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Abstract

The goal of this project was to devpla surface that can resist bacteria biofilm growth using only the
physical properties of the surfacBrevious research has shown tB&tphylococcus aureaslhesion
decreases as the stiffness of hydrophobic surfaces incréaites.research regarding surface texture
showed that micropillars of approximately the same siZtashylococcus epidermidisduced bacterial
adhesion. The team hypothesizes tlyatdmbining material properties of high stiffness and surface
texture similar to the size &. epidermidisthe surface will reduce bacterial adhesion better than either
property by itself.

The team reports preliminary data characterizing the antimadrabd 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 adbétsmately this

could aid scientists and engineers in the future as they work towards developifayimg surfaces.



1.0Introduction

1.1 Motivation

1.1.1Biofilm Complications

Many bacteriaare able tdorm biofilms, whichareclustes of cellsthatstick togetherforming an
encasing extracellular matrix structume a surfaceAfter initial adhesion to the surface, the bacteria
slowly grow and propagate over time across that surface. Particularly in a Atthestvironment, such
as the human laly, the bacteri@anrapidly reproduceDoing so, the bacteriaften harden to the surface,
astheyirreversibly attach and secrete proteins, minerals, and Wdsse biofilms are often formed on
any surface that bacteria can easily attach to, partigutedical implants and biomedical devices [1,2].

Bacterial attachment to biomedical devices that are witt@rbody or on surfaces that amecontact with

the body, such as surfaces in medical facilities, creates an environmesasihatauseslinical
infections.Millions of Americans havén vivodevices for a multitude of medical diagnos&tsidies have
shown that bacteridiofouling results ininfections caused by biofilms usually show recurring symptoms,
until the surface that the biofilm hgsown on is completely removed from the b¢&y8]. From

microscopic eye surgery to major joint replacements, ttegieesprovide opportunities for bacteria to
infiltrate the human body and cause complications.[4

Biofilms can cause severe illnesseafsurgery, if the instrumentation or testing devices were
contaminated, due to bacterial infection and interference with proper operation of equipment [6].
Bacterial fouling that occurs dn vivoimplants may cause more harm to the body than if theaimpVas
not in placeThe instrumentation hasshorter lifespan and @snot interface properly witkts
environmentdue to the bacteria buildup on its surfgt&]. For example, patients that require a folate
catheter, which is very common in masipatient hospitals, must take extra precautions to prevent
bacteria from spreading to the area around the catfetsearch has shown that biofilms result in
material and structural barriers against physical and mechanical stimuli, allowing backéttiestand
normally harsh environments and partially resulting in drug resistant bactetia [1,2

1.1.2 Need for Easily Manufactured Adidiuling Surfaces

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

bacteria is interacting with. Previous research reveals that properties such as surface topography, stiffness,
and surface functionalizatiaran decreaseacterialcell adhesiorby preventing protein absorption and

even killing the bacteria [1Thesesurfaceshowever, are often difficult to manufacture or not feasible

for in vivodevices for a variety of reasons, including large sizafety Overall, modification of

individual materialproperties has proven to be the most effective mealmithg bacterial attachment

These include topography, elasticity, hydrophobicity, and stiffie@ssexampleS. epidermidisdhesion

is correlatedvith substrate stiffness. Different strains of bacteria are imp&gtaedrface propertiés

different ways.[2,8].

The widespread negative effects of bacteria bioftimsubstrates involved in patient treatmémtiuding
persistent infection and medical devingerferencecreate the need for easily manufacturable surfaces
that are antfouling. Ready acess to vital biomedical implants and sanitary hospital surfacescessary
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to prevent complication®llowing medical proceduresuch as increased risk of further illneas
modified surface that is arfuling must be able to be efficiently manufaetth and thus readily available
to be used with devices that interact with the human Jsayhat healthcare providers gaovide

reliable care to those in neg11].

1.2 Background

1.2.1 Significance and Clinical RelevanceSofepidermidis

Staphyl@occus epidermidis one of the leading causes of healthcare infectpmmaarily 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)]. epidermidiss the primary pathogen in cathetelated bloodstream
infections, prosthetic joint complications, and prosthetic valve endocarditisgldpidermidigan be
multidrug-resistant and consequently impedes antimicrobial theespecially for atisk individuals,

such as those in intensive care ufiis]. The infections it causes are chronic due topesistent

biofilms thatthe bacteria forms om vivomedial devices.

