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Advancements in particle beam microscopy have allowed scientists to discover

a wealth of surface architectures with nanoscale dimensions, many of which endow

the surfaces with fascinating properties. Investigations of such surfaces have revealed

some exciting physical phenomena, ranging from complex interactions with light such

as brilliant iridescent colors resulting from diffraction and interference to water re-

pelling self-cleaning superhydrophobic surfaces. Interestingly, the biological world,

especially that of insects, has perhaps contributed the greatest number of these dis-

coveries and will likely continue to do so as long as scientists entertain the idea that

nature still has a vast collection of lessons to teach us. Examples of such phenomena

include the structurally derived colors displayed by Chrysiridia rhipheus (Madagas-

can sunset moth), the anti-reflective and self-cleaning wings of Psaltoda claripennis

(Clanger cicada), along with its more recent discovery of mechanically induced bac-

tericidal activity. The implications of such a discovery are truly revolutionary as it

is the first time that surface topography has been linked to microbial death. With

this discovery a new defensive strategy against biofilm derived pathogenesis and re-

lated problems has arrived and must be further investigated for a more thorough

understanding. It’s a generally accepted notion that fungi much like bacteria can

form complex protective biofilms and are undoubtedly a source of pathogenesis. For

example C. albicans is the fourth most frequent organism found in the blood of hospi-

talized patients. While bacterial infections have been given much attention, less has

been given to fungal biofilms though they are a major source of nosocomial infections

attributed in part to adhesion to invasive devices such as catheters, cardiac pacemak-



ers, prosthetic heart valves etc. S. cerevisiae, a generally non-pathogenic yeast, has

been proposed as a model for fungal biofilm formation with similar behaviors but far

more genetic tools available. In the present work I investigate the effects that the

nano-structured wings of our local Dog Day cicada Tibicen tibicen have on adhered

S. cerevisiae to assess for antifungal activity. Resembling that of the bactericidal

activity, my study concludes antifungal activity of a cell rupturing mechanical na-

ture attributed to the nano-topography of the Dog Day cicada wing. Following this

discovery I utilize nano-sphere lithography (NSL) to fabricate analogous nanostruc-

tures as well as proportionally smaller and larger nanostructures in common synthetic

polymers to be tested for translation of function. Studies with E. coli and S. cere-

visiae reveal the overlooked but fundamentally important mechanical properties of

nanostructures as they apply to mechanical microbicidal functionality. In addition to

biocidal activity studies, I also demonstrate the remarkable anti-adhesive nature of

a particular scale nano-patterned surface relative to flat surfaces of analogous chem-

istry.
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CHAPTER I

INTRODUCTION

Introduced by Otto Schmitt in the 1950’s, “Biomimetics” wasn’t officially added to

Webster’s Dictionary until 1974 defined as “the study of the formation, structure, or

function of biologically produced substances and materials (as enzymes or silk) and bi-

ological mechanisms and processes (as protein synthesis or photosynthesis) especially

for the purpose of synthesizing similar products by artificial mechanisms which mimic

natural ones” [VBB+06,Dic89]. Since its formal inception there has been tremendous

growth in its usage as Richard Bonser points out in [Bon06] that U.S. patents from

1985-2005 containing the words “biomimetic” or “bioinspired” in their title grew by

a factor of 93 while others grew by 2.7 over the same period [LBS12]. The term

biomimetic is often used in a stricter since sense to mean direct replication of some

structure, process, or function whereas bioinspired is more generic and often used to

assign the origin an of idea to some biological system [LBS12]. In my experience most

of the more recent biomimetic/bioinspired works are derived from discoveries at the

micro/nano-scale particularly in surface science. I suspect that the rapid growth in

this area correlates well to advancements in microscopy and fabrication techniques

over the past few decades that have allowed scientists to better visualize this tiny

world and translate its discoveries to our technologies. While many plants and ani-

mals, immense and tiny, inspire innovations in technology or even how we approach

fundamental scientific problems, it’s likely that insects have been most influential in

recent years for the enormous growth of micro/nano-scale bioinspired surface science.
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Their multi-functional surfaces have inspired vast areas of research and innovation

such as adhesion, friction and lubrication, filtering, sensor technology and optics,

wetting, self-cleaning or antifouling, and thermoregulation [BPS11]. In this work, I

continue investigations into novel functions of insect micro/nano-structured surfaces,

as I believe there is a wealth of lessons still to be learned that can aid us in pursuit

of scientific understanding and technological advancements.

1.1 Why Insects?

One might ask. “Why focus on insects when searching for bioinspired solutions

to human problems?" To answer we merely need to look at the wealth of lessons

already revealed to us by insects. We then extrapolate, with the assumption that a

fraction, even a small one, of the immensely diverse remaining insects will provide

something new. An emphasis must be put on the immensity and diversity of insects;

after all they are the most diverse organisms in the history of life [GE05]. At nearly

1 million named species today with an estimated total of 2.5 million to 10 million

species thought to be in existence, it would be highly improbable that we’ve exhausted

the lessons these ancient organisms have to teach us [GE05]. Insects have been in

existence for approximately 400 million years and by most measures of evolutionary

success rein supreme [GE05]. With this unrivaled success, we need to consider the 400

million years of insect evolution a test bed for innovation as natural selection sifted

out the failed permutations with the effect of optimizing the different components that

allowed insects to thrive in their respective environments. We simply need to further

examine this vast treasure that nature has provided and adapt its innovations to

our technologies, with the understanding that a biologically inspired solution may be
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most applicable to problems resembling that which nature encountered and provided

solution to [NT07].

Insects occupy every continent, including Antarctica; they have populated a va-

riety of environments including fresh water ecosystems, salt marshes, deserts, rain-

forests, and mountainous terrains [TPC+12,CTP+09,CFR04]. The primary interface

between insects and the environment is their skin or cuticle; a nonliving composite

material, secreted by a layer of epidermal cells, constituting the external surface as

well as some internal regions [BPS11,BNA+13]. Insect cuticles, composed primarily

of bundled microfibrils of crystalline chitin in a proteinaceous matrix, serve many

purposes and display a range of material properties [BPS11]. Material properties of

cuticle are dependent on chitin bundle packing density, orientation, degree of matrix

polymerization, geometry, and it varies from hard to membranous depending on the

function it serves [BPS11]. Insect cuticle serves many purposes, acting as the basis for

muscle insertion providing mechanical functions and locomotion while also providing

defense against environmental factors such as mechanical stress, desiccation, mois-

ture, and temperature extremes [BPS11]. Cuticle also assists in secretion transport,

and serves as a chemical reservoir for metabolic waste storage [BPS11]. The cuticle

surface is often structured with mechano- and chemoreceptors as well as protuber-

ances that provide oxygen retention, grind food, allow for adhesion, and promote

self-cleaning [BPS11].

Insect cuticles have been found to have a vast spectrum of micro- and nano-

structured architectures that have recently become popularized by the many discov-

eries of interesting phenomena they exhibit. These include numerous specimens that

display optical phenomena such as brilliant iridescence or “structural colors”, prod-
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ucts of complex diffraction and interference phenomena. A spectacular example of

such structural color is that of Chrysiridia rhipheus commonly known as the Mada-

gascan sunset moth (Figure 1) resulting from interference in alternating air-cuticle

multilayers [Kol11,YNNK08].

In addition to structural color, many specimens display broadband antireflective

surfaces of their eyes and/or wings. Discovered in 1967 by Bernard et al on the

eyes of night flying moths, the operation is conceptually understood as a gradual

transition in refractive index from unity (air) to that of the bulk (≈1.5 insect mem-

brane) attributed to the presence of sub-wavelength pitched tapered waxy protrusions

[WH82,WMCW08,SLZ+11]. Examples of analogous structures are given in (Figure

2). This so-called gradient optical impedance matching has been found conserved

from specimens dating back 40-50 million years ago, likely providing camouflage from

predators and prey [WMCW08]. Present on the dorsal and ventral wing membranes

of many cicadas, these tapered protrusions often vary in height and pitch amongst

species [WMCW08, SLZ+11]. According to [WMCW08, SLZ+11], taller structures

tend to suppress reflection better than shorter by providing a more gradual change

in refractive index for wavelengths 500-2500 nm.

Another phenomenon common to many insect surfaces is anti-wetting or the ten-

dency for water to bead-up on their surfaces i.e. large contact angle. In extreme

cases this is termed the “lotus effect” for the superhydrophobic self-cleaning (low

roll-off angle) nature of the lotus leaf.

4



Figure 1. Chrysiridia rhipheus. Commonly known as the Madagascan sunset moth
displaying “structural color” resulting from multilayer interference through air-cuticle
lamella stacking. (a, b) Underlying absorbing scales appearing entirely black thought
to prevent undesirable reflections of light transmitted through the multilayer scales
[Kol11]. (c-f) Color producing scales displaying different numbers of layers and (f)
revealing pillars responsible for providing structural support or separation.
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This is also seen in other plant species such as the leaves of elephant ear or taro

plants [SLZ+11,BJ11]. Some examples of insects and their respective anatomy dis-

playing anti-wetting behavior are water strider legs, termite wings, butterfly wings,

and some cicada wings [SLZ+11]. For large winged insects such as cicadas it’s sug-

gested that wetting and airborne wing contamination of dust, algae, fungal spores,

bacteria, and pollen can impede flight [WCW12]. As previously mentioned, many

cicadas display waxy nano-protrusions on their wings some of which act to generate

a near superhydrophobic CA as determined by the sessile drop technique [SLZ+11].

Further studies revealed Thopha sessiliba producing a static CA measuring as high

as 156◦ and demonstrating substantially lower adhesion forces of certain particulate

contaminations as compared to hydrophilic surfaces [WCW12]. The hydrophobic na-

ture of some cicada wing surfaces in addition to the limited interaction area with

contaminants due to their shape and arrangement suggests an additional function

as a self-cleaning surface [WCW12]. Shown in (Figure 2) are some examples of 2-

dimensional arrays of nano-protrusions of various sizes and shapes found on different

insects.

Adding to the long and continually increasing list of insect-derived surface science

is the more recent discovery made by Ivanova et al of the bactericidal effect of the

nano-structured wings of cicada species (Psaltoda claripennis) [IHW+12]. In this

work it was determined that the hydrophobic self-cleaning wings of P. claripennis

don’t repel bacteria (Pseudomonas aeruginosa) as one might expect, but instead were

causing substantial morphological changes to the adhered bacterial cells. Scanning

electron micrographs revealed cellular contents to be spreading out from the cells and

around the nanostructures which appeared to be penetrating the cells [IHW+12].
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Figure 2. Nanostructured Insect Cuticle. (a) Drosophila melanogaster ommatidia
surface with shallow nano-bumps (insert). (b) Magicicada septendecim (Brood II
periodical cicada) wing surface with low aspect ratio nano-bumps similar to those of
D. melanogaster. (c) Contact angle DI water ≈ 80◦. Tibicen tibicen (Dog Day annual
cicada) wing surface with spherically capped conical protrusions. Contact angle DI
water ≈ 140◦. (d) Pond Damsel (species unknown) wing surface with high aspect
ratio cylindrical protrusions.

Viability studies using cell permeable SYTO 9 and vital stain propidium iodide con-

firmed what the SEM images suggested, that these extreme morphological changes

indicated cell death as they were permeated and stained with propidium iodide. The

implications of such a discovery are truly revolutionary as it is the first time that

surface topography has been directly linked to microbial death.

While exploring insect epicuticular nanostructures ourselves we noticed frequent

cases of natural microbial contamination to various insect surfaces. An example is
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shown in (Figure 3, a-c) with the foot of a fruit fly displaying bacterial contamination

on both smooth tarsal claw regions and ridged lower leg segment. Another example

of naturally occurring contamination is shown in (Figure 3, d) with what appears to

be a fungus lying across the cicada wing. Motivated by the bactericidal findings of P.

claripennis, we further investigated this phenomenon using our local Dog Day annual

cicada (Tibicen tibicen) wing surface displaying a similar nanostructure geometry.

(Figure 3, e and f) show similar morphological changes to both bacteria and yeast

as those described in [IHW+12]. This microbicidal activity demanded further inves-

tigations for a better understanding of the mechanism at work, its limitations, and

potential for translation to synthetic materials for anti-infective/anti-fouling function.

It’s a generally accepted notion that fungi much like bacteria can form com-

plex protective biofilms and are undoubtedly a source of pathogenesis. For exam-

ple, pathogenic C. albicans is the fourth most frequent organism found in the blood

of hospitalized patients [FVS99]. While bacterial infections have been given much

attention, less has been given to fungal biofilms though they are a major source

of nosocomial infections attributed in part to adhesion to invasive devices such as

catheters, cardiac pacemakers, prosthetic heart valves etc. S. cerevisiae, a generally

non-pathogenic yeast, has been proposed as a model for fungal biofilm formation with

similar behaviors but far more genetic tools available [BAR12,VRF04]. In the present

work I investigate the effects that the nano-structured wings of our local Dog Day

cicada Tibicen tibicen have on adhered S. cerevisiae to assess for antifungal activity.

Resembling that of the bactericidal activity, my study concludes antifungal activity

of a cell rupturing mechanical nature attributed to the nano-topography of the Dog

Day cicada wing. Following this discovery I utilize nano-sphere lithography (NSL)
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to fabricate analogous nanostructures as well as proportionally smaller and larger

nanostructures in common synthetic polymers to be tested for translation of func-

tion. Studies in this work using E. coli and S. cerevisiae reveal the often overlooked

but fundamentally important aspect of the nanostructures mechanical properties as

they apply to mechanical microbicidal functionality. In addition to biocidal activity

findings, I also demonstrate the remarkable anti-adhesive nature of a particular scale

nano-patterned surface relative to flat surfaces of analogous chemistry.
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Figure 3. SEM Images of Microbes Adsorbed to Insect Cuticles. (a-c) Drosophila
melanogaster lower leg showing naturally occurring attached bacteria. Notice the
various textures encountered by the bacteria including ridges and crevices of different
sizes along with relatively smooth featureless surface. (d) Naturally occurring fungus
on dragonfly (unknown species) wing surface showing distinct morphological change.
(e) Bacteria and singular yeast on Dog Day cicada wing analogous to (Figure 2, c).
Bacteria display two distinct morphologies, normal round or ovoid shape whereas
others have recessed into the surface. (f) Yeast residing on Dog Day cicada wing
surface showing obvious morphological changes with flattening of cells.
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CHAPTER II

LITERATURE REVIEW

2.1 Overview of Biofilms and Their Impact

Single-celled microorganisms capable of life’s processes, independent of other cells,

have existed on earth for approximately 3.2 - 3.8 billion years [MMDC08, SSDC02].

Microorganisms are vast in numbers, approximately 2.5 x 1030 cells with a biomass of

carbon equaling that of all the plants on Earth combined [MMDC08]. These tiny yet

immensely abundant organisms are integral to other life on Earth as they provide an

abundance of nutrients and other resources [MMDC08]. Microbes, both pathogenic

and nonpathogenic, impact human lives everyday much more intimately than most

would feel comfortable knowing. Our bodies are hosts to trillions of microbes that co-

evolve with us; we are metagenomic in the sense that our genome is a composite that

consists of Homo sapiens genes along with our residing microbes [LHL+08]. These

inhabiting microbes outnumber our cells at least 10:1 and are important for our

physiological processes such as development, nutrition, and resistance to pathogens

[LBYM12].

However, not all microorganisms are beneficial to us as some are sources of infec-

tious disease and therefore termed pathogenic microorganisms. It’s estimated that

99% of microbes live in complex communities termed biofilms [DK09, EAHLI12].

Costerton et al [SSDC02] define bacterial biofilms “as a structured community of

bacterial cells en-closed in a self-produced polymeric matrix and adherent to an inert

or living surface or interface”. However, that definition has been expanded to include
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microorganisms such as yeasts and other fungi because of the now better understood

heterogeneity of biofilms [SSDC02,CLC+95,RF01,FM12,CSG99,VAVDC14,Dun02].

Healthy biofilms are a complex three-dimensional community of sessile cells sur-

rounded by a hydrated Extracellular Material ECM often termed Extracellular Poly-

meric Substance EPS or Glycocalyx composed mostly of polysaccharides, proteins,

and DNA [SSDC02,DK09,VAVDC14,BAR12]. Cells organized throughout a biofilm

demonstrate differential gene expression and resemble tissue of higher organisms in

their complex structure and metabolism [CSG99]. The EPS provides channels that

circulate nutrients while also acting as a protective barrier against a hostile envi-

ronment [HSCS04]. Having likely evolved during the harsher temperatures, pH, and

ultra violet conditions in Earth’s earlier history, it now provides defense against metal

toxicity, dehydration, salinity, phagocytosis as well as antimicrobial agents [HSCS04].

In modern times it has translated, at our dismay, to providing pathogens with added

resistance to antimicrobial agents. Pathogenic bacteria Pseudomonas aeruginosa,

Escherichia coli, Staphylococcus aureus, as well as fungi Candida albicans and As-

pergillus fumigatus can colonize surfaces and form biofilms [FM12, VHP12, FM11].

