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Abstract 
 

The goal of this project was to develop a surface that can resist bacteria biofilm growth using only the 

physical properties of the surface.  Previous research has shown that Staphylococcus aureus adhesion 

decreases as the stiffness of hydrophobic surfaces increases.  Other research regarding surface texture 

showed that micropillars of approximately the same size as Staphylococcus epidermidis reduced bacterial 

adhesion. The team hypothesizes that by combining material properties of high stiffness and surface 

texture similar to the size of S. epidermidis, the surface will reduce bacterial adhesion better than either 

property by itself.  

The team reports preliminary data characterizing the antimicrobial and stiffness properties of surfaces. 

Additionally, the team describes the experiments planned for D term 2020 and the anticipated results. The 

research conducted provides information on how stiffness can affect bacterial adhesion.  Ultimately this 

could aid scientists and engineers in the future as they work towards developing anti-fouling surfaces. 
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1.0 Introduction 
 

1.1 Motivation 
 

1.1.1 Biofilm Complications 

 

Many bacteria are able to form biofilms, which are clusters of cells that stick together, forming an 

encasing extracellular matrix structure on a surface. After initial adhesion to the surface, the bacteria 

slowly grow and propagate over time across that surface. Particularly in a nutrient-rich environment, such 

as the human body, the bacteria can rapidly reproduce. Doing so, the bacteria often harden to the surface, 

as they irreversibly attach and secrete proteins, minerals, and waste. These biofilms are often formed on 

any surface that bacteria can easily attach to, particularly medical implants and biomedical devices [1,2].  

 

Bacterial attachment to biomedical devices that are within the body or on surfaces that are in contact with 

the body, such as surfaces in medical facilities, creates an environment that easily causes clinical 

infections. Millions of Americans have in vivo devices for a multitude of medical diagnoses. Studies have 

shown that bacterial biofouling results in infections caused by biofilms usually show recurring symptoms, 

until the surface that the biofilm has grown on is completely removed from the body [2,3]. From 

microscopic eye surgery to major joint replacements, these devices provide opportunities for bacteria to 

infiltrate the human body and cause complications [4,5]. 

 

Biofilms can cause severe illness after surgery, if the instrumentation or testing devices were 

contaminated, due to bacterial infection and interference with proper operation of equipment [6]. 

Bacterial fouling that occurs on in vivo implants may cause more harm to the body than if the implant was 

not in place. The instrumentation has a shorter lifespan and does not interface properly with its 

environment due to the bacteria buildup on its surface [1,7].  For example, patients that require a folate 

catheter, which is very common in most in-patient hospitals, must take extra precautions to prevent 

bacteria from spreading to the area around the catheter. Research has shown that biofilms result in 

material and structural barriers against physical and mechanical stimuli, allowing bacteria to withstand 

normally harsh environments and partially resulting in drug resistant bacteria [1,2].  

 

1.1.2 Need for Easily Manufactured Anti-fouling Surfaces 

 

Biofilm formation is affected by the physical, chemical, and structural properties of the surface that the 

bacteria is interacting with. Previous research reveals that properties such as surface topography, stiffness, 

and surface functionalization can decrease bacterial cell adhesion by preventing protein absorption and 

even killing the bacteria [1]. These surfaces, however, are often difficult to manufacture or not feasible 

for in vivo devices for a variety of reasons, including large size or safety. Overall, modification of 

individual material properties has proven to be the most effective means of limiting bacterial attachment. 

These include topography, elasticity, hydrophobicity, and stiffness. For example, S. epidermidis adhesion 

is correlated with substrate stiffness. Different strains of bacteria are impacted by surface properties in 

different ways. [2,8]. 

The widespread negative effects of bacteria biofilms on substrates involved in patient treatment, including 

persistent infection and medical device interference, create the need for easily manufacturable surfaces 

that are anti-fouling. Ready access to vital biomedical implants and sanitary hospital surfaces is necessary 
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to prevent complications following medical procedures, such as increased risk of further illness. A 

modified surface that is anti-fouling must be able to be efficiently manufactured and thus readily available 

to be used with devices that interact with the human body, so that healthcare providers can provide 

reliable care to those in need [9-11]. 

 

1.2 Background 
 

1.2.1 Significance and Clinical Relevance of S. epidermidis 

 

Staphylococcus epidermidis is one of the leading causes of healthcare infections, primarily from medical 

implants [12]. It is commonly found in medical facilities and is endemic to the microbiome of human and 

animal skin and body tissues [13]. S. epidermidis is the primary pathogen in catheter-related bloodstream 

infections, prosthetic joint complications, and prosthetic valve endocarditis [14]. S. epidermidis can be 

multidrug-resistant and consequently impedes antimicrobial therapy, especially for at-risk individuals, 

such as those in intensive care units [15]. The infections it causes are chronic due to the persistent 

biofilms that the bacteria forms on in vivo medical devices. 