S. epidermididias several characteristics that make a correct microbial diagnosis and delineation between
contamination, colonization, and true infection diffic&#ar instance, the bacteria is often involved in
polymicrobial infections anthus different samplings reveal that a variety of antibiotics for therapy would

be beneficial. In additionhe epidemiology and transmission@fepidermidiss little known though it

has been recognized as a significant pathogen for over 30 yearsH&gj.has not been adequate species
identification ofS. epidermidisn a clinical setting, as well as ignorance of the true extent of the bacteria

in infections These issues amimarily 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 infé@fiohise biodiversity and
identification issues surrounding infections that invdvepidermidi@rimarily occur in situations where
biofilms are present [12].

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

S. epidermidisidhesion. These nontoxic materials are primarily used to resist protein absorption, and they
are also used in combination with antibacterial agerd prevent colonization, bactericidailbstances,
includingpeptides and phosphonium salts are commonly added to thedaesive coating. This dual

coating has effective antifouling properties, particularly soon after initial bacterial adfigsion

1.2.2Surface 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 trednanoscales may
promde initial bacterial adhesion by providing more surface area for cells to attach to, if the size of the
surface features astightly smaller tharthe size of the bacteria. Furthermore, other bacteria features such
as flagella, may cause the bacteria tttdveadhere 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].



There have been two main approaches to preventing bacterigl@ubfeS epidermidisby modification

of topography. The first is surface modifications on the nanoscale leeseihblude pillars with heights
below 200 nm, which is significantly less than the sizéhefbacteriawhich has a diameter of

approximatly 5007 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 surfaemhsce adhesion due to their effect on the
physicochemical forces (surface free energy), cell membrane deformation, and chemical gradient at the
solidi liquid interface[19].

The second approachilizes microefeatures that are roughly the same size ab#tteriaThese surfaces

are believed to reduce bacté@ahesion by affecting surface hydrodynamics, surface air entrapment,
bacteria ordering and segregation on surfaces, and surface conditi®jin®{ie to variability of

bacteria shapes and sizéhg 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
pm and 10 um tall pillars are ideal for preventing adhesids. abli[20]. However, studies have shown

thatS. epidermidisdhesion decreases with pillars 0.5 um to 1 um in diametr spacings

approaching the size of the bactea-p4).

The shape of the pillar also plays a role in the reduction of bacteriali@uhésost studies that looked at

the adhesion d8. epidermidisr S. aureusised topographies with circular pillars, however one study

found that square pillars were more effecti2g]] It is important to notehowever, 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 pillarsraitron scale.

1.23 Stiffness

Stiffness(or more correctly, elastic modulus) of the surfaas alsdeenshown tancrease or decrease
bacterial adhesio.he correlation depends on whether the material in which stiffness is varied is
hydrophobic or hydrophilidMost studies have demonstrateditbacterial adhesion decreases with
decreasing stiffness when the material used is hydropRdicexample, when thedastic modulusf
poly(acrylic acid) (PAAwasvaried at values df, 20, 40, and 100 MPa, the adhesiokstherichia coli
andS. epidermidislecreaed as the stiffness of PAdecreasefb,33].

The most commonhased hydrophobic material to test the effects of stiffness on bacteréiadlis
poly(dimethylsiloxane) (BMS). Its elastic modulusan easily be variedly adjusting the ratio of the base
to curing agent, which affects the degree of clivdsng within the materialPrevious testing witls.
epidermidishave commonly used three different ratios of PDMS. Rafiésl, 10:1, 20:1, and 40:1
result in elastic moduli between 0.1 and 2.6 MHuas range of stiffnesses is similar to those found in
biomaterials used for medical applications, such as contact [&23es

Research done witydrophobic materialsas shan thatbacterial adhesion decreases with increasing
stiffness(opposite to the trend on hydrophilic surfad&s32]. The testing that has been done with PDMS
andsS. epidermidifiasproven this correlatiof84]. Furthermorethe size of attached cells was smaller
andthe bacteriavereless vulnerable to antibiotics includinfjoxacin, ampicillin, and tobramycion the
lower stiffnesse®f PDMS. Finally, whenLactococcus lactiandE. coliwere grown orpoly(l-lysine)

(PLL), ahydrophobic material, they grew slower as the stiffness of the substrate increased [33].