The resistance of pathogenic biofilms to antimicrobial agents can be immensely prob-

lematic in hospitals where invasive medical devices, supporting a biofilm, provide

transport into the body promoting infectious disease. Biofilm related infections orig-

inating from polymeric surfaces of medical devices are so prevalent they are labeled

a new infectious disease termed chronic polymer-associated infections [HSCS04,VE-

HHP99,Göt02]. According to the National Institutes of Health, human infections are

dominated by biofilm formation [BAR12]. A study conducted in the United States on

data from 2002 concluded there were approximately 1.7 million Healthcare Associated
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Infections (HAIs) resulting in nearly 100,000 deaths [KERJ+07]. (HAIs) can be local

or systemic infections that initiate during hospital admission with no sign of infection

prior to admittance and are the result of an adverse reaction to infectious agent(s) or

its toxins [KERJ+07]. According to the Centers for Disease Control and Prevention

(CDC) examples of such device-related (HAIs) include central line- associated blood-

stream infections, catheter-associated urinary tract infections, ventilator-associated

pneumonia, and surgical site infections [BU13]. (HAIs) are also a tremendous finan-

cial burden. An analysis of direct costs to U.S. hospitals of the 2002 (HAIs) estimated

the adjusted costs between $28-45 billion translated to 2007 dollars, 70% of which

were deemed preventable [VHP12,Sco09]. Approximately 60% of the infections were

medical device related and primarily linked to microbial colonization [VHP12].

2.2 Stages of Biofilm Development

Microbial adhesion and subsequent biofilm development is generally described as

a 5-stage process as shown in (Figure 4), and can take 10 or more days to reach ma-

turity, though it’s highly dependent on the microbe species, the cellular environment,

and the substrate [SSDC02]. Specific stage boundaries can be rather blurred as the

species dependent nature of it complicates making generalizations. However, Harding

et al proposed a model for filamentous fungal biofilms that has much overlap with

the P. aeruginosa model depicted in (Figure 4) and other bacterial and yeast models

[HMHO09]. Biofilms are not limited to bacteria as mentioned but due to the pio-

neering work done with P. aeruginosa the following paragraphs are mostly translated

from its findings.
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Figure 4. Stages of Biofilm Development. 1) Reversible adhesion, 2) Irreversible
adhesion, 3) Early Maturation (Microcolony Formation), 4) Mature, 5) Dispersal.

Most surfaces introduced to a liquid cellular environment will have proteins and

polysaccharides adsorb to it, preconditioning it for cellular adhesion [DK09]. Upon

substrate introduction, proximal microbes interact nonspecifically with it via inter-

molecular, electrostatic, and entropic forces [GSB+02]. Assuming adhesion is permit-

ted by the system, some microbes adsorb to the surface with a potential reversibility,

and some will release back to a planktonic state [SSDC02,DK09]. This first stage,

termed the reversible adhesion stage, is modeled using techniques from colloid sta-

bility theories DLVO (Derjaguin-Landau-Verwey-Overbeek) and XDLVO (Extended

DLVO), and will be discussed in more detail later [SSDC02,GSB+02,Her99]. Dur-

ing reversible adhesion several cell-specific surface motilities are observed such as
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rolling, creeping, and formation of aggregates or rows [SSDC02]. This motility can

be the result of environmental conditions such as fluid motion and can help cluster

cells promoting cell-cell interactions. Surface topography can act with this motil-

ity to collect and concentrate the cells in certain regions. Upon further exposure,

the second stage begins, whereby rapid changes in gene expression involving excre-

tion of ECM facilitates irreversible adhesion [SSDC02,HSCS04]. Adhesion proteins

and other cell-surface structures promote permanent adhesion, while anchoring can

be achieved through excreted exopolysaccharides complexing with the surface and

cellular appendages such as pili, fimbriae(Figure 5), and fibrillae [Dun02].

The second stage in biofilm formation is often associated with substantial pheno-

typic differentiation including adhesion protein expression, changes in motility, and

exopolysaccharide production [SSDC02,DK09]. An example of this rapid change in

gene expression is demonstrated by Davies et al with P. aeruginosa via detection of

an upregulation of alginate producing genes within 15 minutes of first contact [DG95].

The contrasting phenotypes and increased production of EPS occurring during per-

manent attachment, is a distinguishing feature of biofilm initiation [SSDC02].

Stage three involves microcolony formation, an early structuring of the biofilm.

Important to this is surface motility. A transition from flagella motility to type IV pili

“twitching” motility was induced in P. putida following irreversible attachment, while

P. aeruginosa and P. putida mutants lacking type IV pili were unable to form micro-

colonies [DK09,SC01]. A sliding motility common to non-flagellated Mycobacterium

smegmatis and attributed to glycopeptidolipid (GPL) expression allows expansive

colonization via friction reduction with the substrate [RMTK00].
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Figure 5. E. coli Type I Fimbriae. Fimbriae and other cellular appendages are likely
to aid in adsorption and adhesion to substrates.

It is proposed by Reynolds et al [RF01]] that Flo11p, an adhesion protein attributed to

flocculation, abiotic adhesion, haploid invasion, and pseudohyphal growth in S. cere-

visiae might play a similar role to that of (GPLs) in sliding motility and initiating

biofilm formation in S. cerevisiae [RF01, GSFF00]. This clustering and consolida-

tion of cells is tremendously important for the foundation of the biofilm and cell-cell

interactions.

Stage four, maturation of the film, is associated with phenotypic diversity, phys-

iological changes such as a switch to anaerobic growth, complex restructuring of the

surrounding protective EPS with channels and pores for nutrient circulation, waste

removal, and chemical buffering [SSDC02,DK09,HSCS04,Dun02]. A study conducted

by Sauer et al on mature P. aeruginosa biofilms showed upwards of 800 proteins hav-

ing a sixfold or greater expression [SCE+02]. Chandra et al demonstrated that C.

albicans undergoes morphological changes during film maturation from mostly cellular

(yeast) to fungal/hyphal form, accompanied by embedding in EPS [FM11]]. Motility

becomes less important as the film establishes residency, therefore flagellated bacteria
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will begin downregulating flagella production and increase EPS production [DK09].

Intracellular communication, termed Quorum Sensing is another vital part of biofilm

maturation. Quorum Sensing is a cell density and environment dependent complex

self-regulatory mode of gene expression transmitted via release of signaling molecules

termed autoinducers that allow resident cells to communicate [DK09,DKI00]. Biofilm

architectures are a product of both genetics and environment. In fast moving water,

films tend to adopt a filamentous form whereas static environments mostly result in

mushroom-like structures [HSCS04]. Nutrient sources also influence architecture, as

glucose media was shown to promote mushroom-like structures with P. aeruginosa

whereas citrate media resulted in flat biofilms. The mushroom-like structure is differ-

entiated in that non-motile cells form the stalk and motile cells migrate up the stalk

forming a cap [DK09]. This leads to the fifth stage of biofilms known as the dispersal

stage, whereby cells are released from the film.

Stage five, the dispersal stage as the name suggests is the release or translocation of

individual cells or clumps of cells from the biofilm or substrate, often able to repeat the

process elsewhere [SSDC02]. An analogy to plants can be made such that cell dispersal

is akin to seed dispersal, providing relief from overcrowding and the potential for

populating elsewhere [SSDC02]. The dispersal can be active (motility-driven), passive

(shear-mediated), or a combination of the two [DK09,HSCS04,SSDC02]. Often times

oxygen depletion and nutrient deprivation can trigger active dispersal [DK09]. When

clumps detach, still protected by EPS, they maintain resistance to external dangers

[HSCS04]. Obviously for pathogenic biofilms this can be a major source of infection

spreading or propagation with resistance to antimicrobial treatments. The first of

three general forms of dispersal is swarming or seeding dispersal whereby motile cells
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are released from the mound-like biofilm structure depicted in (Figure 5). Clumping

dispersal, whereby aggregates of cells are removed via fluid shearing and often seen

with non-motile cell types. This dispersing of clumps means that they resemble the

intact film and are therefore defended by the EPS matrix [HSCS04]. Thirdly, surface

dispersal analogous to the motility mentioned in the microcolony formation stage

where cells can move across the surface using the sliding or twitching motility or even

whole films via shear-mediated motility [HSCS04].

2.3 Antimicrobial Surfaces

Conventional post-operative systemic antibiotic treatments of medical device-

related infections are often only slightly effective and often lead to accelerated an-

timicrobial resistance [BJCI12]. For this reason, many innovative technologies have

been developed to impart antimicrobial function or activity to biomedical materi-

als to prevent and/or treat infection and biofilm development [CMA13]. Most of the

work in this area has been focused on antibacterial surfaces, however the fundamental

ideas and strategies should be applied across infectious microbes to include fungi and

others. Generally speaking antimicrobial surfaces may be classified as anti-adhesive

or bactericidal depending on the nature of the antimicrobial activity [HCI13]. The

lists of antimicrobial and biocidal strategies are vast and will not be covered in ex-

haustive detail, for this I refer the reader to [CMA13,HCI13,GTH+12] for a rigorous

investigation. Here we’ll discuss some of the more prominent.

Some materials are inherently antimicrobial, meaning these materials display the

effects in their bulk, not needing to be functionalized by coating or loading of an-

timicrobial substances. Metals such as silver, zinc, and copper along with some poly-
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mers such as chitsosan demonstrate intrinsic bactericidal and bacteriostatic function

[CMA13]. Though the antimicrobial activity of these metals is not entirely under-

stood, one notion is that silver binds thiol groups of essential respiratory chain en-

zymes causing their inactivation [HA06, CMA13]. Other evidence shows that the

metal ions not the elemental metals are actually responsible for the effects [HCI13].

However, there exists a major problem with using these bulk bioactive metals i.e.

corrosion and leaching of metal ions potentially leading to cytotoxicity and lack of

cytocompatibility with the implant’s surface [CMA13]. This is still largely debated,

especially when involving the use of metallic nanoparticles.

Other surface functionalized techniques are perhaps more promising. For ex-

ample, surface grafting of polycations such as poly(vinyl-N-hexylpyridinium) (hexyl

PVP) and N-alkylated poly(ethyleneimines) (PEIs) on materials such as polyethy-

lene, polypropylene, nylon, polyester, cotton and even inorganic surfaces have proven

antimicrobial effects without leaching [CMA13,HCI13]. These cationic polymers in-

cluding chitosan are often referred to as “contact biocides” and are known to function

by disrupting the cell membrane causing cells to lyse [CMA13,HCI13]. In addition

to these, other polymers are emerging such as poly(phenylene ethylene) that are de-

rived from antimicrobial peptides and show high levels of activity with lower levels

of cytotoxicity [HCI13]. Surface grafting with organic antiseptics such as triclosan

and chlorohexane or materials releasing nitric oxide have long known to have antimi-

crobial effects [CMA13]. Inorganic coatings including many metal and metal oxide

doped surfaces containing, silver, copper, titanium, and hydroxyapatite (HA), along

with nanocomposites such as silver nanoparticle doped polymers and metal alloys

are also considered [CMA13]. Interestingly, some photoactivated antimicrobial sur-
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faces, specifically that of titania and metal doped titania have been show through

photooxidation to produce reactive species for bactericidal activity [CMA13].

Biologically derived antimicrobial coatings have been developed which utilize an-

timicrobial peptides (AMPs) secreted by many living organisms including microor-

ganisms, plants, insects, fishes, amphibians, and mammals [GTH+12]. For example,

CM15 a synthetic antimicrobial peptide was inspired by cecropin A found in moths

[HCI13]. AMPs not only come from a wide range of organisms, they are abundant

with over 800 characterized from eukaryotes and they have demonstrated efficacy

towards bacteria, fungi, and enveloped viruses [GTH+12]. Primarily cationic, they

generally act to disrupt phospholipid membranes through electrostatic interactions,

however some have been shown to target intracellular functions such as protein and

cell wall synthesis [HCI13,GTH+12]. For immobilization and application of AMPs

to surfaces several techniques have been utilized, for example layer-by-layer (LBL)

assembly of AMPs imbedded in polyelectrolyte multilayers [GTH+12]. Other bio-

inspired antimicrobial or antifouling substances incorporated onto or into polymer

surfaces include anti-quorum sensing molecules that inhibit the receptors of autoin-

ducers thereby negatively impacting biofilm development [GTH+12]. Essential oils

derived from some flowers and seeds also show antimicrobial activities likely attributed

to their hydrophobicity and penetration of the cell membrane [GTH+12]. Many differ-

ently functioning antibacterial enzymes have also been incorporated onto plastics for

direct bacteriolytic activity, degradation or digestion of excreted polymers, or release

of biocidal substances [GTH+12].
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2.4 Microbial Adsorption

The other class of antimicrobial surfaces as mentioned earlier consists of those

that resist adsorption or adhesion. The initial stage of biofilm formation, prior

to specific adhesion, proliferation, and ECM development, is a reversible adhesion

or adsorption stage [SSDC02, KM04]. Initial attachment or adsorption is modeled

as a physico-chemical phenomenon utilizing theories of colloidal stability such as

the Derjaguin-Landau-Verwey-Overbeek (DLVO) and the Extended DLVO theory

(XDLVO or EDLVO) that includes Non-DLVO interactions [GSB+02,Her99,KM04,

KC05]. Microbes in aqueous suspension are under the influence of many macroscopic

and microscopic “physical” interactions such as fluid shear, gravity, Brownian motion,

van der Waals, Coulombic, and structural forces including hydrophobic interactions

and hydration pressure as well as steric interactions [HSCS04,GSB+02,KM04].

Classical DLVO theory neglects all but the usually attractive van der Waals inter-

actions and the usually repulsive electrostatic interactions attributed to electric dou-

ble layer (EDL) overlap [GSB+02,Her99,KM04,Isr11,Par05]. According to Parsegian,

the van der Walls force, also known as the “charge fluctuation force”, is the product

of “collective coordinated interactions of moving electric charges and currents and

fields, averaged over time” [Par05]. Lifshitz-van der Waals interactions (VLW) are

often classified into three types, transient or mutually induced dipole interactions

(London Dispersion), dipole-induced dipole (induced/Debye), and dipole-dipole (ori-

ented/Keesom) [Isr11,Par05]. On the other hand, “Electrostatic” repulsion (VEDL) is

observed between two or more charged surfaces suspended in water or any other high

dielectric liquid medium e.g. electrolyte solution. The repulsion is attributed osmotic

pressure associated with the overlapping of Electric Double-Layers (EDLs) of neigh-
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boring bodies [Isr11]. Most microbes under physiological conditions as well as most

natural surfaces are negatively charged, resulting in EDL repulsion when encoun-

tering each other [Her99, Isr11, vLLNZ89, PBNB02]. According to [Isr11], electrical

charging of a surface following immersion in water can result from three phenomena,

“ionization or dissociation of surface groups”, “adsorption or binding of ions onto a

previously uncharged surface”, and “charge exchange” whereby charges, usually pro-

tons or electrons, hop between two dissimilar surfaces [Isr11]. The EDL of an isolated

charged surface at potential ψ0 immersed in an aqueous electrolyte solution shown in

(Figure 6) can be described as follows.

An adjacent layer or accumulation of oppositely charged “counter-ions” accom-

panies the “co-ions” or surface charge [Isr11, YYT04]. The counter-ions specifically

(chemically) adsorbed to the surface and not fully hydrated define the “Inner Helmholtz

Plane” (IHP) [YYT04]. The adjacent layer of loosely bound fully hydrated “counter-

ions” is termed the “Outer Helmholtz Plane” (OHP) [YYT04]. This region defined

by these planes is often termed the “Stern” layer or “Stern-Helmholtz” layer. Beyond

the OHP or Stern layer is a region of mobile counter-ions termed the diffuse layer

or Gouy-Chapman layer where the concentration of counterions obey the Poisson-

Boltzman equation [YYT04, Isr11]. As shown in (Figure 6), the potential falls off

towards the bulk as it is screened by the surrounding counterions. ψS (Stern po-

tential) is the potential at the OHP, followed by the zeta-potential at the slipping

plane of distance labeled κ−1 (Debye length). XDLVO introduces an additional Lewis

acid-base term (VAB) to account for close-range attractive hydrophobic and repulsive

hydration interactions that can be 10-100 times stronger than (VLW) when in contact

[Her99,BLW01].

22



Figure 6. Electric Double Layer Formation. Negatively charged surface with sur-
face potential ψ0, Stern potential ψS, and the zeta-potential at the slipping plane
positioned at κ−1 denoting the characteristic double layer thickness or Debye length.

These Non-DLVO interactions are manifestations of the strong hydrogen bonding and

cohesiveness of water in relation to electron-donor and electron-acceptor values of the

immersed surfaces [Her99]. One conceptual interpretation of these interactions, often

termed “structural” forces, is attributed to the way water is structured around the

immersed surfaces due to respective electron-donor and electron-acceptor properties

[GSB+02,KC05]. Such interactions can be conceptually described as attractive “hy-
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drophobic” interactions when the boundary layer of water is less dense than he bulk

and repulsive “hydration pressure” when the hydration shells are denser than the bulk

[GSB+02]. Another interpretation is one of entropy reduction due to unfavorable or-

dering of water into clathrate cages around hydrophobes. Minimization of surface

area by coalescence of the hydrophobes counters this. That being said, the net or

total interaction (VTOT) is merely the sum of these contributions:

VTOT = VLW + VEDL + VAB (2.1)

and can be seen in its applications in [KC05] and [HA06] for both flat and rough

surfaces respectively. A generic net interaction energy curve is shown in (Figure 7)

and exhibits a secondary minimum (I), a repulsive barrier (II), and a primary mini-

mum (III) [Her99, Isr11,BLW01]. There are at least two regimes of physico-chemical

adsorption between a cell and a surface: a longer-range reversible adsorption in the

secondary minimum region (I), where the cell is not fixed to the surface and can often

be washed away. The second corresponding to region (III) is a close-range, stable,

and irreversible adhesion often involving overcoming the repulsive barrier region (II)

[Her99, Isr11]. Substrate roughness, cell size and shape, surface chemistries of inter-

acting bodies, and electrolytic environment including ionic strength and pH are all

major factors influencing particle adsorption [Her99,Isr11,BLW01]. Biological factors

not accounted for by either theory could allow a cell stuck in the secondary minimum

to span or cross the barrier into a more stable adhesion state. Examples of such

are lipopolysaccharides, fimbrae (Figure 5), and flagella on bacteria or glycoproteins

on S. cerevisiae that can effectively reduce interactive surface area resulting in less

repulsion and/or provide variation in local hydrophobicity [Her99,GWPS07,VK06].
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Figure 7. Net DLVO Interaction Energy Curve. Generic interaction energy curve of
DLVO displaying three characteristic local extrema. (I) Secondary minimum where
reversible adhesion takes place. (II) Repulsive barrier that must be overcome for
stable adhesion. (III) Primary minimum/irreversible adhesion.