S. epidermidis has several characteristics that make a correct microbial diagnosis and delineation between 

contamination, colonization, and true infection difficult. For instance, the bacteria is often involved in 

polymicrobial infections and thus different samplings reveal that a variety of antibiotics for therapy would 

be beneficial. In addition, the epidemiology and transmission of S. epidermidis is little known though it 

has been recognized as a significant pathogen for over 30 years [16]. There has not been adequate species 

identification of S. epidermidis in a clinical setting, as well as ignorance of the true extent of the bacteria 

in infections. These issues are primarily due to the fact that the bacteria grows slower than other common 

species, and so researchers do not always wait to diagnose it in acute infections [17]. The biodiversity and 

identification issues surrounding infections that involve S. epidermidis primarily occur in situations where 

biofilms are present [12]. 

Anti-adhesive coatings made from a variety of polymers have been utilized in a clinical setting to prevent 

S. epidermidis adhesion. These nontoxic materials are primarily used to resist protein absorption, and they 

are also used in combination with antibacterial agents. To prevent colonization, bactericidal substances, 

including peptides and phosphonium salts are commonly added to the anti-adhesive coating. This dual 

coating has effective antifouling properties, particularly soon after initial bacterial adhesion [1].  

 

1.2.2 Surface Topography 

 

Bacteria interacts with the substrate it attaches to in a way that is determined by the physical specification 

of the bacterial species and substrate characteristics. Surface roughness on the nano- and microscales may 

promote initial bacterial adhesion by providing more surface area for cells to attach to, if the size of the 

surface features are slightly smaller than the size of the bacteria. Furthermore, other bacteria features such 

as flagella, may cause the bacteria to better adhere to a rough surface. Consequently, the bacteria shape, 

as well as length and width, must be taken into consideration when developing substrates that prevent 

bacterial adhesion [2]. 
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There have been two main approaches to preventing bacterial adhesion of S. epidermidis by modification 

of topography. The first is surface modifications on the nanoscale level. These include pillars with heights 

below 200 nm, which is significantly less than the size of the bacteria, which has a diameter of 

approximately 500 ï 700 nm [18,19]. This type of surface is often known as a bactericidal surface, as the 

nanoscale features have been shown to damage the cell wall and kill the bacteria that come into contact 

with it [19].  It has been speculated that these surfaces reduce adhesion due to their effect on the 

physicochemical forces (surface free energy), cell membrane deformation, and chemical gradient at the 

solidïliquid interface [19].  

The second approach utilizes micro-features that are roughly the same size as the bacteria. These surfaces 

are believed to reduce bacterial adhesion by affecting surface hydrodynamics, surface air entrapment, 

bacteria ordering and segregation on surfaces, and surface conditioning [19].  Due to variability of 

bacteria shapes and sizes, the optimal size features and spacings may vary considerably between bacteria 

strains. For example, some studies have shown that a surface topography of hexagons with a unit size of 5 

µm and 10 µm tall pillars are ideal for preventing adhesion of E. coli [20].  However, studies have shown 

that S. epidermidis adhesion decreases with pillars 0.5 µm to 1 µm in diameter, with spacings 

approaching the size of the bacteria [21-24].    

The shape of the pillar also plays a role in the reduction of bacterial adhesion.  Most studies that looked at 

the adhesion of S. epidermidis or S. aureus used topographies with circular pillars, however one study 

found that square pillars were more effective [22].  It is important to note, however, that this study looked 

at pillars with nanoscale heights as opposed to the micron heights our group would be testing.  Our group 

is therefore looking to test whether this finding holds true for pillars on a micron scale. 

 

1.2.3 Stiffness 

 

Stiffness (or more correctly, elastic modulus) of the surface has also been shown to increase or decrease 

bacterial adhesion. The correlation depends on whether the material in which stiffness is varied is 

hydrophobic or hydrophilic. Most studies have demonstrated that bacterial adhesion decreases with 

decreasing stiffness when the material used is hydrophilic. For example, when the elastic modulus of 

poly(acrylic acid) (PAA) was varied at values of 1, 20, 40, and 100 MPa, the adhesion of Escherichia coli 

and S. epidermidis decreased as the stiffness of PAA decreased [5,33]. 

The most commonly-used hydrophobic material to test the effects of stiffness on bacterial adhesion is 

poly(dimethylsiloxane) (PDMS). Its elastic modulus can easily be varied by adjusting the ratio of the base 

to curing agent, which affects the degree of cross-linking within the material. Previous testing with S. 

epidermidis have commonly used three different ratios of PDMS. Ratios of 5:1, 10:1, 20:1, and 40:1 

result in elastic moduli between 0.1 and 2.6 MPa. This range of stiffnesses is similar to those found in 

biomaterials used for medical applications, such as contact lenses [32]. 

Research done with hydrophobic materials has shown that bacterial adhesion decreases with increasing 

stiffness (opposite to the trend on hydrophilic surfaces) [5,32]. The testing that has been done with PDMS 

and S. epidermidis has proven this correlation [34]. Furthermore, the size of attached cells was smaller 

and the bacteria were less vulnerable to antibiotics including ofloxacin, ampicillin, and tobramycin on the 

lower stiffnesses of PDMS. Finally, when Lactococcus lactis and E. coli were grown on poly(l-lysine) 

(PLL), a hydrophobic material, they grew slower as the stiffness of the substrate increased [33]. 
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The trend is not true in all cases, due to variations in testing procedure and bacteria type. Research 

showed that as the stiffness of poly(allylamine) hydrochloride (PAH), a hydrophobic surface, decreased, 

the bacterial attachment of E. coli also decreased. It grew about 30 times faster on the substrate that had 

an elastic modulus of 30 kPa than on the substrate that had an elastic modulus of 150 kPa [5].  

