells. For 
other device applications, in vivo testing and realistic in vitro models will be needed. 

In tandem with the previous experiments, we will need to improve fabrication methods 
for implementing these nanopillared coatings onto commercial medical devices. In Chapter 5, we 
developed a batch-wise r-NIL method for the application of PMMA coatings to curved PMMA 
corneal device surfaces. In Chapter 6, we adapted this method for the application of the TPU 
nanostructured coatings to the surfaces of tubings. For future commercialization of this 
technology, it would be advantageous to utilize standard fabrication processes. For the cornea 
device, we would first try injection molding. This would allow us to make the entire device in 
one step, as one solid piece of material. This method would allow for decreased variability in 
device dimensions, compared to the manual methods we are currently using. Some tube devices, 
such as silicone Foley catheters, are molded, and could be produced similarly. To produce 
extruded tubings coated with antibacterial nanostructures, we anticipate that we could create 
special dies with very fine grooves that will apply the nanotexture to the surface during the 
extrusion process. Finally, some clinicians have expressed interest in a simple patch that can be 
applied to existing tubings. This would be more likely to be approved by the FDA for study as an 
add-on, rather than needing approval as a new device. The r-NIL method developed in Chapter 6 
would be suitable for this application, however we will need to research appropriate adhesives. 
Ideally the adhesive should be biocompatible, and also have some antimicrobial properties to 
prevent biofilm formation at the edges of the patch.  

We have shown that nanotextured polymer surfaces alone are able to prevent biofilm 
formation and even kill bacteria with no additional chemical surface modifications. We have 
translated these coatings to one test device, a PMMA artificial cornea device. Future studies can 
improve upon this technology so that it can be implemented on a broader variety of medical 
devices and biomaterials.  
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