Surface conditioning agents such as proteins and polysaccharides can aid or in-

hibit adsorption and even provide anchored specific adhesion [CMA13]. The effects

can be different depending on the environment such as the composition of the media as

well as the specific microbes in question. Generally speaking, effective low adhesion

surfaces consist of both highly hydrated surfaces and the accompanying hydration

pressure or superhydrophobic non-wettable surfaces [CMA13]. Highly hydrated sur-

faces have demonstrated bacterial repulsion with biocompatible coatings of heparin

on contact lenses and catheters [CMA13]. On the other end of the spectrum, some

surfaces take advantage of the self-cleaning superhydrophobic phenomenon or “lotus”
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effect often realized through a hierarchical surface micro/nano-topography using in-

trinsically low surface energy materials. Hydrophobic interactions have been shown

to be defining characteristics of bacterial adhesion to abiotic substrates. Ong et al

showed that E. coli differing only their lipolysaccharide composition demonstrate sig-

nificantly different adhesion [ORGS99]. Similarly, it’s been shown using S. cerevisiae

that cell surface hydrophobicity (CSH) and substrate hydrophobicity are highly in-

fluential parameters involved in the adhesion process. In [KC05] hydrophilic yeast

were studied for their adhesive properties on flat polystyrene (PS) and poly(styrene-

ran-sulfonic acid) (PS-x-SA) modified glass surfaces. The spin-coated polymers of

increasing degrees of sulfonation (0, 5.1, 9.8, and 15.3 mol%) resulted in progressively

greater electron-donor components and ultimately more hydrophilic surfaces. Flow

experiments (5mm/s, 150 mM NaCl) demonstrated substantially greater yeast ad-

hesion on the more hydrophobic PS and PS-5.1-SA surfaces. The results suggest a

dominating role of Lewis acid-base interactions as predicted by the deeper secondary

minima (reversible adhesion) of the calculated interaction energy curves. By increas-

ing the flow rate (150 mm/s) [KC05] investigated adhesion in the secondary minima,

as such cells will be removed at higher shear. Their results demonstrated that indeed

most of the cells were in secondary minima but with greater retention (%) on the hy-

drophobic substrates. These results additionally suggest that other factors perhaps

biological and/or surface heterogeneities allowed some cells to adhere irreversibly in

primary minima [KC05]. It should be noted these secondary minima were calculated

to be within 5 nm of the surface where AB interactions dominate [KC05,KB11]. This

is important because micro- and nano-topographies influence these interactions. In

fact, XDLVO calculations on rough surfaces show all interactions van der waals (LW),
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electric double layer (EDL), and Lewis acid-base (AB) diminishing in magnitude due

to effectively larger separation between the particle and substrate [HA06]. That being

said, generally EDL and AB interactions fall off faster than LW interactions thereby

predicting some rough surfaces to be favorable for adsorption relative to flat [HA06].

2.5 Micro- and Nano-Topography

While it has been known for some time that micro- and nano-roughened surfaces

demonstrate various cellular adhesion responses, little is known about the specifics of

such responses and even less is know about patterned topographies at these scales.

In order to properly investigate and compare the effects that surface roughness or

topography have on cellular adsorption it’s necessary to quantify said roughness.

Many “roughness parameters” have been defined to do such, with the most universally

encountered being average surface roughness (Ra). This is defined as the average

absolute deviation of the profile from the mean line over a defined sampling length

(L) [MDWM+08].

Ra =
1

L

∫ L

0

|y(x)|dx (2.2)

Naturally this can be extended to an area by performing a double integral and di-

viding by the domain. A rigorous presentation and explanation of these and many

others is provided in [GKM+02]. Roughness parameters are frequently assigned to

roughened surfaces without pattern, often those resulting from maskless plasma etch-

ing of polymers or depositions of titania for example. Atomic force microscopes

and analysis software are often capable of providing roughness parameters. A gen-

erally accepted threshold for bacterial adhesion is defined such that Ra ≤ 800 nm
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are considered hygienic whereas values greater than this are more prone to bacterial

adhesion [HFBT+13]. Taking cell size into account, this threshold is supported by

the notion that larger features tend to offer more accessible surface area for adhe-

sion and additionally the structures offer shelter from hydrodynamic forces and other

disturbances [HFBT+13]. It must be emphasized that the structure spacing allow

cells to settle between adjacent asperities for this to hold true, else the effective in-

teractions are can be actually reduced. This is demonstrated nicely in [XS12] and

[KJK+15] whereby patterned nanostructures with sub-microbe dimensions (few hun-

dred nm) significantly inhibit bacteria retention under hydrodynamic shear. In fact,

these effects resemble the shark denticle inspired antibiofouling surfaces generated

in [MCB10]. Providing another example of such effects, Mitik et al demonstrate 3x-

increased adhesion based on counts of bacteria P. issachenknoii when nano-roughness

is decreased. Interestingly the glass used in this experiment was rougher as purchased

with occasional higher peaks that were smoothed via chemical etching for compara-

tive study [GWPS07]. In addition to increased adhesion, greater EPS production and

a change in cell morphology took place on the smoother surfaces whereby the cells

enlarged slightly, primarily in length [GWPS07]. The nature of roughness displayed

by the original surface with 0.5 -1 µm spaced spikes up to 16 nm tall, while sub-

stantially smaller than the pillars of the previous two works, demonstrates a similar

phenomenon whereby the effective interaction area is decreased [GWPS07]. The point

to be made here is that roughness only assists in adhesion through increased surface

area if the cells can take advantage of it. Obviously surface conditioning with pro-

teins and polysaccharides can impart additional effects, as can cellular appendages,

but such effects are species and/or strain specific and must be studied accordingly.
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Microbes such as bacteria and fungi are more rigid than animal cells due to having cell

walls and therefore more limited in their abilities to conform to the nano-topographies

[ADP+10].

2.6 Mechanically-Induced Bactericidal Nano-Topographies

In the following paragraphs the biocidal activity of the Clanger cicada (Psaltoda

claripennis) wing, discovered by Ivanova et al in [IHW+12], will be discussed in

further detail along with their continued work as it is the basis for this project. The

bacterial cell rupturing displayed by the native wing is interesting, but the finding

is even more appealing if there is flexibility in surface chemistry as it pertains to

preserving the effect. Surprisingly, the biocidal effect showed no correlation to the

superhydrophobic nature or surface chemistry of the wing, as a 10 nm layer of gold

deposited on its surface effectively masking its chemistry and increasing its wettability

conserved its function. It was therefore concluded that the bactericidal nature of

the wing is primarily a physico-mechanical effect due to this conservation following

chemical modification. Using point source microscopy, described as an afm tip fixed

atop a target cell maintaining constant force, it was determined that the bactericidal

effect was rather quick acting with rupturing detected 3 min after tip attachment

to the cell. The rupturing event occurred following a slow sinking of the cell 200

nm into the surface, at which point a rapid downward displacement was measured.

The nanostructures of cicada wings used in this work were described as hexagonally

arranged spherically capped cones 200 nm tall, 100 nm in diameter at the base, 60

nm at the tip, and spaced 170 nm apart. It was inferred from infrared spectroscopy

that the wings are primarily composed of protein, chitin, and cuticular waxes.
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Additional work on (Psaltoda claripennis) in [HWT+13] revealed discriminatory

bactericidal effects with rupturing susceptibility of Gram-negative cells and no de-

tectable bactericidal response with Gram-postive cells. In this work rod-shaped and

coccus morphologies of both Gram-negative and Gram-positive cells were tested for

bactericidal effects on the wing surface of P. claripennis. Results revealed all Gram-

negative cells (P. aeruginosa, E. coli K12, P. fluorescens, and B. catarrhlis), inde-

pendent of initial morphology, to have undergone morphological changes relative to

glass controls and reduced viability following adsorption to nano-structured wings.

Meanwhile, Gram-positive cells (B. subtilis, S. aureus, and P. maritumus) showed no

discernable morphological changes and no vital stain uptake. It was concluded that

cell shape plays little to no role as both rod-shaped and spherical Gram-negative cells

ruptured, with extreme efficiency as viability plate counts showed several million P.

aeruginosa cells inactivated per cm2 over a 30 minute incubation period. However,

Gram-positve cells having a thicker peptidoglycan layer relative to Gram-negative

cells are generally more rigid, possibly providing increased resistance to mechanical

rupturing. Follow up work by Pogodin et al involved development of a biophysical

model used to gain insight into the mechanism of this bactericidal phenomenon spe-

cific to P. claripennis wing nanostructure geometry as characterized with AFM and

SEM. Through a surface energy argument with appropriate geometrical constraints

their model suggests that the cells are being stretched in the regions between pillars to

the point of rupture. It’s emphasized that the nanostructures are not puncturing the

cells like needles as this would require tip diameters ≈1 nm. Intrinsic to this model

is an interaction parameter ζ proportional to the attraction of the model cell to the

surface and inversely to its elasticity. This effective interaction parameter infers that
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more rigid cells require stronger attraction to reach ζcritcal, the point at which stretch-

ing in the inter-pillar regions of the cell is critical and the cell ruptures [PHB+13].

To test implications of the model, they studied the adsorption of three Gram-positive

bacteria, two cocci P. maritimus and S. aureus, and the rod-shaped Bacillus subtilis

to the wing of P. claripennis. These bacteria again demonstrated resistance to the

nanostructures. The cells were then treated with controlled exposures of microwave

radiation to induce reversible poration and release turgor pressure without killing the

cells. This effectively released tension in the membrane reducing initial stretching

and rigidity, which according to the model would make them more susceptible to

rupturing. Following incubation on the nanostructures, the microwave treated Gram-

positive cells showed morphological changes resembling the Gram-negative cells of

previous work and viability studies confirmed the cells dead.

Naturally then with a better understanding of the bactericidal nature of the nanos-

tructured cicada wing, the next step was to test nanostructured synthetic surfaces.

Nanostructured surfaces functioning as effectively as the cicada wing or better could

be of great importance in our battle against pathogenic microbes. In [IHW+13] the

bactericidal function was extended with high efficacy to synthetic nano-material black

silicon, structurally similar to and inspired by Diplacodes bipunctata (dragonfly). Un-

like the limited function towards thinner walled Gram-negative bacteria shown by

the wings of Psaltoda claripennis (cicada), both the dragonfly wing and black silicon

were found capable of additionally rupturing Gram-positive B. subtilis and S. aureus

vegetative cells as well as S. aureus spores [IHW+13]. Both black silicon and the

dragonfly wing consisted of clustered pillar-like protrusions a few hundred nm tall

with cluster diameters ranging from 20-80 nm and 30-90 respectively and spatial dis-

31



tributions ranging from 200 nm to 1800 nm [IHW+13]. Similar to before, gold-coated

surfaces were tested for the purpose of controlling surface chemistry and resulted in

conserved activity demonstrating again the mechanical nature of the phenomenon.

Perhaps what’s most important about these results is the strong dependence bacte-

ricidal activity has on nanostructure geometry. That is the gold-coated cicada wing

with its geometry was unable to apply enough stress to the cell wall and membrane

of Gram-positive bacteria yet black silicon and dragonfly structures succeeded.

2.7 Saccharomyces Cerevisiae (Adhesion and Structure)

Generally considered nonpathogenic, S. cerevisiae shares common traits of micro-

bial biofilms through cell-cell and abiotic adhesion as well as ECM formation and quo-

rum sensing [BAR12,ZZP+09]. The ability for S. cerevisiae to develop diverse multi-

celluar growth architectures such as invasive filaments and biofilms and its tractable

nature due to genome sequencing as well as transcriptomic and proteomic analyses

makes it a powerful candidate for studies in this area [BAR12, BM12]. Naturally

then, S. cerevisiae was proposed as a model for yeast biofilm studies in [RF01] and is

now considered to have conserved and orthologous biofilm formation and regulation

to that of Candida spp [BAR12, BAR12]. An important factor, as C. albicans and

C. glabrata are dominating causes of fungal biofilm infections. Biofilm initiation and

development requires cell-cell adhesion and adhesion to foreign bodies through use

of cell-surface adhesion proteins termed adhesins [BM12]. Located on the surface

of the cell wall, fungal adhesins mediate cellular interactions with the environment,

participating in mating, colony morphology changes, biofilm formation, fruiting body

development, and interactions with animal and plant hosts [BM12, DRCL07]. The
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adhesins can be generally categorized as “social” and “antisocial” either facilitating

specific fungal cell-cell interactions such mating and asexual flocculation or invasion of

host cells or abiotic substrates [DRCL07]. S.cerevisiae adhesins responsible for floccu-

lation and abiotic adhesion are termed flocculins and consist of five distinct members

Flo1, Flo5, Flo9, Flo10, and Flo11 [BAR12]. The flocculins have a standard mosaic

of A, B, and C domains. The C-terminal domain contains a glycosylphosphatidyli-

nositol (GPI)-addition site anchoring the protein to the cell wall. The large highly

glycosylated middle domain B, is characterized by multiple serine and threonine-

rich repeats and extends outward exposing the N-terminal A domain. Protruding

from the cell surface, the N-terminal domain provides the adhesive properties, often

containing a Ca2+ dependent carbohydrate or peptide-binding domain for floccula-

tion [BAR12, VK06, BM12, DRCL07]. These cell wall (GPI)-anchored adhesins are

considered to form a superfamily with the similarly structured ALS (agglutinin-like

sequence) and the EPA (epithelial adhesion) genes of pathogenic yeasts C. albicans

and C. glabrata. ALS and EPA proteins are responsible for invasive adhesion to mam-

malian tissues and allowing adhesion to plastics such as that of catheters, pacemakers,

dentures, and other prosthetics [BAR12]. As S. cerevisiae don’t naturally adhere to

animal cells, one method for studying functions of Candida genes involves the trans-

formation of S. cerevisiae with ALS and EPA genes to see if their expression in turn

enables it. Several studies have concluded this to be the case as several ALS genes

have enabled S. cerevisiae to adhere to (ECM) proteins, human umbilical endothelial

cells as well as other surfaces. In addition to this, EPA1 expression in S. cerevisiae

has enabled the adherence to epithelial cells. These transformation studies are lim-

ited though due to the uncertainty of protein function constraints when expressed
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in foreign host [BAR12], however this does further illustrate the power of using S.

cerevisiae as a tool for yeast biofilms.

While only FLO11 is expressed in laboratory strains, the transcriptionally silent

FLO1, 5, 9, 10 functionalities have been assessed through replacement of the endoge-

nous promoter with GAL1 promoter and have generally been shown to confer cell-cell

adhesion or flocculation to differing degrees [GSFF00, VK06, BAR12]. The specific

cell-cell “lectin-like” adhesion demonstrated by expression of FLO1, 5, 9, 10 is Ca2+-

dependent in achieving active confirmation. However, abiotic adhesion to plastic sur-

faces such as polystyrene is conferred nonspecifically through Flo11p, and attributed

to hydrophobic interactions with high expression of FLO11 being associated with

increased cell surface hydrophobicity [VK06, BM12]. Cell-cell adhesion can also be

mediated through non-specific Flo11p, likely hydrophobic interactions as well [BM12].

It should also be noted that FLO11 is critical in morphological changes such as pseu-

dohyphae development in nitrogen-starved diploid yeast and haploid invasion of agar

[BAR12]. According to [BAR12, BM12], FLO11 expression in the common labora-

tory strain Σ1278b is transcriptionally regulated by various environmental cues such

as nitrogen, glucose, and amino acid starvation through mitogen-activated protein

kinase (MAPK) and protein kinase A (PKA) pathways. Interestingly, reversible epi-

genetic switching of FLO11 through repression of chromatin binding proteins means

that even expression-inducing environments maintain both “on” and “off ” populations

[BAR12]. In addition to epigenetic switching, it has also been shown that Flo11p is

shed from the surface of cells [KVC+10]. According to [KVC+10], this potentially

inhibits cell adhesion in two ways, by impairing the cell directly and/or competing

for surface sights.
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The cell wall of S. cerevisiae is a dynamic and robust elastic structure that pro-

vides chemical and physical protection to the cell [KMHB02]. According to Klis et

al, the cell wall of S. cerevisiae is on average 70-100nm thick and its strength is pre-

dominately due to an inner layer of β1,3 glucan and chitin accounting for roughly

60% of the dry weight of the cell wall. The outer layer of the cell wall contains

many heavily glycosylated mannoproteins covalently linked to the β1,3 glucan-chitin

network providing many functions such as sexual agglutination and flocculation men-

tioned earlier [KMHB02]. At physiological pH the cells have a negative electric charge

due to phosphodiester bonds of the carbohydrate side chains of the cell wall proteins

(CWPs) [KMHB02]. The cells walls are highly elastic, able to lose up to 60% of their

volume when introduced to suitably hypertonic solution with reversibility [KMHB02].