The more the stiffness is varied, the more the characteristics of the cells vary from their natural state [34]. 

Some properties include cell size and susceptibility to antibiotics [35]. Over the course of the research 

that studies the correlation between substrate stiffness and bacterial adhesion, numerous surface 

characteristics from varying conditions may cause the overall results to not be consistent [36]. 

Nevertheless, surface stiffness is a critical material property that influences the response, stress tolerance, 

and growth of bacteria cells. 

 

1.2.4 Surface Material 

 

Polymers are often used as antibacterial surfaces, either as a coating to prevent bacterial adhesion or a 

surface that can be easily sterilized. They are primarily used for long-term in vivo medical devices [37]. 

PDMS is a commonly used polymer for this application, as it is stable material, inert, and nontoxic, 

particularly when surrounded by body fluids. 

PDMS inhibits organism attachment due to its surface properties and chemical composition. It is a non-

polar material and is thus used extensively as a non-fouling surface due to its low modulus and surface 

energy. These characteristics encourage any organisms that attempt to cling to its surface to easily detach. 

The surface also resists protein absorption. In contrast, when polar polymers come in contact with living 

organisms, their protein molecules extensively absorb into surface to decrease the naturally high 

interfacial energy [38]. 

 The surface stiffness of polymers can also be easily modified to meet desired specifications. PDMS is 

often patterned with micro- or nano- size features to control biofilm formation. It is hydrophobic, making 

it difficult for bacteria to adhere to its surface [39]. Natural anti-fouling surfaces such as shark skin or 

lotus leaves have similar properties to this polymer [40]. Its surface is often modified with topography to 

further increase the antifouling properties [1,5]. 

 

1.2.5 Approaches to Manufacturing Micro and Nano-features 

 

Two general approaches were researched to texture the surfaces: top-down and bottom-up, as described in 

Table 1.  The top down approach focused on methods that allow for control over the surface texture and 

geometry through physical means.  Given the small scale of the features, there was a focus on mask-based 

photolithography and laser photolithography.  The bottom-up approach looked at how particles could be 

added to the PDMS mixture itself to texture the surface. The main focus of this approach was coating 

particles followed by etching to leave behind a textured surface. 

 

 

 



11 

 

Method: 

Mask-based 

photolithography 

mold 

Molded pillars using 

laser 

photolithography 

Printed pillars using 

laser 

photolithography 

coated in PDMS 

Textured PDMS using 

ZnO particles, then 

etching particles 

Approach 

type: 
Top Down Top Down Top Down Bottom Up 

Feature size 

capabilities 
~ 1 micron ~ 0.2 microns ~0.2 microns 

50 nm ï 5 microns 

(dependent on ZnO 

particles sizes) 

Benefits: 

1. Control over 

surface geometries 

and feature patterns 

 

2. Saleable for mass 

manufacturing  

1. More control over 

the surface texture, 

feature sizes and 

geometry 

 

2. Scalable using 

methods such as roll 

to roll 

nanolithography 

1. More control over 

surface texture, 

feature sizes and 

geometry 

 

2. Method does not 

require as much 

process optimation 

 

1. Easily feasible with 

available tools 

2. Method well suited 

for mass manufacturing 

Drawbacks: 

1. Desired features 

sizes are beyond the 

lab machine 

capabilities 

 

1. Pushing capability 

limits of Nanoscribe, 

resulting in prints 

varying from models. 

 

1. Pushing capability 

limits of Nanoscribe, 

resulting in prints 

varying from 

models. 

2. Unfeasible to 

mass manufacture 

and only used in a 

lab setting. 

1. Less control over 

specific surface texture 

and geometry 

Table 1: Approach Benefits and Drawbacks 

 

Mask-based photolithography is comprised of creating a mask by fabricating a patterned surface unto a 

substrate, often called a wafer.  The mask is then used to transfer the pattern to a photosensitive chemical 

photoresist on the substrate, followed by etching. Chemical treatments are then applied to enable the 

transfer of the pattern unto the material beneath the photoresist [41,42]. One of primary benefits of the 

mask-based photolithography its mass manufacturability.  The method is widely used in the 

semiconductor industry and is therefore an established manufacturing process.  Additionally, this method 

allows for control over the feature patterns, spacings, and geometry.  

However, the desired feature sizes for this project are outside of the machine capabilities.  Feature sizes 

are generally limited to approximately 1 micron or larger.  For example, when used in the manufacturing 

process of semiconductors it is limited to patterning uncritical features [43]. This means that there are 

difficulties using this process to consistently manufacture submicron features.  While there is significant 

control over surface pattern and geometry when within the machine capabilities, the desired feature size 

of 0.5 microns is slightly outside the 1-micron capability of the technology available.   