The trend is not true in all cases, due to variations in testing procedure and bacteria type. Research
showed that as the stiffnesspaily(allylamine) hydrochloridéPAH), ahydrophobic surfacelecreasa,

the bacteribattachmenof E. colialsodecreasedt grew about 30 times faster on the substratehthet

an elastic modulus &0 kPa than on theubstratehat had an elastic modulus B0 kPH5].

The more the stiffness varied, the more the characteristics of the cellg fram their natural statg34].
Some properties include cell size and susceptibility to antibiotijs(&er the course dheresearch

that studies the correlation between substrate stiffness and bacterial adihasiermus surface
characteristics from varying conditions may cause the overall results to candisten{36].

Nevertheless, surface stiffness is a critical materigperty thainfluencesthe response, stress tolerance,
and growth of bacteria cells.

1.24 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 fottéomgn vivomedical devices37].

PDMS is a commonly used polynier 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 comgositinon

polar material and is thus used extensively asnadfouling surface due to its low modulus and surface
energy. Theseharacteristicencourage any organisms that attempt to cling to its surface to easily detach.
The surfacalsoresists protein absorption. In contrast, when polar polymers come in ogittakiting
organisms, their protein molecules extensively absorb into surface to decreaesithly high

interfacial energy38].

Thesurface stiffnesef polymerscan also be easily modified to meet desired specifications. PDMS is
often patterned wh micro- or nane size features to control biofilm formation. It is hydrophobic, making
it difficult for bacteria to adhere fits surfacg39]. Natural antifouling surfaces such as shark skin or
lotus leaves have similar properties to this poly[ét. Its surface is often modified with topography to
further increase the antifouling properties [1,5].

1.25 Approaches to Manufacturing Micro and Nafeatures

Two general approaches were researched to texture the surfaeg@nvtopnd bottorup, as desgbed 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 focushasadask
photolithography and laser photolithaghy. The bottorup approach looked at how particles could be
added to the PDMS mixture itself to texture the surface. The main dbthis approach was coating
particles followed by etching to leave behind a textured surface.

10



Printedpillars using

Maskbased Molded pillars using laser Textured PDMS using
Method: photolithography laser . ZnO particles, then
mold photdithography photdlth_ography etching particles
coated in PDMS
Aptg)/rpoee:lch Top Down Top Down Top Down Bottom Up
Feature size _ _ _ 50 nmi 5 microns
e ~ 1 micron ~ 02 microns ~0.2 microns (dependentn ZnO
capabilities . :
particles sizes)
1. Control over 1. More control over | 1. More control over| 1. Easily feasible with
surface geometries | thesurface texture, | surface texture available tools
and feature patterng feature sizes and feature sizes and _
geometry geometry 2. Method well swte_d
Benefits | 2. Saleabldor mass for massmanufacturing
manufacturing 2. Scalable using 2. Method dos not
methods such as roll| requireas much
to roll process optimation
nanolithography
1. Desired features | 1. Pushing capability| 1. Pushing capability 1.Less control over
sizes are beyond th¢ limits of Nanoscribe | limits of Nanoscribe| specific surface texture
lab machine resulting in prints resulting in prints and geometry
capabilities varying from models.| varying from
Drawbacks: models.

2. Unfeasible to
mass manufacture
and only used in a
lab setting.

Tablel: Approach Benefits and Drawbacks

Maskbased photolithograplig comprised o€reating a mask by fabricating a patterned surface unto a
substrate, often called a wafer. The mask is then used to transfer thetpatgtatosensitive chemical
photoresist on the substrafellowed byetching.Chemical treatmentare then applietb enable the
transfer of the pattern unto the material beneath the photdrs#2]. One of primary benefits of the
maskbased photolithographits mass manufacturability. Theethod is widly used in the
semiconductomdustryand isthereforean established manufacturing proce&sditionally, this method
allows for control over the feature patterns, spaciagd 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 exampienwsed in the manufacturing
process of semiconductordstlimited to patterning uncritical featurp3]. This means that there are
difficulties using this process to consistentignufacture 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 tiemicroncapability of the technology available.

One of the main benefits of laser photolithography compared to-bzssld photolithography is that the
machine capabilities better matched the desired feature sizes. The Nanoscribe GT+ lzdarpfint
feature sizes down to 200 r{d#¥]. However, the desed 0.5 by dmicron pillars are towards the end of

11



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 i®limited
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 feddbed-or example, roll to roll imprint

lithography can create features sizes dowaygaroximately 300 nm, and can be used as a method to scale
manufacturing [8].