Cell cycle, growth phase, nutrient and oxygen availability, pH, and temperature all

affect the cell wall. For example, stationary phase cells have thicker more rigid cell

walls supporting significantly higher turgor pressure than exponential phase. Another

example of the dynamic cell wall nature involves the genetically weakened mutants

that have been shown increase cell wall chitin up to 20% from the usual 1-2% un-

der normal conditions [KMHB02]. Micromanipulator compression experiments of S.

cerevisiae performed by Smith et al [SZT+00] showed that the surface modulus of

cells in exponential phase is lower than that of stationary phase cells and attributed

to the thickening or the cell wall as the cells enter stationary phase. Compression

tests to the point of rupture showed the more rigid stationary cells to yield under

slightly less strain, defined as the ratio of change in height to the initial height, than

exponential phase [SZT+00]. This implies that while requiring more force to deform

the cell, the more rigid cells should rupture under less perturbation of the wall.
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CHAPTER III

ADHESION-DEPENDENT RUPTURING OF SACCHAROMYCES CEREVISIAE

ON BIOLOGICAL ANTIMICROBIAL NANOSTRUCTURED SURFACES

Recent studies have shown that some nanostructured surfaces (NSS), many of

which are derived from surfaces found on insect cuticles, rupture and kill adhered

prokaryotic microbes. Most important, the nanoscale topography is directly respon-

sible for this effect. Although parameters such as cell adhesion and cell wall rigidity

have been suggested to play significant roles in this process, there is little experimen-

tal evidence regarding the underlying mechanisms involving NSS-induced microbial

rupture. In this work we report the NSS-induced rupturing of a eukaryotic microor-

ganism, Saccharomyces cerevisiae. We show that the amount of NSS-induced rupture

of S. cerevisiae is dependent on both the adhesive qualities of the yeast cell and the

nanostructure geometry of the NSS. Thus we are providing the first empirical evidence

that these parameters play a direct role in the rupturing of microbes on NSS. Our

observations of this phenomenon with S. cerevisiae, particularly the morphological

changes, are strikingly similar to that reported for bacteria despite the differences

in the yeast cell wall structure. Consequently NSS provide a novel approach for the

control of microbial growth and development of broad-spectrum microbicidal surfaces.

3.1 Introduction

The recent discovery of nanostructured surface (NSS)-induced rupturing of prokary-

otic microbes provides a potentially powerful new tool in the control of microbial
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growth [IHW+12,HWT+13]. In theory, these NSS - many of which have been derived

from the cuticles of insects - kill bacteria through structural/mechanical interactions

[IHW+12, HWT+13, IHW+13]. Although bacterial and fungal cell walls are struc-

turally and chemically distinct, we observe a similar rupturing of the cellular fungus

Saccharomyces cerevisiae on certain NSS. Although NSS-induced microbial rupture

implies physical damage to the microbial cell wall and/or cell membrane, there is

not a clear understanding of the mechanisms underlying this phenomenon. Modeling

of the cell/NSS interaction has implicated physicochemical properties such as cell-

substrate adhesion and cell wall rigidity in NSS-induced rupture [IHW+12], but there

is little empirical evidence describing the role of either parameter in this process. In

this paper we address the role that cell-substrate adhesion plays in NSS-induced mi-

crobial rupture. We demonstrate that the strength of the cell-substrate interaction

is critical to NSS-induced rupture and reduction in viability, i.e. stronger adhesion

between the yeast and the NSS results in more cells rupturing on the surface. Our

results suggest a common mechanism underlying the NSS-induced microbicidal phe-

nomenon and one that may serve to be exploited in the generation of broad-spectrum

antimicrobial nanostructured surfaces.

3.2 Materials/Methods

S. cerevisiae strains used in this study were W303-1A (ATCC stock number,

208352, genotype: MATa ade2-1 ura3-1 his3-11 trp1-1 leu2-3 leu2-112 can1-100 )

and SK1-CAN1 (ATCC stock number, 204722; genotype: MATalpha/MATalpha HO

can1(r) gal2 cup(s)). Frozen stocks were maintained at -80◦C. For each experiment,

colonies from freshly streaked YPD plates were used. Liquid YPD (Yeast extract,
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Peptone, Dextrose, Water) media was inoculated with one colony per 5 mL. Liquid

cultures were grown overnight with shaking ≈ 200 rpm at 20◦C to an OD600 ≈ 1.5 at

which point fresh cultures were spiked to an OD600 ≈ 0.2 and incubated with shaking

for 3-5 hrs at 30◦C to an OD600 ≈ (0.4 - 0.6) indicative of mid-log phase growth

[Ber01]. OD600 measurements were made using a Thermo Scientific NANODROP

2000C spectrophotometer and viability counts ≈ 107 cells/mL were made using serial

dilution plating to maintain that mid-log phase cells were used for initiating all NSS

experiments. For accuracy and precision OD600 measurements used for cell density

approximations were always kept below 1 with an absorbance of 1, for S. cerevisiae,

corresponding to approximately 3 x 107 cells/mL[Ber01].

A cell surface hydrophobicity comparison was performed on log-phase and stationary-

phase cells of the two strains using a phase separation technique known as a MATH

(Microbial Adhesion to Hydrocarbon) assay [EAHLI12]. Cells were grown to the de-

sired phase, washed 1 x in 50 mM EDTA (pH 8.0) to inhibit flocculation, and then

suspended in 0.9% NaCl (pH ≈ 6) to an OD600 ≈ (0.8 - 1.0). In glass tubes, 2 mL of

cell suspension was carefully overlaid with 400 µL of Octane. 1 mL of aqueous phase

was carefully removed and the remainder was vortexed for 60 seconds, followed by

10 minutes of rest for phase separation. After separation, the other 1 mL aqueous

phase was carefully removed and OD600 measurements were made on both samples.

Relative hydrophobicity measurements are reported as OD600 percent differences be-

fore and after vortexing, [1 - (ODAfter / ODBefore)] x100%, at least 10 samples were

measured and averaged.

The wings of Tibicen tibicen (Dog Day annual Cicada), Magicicada septendecim

(Brood II periodical cicada), and Progomphus obscurus (Common Sanddragon) were
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all collected from Greensboro, N.C. (USA). For decay prevention, the insects were

stored at -20◦C. To prepare for experimentation, wings were dissected from the or-

ganism carefully as to not damage their surfaces. Isolated wings were sonicated in

70% ethanol for 10 minutes to remove any potential debris including any previously

attached microbes, after which samples were inspected via SEM to determine if clean-

ing had damaged the nanotextured surfaces. There was no discernable variation in

the nanostructures before and after cleaning. Glass cover slips were wiped clean

using 70% ethanol and cleansed wings were then mounted on them using double-

sided carbon tape. The cover slips served two functions, they provided a base for

the wings for ease of handling and they were used as additional controls for yeast

proliferation/viability. Gold sputter-coated samples of each surface were also used

in conjunction with the native surfaces to confirm the mechanical component of this

phenomenon. A 10 nm layer of gold was deposited using a Leica EM ACE200 and

monitored in real time with a quartz crystal microbalance (QCM). Helium ion mi-

crographs of sputter-coated surfaces were obtained using a Zeiss Orion helium ion

microscope (HIM). Imaging Parameters for the HIM were as follows: working dis-

tance 8.3 mm, accelerating voltage 30 kV, blanker current 1.6 pA, and primary ET

Detector was used. AFM was conducted with an Agilent 5600LS AFM and Pico View

1.14 software. Surfaces were imaged in air in tapping mode at 0.5 ln/s and 512 ppl

with a tip of 3 N/m and resonance frequency of 285 kHz. Image post processing was

done with Gwyddion 2.3.

We investigated the wettability of the controls and NSS using a ramé-hart 260-

F4 contact angle goniometer and DROPimage Advanced software. Deionized water

drops of 1 µL were carefully placed on the intervein membranes of gold coated and
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native wings in the regions outlined in (Figure 8). Static contact angle measurements

of at least five drops on two different samples of each surface, including gold coated

and uncoated glass controls, were averaged and the significance of the differences

between NSS and control surfaces were determined using Student T-tests function in

Microsoft Excel. A wash assay was conducted to investigate the adhesion response

of the yeast cells to the various substrates, with the notion that a greater number

of adhered cells post wash implies greater cell-substrate adhesion [WPD+11]. For

each strain independently, 10 mL of exponential phase cells, at a concentration (≈

5x105 cells/mL), had 10 µg/mL acridine orange added to the media and was then

placed in a 35 mm Petri dish containing controls and NSS. After 10 minutes, samples

were vigorously washed 3x in PBS (pH 7.5), covered with fresh PBS, and imaged

immediately using an upright Olympus BX51 compound microscope equipped with

a CoolPix CCD camera. 10-20 images were collected for each surface using the 10X

objective and ImageJ plug-in. Labeled cells were manually counted and data was

analyzed in Microsoft Excel.

Preparation began with the removal of the surfaces from the dish after a 1-hour

incubation time. Immediately following removal, the surfaces were gently washed

3x in PBS on an elliptical shaker at 100-150 rpm and then fixed in a 2.5% gluter-

aldehyde/2% formaldehyde solution in 0.1M cacodylate buffer (pH 7.4) for 1 hour.

Samples were then washed 3x in DI water and immediately followed by an acetonitrile

dehydration series of 30%, 50%, 75%, 95%, and 100% for 5 minutes at each concen-

tration. After drying, the samples had a 10 nm gold layer applied using a Leica

EM ACE200 with real time thickness monitoring using a quartz crystal microbalance

(QCM). Scanning electron micrographs were obtained using a Zeiss Auriga FIB/SEM.

40



Figure 8. Images of Wings Tested for Antimicrobial Properties. (A) Brood II (Brd
II) periodical cicada (Magicicada ssp.); (B) Dog Day (DD) annual cicada (Tibicen
ssp.); and (C) Common Sanddragon dragonfly (Pogomphus obscurus). The circles
in (A) and (B) represent the 12 mm diameter cut outs used for the colony forming
assay.

To test viability and proliferation of yeast cultured on NSS and control surfaces we

performed two analyses. A standard CFU/mL assay was performed to determine the

number of viable cells after eight hours of incubation [NSF+07]. Yeast cultures were

grown to an OD600 ≈ (0.4-0.6), diluted to an OD ≈ 0.1, and cultured on the controls

and NSS. At 0 hrs and 8 hrs of incubation, cell densities were determined by spreading

serial dilutions of the media taken from the control and NSS cultures on YPD agar
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plates. Plate colonies were counted after 24 hrs of incubation at 30◦C, the values of

which are representative of viable cell concentration in CFU/mL. Plate counts were

then extrapolated according to the dilution factor (1:104) to give actual concentra-

tions. The CFU data was gathered from five independent experiments, averaged, and

the significance of the difference between experimental and control experiments was

determined using Student T-tests function.

Viable cells counts were performed with an AO/PI assay using a Zeiss Axio Plan

spinning disc confocal microscope. In this assay we cultured yeast cells on controls

and NSS with two fluorescent dyes, acridine orange (AO) (ex488nm/em518nm) a

cell permeable dye that labels all living and dying cells and propidum iodide (PI)

(ex535 nm/em617 nm) which is cell impermeable and will only label the DNA of

dead or dying cells with compromised plasma membranes. Following incubation in

10 µg/mL acridine orange and 5 µg/mL propidium iodide solution for 5 minutes, the

surfaces were removed and gently washed in PBS. The surfaces were then imaged

and count data was collected for each image from each experiment and input into

Excel where the Student T-test function was used to determine significance between

controls and NSS. An additional viability study was performed on W303 using the

vital stain ethidium bromide (EthBr) at 5 µg/mL to support PI observations.

Sample preparation is much the same for SEM imaging except that between the

fixing and dehydration steps there was 4 days of staining in 1% osmium tetroxide fol-

lowed by 24hrs in 1% uranyl acetate. Dehydrated samples were then heavily sputter-

coated with a thick layer of Au (>50nm) to prevent stray ion damage and minimize

charging due to ion implantation. It’s important to note that the experiment is essen-

tially preserved after the cross-linking and dehydration steps so there is no concern of

42



losing information with the heavy sputter coating as the FIB is sectioning the sample

anyways. Milling was done using the Zeiss Auriga FIB/SEM. FIB parameters were

as follows: accelerating voltage 30kV, milling current 600 pA, milling mode set on

mill for depth (1-2µm based on Si), working distance 5 mm, stage tilt 54◦, and tilt

correction of 36◦ when imaging block face.

3.3 Results

To examine the interactions of nanoscale topography and cellular fungi we ex-

amined the growth and viability of baker’s yeast, Saccharomyces cerevisiae, on three

different nanostructured insect wings: Brood II (Brd II) periodical cicada (Magicicada

ssp.), the annual Dog Day (DD) cicada (Tibicen ssp.), and the Common Sanddragon

dragonfly (Pogomphus obscurus) (Figure 8). We chose these particular wings for this

study because they represent a range of nanoscale features, from low to high aspect

ratio, which allowed us to systematically test the effect that different nanostructure

geometries have on yeast viability. Similar work with bacteria suggests that the ge-

ometry of the nanostructures is essential for the observed rupturing of bacteria, but

this has not been systematically tested. We characterized each surface using ultra

high resolution helium ion microscopy [BNA+13] and atomic force microscopy. The

surfaces are as follows: a wing surface with low aspect ratio (height to width ≈ 0.5)

nanoscale features from the 17 year Brood II (Brd II) periodical cicada (Magicicada

ssp.); a wing surface with higher aspect ratio nanoscale features (height to width

“base” ≈ 1.8) from the annual dog day (DD) cicada (Tibicen spp.); and a wing sur-

face with the highest aspect ratio features we tested (height to width ≈ 4.6) from

the Common Sanddragon dragonfly (DF) (Pogomphus obscurus spp.) (Figure 9; Ta-
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ble 1). The arrangement and geometry of the nanostructures found on the winged

surfaces are presented in (Table 1) and the calculations were performed from images

represented by (Figure 9). In short, the Brd II NSS is composed of hexagonally close-

packed hemispherical bumps (Figure 9 B-B”); DD NSS are hexagonally close-packed

arrangements of spherically capped cones (Figure 9 C-C”); and the DF NSS consisted

of densely packed spherically capped cylindrical structures (Figure 9 D-D”). In each

case these structures increase the total surface area when compared to the relatively

featureless glass control surfaces (Table 1).

Lewis acid-base interactions consisting of usually attractive hydrophobic interac-

tions and repulsive hydrophilic interactions play a significant role in microbial adhe-

sion [BNvdMB08,BLW01,MBOSL04,KC05,GWPS07]. We determined the hydropho-

bicity of the NSS and controls using static contact angle measurements of deionized

water (Figure 10; Table 2). Surfaces decorated with higher aspect ratio nanostruc-

tures generally exhibited greater hydrophobicity and the inconsistency of the DF NSS

is likely due to the extremely close vein spacing which even a 1µL drop unavoidably

spanned. More accurate contact angles (CA) measurements would likely show even

greater CA for DF than what is presented here. The hydrophobicity of control sur-

faces and NSS used in this study were similar to what has been described earlier

[SWZ+09]. While all insect cuticles are structurally similar, insect cuticles are chem-

ically complex materials that serve multiple roles other than support; one example

being the secretion of complex molecules [VW04]. To eliminate potential effects due

to surface chemistry differences we tested Au-coated NSS and control surfaces and

compared them to native surfaces [IHW+12].
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Figure 9. Characterization of Nanostructured Surface Topographies. Top row consists
of Helium Ion Micrographs at 68,000X magnification; middle row are the correspond-
ing Atomic Force Micrographs (AFM) providing better topographical information;
bottom row, cartoon representation of an edge on view of nanoscale topography and
contact angle information. (A, A’, A”) Au-coated glass cover slip/Control, relatively
featureless surface aside from occasional debris. (B, B’, B”) Au-coated wing of period-
ical cicada Magicicada septendecim displaying approximately hemispherical features
with a mean diameter of 167 nm. (C, C’, C”) Au-coated wing of annual cicada Tibi-
cen tibicen displaying spherically capped conical protrusions with a mean length of
183 nm and mean cap diameter of 57 nm. (D, D’, D”) Au-coated wing of Common
Sanddragon dragonfly, Progomphus obscurus, displaying high aspect ratio spherically
capped cylindrical protrusions which appear to be bundles of 3 to 5 smaller protru-
sions with a mean length of 241 nm and a mean bundle diameter of about 50 nm at
the cap. The bottom row shows the contact angle measurements of each NSS. Refer
to (Table 1) for more details on geometry of these surfaces.

The addition of the thin layer (10 nm) of Au reduced the hydrophobicity of each NSS,

but did not noticeably alter the relative geometry of the NSS as determined by AFM

and HIM (Figure 9).
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Table 1. Summary of Nanostructured Insect Wing Surfaces.

*Extrapolated from diameter; **Width at Base

Figure 10. Water Drops on NSS for Contact Angle Measurements. The top row (A,
B, C, D) is uncoated surfaces and the bottom row (A’, B’, C’, D’) are the Au coated
surfaces. In general, coating the surfaces with a nanoscale layer of Au increased the
wettability of the surfaces. (A, A’) control surfaces (glass cover slip). (C, C’) Brd
II NSS, notice the slight decrease in contact angle on the Au coated surface (B’)
compared to the native surface (B). (C, C’) DD NSS, again notice the Au coated
surface (C’) is less hydrophobic when compared to the native surface. (G, H) DF
NSS, once again the beads of water sit higher on the native surface (G) than on the
Au-coated surface (H).
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Table 2. Contact Angles of Insect NSS.

The relative cell surface hydrophobicity of each strain was determined using a Mi-

crobial Adhesion to Hydrocarbon (MATH) assay [VMCS+09]. To test for differences

in culture growth we collected data at two different culture phases, one at an actively

dividing exponential phase (OD600 ≈ 0.4) and the other at stationary phase (OD600

≈ 2). Cells of the W303 strain were found to be less hydrophobic as compared to SK1

cells at both stages (Figure 11; Table 3) but in both strains the stationary phase cells

showed greater hydrophobicity relative to exponential phase cells. To test whether

these differences reflected a change in cell adhesion we performed a simple wash assay

(Figure 12; Table 4). In this assay we examined the adhesion of exponential phase

yeast to Au-coated glass cover slip controls and Au-coated NSS, whereby we counted

the number of cells stained with acridine orange that were adhered to the surfaces

after washing. Mirroring the results of the hydrophobicity assay, W303 cells exhibited

significantly less affinity for the various surfaces relative to SK1 cells, approximately
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half in all cases (Figure 12; Table 4). Interestingly, bothof the strains showed greater

affinity to the nanostructured surface (NSS) compared to any of the controls, this is

demonstrated in Figure 12 and Table 4, with the high aspect ratio dogday surface

having nearly a threefold increase in the number of cells per field relative to the con-

trol and the lower aspect ratio Brood II surface having nearly a two fold increase in

the number of cells per field of view (Figure 12; Table 4).