One of the main benefits of laser photolithography compared to mask-based photolithography is that the 

machine capabilities better matched the desired feature sizes. The Nanoscribe GT+ can print lateral 

feature sizes down to 200 nm [44].  However, the desired 0.5 by 1-micron pillars are towards the end of 
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the capability limits.  This could result in variation between the actual product compared to the program 

generated model.  Another benefit is that the method is scalable. Though the Nanoscribe is limited to 

prints within a millimeter due to its ability to make extremely fine features, other similar methods could 

be used to mass manufacture a product with similar features [45]. For example, roll to roll imprint 

lithography can create features sizes down to approximately 300 nm, and can be used as a method to scale 

manufacturing [46].   

Two different methods for laser photolithography were considered: molding pillars and directly printing 

pillars.  In the first method, the mold would be created using laser photolithography and would then be 

used to shape the PDMS during the curing process, resulting in the textured surface [47, 45]. The second 

laser photolithography method involves printing the pillars directly and then coating the pillars in PDMS.  

The benefits are similar to the molding method in that feature sizes are within the Nanoscribe capabilities, 

allowing for better control over surface texture, features and geometries.  Again, however, the desired 

features are at the capability limits, leading to differences from the actual prints compared to the models 

[48].  Another benefit is that this method does not require as much process optimization as the previous 

two methods.  This is due to the fact that there is no molding or stamping involved.  However, unlike the 

laser photolithography molding method, the procedure is not scalable for mass manufacturing.  The 

Nanoscribe does not have the ability to print the pillars in a large volume, due to the limitations on the 

size of the print and time it takes to make each pillar [45]. Therefore, this technique is only feasible in a 

lab setting. 

For the bottom-up approach, there was a focus on how ZnO particles could be added to the surface and 

then etched away, leaving behind textured PDMS. The benefits of this process are the ease of making the 

surface and the ability to easily mass produce the surface.  However, this method does not provide much 

control over the surface texture, such as particle spacing or geometry. The only means of changing the 

texture with this method was to vary the concentration of ZnO particles on the surface and vary the size of 

the ZnO particles.   
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2.0 Objectives and Scope 
 

There are two primary objectives for the project.  

Objective 1. Test the hypothesis that combining material properties of high stiffness and surface features 

with size similar to that of S. epidermidis will result in a surface with reduced bacterial adhesion 

compared to that on surfaces having either property by itself. The experiments consist of two main parts: 

determining how stiffness affects bacterial adhesion and determining how stiffness and surface texture 

combined affect bacterial adhesion. Three different stiffnesses of PDMS are to be evaluated to determine 

how stiffness affects bacterial adhesion. Because PDMS is a hydrophobic material, it is expected that as 

the stiffness is increased, the substrate will more effectively prevent bacteria bio-fouling. The ideal 

stiffness will be used to create a textured surface. 

Objective 2. Determine a scalable manufacturing method that can produce surfaces with specifically-

designed micro- and nano- features. Both top-down photolithography approaches and bottom-up spin-

coating approaches are to be investigated. The top-down approach uses a Nanoscribe 3-D printer to create 

a mold or directly print micropillars of sizes that are similar to that of S. epidermidis. The bottom-up 

approach involves mixing PDMS with each of three different zinc oxide particle sizes, then spin-coating 

the PDMS and etching the ZnO particles away to leave behind a porous textured PDMS.  

These approaches will reduce bacterial adhesion due to the physicochemical forces at the contact surface. 

The bacteria cell count and percent area coverage are to be evaluated for the plain PDMS, as well as the 

textured surfaces. These results are to be compared to determine whether the combination of high 

stiffness and modified surface texture more effectively prevents bacterial adhesion than stiffness or 

surface texture by itself. The created surface will have the potential to reduce infections caused by 

biofilms in its application. 

Due to lack of lab access during D-term 2020 due to the COVID-19 pandemic, fabrication of surfaces by 

bottom-up methods was not possible. Chapter 5 describes the experiments and analyses that would have 

been performed on bottom-up surfaces. 
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3.0 Methods 
 

3.1 Fabrication of Anti-fouling Surfaces 
 

The plain PDMS surfaces of varying stiffnesses were fabricated with different methods as shown in 

Figure 1, then analyzed. The textured surfaces with micropillars were first created with a mold, then as 

positive pillars. These were each coated with a thin layer of PDMS. The final set of modified substrates 

were spincoated with PDMS and ZnO particles of differing sizes. All surfaces were tested for S. 

epidermidis adhesion.   

 

Figure 1: Surface Fabrication Methods 

 

3.1.1 Control Surface Fabrication   

The control surfaces were made as flat PDMS substrates of varying stiffnesses, using the method of 

OôNeill, Soo Hoo, and Walker [47]. Three samples of each stiffness were created and tested. These 

surfaces were prepared using SYLGARD184 Silicone Elastomer Kit (Dow Corning Corporation, 

Midland, MI). The stiffness was adjusted by varying the mass ratios of prepolymer to curing agent at 5:1, 

20:1, and 40:1. The prepolymer and curing agent were thoroughly mixed at 200 rpm with a stir bar for 10 

minutes to ensure the homogeneity of each mixture. The mixtures were then placed in a vacuum 

desiccator for 30 minutes to remove bubbles formed during mixing [46].   
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FTO glass pieces, approximately 2.5 x 2.5 cm, were cleaned in a sonicator with a 1:1:1 ratio of DI water 

to acetone to isopropyl alcohol and dried with nitrogen gas. A hotplate was set to 150ºC. The PDMS was 

spin coated onto the glass pieces at 500 rpm for 10 seconds, then 3000 rpm for 30 seconds. Once the 

hotplate was at 150ºC, the PDMS was cured for 10 minutes.   