Two different methods for laser photolithography were consideredimggbillarsanddirectly printing

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

used to shape the PDMS during the curing process, resulting in the textured sutfdég [Bhe second

laser photolithography method involves printing the pillars directly and then coating the pillars in PDMS.
The benets 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 tdedldnces from the actual prints compared to the models
[48]. Another kenefit is that this method doa®ot require as muchrgcessoptimizationas theprevious

two methods This isdue to the fact that there is no molding or stamping inebN«owever,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, dieelimitations on the

size of the print and time it takes to make each (d#la}. Therefore, this technique is only feasible in a

lab setting.

For the bottorrup approach, there was a focus on how ZnO particles codddsa tahe surfaceand

then etchd away leaving behind textured PDMS$he benefi of this processrethe 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 methodas to vary the concentration of ZnO particles on the surfaceaamthe size of

the ZnO particles.

12



2.00bjectivesand Scope

There are two primary objectives for the project.

Objective 1. Test the hypothesis thatbining material properties of high stiffness and surfeawires
with size similar to that ob. epidermidisvill result in a surface witheducel bacterial adhesion

compared to that on surfaces havaitper propgay by itself. The experimergtconsist of two main parts:
determininghow stiffness affects bacteriatihesioranddetermininghow stiffness and surface texture
combinel affect bacterial adhesiofhree differenstiffnesseof PDMSare to beevaluated to determine
how stiffness affestbacterial adhesioiBecause PDMS is a hydrophobic material, it is expected that as
the stiffness is increased, the substrate will more effectively prevent bactefialinig. The ideal

stiffness will be usetb create a textured surface.

Objective 2 Determine a scalable manufacturing method that can produce surfaces with specifically
designed microand nanefeaturesBoth topdown photolithography approaches and bottgmspin
coating approachemeto be hvestigatedThe topdown approach uses a Nanoscrib@ Brinter to create
a mold or directly print micropillarsf sizes that are similar to that $f epidermidisThe bottomup
approach involves mixing PDMS with eachtlofee differenizinc oxidepartide sizesthen spircoating

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.
Thebacteriacell count and percent@acoveragere tobe evaluatedor the plain PDMS, as well as the

textured surfaces. These resuite to becompared to determine whether the combination of high

stiffness and modified surface texture more effectively prevents bacterial adhesioifftess sir

surface texture by itself.he createdsurfacewill have the potential to reduce infections caused by

biofilms in its application.

Due to lack of lab access duribgterm 2020 due to theOVID-19 pandemigfabrication of surfaces by
bottomup meéhods was not possibl€hapter 5 describes the experiments and analyses that would have
been performed on botteop surfaces.
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3.0Methods

3.1 Fabricationof Anti-fouling Surfaces

The plain PDMS surfaces of varying stiffnesses Viabeicatedwith different methods as shown in
Figure 1, theranalyzed. The textured surfacesh micropillars were first created with mold, then as
positive pillars.These were each coatetth a thinlayer of PDMS The final set of modified substrates
were spincoated with PDMS and ZnO particles of differing sizes. All surfaces were tested for
epidermidisadhesion.

Manoscribe Manoscribe

mald positive
AF 4aF Ay oy o
ar

- pillars

Nanoscribe pillars

Plain spin coated Molded PDMS pillar )
coated with PDMS

slides structure

Figure 1: Surface Fabrication Methods

3.1.1 Control Surface Fabrication

The control surfaces wemeadeas flat PDMSsubstrates ofarying stiffnesseausing the method of

O6Nei Il Il , Soo HloTlhreesaanpleof adehlstkfreess werelcreated and testbese

surfaces were prepared ustBYyLGARD184 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 wibaafet 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 mixjg [4
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FTO glass pieces, approximately 2.5 x 2.5 cm, were cleanesbinieatomwith a 1:1:1 ratio oDl water

to acetone to isopropyl alcohol and dried with nitrogen gas. A hotplate was set to 150°C. The PDMS was
spin coate@nto the glass pieces at 500 rpm for 10 seconds, then 3000 rpm for 30 seconds. Once the
hotplate was at 150°Cheé PDMS was cured for 10 minutes.