Table 3. Cell Surface Hydrophobicity/MATH Assay.

Table 4. Yeast Adhesion to NSS Assay.
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Figure 11. Example of MATH Assay. (A) SK1 Pre-vortex. (B) SK1 Post-vortex.
(C) W303 Pre-vortex. (D) W303 Post-vortex. Yeast cultures were diluted in 0.9%
NaCl solution and overlaid with Octane. A clear layer of Octane can be seen above
the turbid aqueous cell-containing layer (A and C). After vortexing and a 10’ phase
separation period, the SK1 aqueous phase showed a greater reduction in turbidity
relative to the W303 samples (B and D), implying than many of the cells had been
displaced into the octane layer.

To determine whether or not the surfaces altered yeast growth, we cultured yeast

cells in wells each containing one of two different NSS and another containing the

control. To determine whether cell-substrate adhesion has any role in NSS-dependent

growth phenotype we used two common strains of S. cerevisiae, W303 and SK1, which

have characterized differences in their affinities for abiotic substrates [WPD+11].
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Figure 12. Yeast Adhesion Assay. Cells were incubated on surfaces for 10 minutes
and ten fields were counted post-wash. (Top) A-C, SK1 strain; D-F, W303, A, D
- Au-coated glass; B, E - Au coated DD wings, C, F - Au-coated Brd II wings.
(Bottom) Cells/field, W303 data is presented with shaded bars and SK1 data with
clear bars. On all surfaces, SK1 showed significantly greater adhesion (P<0.001)
than W303. Both NSS (DD and Brd II) used in these experiments demonstrated
significantly greater adhesion of the yeast strains than the controls, with the more
highly structured DD surface showing greater adhesion overall.

The difference in cell-substrate adhesion between these two yeast strains is likely due

in part to the differential expression of FLO11p. FLO11p is an important yeast cell-

substrate adhesion molecule that promotes nonspecific adhesion through hydrophobic
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interactions and is expressed much higher in SK1 than W303 [WPD+11,LSF96]. In

our experiments early log phase cultures of both strains were incubated in adjacent

columns of wells. Each column of wells containing a 12 mm insert of a control surface

(round glass cover slip) the low aspect ratio Brd II wing, and the higher aspect ratio

DD wing. Each surface was prepared as described in the methods section and then

coated with a 10 nm layer of gold to negate surface chemistry differences of the native

surfaces. Each sample was evaluated with SEM to ensure that the gold coating did

not noticeably alter the nanoscale structures on the wings (Figure 9). After eight

hours of incubation with shaking at 30◦C we determined the number of CFU/mL

using standard dilution plating. Both strains of yeast demonstrated a significant

reduction in CFU/mL when grown on the DD surfaces (Figure 9 C-C”) as compared

to the controls (Figure 13A; Table 5), but only the high-affinity SK1 strain showed

reduced CFU counts on the lower aspect ratio Brd II surface (Figure 13A; Table 5).

Interestingly, the naked eye appearance of the wells seems to support these results,

especially in the DD wells whereby the matte black appearance of the Au-coated DD

surface is clearly seen after eight hours of culture (Figure 13B, bottom row) but the

control surface is not so clearly seen (Figure 13B, top row). Uncoated/native insect

wing surfaces produced similar results (Figure 13A) suggesting that the difference in

surface chemistry between coated and uncoated samples did not play a significant

role in the observed differences in the CFU/mL results.
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Figure 13. Growth Assay of Yeast on NSS. (A) Summary of the number of colony
forming units (CFU) per mL after an 8 hour culture on NSS at 30◦C. Each bar
represents the average of five independent trials. The asterisks identify significance
with P values less than 0.05. Unshaded bars are uncoated samples (UC) while shaded
bars represent experimental data from Au-coated samples (Au). W303 showed a
significant decrease in CFU/mL when grown on both the UC and the Au-coated DD
NSS, but not the lower aspect ratio Brd II NSS, while SK1 showed significant deficits
in CFU count when grown on uncoated and coated DD and Brd II NSS. (B) An
image of the typical culture plate set up used in our CFU experiments. The surfaces
(both control and NSS) were placed in a 24 well plate. All surfaces were coated
with gold which altered the appearance of the surfaces, darkening the higher aspect
ratio DD NSS, but increasing the reflectivity of the lower aspect ratio Brd II surface;
this can be easily seen in the before (0 hour) images. After 8 hours of culture the
control has been completely obscured by cells, while the NSS show varying degrees of
obscurement with the dark DD NSS apparently lacking cell coverage relative to the
controls (arrows).
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Table 5. Yeast Growth/Proliferation Assay.

*Denotes a P < 0.05

Nanostructured surfaces that are similar to those described in this manuscript

have been shown to kill bacterial cells [IHW+12,IHW+13]. To determine whether the

reduction in CFU/mL due to NSS exposure was a result of cell death or something

else, such as a slowing of the cell cycle, we examined the viability of yeast cells adhered

to NSS using a fluorescent AO/PI (live/dead) cell assay for both SK1 and W303 plus

an additional AO/EthBr study for W303. In a similar fashion to what has been

observed with bacterial cells and with the CFU experiments above, we observe that

yeast cells die on high aspect ratio NSS.

53



Figure 14. Viability Tests of SK1 and W303 Yeast on NSS. Summary of the data
from the Acridine Orange/Propidium Iodide (AO/PI) assay. Cells were incubated on
NSS for 5 minutes and the green and red fluorescently labeled were counted. % dead
was determined as the number of PI (red fluorescing) cells over the number of AO
(green fluorescing) cells. W303 strain yeast showed significant cell death only when
presented to the DD NSS; while SK1 strain yeast showed significant cell death on
both Brd II and DD NSS (P < 0.001), with significantly greater cell death on the DD
NSS as compared to Brd II.

In addition to this we were able to demonstrate that the NSS-induced cell death is

dependent on NSS geometry and the adhesive quality of the cells. Weaker adhering

W303 yeast showed a loss of viability only when in contact with NSS that have high

aspect ratio features e.g. DD and DF surfaces but not the low aspect ratio Brd II

surface (Figure 14; Table 6; Figure 16). The more adherent SK1 yeast cells displayed

a significant decrease in viability on all surfaces including the lower aspect Brd II

surface, although this loss was not a great as that observed in the higher aspect ratio

surfaces (Figure 14; Table 6; Figure 15).
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Table 6. AO/PI Cell Viability Study.

*Denotes a P < 0.05

SEM micrographs of yeast cells on NSS show ruptured yeasts that resemble NSS

ruptured bacteria [SWZ+09,KRN+12] (Figure 17, Figure 18, Figure 19). The observed

morphological changes correlate with the changes in CFU/mL and loss of viability/

plasma membrane integrity. Diploid non-pseudohyphal S. cerevisiae cells are ovoid

in shape and 3-5 µm in diameter. On the smooth glass surface and on the low aspect

ratio Brd II NSS, the ovoid shape of low binding W303 yeast cells is broadly conserved

(Figure 17A-D) as is the morphology of SK1 (Figure 18A,B).
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Figure 15. AO/PI Images of SK1 Yeast on NSS. (A, C, E) images of acridine orange
(AO) stained SK1 yeast cells, showing viable cells. (B, D, F) Images of propidium
iodide (PI) stained SK1 yeast cells showing all cells with compromised plasma mem-
branes, i.e. dying or dead cells. (A, B) SK1 yeast on control surfaces, (Au-coated
glass). (C, D) SK1 yeast on Au-coated Brd II NSS, note the large number of cells
dying or dead. (E, F) SK1 yeast on Au-coated DD NSS, note the high fraction of cell
staining with PI.
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Figure 16. AO/EthBr Viability Testing of W303 Yeast on NSS. (A-D): images of
acrindine orange staining of unfixed W303 yeast cells, showing all viable cells. (E-
H): Images of ethidium bromide staining of unfixed w303 yeast cells showing all cells
with compromised plasma membranes, i.e. dying or dead cells. (A, E): W303 yeast
on control surfaces, (Au-coated glass), note the low number of EthBr stained cells E.
(B, F): W303 yeast on Au-coated BrdII NSS surface, note similarity to control. (C,
G): W303 yeast on Au-coated DD NSS surface. Note the increase number of cells
labeled with ethidium bromide. (D, H): W303 yeast on Au-coated DF NSS surface.
Note the increase number of cells labeled with ethidium bromide, greater even than
G.

However, on NSS with higher aspect ratios (DD and DF) W303 and SK1 yeast cells

demonstrated varying degrees of deformity (Figure 17E-H, Figure 18C-F). Whether

these morphologies represent different points during the rupturing process or differ-

ent reactions of the yeast due to cell cycle remains to be tested. In addition to the

evident remains of the yeast cell walls on these surfaces (Figure 17F), there are also

associated areas “puddles” of contrasting material on the NSS surrounding some of

the cell wall debris, this “puddling” is especially noticeable on the DD NSS (Figure

17E). The composition of this “puddling” film is unknown but might represent cy-
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toplasm remains of the ruptured cells, and the affects that accumulation or buildup

of this material might have on further cell rupturing is also unknown. Yeast cells

on higher aspect ratio NSS have a larger contact area with the surface, appearing

stretched and flattened across the surface (Figure 17E-H, Figure 18C-F). We used

Focused Ion Beam (FIB) milling and Scanning Electron Microscopy (SEM) to deter-

mine whether the yeast cells sit rigidly on top of the NSS with minor deformation or

if they deform appreciably due to the geometry of NSS. In these experiments, yeast

cells that had been adsorbed to the NSS, were fixed and stained with heavy metals

prior to dehydration and imaging. During operation a gallium ion beam mills away

a section approximately 10 nm thick, and is immediately followed by electron beam

imaging of the exposed surface. Iterations of these processes permits a nanoscale 3D

reconstruction of the yeast cell/NSS interface. In these experiments we showed that

the contact of the yeast cell with the NSS is intimate across this contact area and

that the cell wall of the yeast seems to deform substantially due to the underlying

NSS. There seems to be cell/cell wall derived materials flowing into the NSS (Figure

19B, E, arrows) that is not apparent in areas that are not in contact with the cell

(Figure 19C, F, arrows). These results suggest that the adhesion of the yeast cell to

the NSS severely stretches and distorts it over the nanoscale features.

Another interesting effect we observed is that in some cases yeast cells physically

alter or damage NSS. In our examination of the high aspect ratio DF surface we

observed scratches across the surface (Figure 17G, arrow).
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Figure 17. SEM Images of S. cerevisiae (W303) Morphologies. Low and high reso-
lution scanning electron micrographs representing frequently found morphologies of
S. cerevisiae W303 on Au-coated nanostructured surfaces. (A, B) Au- coated glass
cover slip control showing no noticeable morphology changes; cells appear viable. (C,
D) Au-coated Brood II Magicicada septendecim displaying normal morphology; cells
also appear to be in viable state. (E, F) Au-coated Dog Day cicada Tibicen tibicen
displaying ruptured cells. At lower magnification (E) areas with the remnants of cells
and cell debris are noticeable in contrasting regions (arrows). At higher magnification
(F) a cell has been fixed during the rupturing process. (G, H) Au-coated Common
Sanddragon Progomphus obscurus also displaying significant morphology changes in
the yeast. At higher magnification (H) features of the NSS are visible through the
debris of a ruptured yeast cell (arrows).
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Figure 18. SEM Images of S. cerevisiae (SK1) Morphologies. Low and high res-
olution scanning electron micrographs of altered S. cerevisiae (SK1) cell shape to
native nanotextured surfaces. (A, B) Glass cover slip (control) showing no notice-
able morphology changes, cells appear viable. (C, D) Dog Day cicada Tibicen tibicen
disrupts the normal ovoid shape seen in the control cells. The arrow in (F) shows
that the conical structures deform in response to the adhesion of the cell. (E, F) as
with the highly structured DD NSS, the wing of the Common Sanddragon dragonfly,
Progomphus obscurus, also produced morphology changes in the yeast upon adhering.
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Figure 19. FIB/SEM of Ruptured Yeast on NSS. (A-C) Slices from a series of SEM
images through a ruptured “gum drop” yeast cell. The face of the sample has been
milled away using a gallium ion beam. The samples are covered with a thick layer
of gold reducing off-line ion implantation artifacts that appear as surface lines or
scratches on the face. (A) The cell as well as internal components such as the nucleus
(*) are clearly seen. The bright DD NSS contrasts nicely with the yeast cell. In
this preparation, the cell wall has a vacuolated appearance (arrow), which can be
seen along the NSS. (B) Shown here are the vacuoles extending down into the NSS,
demonstrating the cell is intimate with the NSS and has deformed on the features
of the NSS. (C) Neither the dark material nor the vacuole are seen between the
nanostructures of the surface not in contact with a cell (arrow). (D-F) Another
example of a cell in the “gumdrop stage” without vacuolation. Still dark material
extends into the NSS, (inset E) and this material is not present in areas lacking a cell
(F, arrow).

While all of the NSS samples used in these experiments were wild caught and showed

varying degrees of wear, on closer inspection we observed that the vast majority of
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scratches on the DF NSS appeared to be produced by interactions with the yeast cells

directly. W303 cells have a strong affinity for the DF surface and generate deforma-

tions of the surface features. Minor surface deformations appear as the pulling of the

nanostructures towards the cell with conceivably slight separation from the under-

lying surface (Figure 20A, arrow) whereas more severe damage consists of complete

removable or delamination of the NSS epicuticle layer. (Figure 20B-F). Frequently

the yeast cells appear to have plowed the surface producing the gouges observed at

lower magnification (Figures 17G, 20B-D, arrows). In other cases larger patches were

removed (Figure 20E, F) revealing a porous sub layer beneath the nanostructured

epicuticle, possibly indicating a component of DF NSS formation. These more ex-

treme deformations seem to be the product of shearing forces applied to the cells

during washing/shaking. This NSS removal is indicative of greater adhesion between

the yeast cells and NSS as compared to the NSS with the porous sub layer and in

some cases the yeast cells themselves even become enveloped in the surfaced material

(Figure 20B, arrows).
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Figure 20. Deformation of High Aspect Ratio DF NSS by Yeast Cells. (A) W303
yeast cell attached to DF NSS, note the pulling of nanostructures towards the cell
body and the separation created by this interaction (arrow). (B) W303 yeast cell with
a “shell” of NSS material, a cell wide trench behind the cell appears to be the source
of the material (arrow). (C, D) Additional examples of this phenomenon, suggesting
it to be quite common on this surface. (E, F) Large mats of cells remove larger areas
of the NSS in clumps rather than streaks and reveal a porous layer below the NSS
(arrows).
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3.4 Discussion

In human disease, fungal infections are traditionally difficult to detect and treat

and immunologically suppressed individuals such as transplant recipients, AIDS pa-

tients, diabetics, and those living in poor and/or developing countries are particularly

vulnerable to fungal infection [Ham08,KCC12,HHK+12]. A recent outbreak of fungal

meningitis caused by contamination of a drug emphasizes the need for greater con-

trol over pathogenic fungi [Kue13,KRN+12]. However, fungal pathogens are poorly

understood, as are the conditions that lead to their pathogenicity. For instance, the

fungus implicated in the 2012 epidemic of fungal meningitis, Exserohilum rostratum,

had never been implicated in disease before the outbreak [Kue13,KRN+12]. Current

antifungal drugs disrupt one of three targets: membrane sterols, biosynthesis of nu-

cleic acids, or cell wall synthesis and prolonged use of these agents has been associated

with an increase in the number of clinical cases exhibiting resistance to these drugs,

which often correlates with in vitro resistance [MW09,GR99]. Therefore, the need for

alternative mechanisms to control fungal growth and infection is imperative. In this

study we used baker’s yeast, Saccharomyces cerevisiae (S. cerevisiae) to demonstrate

and characterize the interactions of a cellular fungus with nanostructured surfaces

(NSS). S. cerevisiae is a classic genetic model organism that has been used to study a

variety of human diseases including cancer, neurological disorders, and fungal biofilm

formation [RF01,BAR12,SSD+02,PCS+12]. Furthermore, the cell wall structure and

morphology of S. cerevisiae has served as a prototypical model for the study of fungal

cell walls [BAR12,DBR+10,RPPDA+05]. In this study we demonstrated an adhesion

dependence of the NSS-induced rupture of S. cerevisiae.
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While several groups have reported similar NSS-induced rupturing of prokaryotic bac-

teria, we are the first to report this phenomenon in a eukaryotic microbe. Further-

more, this work is the first empirical evidence that demonstrates the dependence on

cell/substrate adhesion strength for NSS-induced microbial rupture. The Derjaguin-

Landau-Verwey-Overbeek (DLVO) and the extended DLVO (XDLVO) theories of

colloidal stability are often used to model microbial adsorption prior to biofilm for-

mation [Her99,HA06,MCM+08]. The DLVO theory defines total interaction energy

(VT) as the sum of the usually attractive van der Waals interactions (VLW) and a

repulsive electrostatic term due to electric double layer (EDL) interactions (VEDL)

[Her99]; XDLVO introduces a Lewis acid-base term (VAB) to account for the usually

attractive hydrophobic interactions and repulsive hydration interactions that can be

10-100 times stronger than (VLW) when in contact [BLW01,HA06, IHW+13]. A con-

clusion that can be drawn from this model is that surfaces which are rough at the

nanoscale can enhance particle adsorption to them by effectively increasing the parti-

cle/substrate separation distance and allowing the longer range attractive interactions

to dominate over the more rapidly decaying repulsive interactions.