 

3.2 Stiffness Measurements 
 

The samples were tested using the iMicro Pro nanoindenter system from Nanomechanics, Inc., a KLA-

Tencor company. The standard Berkovich diamond indenter tip in the InForce 50 mN load was chosen 

instead of a flat-punch diamond indenter tip.  While many reports in literature measuring polymeric 

materials make use of a flat-punch diamond indenter tip in order to apply a less severe strain field to the 

sample exposed to the compressive loads associated with indentation testing, the standard Berkovich 

diamond indenter tip that has become a stable of the instrumented indentation testing community due to 

its similarity comparability with a Vickers geometry. 

The primary nanomechanical method used to study the samples was the ñAdvanced Dynamic E and Hò 

option that operates with a constant strain rate during the application of load onto the specimen during 

testing. The testing protocol is classified as a continuous stiffness measurement and therefore enables 

stiffness and additional properties to be measured as a function of depth into the sample, rather than 

conventional static indentation testing which can only measure the sample stiffness as the indenter begins 

to unload.  
  
When the ñAdvanced Dynamic E and Hò method was used the maximum depth that was reached during 

testing was set at approximately 1000 nm in order to keep with some of the earlier work reported on 

indentation testing of PDMS [49]. An initial test yielded Elastic Modulus values greater than 100 MPa. 

This is well above the reported values of 1.00 to 9.99 MPa found in literature [50-53]. It was assumed the 

thin-film effect was potentially influencing the recorded values since the PDMS surfaces were spin-

coated onto glass slides that are known to have an elastic modulus of 72,000 MPa.  Therefore, in order to 

address this effect, the ñDynamic CSR for Thin Filmsò method was used to provide the stiffness results. 

 

 

3.3. Top-Down Fabrication of Anti-Fouling Surfaces 
 

3.3.1 Pillar Structure 

 

A PDMS surface was designed with nine varying topographies, containing three different topographical 

shapes and three different spacings. The topographies were as follows: square pillars, square pillars with 

rounded edges (100 nm fillet), and square ñdomedò pillars (100 nm fillet on both edges). All pillars were 

1 ɛm in height.  The square and domed pillars were both 0.5 ɛm in width, while the circular pillar was 0.5 

ɛm in diameter.  Each pillar type was designed with three different spacings: 425, 600, and 1500 nm.   

The three proposed pillar shapes are shown below in Figure 2. 
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Figure 2: Square, Domed and Circular Micropillar Proposed Images 

 

In order to increase the speed of testing with so many different variables, the varying pillars and spacings 

were composed into a 3x3 grid shown below in Figure 3.   
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Figure 3: Pillar Layout 

 

3.3.2 Molded Pillars 

 

The first method involved creating a mold by two photon lithography using the Nanoscribe Photonic 

Professional GT+ with IP-Dip resin.  The Nanoscribe Photonic Professional GT is a three-dimensional 

printer that utilizes two photon polymerization. This is a technique that uses high intensity lasers to create 

complex three-dimensional structures.  The process involves photosensitive materials, known as 

photoresists, a precise positioning stage, and the computer program that controls the procedure. Two 

photon polymerization occurs when lasers create femtosecond pulses that cause the photoresists to absorb 

photons.  Following the printing process, excess photoresist material is washed off to uncover the 

structure [47].  

The Nanoscribe has features that allow for precise customization. It has the ability to print lateral feature 

sizes down to 200 nm.  The finest vertical resolution is specified as 1500 nm [44]. Two types of 

photoresist were considered: IP-Dip and IP-S. IP-Dip is an acrylate ideal for submicron features and high 

aspect ratios.  IP-S is a methacrylate that is ideal for smooth surfaces of micron and mesoscale fabrication 

[54]. IP-Dip was chosen due to the minute size of the pillars. A complete list of the photoresist properties 

can be found in Appendix A. 
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This mold contained holes of varying shapes and spacings that was used to create arrays of pillars on a 

PDMS surface. The mold was created with arrays of different blocks of varying widths and hole types 

(Figure 3 and 4). To change the spacings between 425, 600 and 1500 nm, the block widths varied in order 

to match the appropriate sizes: 925, 1100 and 2000 nm, respectively. These can be seen in Figures 4 and 5 

below. The hole size and block height remain the same, but the block width changed to achieve the 

desired spacing. 