3.2 Stiffness Measurements

The samples were tested usingitfieero Pro nanoindenter system from Nanomechanics, Inc., aKLA
Tencor companyThe standard Berkovich diamond indenteritiphe InForce 50 mN loadas chosen

instead ofa flatpunch diamond indenter tip/Vhile many reports in literature measurpaymeric

materials make use of a flptinch diamond indenter tip in order to apply a less severe strain field to the
sample exposed to the compressivadmassociated with indentation testitng 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 methakd to study the sampleswahie A Advanced Dynamic
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 afuleesrables

stiffness and additional properties to be measured as a function of depth into the isshasl¢han
conventionaktatic indentation testinghich can only measure the sample stiffness as the indenter begins

to unload.

When the BWdaminced and HO met hod was used the maxi
testing was set at approximately 1000 nm in order to keep with some of the earlier work reported on
indentation testing of PDMS19]. An initial test yielded Elastic Modulus valugeeater than 100 MPa.

This iswell abovethereported values df.00 to 9.99 MP#ound in literaturd50-53]. It was assumethe

thin-film effect was potentially influencing the recorded values since the PDMS surfacespivere

coatedonto glass slides thare known to have an elastic modulus of 72,000 MPeerefore, i order to
address this effect, the fADywsedapiodde (BSsRifndsoresults hi n Fi

3.3. TopDown Fabrication of AntFFouling Surfaces
3.3.1 Pillar Structure

A PDMS surface was desigdwith 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), andusg r e fid o me d 0 p iohboth edges).(Ald@illarswera f i | | e
1 em in height. The square and domed pill ars wer
em in diameter. Each pillar typb§g600awdlsdesn gned wi

The three proposed pillar shapes are shown bigldsigure?2.
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Figure 2: Square, Domed and CirculdMicropillar Proposed Images

In order to increase the speed of testing with so many different variables, the varying pilEyacngs
were composed into a 3x3 grid shown belowrigure3.
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Square Circular Domed
425 nm 1500 nm 600 nm
Domed Square Circular
1500 nm 600 nm 425 nm
Circular Domed Square
600 nm 425 nm 1600 nm

Figure 3: Pillar Layout

3.3.2Molded Pillars

The first method involved creatingwaold by two photon lithography using the Nanoscribe Photonic
Professional GT+ with HDip resin. The Nanoscrib&hotonic Professional G§ a threedimensional
printer thatutilizes wo photon polymerizationThisis a techniquéhat useigh intensity lasers to create
complex threadimensional structures. €lprocess involves photosensitive materials, known as
photoresists, a precise positioning stagel the computer pgobam tatcontrok the procedure. Two
photon polymerization occurs when lasers @éantosecond pulsdhatcause the photoresists to absorb
photons. Following the printing process, excess photoresist material is vaéfstredncover the
structurg47].

The Nanoscribdas features that allow for precise customizationad the ability to print lateral feature
sizes down to 200 nm. The finest vertical resolution is specified as 15p@thmwo types of

photoresist wereansidered: IFDip and IRS.IP-Dip is an acrylate ideal for submicron features and high
aspect ratios. HS is a methacrylate that is ideal for smooth surfatesicron and mesoscale fabrication
[54]. IP-Dip was chosen due to tiheinutesize of the pillars. A complete list of thaqtoresist 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 surfaceThemoldwas createdavith arraysof different blocks of varying widths and hole types
(Figure 3 and 4)To change the spacistpetween 425, 600 and 1500 riime block widths varied in order

to match the appropriate s&®25, 1100 and 2000 nmespectively Thesecan be seen iRigures 4 and5

below. The hole size and block heigt#main the same, but the block width chahigeachieve the

desired spacing.

VNN

Figure 4: Block Width Variation

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

A moldwith the negative of the surface patterns describedeatvag generated usitige Nanoscribe two
photon lithography by patterning a thin layer ofDip onto a glass slidelf]. The slide was placed in
isopropyl alcohol IPA) for 20 minutesfollowed byacetone for 5 minuteén order tocurethe IRDip
onto the surface.

The glass slide with the negatirreld pattern was placeitht on the bottom of an aluminudish. The

PDMS was prepared using SYLGARD184 Silicone ElastomerTKi¢ 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 aR00 rpm to ensure the homogeneity of each mixd8el[]. The mixtures were then placed in
a vacuum desiccator for 30 minutes to remove bubbles formed during n&&jng [

A foil dish for eachmold was placed on a hotplate at room temperature. Then, each degassed PDMS
mixturewas carefully poured intthe mold in thehe foil dishes. The hotplate was set to 150°C. Once at
150°C, the PDMS was cured for 10 minutes. The foil dishes were removed frbot ffiate and allowed
to cool at room temperaturdd]. The PDMS surfaces wethencarefully peeled awaffom the molds

and stored in a petri dish.