Our work experimentally demonstrates that there is a relationship between cell

rupture/death and the nanostructure geometry of NSS. Nanostructured surface (NSS)

enhancement of cell/substrate adhesion has been demonstrated for yeast by the in-

creased adhesion of S. cerevisiae to wafers coated in silica beads when compared to a

flat control surface [GWPS07]. Our results as well as other reports, strongly suggest

that the adhesion strength between the cell and the surface is a critical element in

the NSS-induced rupturing of microbes, i.e. greater adhesion between the cells and

the surface corresponds to a greater degree of rupturing for a given nanostructure
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geometry. This has been neatly demonstrated by the rupturing of a broad range of

gram-negative and gram-positive bacteria and bacterial spores by the high-aspect ra-

tio nanostructures of a black silicon surface [IHW+13]. In our experiments, the NSS

(DD and DF) that had high aspect ratio nanoscale features demonstrated greater cell

affinity than NSS with lower aspect ratio nanoscale features, which also correlated

to the cell rupturing potential of the NSS. NSS with higher aspect ratio nanoscale

features (DD and DF) generated greater cell rupturing/cell death, than surfaces with

lower aspect ratio nanoscale features (Brd II). Interestingly, the reduced ability of a

NSS to kill/rupture cells exhibited by a low aspect ratio NSS was compensated for by

increased intrinsic cell adhesion. This was demonstrated by the significant SK1 cell

death observed on the Brd II surface, while virtually no cell death was observed with

the less adherent (W303) strain on this same surface. We have also shown that na-

tive surfaces and gold coated surfaces display similar cell rupturing properties, which

demonstrates that surface composition is not the defining feature of NSS-induced

rupture. Our results also demonstrate that reduction in cell-surface affinity may be

a pathway for microbial resistance to the microbicidal activity of a NSS. A common

theme for designing antimicrobial surfaces has been centered on the idea of cellular

repulsion [CFMR12, RTLL+11, CHM+09]; this is extremely challenging due to the

dynamic nature of the cells, surfaces, and environmental conditions. The discovery of

microbicidal nanostructured surfaces derived from the wings of insects has potential

to shift this paradigm [IHW+12,HWT+13]. When designing antimicrobial surfaces,

targeting cellular repulsion may not be the best method of defense; a more effective

solution might be to welcome cellular adhesion to a lethal surface.
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CHAPTER IV

BIOINSPIRED SYNTHETIC NANOSTRUCTURED SURFACES

4.1 Introduction

It is natural in the context of human technological advancement to investigate

phenomena in nature, particularly evolved life, for functional adaptations that have

potential for being translated to use in synthetic materials or devices to provide novel

functions or to aid current ones. I am interested in surface structure modifications and

nano-patterning of common synthetic materials to resemble or mimic nano-structured

insect cuticles and their functions. Cicadas have acquired much attention following

discoveries of some members’ multifunctional winged surfaces including self-cleaning

superhydrophobicity, broadband antireflection, and the more recently discovered bio-

cidal function [WMCW08, SLW+12, IHW+12, HWT+13, IHW+13]. In the current

chapter I illustrate the process of translating cicada wing nanostructure “form” to

common materials that are generally void of structure at the nanoscale. In the subse-

quent chapter I test for translation of “function”, specifically the biocidal phenomenon

shown in the previous chapter and other works, although a broader function conser-

vation study is in order because it assists in our understanding of the mechanisms and

their interdependency. The multifunctional nature of the cicada wing surface along

with their well-defined and ordered geometries makes them ideal candidates for the

focus of my biomimicry efforts. Our local Tibicen ssp. or Dog Day cicada (Figure

21) will be the targeted surface.
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Figure 21. Helium Ion Micrographs of Dog Day Cicada Wing. Revealing geometry
of nanostructures responsible for newly discovered biocidal phenomenon through me-
chanical rupturing. Nanostructures are approximately spaced 200 nm apart, 200-300
nm tall, 100 nm wide at the base, and 50 nm at the tips.

To translate the form of our model insect’s nanostructures, I needed to be able

to perform surface patterning with structure dimensions and pitches of 10s to 100s

of nanometers. In addition to this I needed relatively large surface coverage ≈ 1cm2

or more to allow for certain experiments or applications and ease of handling. Fortu-

nately, over the past 50 years consumer demand has driven “smaller, faster, cheaper”

microelectronics to the U.S. $2 trillion goliath that the industry is now [Mac11].
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This economically driven machine has provided the capital to advance micro-/nano-

patterning technologies at a tremendous rate as the demand for “smaller, faster,

cheaper” electronics translates to making components, such as transistors, smaller

and more densely packed on silicon wafers. A by-product of this enormous effort is

the diverse approaches taken to push the envelope of advancement. This has resulted

in an extensive variety of techniques developed to manipulate and organize matter at

these tiny scales. In choosing the mode of nanofabrication to use for this work, several

critical factors in addition to structure size needed to be taken into account. Exam-

ples of such include cost, instrument availability, production rate, and flexibility in

terms of size controllability and surface composition. There are several conventional

and unconventional lithographic and self-assembly fabrication techniques that allow

for the structure size and arrangement criteria to be met, though some are dependent

on the desired surface composition, while some require largely expensive resources.

Examples of such lithographic processes include advanced photolithography, electron

beam lithography, scanning probe lithography, and soft lithography [CHC13]. Some

bottom-up examples include self-assembly of block copolymers and colloidal crystals.

Often times a combination of top-down and bottom-up will be employed to take ad-

vantage of benefits of each. After careful deliberation, nanosphere lithography (NSL)

also frequently termed colloidal lithography was selected as the best and most natural

candidate to meet the specific biomimicry requirements previously set forth pertain-

ing to the cicada wing nanostructures. NSL meets the structure size, pattern, and

coverage demands beautifully, it’s very inexpensive compared to others on the list, can

be done with basic clean-room equipment or less, and is quite flexible in terms of sub-

strate chemistries. It’s should be emphasized that it’s a rapid fabrication technique,
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as employed here, due to its parallel nature i.e. not serial like e-beam lithography for

example. NSL often combines bottom-up self-assembly of 2D or 3D colloidal crystals

with other bottom-up and/or top-down processes using the colloidal crystals as a

mask or template. It is an incredibly powerful and versatile fabrication tool that has

received much attention and accordingly great advancement. Subtractive and depo-

sition processes, chemical patterning, and growth processes have been used with 2D

colloidal masks/templates to generate nano-pillars, disks, rings, dots, wires, rods and

many others [CHC13,YJC+06]. NSL has applications in a variety of fields including

optics, photonics, biotechnology, and electronics, etc [YQ11]. Here, I used NSL for

generating nanostructures using 2D hexagonally close packed (HCP) colloidal crystals

as etch masks, perhaps their most frequently used function. Often termed monolayer

colloidal crystals MCCs or single layer periodic particle arrays SL PPAs these 2D HCP

arrays can be generated using a variety of techniques [HVD01,RZR+09]. They include

self-assembly during solvent evaporation, self-assembly at an interface, spin-coating,

electrophoretic assembly, and template-directed assembly [YQ11]. In this work we

use a process of self-assembly at the air/water interface to generate large-area float-

ing polystyrene (PS) colloidal crystals to be transferred to various substrates. The

masked substrates were subsequently dry-etched to generate nanostructured poly-

meric surfaces or to isotropically shrink the masking nanospheres in-situ on silicon

substrates allowing for more control over structure size and pitch if a subsequent sil-

icon etchant is employed. Nanostructures were generated via oxygen plasma etching

(PE) and reactive ion etching (RIE) polyethylene terephthalate (PET), polystyrene

(PS), and polypropylene (PP) substrates masked with three different diameter PS

nanospheres (384 nm, 190 nm, and 85 nm). The structures were measured and char-
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acterized using a scanning electron microscope (SEM). PET nano-structured surfaces

(NSS) were sonicated for a qualitative investigation of their reliability under mechan-

ical stress, as this is important for this biocidal/antimicrobial application. Also, PS

masks of the three bead diameters mentioned were deposited on silicon and plasma

etched thereby shrinking individual masking spheres radially. Particle size depen-

dence on plasma exposure time is shown to have an approximately linear relationship

as determined from SEM image analysis.

4.2 Experimental Section/Fabrication Techniques

Polystyrene nano-spheres (Polybeadr carboxylate, 85nm, 190 nm, 384 nm, 750

nm) were purchased from Polysciences, Inc. Beads arrived in 2.5% w/v aqueous sus-

pension. Borosilicate glass coverslips, Polystyrene (PS) Petri dishes were purchased

from Fischer Scientific. Silicon wafers <100> were purchased from Ted Pella Inc.

Polyethylene Terephthalate was purchased from PepsiCo and Polypropylene from

Proctor and Gamble.

Polystyrene nano-spheres with diameters 85 nm, 190 nm, and 384 nm were cen-

trifuged and re-suspended in equal parts water and ethanol at 5% w/v. 22 mm2 cover

glass substrates were cleaned and rendered hydrophilic via oxygen plasma cleaning

using a South Bay Technology Model PC-2000 plasma cleaner. Instrument and oper-

ating specifications are as follows: RF 13.56 MHz capacitively coupled plasma (CCP)

operated at forward power 75-100W with a chamber pressure 180-200mT for 30 s

exposure times. A small volume, 10-15 µl of bead suspension, was applied to a clean

glass substrate and allowed to fully wet at which point it was then slowly immersed

at a shallow angle (20-30◦) relative to the water surface into a 100 mm diameter
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glass Petri dish three-quarters filled with ≈18.2 MΩ•cm de-ionized water (Figure 22,

step 1). The bead suspension diffuses across the water surface and forms a loosely

ordered monolayer at the air/water interface (Figure 22, step 2). A small volume 4-6

µl of 2% w/v dodecylsodiumsulfate (SDS) is gently applied to the surface away from

the film, driving the beads into a stable hexagonally close-packed monolayer (Figure

22, step 3 and 4). The film can be removed from the water surface by essentially

reversing the process of loading, i.e. slowly submerging, at a shallow angle (20-30◦),

a clean hydrophilic “receiving” substrate underneath the film and delicately scooping

and withdrawing it from the surface (Figure 22, step 5). As the film dries on the

receiving substrate it will undergo further ordering and anchoring via solid SDS teth-

ers. For this technique specifically, the wettability of the receiving substrate must be

emphasized, as it is particularly important for film removal and quality.

Using the South Bay Technology Model PC-2000 unit mentioned previously and

oxygen as the process gas, isotropic etching of polymeric substrates was performed.

For isotropic (PE), substrates were mounted on the grounded base of the plasma

chamber and plasma treated at 100 W forward power and chamber pressure ≈ 200

mT for definite exposure times. Mounting the masked substrates directly on the self-

biased RF powered electrode allowed anisotropic etching through reactive ion etching

(RIE). Process parameters of 100 W forward power, ≈ -700 V DC bias, and ≈ 200 mT

chamber pressures were used for all RIE. Exposure times were dependent on nominal

bead diameter and desired nanostructure geometry.
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Figure 22. Masking Process. 1) Following application of bead suspension to hy-
drophilic “introducing” substrate, slow introduction at shallow angle 10-20 degrees
results in a disordered floating film as shown in 2). 3) Gently apply small volume
(3-6 µl) of 2% SDS to edge of film, avoiding direct application to the film. 4) SDS
compresses and stabilizes floating film allowing for transfer to solid substrate. 5)
Slowly submerge “receiving substrate” under film and in a scooping motion withdraw
the substrate to promote initial attachment of the film to the substrate. Following
initial attachment slowly withdraw the substrate at a shallow angle and set aside for
drying and final ordering to occur.

Masked substrates were mounted on the grounded base of the plasma chamber.

Isotropic etching of the substrates was performed using oxygen plasma with (50 W

forward power at ≈ 200 mT). The samples were etched for definite times, spaced

appropriately taking initial bead diameter into account. Etch rates were determined

from high-resolution/scaled scanning electron micrographs using imageJ software. 8-

bit grey-scale images were manually thresholded then converted to binary images

(Figure 23 b, c). The fit ellipse function was used with a 0.9 circularity constraint
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to determine the diameter using the average axis value. (Figure 23 e, f arrows) point

out a row of particles that did not meet the constraints as charging during imaging

resulted in eccentricities in the binary image that failed. This is an efficient technique

for making measurements and performing calculations on fields of particles, cells etc.

Scanning electron micrographs were obtained using a Zeiss Auriga FIB/SEM with

accelerating voltage 2-4 kV (30 µm or 7.5 µm aperture) and inlens SESI detector.

Samples were sputter-coated with 5 nm gold layer using a Leica EM ACE200 with

real-time thickness monitoring using a quartz crystal microbalance (QCM). Image

processing and analysis was performed using imageJ software. Illustrations were

made using Google Sketchup and graphs were constructed in Prism 6 software.

4.3 Results

Large 2-D hexagonally close-packed (HCP) colloidal crystals composed of polystyrene

nano-spheres were fabricated using an indirect method termed assembly at the air

water interface, different from spin-coating and other techniques where the colloidal

crystal is formed directly on a substrate. Here instead, the colloidal crystal self-

assembles while floating on water, an intermediate surface that provides better mo-

bility for larger defect free areas [REG03]. The (HCP) monolayer is then transferred

to the substrate of interest by simply scooping it from the water surface. Adapted

from many works including [REG03, ZWW+08, BLG+12], the nanosphere assembly

technique used in the following work is very easy and inexpensive and allows for

large/high quality crystals with a range of particle diameters.
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Figure 23. Process Flow for Making Measurements of Nanosphere Sizes. Nanostruc-
tures were measured using ImageJ. a) and d) SEM images of 190 nm nominal/pre-etch
nanospheres at 20 min exposure time and 384 nm pre-etch nanospheres at 16 min
exposure time respectively. b) and e) Binary images of manually thresholded SEM
images above. c) and f) Fit ellipses of the binary images above while discriminating
for size and circularity to sharpen data by removing artifacts. Mean of max and min
diameters used for individual measurements.
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The general process is as follows, with greater detail given in the experimental sec-

tion, polystyrene nano-spheres at 5% w/v in equal parts de-ionized water and ethanol

is drop casted onto a cleaned hydrophilic glass coverslip and allowed to wet for sev-

eral seconds. The wetted substrate sometimes termed the “parent” substrate is then

slowly introduced at a slight angle into a shallow dish ≈ 100 mm diameter and three-

quarters full of de-ionized water. As the substrate is slowly immersed, the less dense

(water/ethanol/bead) suspension will spread across the surface and the nanospheres

will begin assembling under lateral capillary forces, evident by the iridescent colors

displayed by appropriately sized beads [REG03, KN94, Noj15]. Following complete

submersion, an ordered but delicate film resides on the water surface. The film is

too delicate for removal, as it readily separates if agitated. A small volume of do-

decylsodiumsulfate (SDS) gently added to the water generates a slight disturbance

that propagates across the surface as it rapidly diffuses. This helps drive the beads

together consolidating and tethering the beads to one another [ZWW+08,KN94]. The

result is a more stable monolayer film ready for retrieval.

As shown in (Figure 24A) with 384 nm diameter spheres, the stable floating film

can be large ≈ 25 cm2 in this case and can easily be scaled using larger setups.

Retrieval is quite simple and can be done with both hydrophilic and hydrophobic

substrates. Clean hydrophilic substrates can be submerged under the floating film

and at a shallow angle, with an initial scooping action to attach the film, slowly

withdrawn for 10-20s. As the substrate is withdrawn the film is noticeably draped

across it. Retsch et al [RZR+09] describe an inverted process for retrieving the film

with a hydrophobic substrate, where one can approach with the substrate from the

air-phase.
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Figure 24. Nanosphere Assembly at the Air/Water Interface. a) Photograph
of ordered/compressed monolayer film comprised of 400 nm diameter polystyrene
nanospheres ready for retrieval. The monolayer film is approximately 25 cm2 and
with practice can be transferred with very little loss. b) Final results of film in (a)
transferred to polystyrene chips and dried. Polystyrene chips/substrates are now
masked with large area HCP monolayer of 400 nm diameter polystyrene nanospheres.

This targets the hydrophobic top of the film slowly drawing the substrate down into

the water phase. Following retrieval I rest the substrate at a shallow angle ≈ 30◦

during drying, as this seems to help with the final film quality. This technique easily

produces high quality/stable films that with good practice allows for rapid masking of

various substrates. Polystyrene chips with high quality HCP films > 1 cm2, all rapidly

produced from the floating film are shown (Figure 24B). Similar size and quality films

were routinely made with the 85 nm and 190 nm diameter beads as well. (Figure

25A) shows silicon chips that have been masked with three bead sizes (85 nm, 190 nm,

and 384 nm), differentiable with the naked eye as diffuse light reveals gray, blue, and

violet films respectively. Scanning electron micrographs show reasonably high quality

packing of all three films despite some defects partially caused or exaggerated during

imaging, mostly affecting the two smaller sizes (Figure 25B, C, D). (Figure 25D)

77



shows two point defects or vacancies, intentionally chosen to highlight this type of

defect while simultaneously showing that these are indeed monolayer. Other defects

such as slip dislocations or line defects and polycrystalline domains were encountered

but the masks were still suitable for our work, as some imperfections more naturally

represent the cicada wing nano-pattern. Some line defects are noticeable in (Figure

25B) as with some vacancies and out of plane clustering, but factoring in the sub 100

nm diameters of these spheres and the accompanying higher coefficient of variance,

this is to be expected. The sub 200 nm beads in (Figure 25C) show some line defects

but would likely be monocrystalline with denser packing if the imaging were done

at lower beam current, as the slipping appears to be minimal. In fact, a lot of the

packing defects or separations shown were caused during imaging as I could watch

in real time with each subsequent scan, while focusing etc, the gaps opening up.