 

   

Figure 4: Block Width Variation 

 

 

Figure 5: Square, Domed and Circular Mold Structures for 600 nm Spacing 

A mold with the negative of the surface patterns described above was generated using the Nanoscribe two 

photon lithography by patterning a thin layer of IP-Dip onto a glass slide [47]. The slide was placed in 

isopropyl alcohol (IPA) for 20 minutes, followed by acetone for 5 minutes, in order to cure the IP-Dip 

onto the surface.   

The glass slide with the negative mold pattern was placed flat on the bottom of an aluminum dish.  The 

PDMS was prepared using SYLGARD184 Silicone Elastomer Kit. The stiffness was adjusted by varying 

the mass ratios of prepolymer to curing agent at 5:1, 20:1, and 40:1 to attain stiffnesses of 0.1, 1.0, and 

2.6 MPa, respectively. The prepolymer and curing agent were thoroughly mixed with a stir bar for 15 
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minutes at 200 rpm to ensure the homogeneity of each mixture [46,47]. The mixtures were then placed in 

a vacuum desiccator for 30 minutes to remove bubbles formed during mixing [55].  

A foil dish for each mold was placed on a hotplate at room temperature. Then, each degassed PDMS 

mixture was carefully poured into the mold in the the foil dishes. The hotplate was set to 150ºC. Once at 

150ºC, the PDMS was cured for 10 minutes. The foil dishes were removed from the hot plate and allowed 

to cool at room temperature [47]. The PDMS surfaces were then carefully peeled away from the molds 

and stored in a petri dish. 

3.3.3 Positive Pillars 

 

The second method involved printing the positive pillar structures directly onto a glass slide using the 

Nanoscribe two photon lithography. Although this method is much less scalable than using two-photon 

lithography to create a master mold or stamp, it involves fewer steps and has a higher likelihood of 

success as an initial demonstration of feasibility The printed pillars were cured following the same 

procedure as above: 20 minutes in IPA, followed by 5 minutes in acetone.  The slide was then 

immediately placed into a clean petri dish and covered to prevent other particles from coating the surface 

and texturing the PDMS coating. 

The PDMS was prepared using SYLGARD184 Silicone Elastomer Kit. Toluene was also added to the 

mixture in order to dilute the PDMS for spin coating, using a 1:10 ratio of toluene to PDMS.  The 

prepolymer, curing agent and toluene were thoroughly mixed with a stir bar for 30 minutes at 200 rpm to 

ensure the homogeneity of the mixture.  The mixture was then placed in a vacuum desiccator for 30 

minutes to remove bubbles formed during mixing. The mixture was spin coated at 3000 rpm for 50 

seconds over the glass slide with the Nanoscribe pillars. 

 

3.4. Bottom-Up Fabrication of Anti-Fouling Surfaces 
 

3.4.1 Microparticle Textured Surface 

 

Three samples of each ZnO particle size were created and tested. The PDMS was first prepared using 

SYLGARD184 Silicone Elastomer Kit. The stiffness was adjusted by varying the mass ratio of 

prepolymer to curing agent at the ratio that created the stiffness with the least bacterial adhesion, based on 

previous testing. 

Sigma-Aldrich ZnO nanopowder of <50 nm, 200 nm, and 5 µm particle sizes were added to the PDMS 

mixture in a mass ratio of 1:2, each particle size mixture in a separate vial. The prepolymer, curing agent, 

and ZnO particles were thoroughly mixed at 400 rpm with a stir bar for 20 minutes to ensure the 

homogeneity of each mixture. The mixtures were then placed in a vacuum desiccator for 30 minutes to 

remove bubbles formed during mixing. 

FTO glass pieces, approximately 2.5 x 2.5 cm, were cleaned in a sonicator with a 1:1:1 ratio of DI water 

to acetone to isopropyl alcohol and dried with nitrogen gas. A hotplate was set to 150ºC. The PDMS and 

ZnO mixture were spin coated onto the glass pieces at 500 rpm for 10 seconds, then 3000 rpm for 30 

seconds. Once the hotplate was at 150ºC, the PDMS was cured for 10 minutes.   
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The glass pieces with the PDMS and ZnO particles were placed in a petri dish filled with 5% hydrochloric 

acid to etch out the ZnO particles. The pieces were left in the dish overnight or until the particles were 

etched out, as shown by when the surface of the glass pieces was slightly opaque, as opposed to white 

when initially spin coated.  The process is shown in Figure 6. 

 

Figure 6: PDMS Texturing with ZnO Process 

The three different sizes of the ZnO particles were also analyzed and verified by spincoating ZnO by 

itself onto glass slides. These were then imaged with the SEM. 

 

3.5 Bacterial Testing of Anti-fouling Surfaces 
 

3.5.1 Bacterial Strains   

The liquid culture was prepared using 10-12 mL of TSB glucose solution and placed in an incubator 

overnight, while shaking at 200 rpm.  The bacteria concentration was diluted to 5 x 105 CFU/mL 

[56,57].  Step by step instruction for the bacteria procedure can be found in Appendix A. 

3.5.2 Measurements of Bacterial Attachment and Biofilm Formation 

The surface being was sterilized by soaking in 70% ethanol for 10 minutes. It was rinsed three times with 

sterile water using a serological pipette and placed on the bottom of a six-well plate. A micropipette was 

used to add the bacteria culture that had a concentration of 5 x 105 CFU/ml to the well so that the PDMS 

surface was submerged, about 0.75 mL. The well plate was incubated while shaking at 60 rpm for 5 hours 

in the first round of testing, 18 hours in the second round, and 24 hours in the third round of testing.  