3.3.3Positive Pillars

The second method involved printifgepositivepillar structureglirectly ontoaglassslide usingthe
Nanoscribe two photon lithographlthough this method is much less scalable than usingptvadon
lithography to create a master mold or stamp, it involves fewer steps and has a higher likelihood of
success as an initial demonstratof feasibilityThe printed pillarsverecured following the same
procedure as abov20 minutes in IPAfollowed by 5 minutes iacetone. The slide was then
immediately placed into a clean petri datdcoveredto prevent other particles fromatingthe surface
andtexturingthe 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 coatinging a 1:10 ratio abluene to PDMS. The
prepolymer, curing@ent andoluene were thoroughly mixed with a stir bar for 30 minutes at 200 rpm to
ensure the homogeneity e mixture. The mixturavasthen placed in a vacuum desiccator for 30
minutes to remove bubbles formed during mixing. The mixture was spirdcata3@00 rpm for 50

seconds over thglass slide with thé&lanoscribe pillars.

3.4. BottomUp Fabrication of AntiFouling Surfaces

3.4.1Microparticle Textured Surface

Threesamplef each ZnO patrticle sizgere created and testéthe PDMSwasfirst prepared using
SYLGARD184 Silicone Elastomer KiThe stiffnessvasadjusted by varying the mass ratio of

prepolymer to curing agent at the ratio tbiatedhe stiffness with the least bacterial adhesion, based on
previous testing.

SigmaAldrich ZnO nan@owder of <50 nm, 200 nm, and 5 pm particle sizessaddedo the PDMS
mixture in a mass ratio of 1:2, eggérticle size mixturén a separate vial. The prepolymer, curing agent,
and ZnO particlesverethoroughly mixed at 400 rpm with a stir bar forraihutes to ensure the
homogeneity of each mixture. The mixturesrethen placed in a vacuum desiccator for 30 minutes to
remove bubbles formed during mixing.

FTO glass pieces, approximately 2.5 x 2.5 c@regleaned in a sonicator with a 1:1:1 ratio dfvizater

to acetone to isopropyl alcohol and dried with nitrogen gas. A hetpiasset to 150°C. The PDMS and
ZnO mixturewerespin coated onto the glass pieces at 500 rpm for 10 seconds, then 3000 rpm for 30
seconds. Once the hotplate was at 150°C, BRdFwascured for 10 minutes.
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The glass pieces with the PDMS and ZnO partisleeplaced in a petri dish filled with% hydrochloric
acidto etch out the ZnO particles. The pieeaseleft 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 coatedThe process is shown in Figuse

Make PDMS Spin coat PMDS Etch ZnO
with ZnO solution with particles with 5%
particles ZnO onto glass HCl
slide

& &

Figure 6: PDMS Texturing with Zn®rocess

Thethree differensizes of the ZnO particlesvere alsanalyzed and verified by spincoating ZnO by
itself onto glass slideF’hese were then imaged with the SEM.

3.5 Bacterial Testingf Anti-fouling Surfaces

3.5.1 Bacterial Strains

The liquid culture was prepared usingI®mL of TSB glucose solution and placed in an incubator
overnight, while shaking at 200 rpm. The bacteria concentration was dillGed® CFU/mL
[56,57]. Step by step instruction féine bacteria procedureaa be found in Appendix A.

3.5.2 Measurements of Bacterial Attachment and Biofilm Formation

The surfacéeingwas sterilized by soaking in 70% ethanol for 10 minutes. It was rinsed three times with
sterile water using a serological pipette and placed@battom of a sivell plate. A micropipette was

used to add the bacteria culttinat had a concentration 5fx 105 CFU/mto the well so that the PDMS
surface was submerged, about QM5 The well plate was incubated while shaking at 60 rpndtoours

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 placedhiptyamvell plate.

About5 mL of media was added angieezers were used to mawve surfacearound within the well plate
while keeping it submergdar 30 seconds. The bottom of the surface was wiped dry with a paper towel
and the surface was placed on asglslide. A micropipette was used to add 0.5 L of a solution of SYTO
9 at a concentration of 5 mM in DMSO to 50 pL of media in a centrifuge tube and combined using the
micropipette. Less than 5 pL of the solution wiaisro pipettecon the center of theDMS surface. The
surface was incubated for 5 minutes to altbesstain 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 Thecell count on each type of topography was compared using data obtained from ImageJ

[57].