Large aperture/high beam current and lack of annealing to prevent bead mobility

was the culprit, as reducing aperture size alleviated much of this. Interestingly, the

different sized nano-spheres depicted in (Figure 25) demonstrated slight differences

in film stability under identical conditions and procedures. Film stability increased

with increasing bead size, as did final film quality. Sub 100 nm bead films readily

formed on the water surface although the SDS would more frequently drive them into

solution compared to the other two sizes. The sub 100 nm films that were formed were

noticeably more delicate during lift-off, as they fractured or separated into smaller

isolated films. Looking carefully at (Figure 25, a), the “gray” films reveal some of

these smaller film fragments on the periphery of the large masked areas. Another

interesting observation, that appears to be a product of the inherently larger variance

in bead diameter with sub 100 nm beads, is the out-of-plane dislocating of larger
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diameter beads that end up residing on top of the monolayer (Figure 26 arrows).

Looking carefully at the higher magnification SEM image (Figure 26, a) reveals a

noticeable variance in bead diameters. This vertical dislocating or expulsion could

be the product of having an unusually large bead surrounded by smaller neighboring

beads that exert an upward force on it following the addition of SDS which acts to

compress the beads. Of the three different beads sizes used in this work, only the

sub 100 nm diameter beads display this phenomenon and they are the only size that

show visibly noticeable variation in the diameters of the constituent nano-spheres.

This is certainly not a byproduct of having a multilayered film, as (Figure 26, b)

clearly shows a single layer while simultaneously showing the expelled beads. Smaller

beads may have their drawbacks in their limiting polydispersity and consequently

lesser film quality but they still have their utility. This utility is apparent with

the characteristic ability of this assembly process to conform to non-planar surfaces.

The nature of this technique’s indirect assembly affords it the ability to mask rough

substrates. Masking of curved surfaces or even sharp edges is quite natural for this

technique as the film simple drapes over the surface and conforms during drying. The

films can actually be wrapped around edges to mask adjacent and opposite sides of a

substrate with one fluid motion as shown in (Figure 27) on silicon substrates. Working

with smaller diameter particles allows for better coverage of objects having smaller

radii of curvature. As shown in (Figure 27D), the smaller 85 nm spheres were able to

mask the roughly 500 nm diameter “cylindrical” contaminants with surprisingly good

packing. I can imagine that intentional masking of more uniform diameter cylindrical

fibers/wires could have even cleaner results.
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Figure 25. Silicon Chips Masked with Different Bead Sizes. a) Photograph of high
quality PS nanosphere masks on silicon chips. b) 85nm (gray), c) 200 nm (blue)
matching geometry for cicada wing*, and d) 400 nm (violet). Inset of (b) and voids
in (d) clearly show a monolayer film. Also note the exaggerated dislocations in (b)
and (c) partially attributed to high beam current imaging.

Following successful masking of various substrates mimicking that of the Dog Day

cicada wing nano-structure pattern, the next step was to transfer that pattern to

appropriate nano-structure geometries in the substrate material. For the cicada wing

this meant nanostructures of a conical geometry with spacing approximately 200 nm

center-to-center and heights between 200-300 nm. Ultimately two plasma-assisted

dry etching processes were utilized, reactive ion etching RIE and plasma etching PE.

As we’ll see, RIE is better suited for the transferring of our particular cicada wing

nano-structure geometry as it allows for directional etching or anisotropy.
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Figure 26. Polydispersity Masking Defect (85nm Beads). SEM images showing
larger diameter beads sitting atop the monolayer. It’s likely that these beads dis-
located from the film plane during the compression/assembly stage on the water
surface. The phenomenon seems to be dependent on bead size or bead diameter vari-
ance/polydispersity, which tends to have an inverse relation to bead size. Smaller
beads surrounding larger beads push them up out of plane during compression when
SDS is added or during drying.

PE did however result in an interesting and visually appealing nanostructure ge-

ometry that could have functional advantages in some areas over the cicada wing

nanostructures.

Using polymeric substrates such as polyethylene terephthalate (PET), polystyrene

(PS), and polypropylene (PP), in combination with the PS mask, allowed us to achieve

a sort of natural and rather simplistic pattern transfer of appropriate scale along with

perhaps more similar mechanical properties than had we used silicon or some other

inorganic material. The notion that nanostructure mechanical properties play a role is

the biocidal phenomenon, not just their size and arrangement, is an interesting topic

that will be discussed further in this work. Similar substrate/mask chemistries allowed

a near unity selectivity providing us the ability to make structures of approximately

predictable sizes as our beads sizes were well defined.
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Figure 27. LB Masking Technique and Non-planar Surfaces. SEM images demon-
strating the ability of this LB masking technique to conform to non-planar surfaces.
Thereby giving more dimensionality than spin-coating and other masking techniques.
a) 190 nm polystyrene nanosphere film conforming to silicon with undulating sur-
face and jagged edges. b) Higher magnification of (a), with arrow for reference. c)
Edges ≈ 90◦ show acceptance of film with packing. d) Cylindrical objects wrapped
with 85 nm diameter nano-sphere film showing good film packing and organization.
These were all unintentional, leaving much room for improvement of techniques when
targeting masking of non-planar surfaces.

Our etching process is very straight forward but plasmas and dry etching are immense

and complex subjects therefore we shall discuss the basics in a sufficiently brief and

simplified manner as to describe our results.

Dry etching or plasma-assisted dry etching, with its origins in the microelectronics

industry, has been used since 1968 where it was initially used for low precision pro-

cessing such as resist ashing and wafer film removal [Ver06]. Later in the 1980’s it was
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used to etch layers and was introduced to production of integrated circuits [Mad02].

Since the 1990’s there have been many advancements in equipment and techniques, as

compliance with Moore’s Law has demanded it. Dry etching can be broadly described

as a solid surface etched by a gas or vapor phase etchant [Fri12]. More specifically, here

we are referring to plasma-assisted dry etching, although it’s frequently used synony-

mously with “dry etching”. Certain regimes in dry etching allow for strong anisotropy

without the assistance of a particular substrate crystal orientation as is often needed

when wet etching. This provides us versatility when etching amorphous or semi-

crystalline substrates such as polymers, as we can fabricate high aspect ratio features

avoiding undercutting. Dry etching is often only associated with silicon processing

for microcomputer fabrication, as most descriptions of it are in reference to silicon

etching and the specific etchants used. However, plasma processing has found much

utility outside of the semiconductor industry as it is commonly used in the surface

modifications of polymers for various applications. Being that polymeric materials,

synthetic and natural, are such an enormous part of our lives with an annual world-

wide production of just polyethylene and polypropylene approximating 100 million

tons, it’s no surprise that plasma processes have been translated to these materials.

Chemical inertness of common polymers, particularly polyolefins such as polyethylene

and polypropylene, attributed to lack of surface polar groups and reactive functional

groups limits their interactions with materials such as metals, ceramics, other poly-

mers etc. Oxygen plasma processes have been employed to introduce oxidized polar

groups with at least 12 different oxygen-containing groups being detected at the PET

surface post treatment [GKCvK13]. Surface activation and/or topographical changes

such as increased surface roughness are typically targeted for enhancements in sev-
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eral areas of polymer research. For example, increased surface energy/wettability

through addition of polar functional groups for general bulk applications such dying,

adhesion or gluing, and printing. Or more specifically, matrix adhesion of PET in

prosthetic composites or increased biocompatibility/hemo-compatibility of vascular

grafts via enhanced attachment of anticoagulant bioactive substances such as heparin

or fucoidan [CVM03, JVC+09,WFBAdC11]. Interest in nano/micro-roughened sur-

faces for applications such as flow resistance, self-cleaning, antireflection, reversible

adhesion, and cell-adhesion translates nicely to polymeric surfaces, as they consti-

tute a large percentage if not the majority of materials/devices where these specific

functions could be applied [FBFBDC11,PM03,JGdB+96].

Plasma-assisted etching systems generate chemically reactive and ionic species

from electron-impact dissociation and ionization of the process gases used [CB11].

Broadly speaking, inelastic collisions of high-energy electrons with atoms and molecules

frequently result in the following processes of which the products play crucial roles

in the etching process. “Excitation” or the promotion of a bound electron to a

higher energy level followed by its subsequent return and photon emission giving

the plasma its characteristic glow [Ver06]. “Ionization”, when an outer electron is ex-

pelled from collision with an electron having kinetic energy greater than the ionization

energy thereby converting the neutral atom into a positive ion [Ver06]. “Dissociation”,

whereby molecules fragment as the binding energy is exceeded by the energy of the

incident electron [Ver06]. Here the molecule fragments are often termed radicals as

they are in a more reactive state. Lastly “electron attachment”, when an incident

electron attaches to an atom resulting in a negative ion, most frequent in highly elec-

tronegative process gases [Ver06]. The plasma, neutral on average, is composed of

84



electrons, neutral atoms and molecules, photons, radicals, and ions. It is a highly

energetic and reactive environment that is utilized to perform dry etches using vari-

ous gas chemistries on a variety of materials through formation of volatile products

[GKCvK13,CB11].

There are several fundamentally different plasma generation or discharge platforms

including but not limited to capacitively coupled RF plasmas (CCP), inductively

coupled RF plasmas (ICP), and electron-cyclotron resonance plasmas (ECR). These

are further partitioned based on more subtle differences such as apparatus design

and geometry. In this work we used a singly powered electrode (CCP) apparatus

similar to that represented by (Figure 28). It has an immersed 200 mm RF powered

electrode with a grounded 8-inch diameter x 4-inch high electro-polished stainless steel

chamber. Powered at a frequency of 13.56 MHz, the rapidly changing electric field

couples to free electrons in the chamber accelerating them and energizing collisions

with neutral atoms and molecules. Electrons with kinetic energy greater than the

ionization energy of constituent atoms or molecules can liberate electrons from them

ultimately resulting in an avalanche or discharge igniting the plasma [Ver06,Mad02].

The electrons having greater mobility due to their lower mass can better respond to

the influence of the electric field whereas ions roughly 100,000x more massive are not

significantly influenced and their motion remains mostly random [Ver06]. Traveling

longer distances, unless suffering a collision, the electrons more frequently encounter

the electrodes, samples, and chamber walls. In doing this they are lost from the

plasma, however being that the plasma maintains quasi-neutrality, DC biases must

be established. During the first few cycles of applied voltage, electrons jump to the

electrode negatively charging a blocking capacitor generating a negative DC self-bias
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on the electrode [Mad02]. The self-bias (VDC) repels electrons from the region near the

electrode resulting in what is termed a dark space or ion sheath of low electron density

but populated by ions, neutrals, radicals, etc. These regions are “dark” because of the

low density of electrons, making excitation hence photon emission less probable. In

fact any electrically isolated object inserted into the plasma will develop dark spaces

as they accumulate negative charge, until a steady state is reached as the inward

flux of ions and electrons is balanced due to increased electron repulsion [YGB11].

The plasma potential maintains a positive DC bias (VP) and ions coincidently at the

edge of the sheaths are accelerated through a potential difference equal to (VP+VDC)

towards the electrodes and chamber walls. For equal area electrodes this doesn’t

normally amount to much but for unequal area electrodes, as shown in (Figure 29)

the DC bias of the powered electrode can be hundreds of volts or more as |V1|/|V2| =

(A2/A1)4 where V1 and V2 are the time averaged sheath potentials [Ver06,Mad02]. It

is this large DC bias that is taken advantage of in etching systems as the accelerated

ions impacting the substrate provide directionality or anisotropy. Plasma-assisted

dry etching is often partitioned into three modes chemical plasma etching or radical

etching, ion-assisted chemical etching or reactive ion etching, and physical etching or

sputtering. Chemical plasma etching (PE) typically operates at high-pressures > 100

mT with little DC bias and is characterized by plasma species chemically reacting

with the surface and very little ion bombardment. Useful as an isotropic process

as etching often proceeds uniformly in all directions. Physical etching or sputtering

occurs when high-energy ions, typically inert, bombard the surface liberating material

via momentum transfer. Usually done at low pressures < 100 mT to reduce scattering

in the sheath thereby increasing the mean free path and providing more uniform

86



directionality to achieve a vertical etch. In CCP systems this is challenging because

of the higher pressures typically required for plasma discharge, therefore other systems

such as ICP are often employed for this as they can generate higher plasma densities at

lower pressures. Reactive ion etching (RIE) is a hybrid approach whereby high-energy

ions assist in chemical etching through enhanced surface reactions. This is thought to

occur by ion irradiation providing “hot spots” or very high local temperatures thereby

increasing reactivity with radicals [Ver06]. Also referred to as chemical sputtering

this mode typically operates at lower pressures ≈ 100 mT, and allows for anisotropic

etching often with very high etch rates compared to plasma etching and sputtering

[Fri12]. Generally speaking, sputtering is a minor component even in most RIE

processes as chemical reactions dominate, and therefore will be neglected in describing

the etching mechanism [Mad02]. The primary steps in the etching process according

to Madou et al are as follows: 1) Formation of the reactive particles in the plasma.

2) Arrival of the reactive particles at the surface to be etched. 3) Adsorption of

the reactive particles to the surface. 4) Chemisorption of the reactive particles to

the surface, i.e. chemical bond formation. 5) Generation of the reaction products.

6) Desorption of the reaction products. 7) Removal of the product molecules from

the plasma chamber [Mad02]. Factors influencing these processes include but are

not limited to chamber parameters: such as electrode gap spacing, geometry, and

composition, along with process parameters such as: electrode power and driving

frequency, process gas composition, flow, pressure, and substrate composition [Mad02,

YGB11].
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Figure 28. Schematic of Capacitively Coupled Plasma Reactor. The self-biasing
electrode on top is where the samples must be mounted for anisotropic sputtering.
Substrates mounted on the grounded base experience isotropic plasma etch if suscep-
tible.

The etching system used in this work allows for both PE and RIE, in fact it was

purely designed for the former in a manner as to reduce as much undesired sputtering

from the chamber surface as possible. Plasma etching is achieved by placing the

substrates on the grounded base as shown in (Figure 28).
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Figure 29. Time Averaged/DC Potential. Representation of plasma etcher shown
in (Figure 28) with A1 being the smaller powered electrode and A2 representing the
grounded base.

The top electrode is powered and responsible for generating the plasma and controlling

the plasma/electron density, for a given pressure, which in turn determines the ion

flux to the electrodes ultimately determining the sheath potential and the ion energy.

The larger area of grounded base working in concert with the grounded chamber

walls combines to give an effective area (A2) that as mentioned earlier essentially

eliminates sputtering of the samples placed there. On the other hand, this difference

in areas provides the top electrode with rather large negative DC bias resulting in

ion bombardment of it and samples fixed to it. Hence to switch modes to RIE we

simple mount samples to the top electrode, resulting in steeper etch rate and etch

profile. Some CCP reactors performing RIE often utilize two powered electrodes,
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one powered at a higher frequency than the other, often the upper electrode, used

controlling plasma density while the other (lower electrode) is utilized for DC bias

control and consequently the energy of the impinging ions to the substrate [Ver06].

This is beneficial, as single electrode CCP etchers are limited in that the reactive

particle density is coupled to the ion energy thereby reducing this controllability. To

demonstrate the large differences between PE and RIE and for overall comparison

(Figure 30) shows SEM images of three PET samples, two that were oxygen etched

without masking, under the same chamber conditions 100 W at ≈ 200 mT, for definite

time exposures along with a native sample i.e. no etching. (Figure 30b) shows a 10-

minute plasma etched sample, notice the pitting or roughness as compared to the

native surface in (Figure 30a) which is quite smooth even at this small scale. The

topography of the PE sample does not suggest much directionality in the etching.

However, even at one half the exposure time a 5-minute RIE sample (Figure 30c)

shows a large degree of anisotropy, as a “grassy” topography is the result. These pro-

trusions appear ≈ 1 µm tall with upper portions resembling individual fibrils 20-40

nm in diameter that then widen significantly towards the base. Analogous to the an-

tireflective insect nanostructures that reduce reflection via refractive index gradient,

(Figure 30) nicely demonstrates the broad angle antireflective nature of the RIE fab-

ricated protrusions in comparison the smooth native surface. If we perform the same

isotropic etch on a PET substrate masked with ≈ 400 nm diameter PS nanospheres

the resultant nano-pattern resembles inverted umbrellas but perhaps more appropri-

ately termed concave hexagonal pyramids (Figure 31). Each of the three concave

faces of the tetrahedral interstices resulting from the HCP nanosphere arrangement

inversely reflects one of the concave triangular faces on three adjacent structures.
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Figure 30. Plasma Etching vs Reactive Ion Etching. Maskless PET with similar
power and pressure (100 W, ≈ 200mT). a) Native PET. b) 10 min plasma etch of
PET. c) 5 min RIE of PET. d) Photograph of (c) and (a) showing the antireflective
nature of the “grass” surface generated from RIE as compared to un-etched PET. All
surfaces were coated with ≈ 5 nm Au/Pd, hence the silvery color noticeable in (a).