The surface was taken out of the well with the bacteria suspension and placed in an empty well plate. 

About 5 mL of media was added and tweezers were used to move the surface around within the well plate 

while keeping it submerged for 30 seconds. The bottom of the surface was wiped dry with a paper towel 

and the surface was placed on a glass slide. A micropipette was used to add 0.5 µL of a solution of SYTO 

9 at a concentration of 5 mM in DMSO to 50 µL of media in a centrifuge tube and combined using the 

micropipette. Less than 5 µL of the solution was micro pipetted on the center of the PDMS surface. The 

surface was incubated for 5 minutes to allow the stain to absorb into the bacterial cells. A coverslip was 

placed on the surface.  
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A Leica DM LB2 fluorescence microscope was used to image three areas on the sample at 40x 

magnification. The cell count on each type of topography was compared using data obtained from ImageJ 

[57].  

After converting the TIFF files to 8-bit images, the threshold values were adjusted until the adjusted 

images best matched the original images.  An example of the process is shown in Figure 7 below.  The 

cell count feature was then used to analyze the number of cells, total area and % area covered. 

 

Figure 7: Comparison of Original Fluorescence Image and Adjusted ImageJ File  
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4.0  Results and Discussion 

 

4.1 Results on Control surface 
 

The PDMS slides were first analyzed using a Nano indenter to measure stiffness. The slides were then 

tested for bacterial adhesion. Different samples were tested for different times to find the testing time that 

provided the most standard results across the varying stiffnesses. The results partly correlated with prior 

research. 

4.1.1 PDMS Stiffness Decreased as the Cross-Linking Decreased 

 

The average stiffnesses for the 5:1, 20:1 and 40:1 PDMS ratios are 331.5, 328.5 and 228 N/m 

respectively. The summary results are shown in Table 2 below. Test results for each individual cycle can 

be found in Appendix C. It is interesting to note how there is little variation between stiffness for the 5:1 

PDMS and the 20:1 PDMS.  It is possible that sample 1 is an outlier due to the fact that the stiffness 

values better correlate to the 40:1 results.  Another test on the 5:1 sample would need to be done to 

confirm.  

One other thing to note is the variance within a single sample, as can be seen with the large standard 

deviation values.  This could possibly explain some of the bacteria adhesion results in which some 

sections within a sample would saw significant biofilm growth, while others saw little growth. 

 

 5:1 PDMS 

Stiffness (N/m) 
St. Dev. 

20:1 PDMS 

Stiffness (N/m) 
St. Dev. 

40:1 PDMS 

Stiffness (N/m) 
St. Dev. 

Sample 1 227 81.2 306 81.4 227 81.2 

Sample 2 436 171 351 67.4 229 81.7 

Average 331.5 126.1 328.5 74.4 228 81.45 

Table 2: Stiffness Results 

 

4.1.2 Materials with Decreasing Stiffness Revealed Less Bacterial Growth 

 

In the first round of testing, S. epidermidis was grown for approximately five hours to test initial bacteria 

adhesion to the surfaces. The average cell counts are shown in Table 3 below. Test results for each 

individual round can be found in Appendix D. Surprisingly, the results show the opposite of what was 

expected, as the cell count, total area, and percent area averages decrease with decreasing stiffness instead 

of increase with decreasing stiffness, as previous research has shown [5,32]. As can be seen in Figures 8-

10, the number of bacteria cells, as shown by the green dots, becomes less as the ratio of PDMS 

decreases. 
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Sample Type Cell Count 

Average 

Standard 

Deviation 

Average 

Total Area 

Standard 

Deviation 

Average % 

Area 

Standard 

Deviation 

5:1 (high 

stiffness) 

314 21.4 0.148333 0.01 0.272333 0.02 

20:1 (medium 

stiffness) 

105.3333 68.7 0.088 0.05 0.161667 0.10 

40:1 (low 

stiffness) 

33 6.9 0.020667 0.01 0.037667 0.02 

Table 3: Initial Bacteria Testing Results 

 

       

   Figure 8: 5:1 PDMS Bacteria Growth      Figure 9: 20:1 PDMS Bacteria Growth     Figure 10: 40:1 PDMS Bacteria Growth 

 

4.1.3 Longer Testing Shows That Moderate Stiffness Yields Best Results 

 

Two more tests were conducted for a longer time period in order to look at biofilm growth on the 

surfaces.  S. epidermidis was grown on the 5:1 PDMS samples for 18 hours, whereas on the 20:1 and 40:1 

samples, the bacteria was grown for 24 hours. The average cell counts are shown in Table 4 below. Test 

results for each individual round can be found in Appendix D. The results show that bacteria growth was 

significantly less on the 5:1 samples, as compared to both the 20:1 and 40:1 samples.   