After converting théTIFF files to 8bit images, he threshold values weaeljusteduntil theadjusted
imageshest matched the original imagesn example of the process is shown in Figtilelow. The
cell count feature was then used to analyze the number of cells, total area and % area covered.

Figure 7: Comparison ofriginal Fluorescencémage andAdjusted Image¥File
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4.0 Results and Discuss

4.1 Results orControl 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 Gilasking 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 T2bkdow. Test results for each individual cycle can
be found in Appendix C. It is interesting to note how thetitle 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 signifithiofilm growth, while others saw little growth.

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

Table2: Stiffness Results

4.1.2 Materials with Decreasing Stiffness Revealed Less Bacterial Growth

In the first round of testindgs. epidermidisvas grown for approximately five hours to test initial bacteria

adhesion to the surfaces. The average cell counts are shown ir8 bebdev. Test results for each
individual round can be found in Appendix D. Surprisingly, the results show the opposheatofias

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 seen8n Figures

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

decreases.
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Sample Type| Cell Count | Standard Average Standard| Average % Standard
Average Deviation| Total Area | Deviation Area Deviation
5:1 (high 314 21.4 0.148333 0.01 0.272333 0.02
stiffness)
20:1 (medium| 105.3333 68.7 0.088 0.05 0.161667 0.10
stiffness)
40:1 (low 33 6.9 0.020667 0.01 0.037667 0.02
stiffness)

Table3: Initial Bacteria Testing Results

Figure 8: 5:1 PDMS Bacteria Growth ~ Figui@ 20:1 PDMSBacteria Growth  Figurd0: 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. epidermidisvasgrown 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 shown4rb&lae Test

results for each individual round can be found in Appendix D. The resultstehbbacteria growth was
significantly less on the 5:1 samples, as compared to both the 20:1 and 40:1 samples.

Cell Count | Standard| Average Standard Average Standard
Sample Type Average | Deviation| Total Area | Deviation %Area Deviation
5:1 Sample 2
and 3Averages 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

Table4: 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, thd ®DMS samples primarily had groupings of bacteria,

shown in Figured41-13, as opposed to homogeneity, as was seen in the samples from the first round of
testing.

Figure11l: 5:1 PDMS Sample 2 Image 1 ~ Figurz 5:1 PDMS Sample 2 Image 2Figure 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 sone of the images of the 20:1 and 40:1 samples, shown in FigthEs; 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 Figui® 20:1 PDMS Sample 3 Image 1 Figur@ #0:1 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 adheasi than the 40:1 samples, as shown in Figurenti18. 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  Figl& 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 efisha 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
beter understanding of the effect of stiffness. Without this testing it is difficult to draw any significant
conclusions.

4.2 Results oifop-Down Surfaces

Both methods oficropillar fabrication molded pillars and positive printed pillavggre attempted.
Neither provided the desired results, and so different surface modifications were subsequently used.

4.2.1 Molded Pillars

The SEM image of thpillar moldarray is shown in Figur&9. Several problems arose which prevented
the group from pursuing this idea further. One of the major issues was that the PDMS stuck-iphe IP
Resin mold. When the PDMS was removed from the glass slide on which the Nanoscribe mold was
printed, the moldtsick to the PDMS and was ripped off the glass slide.
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Figure 19: SEMImage ofNanoscribePillar StampArray

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

Nanoscribe. As a resuthe Nanoscribe molgreatlyvaried 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 completelgdilled in

shown in Figure20.
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Figure 20: SurfaceContainedUndesiredvariations andrilled in Holes
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Another issue was that the Nanosciigie outlined squares around each pillar hole, which would have

affected the PDMS structure wherolded.

In another part of tlaray, one of the sections curled up at

the corner, as shown below in Fig@E All four of these problems lead to the demisto attempt

another procesatherthanusing a mold withthe PDMS
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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 teyptiieesis.

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 theeusf 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 Naitwesdt 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 themold arraywere 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 FigePethere is little difference between the domed pillars
and square pillars. Given the minute siz¢hefpillars, it is likely that it is not possible to create such

small features with the Nanoscribe.
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