Sample Type 

Cell Count 

Average 

Standard 

Deviation 

Average 

Total Area 

Standard 

Deviation 

Average 

%Area 

Standard 

Deviation 

5:1 Sample 2 

and 3 Averages 265 

 

199 0.859 

 

2.07 1.573 

 

3.79 

20:1 Sample 2 

and 3 Averages 2822 

 

1374 12.224 

 

15.01 22.384 

 

27.49 

40:1 Sample 2 

and 3 Averages 2605 

 

1445 9.587 

 

6.76 17.554 

 

12.38 

Table 4: Subsequent Bacteria Testing Results 
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There are, however, several factors that lead to inconclusive results.  The first was that samples 2 and 3 of 

the 5:1 PDMS were grown for less time than the latter two samples of 20:1 and 40:1 PDMS, which makes 

them difficult to compare. Furthermore, the 5:1 PDMS samples primarily had groupings of bacteria, 

shown in Figures 11-13, as opposed to homogeneity, as was seen in the samples from the first round of 

testing.  

 

       

Figure 11: 5:1 PDMS Sample 2 Image 1     Figure 12: 5:1 PDMS Sample 2 Image 2     Figure 13: 5:1 PDMS Sample 3 Image 1 

 

Another major problem was that during testing, the bacteria growing in the well plates and on the bottom 

of the samples would detach and then reattach to the samples during the growth period. This can be seen 

in some of the images of the 20:1 and 40:1 samples, shown in Figures 14-16, where the bacteria seemed 

to be out of focus and covered in other layers of growth.  The difficulty in focusing the images likely 

resulted from the bacteria growing on different planes. 

 

     

Figure 14: 20:1 PDMS Sample 2 Image 3   Figure 15: 20:1 PDMS Sample 3 Image 1   Figure 16: 40:1 PDMS Sample 3 Image 1 

 

Furthermore, the results still do not match the previous research given the fact that the 20:1 samples had 

more bacterial adhesion than the 40:1 samples, as shown in Figures 17 and 18.  Again, this could possibly 

be because the bacteria detached from the well plate or bottom of the slide and then reattached to the 

surface. 
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                 Figure 17: 20:1 PDMS Sample 3 Image 2      Figure 18: 40:1 PDMS Sample 3 Image 2 

 

It is also possible that stiffness variations within a sample surface could account for some of the 

heterogeneity in biofilm growth between sections of the sample. Since many of the cells in the images 

developed clusters, the cell count is not as accurate, so the comparisons of the results are based on total 

area and percent area.  

The team had planned on completing more testing over a shorter growth interval in order to come to a 

better understanding of the effect of stiffness.  Without this testing it is difficult to draw any significant 

conclusions. 

 

4.2 Results on Top-Down Surfaces 
 

Both methods of micropillar fabrication, molded pillars and positive printed pillars, were attempted. 

Neither provided the desired results, and so different surface modifications were subsequently used. 

4.2.1 Molded Pillars 

 

The SEM image of the pillar mold array is shown in Figure 19. Several problems arose which prevented 

the group from pursuing this idea further. One of the major issues was that the PDMS stuck to the IP-Dip 

Resin mold.  When the PDMS was removed from the glass slide on which the Nanoscribe mold was 

printed, the mold stuck to the PDMS and was ripped off the glass slide.   
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Figure 19: SEM Image of Nanoscribe Pillar Stamp Array 

 

Furthermore, the pillar structures and molds proposed were at the limits of the capabilities for the 

Nanoscribe.  As a result, the Nanoscribe mold greatly varied from the computer model. Based on SEM 

images, the holes in the printed mold were significantly smaller, with a diameter of approximately 250 

nm, as opposed to the specified 500 nm diameter.  In some cases, the holes were completely filled in, as 

shown in Figure 20.   

 

 

 

Figure 20: Surface Contained Undesired Variations and Filled in Holes 
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Another issue was that the Nanoscribe left outlined squares around each pillar hole, which would have 

affected the PDMS structure when molded.  In another part of the array, one of the sections curled up at 

the corner, as shown below in Figure 21. All four of these problems lead to the decision to attempt 

another process rather than using a mold with the PDMS. 

 

   

Figure 21: Sections Did Not Line Up Correctly 

 

4.2.2 Positive Pillars 

 

The positive pillars also had problems which inhibited the group from using them to test the hypothesis. 

The pillars were printed and spin coated with PDMS.  However, when the sample was imaged with the 

SEM, there was no sign of the pillars or the printed triangle used to mark the pillar locations on the glass 

slide. It was hypthesized that the use of toluene to dilute the PDMS solution may have dissolved the IP-

Dip, that the PDMS coating was too thick and completely covered the pillars, or that the spincoating 

process damaged the pillars. 

Since the design was at the capability limits of the Nanoscribe, it is likely that several tests would still 

need to be done to determine the proper print speed and laser power settings. Because many of the holes 

in the mold array were much smaller than specified, pillar dimensions would need modifications to meet 

the original design and to account for the PDMS coating. Additionally, as shown below in the Describe 

software simulated images of the pillars in Figure 22, there is little difference between the domed pillars 

and square pillars.  Given the minute size of the pillars, it is likely that it is not possible to create such 

small features with the Nanoscribe.   
























