As plasma etching proceeds the interstices expand in accordance with the isotropic

receding of the PS nano-spheres further exposing the substrate resulting in the pat-

tern observed. The ridges correspond to contacting radii of adjacent spheres. SEM

measurements result in a mean structure height of 383 nm ± 15 nm, pitch of 376 nm

± 25 nm (approximate base diameter also), and tip diameters < 50 nm. As shown

in (Figure 31a), the 10 min etch leaves approximately spherical mask remnants. If

the etch were allowed to proceed a few minutes longer, wiry tips would form and the

structures would lose shape. The etching is intentionally truncated to alleviate this.
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Figure 31. Plasma Etched (Isotropic) PET Nanostructures. PET nanostructures
generated through oxygen plasma etching with 384 nm diameter nanospheres as mask.
a) SEM image of 10 min etch (100 W, ≈ 200mT) Notice the mask remnants at
the vertices of the structures. b) Image of analogue to (a) post sonication in an
attempt to remove remnants. Notice the remnants no longer on tips but settled
below (arrow). c) SEM showing successful removal of remnants via slightly more
rigorous cleaning/sonication. An interesting geometry results from this technique
resembling an inverted umbrella.
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To remove the mask remnants we simply sonicate the surface mildly, this does not

appreciably damage the structures. As shown in (Figure 31b), if we don’t sonicate

vigorously enough or soon enough following etching the particles will contaminate the

surface. Sonication performed shortly after etching is likely assisted by the increased

hydrophilicity of the remnants, before they and the substrate have time to recover

hydrophobicity and greater affinity for each other. (Figure 31c) and inset show final

product after successful removal of the masking remnants. This surface could be of

interest for further studies in a number of areas but from a purely mechanical perspec-

tive it could provide reliability over traditional conical geometries while preserving

function.

In contrast to this, RIE on analogous PET substrates produces the conical struc-

tures shown in (Figure 32). The anisotropic nature of the etch due to ion bom-

bardment, a consequence of being mounted on the self-biased electrode, allows us to

fabricate conical geometries, precisely what is required for biomimicry of the Dog day

cicada wing. (Figure 32a, c) show the scope and uniformity of the nano-structured

substrate. Note the slight disorder of the contrasting rectangular region in (Figure

32a), which corresponds to (Figure 32b), in comparison to the remainder of the im-

age. This irregularity is the product of imaging, analogous to the masking defects

mentioned earlier, as the rastoring e-beam with large aperture/ higher beam current

disrupts the pattern. Nonetheless, the “disrupted” structure pattern shown in (Figure

32b) is still of high quality and elucidates the overall quality of the process. (Fig-

ure 32d) shows a truncated etch (60s) revealing masking remnants (arrow) similar

to (Figure 31a) but note the shape is more hemispherical, again demonstrating the

anisotropic nature of the etch as compared to the isotropic etch in (Figure 31). If we
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continue etching to (90s) the structures are honed with remnants that are hard to

distinguish. (Figure 32c, e) are the corresponding face-on images of the truncated and

honed structures of (d, f) respectively, notice the narrowing of the structures as etch-

ing proceeds. The PET nanostructures show nicely contrasting striations or ridges

10 - 20 nm wide running axially with some branching and diverging most noticeable

in the regions between the structures. The ridges appear to be of the same origin to

the ridges shown in the maskless isotropic result (Figure 30b), the branching ridges

in (Figure 31), and perhaps even the “grassy” anisotropic result (Figure 30c). The

honed structures of (Figure 32f) are approximately 630 nm ± 32 nm tall, with a pitch

of 360 nm ± 16 nm, base diameter of 350 nm ± 22 nm, and tip diameter of 62 nm ±

8 nm. These cones are substantially larger than the cicada wing cones and will allow

us to test the effects of such. Scaling down to ≈ 200 nm diameter masking spheres

and proportionally shorter etch times allows us to miniaturize the cones to the scale

more representative of the Dog day cicada, as (Figure 33) demonstrates. (Figure 33

a-c) consist of progressively higher magnification images showing the uniformity of

the pattern and the individual structure geometry of (30s) truncated/capped cones

analogous to the larger ones of (Figure 32d). The right column, (Figure 33 d-f) show

the analogous images of the honed (45s) etched cones. Once again notice the stria-

tions on the cones and in the regions between, approximately 10 - 20 nm wide and

consistent with the larger structures. The honed structures (Figure 33f) measure 268

nm ± 31 nm in height, with a pitch of 172 nm ± 20 nm, base diameter of 151 nm ±

13 nm, and tip diameter of 50 nm ± 5 nm. The capped structures (arrow) of (Figure

33c) are slightly shorter and stouter. While distinguishable from the Dog day cicada

wing by a trained eye, the surfaces shown here resemble its geometry very closely,
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especially the capped cones. The ≈ 200 nm diameter PS spheres in conjunction with

their highly complementary etch rates to the PET provides a beautifully simplistic

replication as shown in (Figure 34). The images of (Figure 34) are of equivalent

magnification providing a nice side-by side comparison of the natural Dog day ci-

cada wing (Figure 34a), the spherically capped 30s RIE PET surface (Figure 34b),

and the honed 45s RIE PET surface (Figure 34c). With the success of translating

approximate cicada wing nanostructure geometry and pattern to a synthetic mate-

rial, namely PET, a natural progression is to diversify to other materials. This is

important for they could offer slightly different geometries and/or provide different

mechanical properties. Using the same techniques, I was easily able to generate anal-

ogous nanostructures on polystyrene and polypropylene. Looking at (Figure 35), we

can see nanostructure variations amongst the different polymer substrates and even

slight variation related to bead size of the same substrate. (Figure 35 a, b) are 45s RIE

of a PS substrate masked with 400 nm spheres. Masking remnants atop truncated

cones clearly show the accuracy and precision with which the structure geometry and

pattern is being transferred via the mask. (Figure 35 c, d) show fully etched (90s

RIE) PS nanocones, with minimal mask remnants. The PS cones appear smoother

and more discrete than the PET cones shown previously, with tiny 20-40 nm grid-

patterned ridges spanning the bases (c, d). They have axial striations 10-20 nm wide

similar to PET but perhaps not as pronounced. The inset of (c) shows dispersion

from these 2-D diffraction gratings. All of the surfaces made thus far from the 400

nm diameter masks including the masks themselves have this optical property but

the PS nanocones appear to be the most intense. We can increase the aspect ratio

of the “fully etched” cones shown in (Figure 35c) through continued etching out to 2
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minutes as shown in (Figure 16, e). Using the smaller masking spheres we were able

to further miniaturize the nanostructures, (Figure 35f) and inset show PS nanocones

resulting form the 200 nm spheres while (Figure 35g) and inset exhibit PS nanostruc-

tures from 85 nm spheres. Notice that the conical geometry is fairly well conserved

through the 200 nm range but apparently lost at the 85 nm range for the etch param-

eters used. It is important to note that more defects tend to be inherent, especially

at the perimeter, when masking with the smaller (≈ 200 nm and lower) nanospheres

and is partially due to the greater variance in diameter as mentioned earlier. This

of course is something we can’t very well control, but it’s not necessarily a problem

as it likely better represents the natural wing surface. Interestingly, polypropylene

results with 400 nm spheres were cylindrical structures instead of the usual conical.

A summary of structure dimensions for fully etched surfaces is given in (Figure 36).

Using the SEM to make such measurements is challenging in that edge-on perspec-

tives, good for proper height measurements, requires special mounting techniques for

all of the different samples. Instead, imaging was performed at a tilt angle of 45◦ and

with simple trigonometric corrections I was able to get an approximate “corrected”

height. The geometry is defined and labeled in (Figure 36) on accompanying cartoons

along with the expressions used for corrections. In short, using Imagej software, “m”

and “α” were determined from at least 10 independent measurements per sample

from high magnification SEM images at 45◦ tilt. Measurements such as spacing and

“base” diameter were made using face-on images (0◦ tilt). Other structure and to-

pographical parameters such as lateral surface area, “roughness ratio”- ratio of total

surface area and flat area (Rf), and arithmetic average height (Ra) were calculated

using the measured structure dimensions with uncertainty propagated accordingly
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[GKM+02, Boa66,YZ13]. (Figure 36a) shows the hexagonal arrangement of the re-

sultant nanostructures with the blue parallelogram defining a primitive unit cell of

the 2D crystal [RZR+09,PES+09]. (Figure 36b) shows the ideal edge-on perspective

for height measurements (top) as compared to the 45◦ tilt (detector) perspective we

used (bottom).

(Figure 36c) shows the chamber view with column (e-beam source and inlens de-

tector) relative to sample orientation (45◦ tilt). (Figure 36d) defines the relevant con-

ical geometry: h-height (calculated), L-lateral height (calculated), θ-stage tilt (set),

α-1/2 (measured) vertex angle, and m-(measured) height. The expressions used for

approximating (L) and/or (h) are given for conical and cylindrical structures. Another

powerful aspect of using colloidal lithography to fabricate these bioinspired surfaces

is its capability to easily generate hierarchical surfaces. The process is simple, as it

requires only the techniques used thus far. The only extension is that it uses itera-

tive masking and etching processes with different sized masking spheres to effectively

hybridize the different surfaces. (Figure 37) shows an example of such hybridization

using a polystyrene substrate with 400 nm beads and 85 nm beads with sequential

masking then etching. First the standard 90s RIE large cones were generated followed

by masking with 85 nm beads and subsequent 30s RIE. A surface such as this might

be viewed as a broad-spectrum surface with its potential to span a greater range of

microbe sizes.

Ultimately, the goal is to test these biomimetic/bioinspired nanostructured sur-

faces for their interactions with microbial contaminants, with a focus on biocidal

activity.
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Figure 32. PET Nanocones (Larger). PET nano-cones generated via masking with
384 nm diameter PS nanospheres and rie. Etching parameters (100 W, ≈ 200mT,
≈ -700V bias, 60 s etch (a-d), 90 s etch (e, f)). a) RIE face-on (0◦), note the ridges
traversing the interstices. b) 45◦ tilt, low magnification demonstrating the unifor-
mity. c) 45◦ tilt higher magnification, ridges/striations become apparent again along
with capping remnants. d) 45◦ tilt high magnification clearly showing capping and
striations. e) Face-on showing structure narrowing upon further etching. f) Sharp-
ened/Honed structures with cap reduction.
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Figure 33. PET Nanocones (Medium). PET nanocones generated via masking with
190 nm diameter PS nanospheres. Etching parameters (100 W, ≈ 200mT, ≈ -700V
bias). a-c) 30s RIE results. Note the mask remnants capping the cones (arrow) re-
sulting in blunt, spherically capped cones. d-f) 45s RIE results. f) Capping remnants
appear reduced significantly, as compared to the 30s etch, resulting in honing of the
tips.
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Figure 34. SEM Images PET Nanocones and Dog Day Cicada Wing. (45◦ view)
of equivalent magnification PET nano-cones and Dog day cicada wing for side-by-
side comparison. Nanocones were fabricated via masking with 190 nm diameter PS
nanospheres. Etching parameters (100 W, ≈ 200mT, ≈ -700V bias). a) Dog day
cicada wing. b) 30s RIE. c) 45s RIE.

Being that the biocidal phenomenon is mechanical in nature, it’s important to inves-

tigate the mechanical robustness of the nanostructures as they will be experiencing

applied forces via interactions with the microbes. Associated with this is the fact

that truncated/capped surfaces have a discontinuity in their structure inherent with

the “cap”. This material discontinuity can likely be removed via sonication as demon-

strated earlier with the hexagonal pyramid PET structures. This implies that the

caps may behave in a sacrificial manner as the microbes may be “popped off” via

fluid shear during incubation, washing, or even SEM preparation.
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Figure 35. Nanostructure Assortment of Polystyrene and Polypropylene. (a-e)
Polystyrene nano-cones using ≈ 400 nm diameter spheres. (a, b) 45s RIE show-
ing intermediate stage. (c, d) 90s RIE showing discrete cones with grid patterned
ridges. e) 2 min RIE resulting in higher aspect ratio PS cones. f) PS cones from ≈
200 nm masking spheres and 45s RIE, analogous to cicada scale. g) PS structures
resulting from ≈ 85 nm masking spheres and 15s RIE. Conical geometry lost at this
scale. h) Polypropylene cylinders from ≈ 400 nm masking spheres and 90s RIE. Note
the structures show striations akin to PET, yet a different geometry.
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Figure 36. Nanostructure Geometry Approximation Technique. Illustration of nanos-
tructure geometry approximation performed on SEM images. a) Face-on view allows
us to determine unit cell measurements (blue parallelogram) and pitch. b) Top: edge-
on view would be ideal for height and lateral height measurements. Bottom: actual
view at 45◦ tilt used to get measurements. c) 45◦ edge view representing chamber
view of user. d) Geometry descriptors: α-1/2 vertex angle, h-height/altitude, L-
lateral height/slant height, θ-stage tilt. Corrections to height measurements were
made and results summarized in table.
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Figure 37. Hierarchical PS Surfaces. Using alternating masking and etching with
400 nm and 85 nm diameter nanospheres, I was able to generate hierarchical struc-
tured surfaces. a), c), and e) Masking larger PS nano-cone substrates with 85 nm
PS nanospheres. Notice inset of (a) where initial blue color of larger cones (left
side) undergoes color change to green when overlaid with dark gray 85 nm diameter
nanosphere film (right side). b), d), and f) 30s RIE following 85 nm masking.

Results of ten-minute sonication in deionized water with greater intensity are

shown in the SEM images of (Figure 38). Images of the left column are pre-sonication
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while adjacent images of right column are post-sonication. The top three rows are

the larger structures (≈ 400 nm) masks, whereas the bottom two are the smaller

structures resulting from (≈ 200 nm) masks. As shown in (Figure 38b), the hexagonal

pyramids suffer significant structural damage following the more aggressive treatment.

Interestingly, the larger capped cones resisted structural damage with regards to the

PET but PS cap removal is apparent (Figure 38d). The fully etched larger cones

contrast the truncated cones in that they like the pyramids show significant structural

damage. The smaller capped cones, like the larger, show only cap removal with no

structural damage apparent, whereas the smaller fully etched mirror the larger fully

etched in their obvious damage.

A powerful tool of colloidal lithography is the relatively simplistic way is which

we can control the size and pitch of the masking particles beyond that which the

natural HCP arrangement provides. This translates naturally to the resultant nanos-

tructures and is therefore valuable to us in studying the effects that nano-structure

size and spacing have when attempting to mimic the biocidal phenomenon displayed

by the cicada. This is of fundamental importance to understanding its mechanisms

or better yet enhancing them. By using different size mono-dispersed nano-spheres

we already have control over the relative size of the resultant nanostructures, for

particular substrate chemistry.
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Figure 38. Sonication Induced Damage to PET NSS. Left column pre-sonication.
Right column post-sonication. (a, b) 10 min isotropic (400 nm). (c, d) 60s RIE (400
nm). (e, f) 90s RIE (400 nm). (g, h) 30s RIE (200 nm). (i, j) 45s RIE (200 nm).
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However, that is not enough, as we are still bound by the inherent relationship

between nano-sphere diameter and spherical close-packing. In other words, each

HCP monolayer composed of a particular size nano-sphere has a distinct pitch of

adjacent particles as dictated by the diameter. Isotropic shrinking, a subtractive

process, through oxygen plasma etching allows us to decouple these two parame-

ters, diameter and pitch, essentially allowing us to generate a continuum of new

particle diameters for a particular pitch as defined by the initial bead diameter

[HCTC08,CNRW06,YSAK11,YLGX01]. There are other techniques to control pitch

and arrangement, square packing for example, by using pre-patterned template-

assisted assembly as in [LXZ+07] but these techniques are unnecessarily complicated

and not needed for our work.

Simply put, an oxygen plasma can be employed to target and modify the HCP

polystyrene mask, followed by a fluorine-based etch (e.g. SF6 or CF4) to target the

silicon substrate. It is this selectivity, with the distinct chemical etches, and the

isotropic nature of the plasma etching that is used to allow control of their diameters

while preserving their pitch. Isotropic plasma etching is easily achieved by placing

substrates on the grounded base, as shown in (Figure 28), of the plasma chamber.

By doing this we essentially eliminate directionality from the etching process and

shrink the masking nano-spheres radially thereby preserving their spherical shape.

By empirically determining the relationship between particle diameter as a function

of exposure/etch time for a given set of initial conditions and process parameters,

such as initial bead diameter, forward power, and chamber pressure, we can use the

fitted data to make predictions. This provides us the ability to readily determine

the approximate etch times needed for geometries of interest. Obviously this must
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be done for each apparatus and for the desired process parameters, as there is often

much variability from one set-up to the next.

All of our shrink experiments were performed with process parameters, (50 W

forward power at ≈ 200 mT). Three bead sizes were used in our shrinking experi-

ments with the principle or central size being 190 nm diameter, proper sized for Dog

day cicada NSS replication, with the other two being 85 nm and 384 nm, approx-

imately half and twice the diameter (Figure 39). The bead sizes chosen provide a

good foundation to work with, not only as they are centered about the cicada wing

nanostructures with the 190 nm beads, but also because they reside in the scale

where most microbes, fungi (yeast) or bacteria, can span or interaction with multi-

ple structures while providing enough variability amongst them to be interesting for

study. In (Figure 39) we can see how well conserved the spacing appears during the

shrinking process, even at longer etch times as shown, where the bead diameters have

reduced to at least one-third their original diameter. The defects shown in the nano-

sphere packing of the original (native) masks (left column), most noticeable in the

two smaller sizes, are again mostly due to imaging as the high e-beam current is caus-

ing separation of adjacent beads. We noticed that using smaller apertures thereby

reducing beam current helps alleviate this. Pattern loss in general whether attributed

to particle beam imaging, etching, serial deposition, etc can be reduced by promoting

adhesion of particles to each other and/or to the substrate through thermal annealing

at approximately 80◦C on a hot plate or in an oven, or solvent vapor annealing with

THF or toluene [REG03, PES+09, TSL+04]. Our shrink experiments demonstrate

a nice linear relationship between transverse bead diameter (face-on measurements)

and oxygen plasma exposure time, something also shown by [HCTC08] and typical
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of plasma etching (Figure 40). Contrasting this, reactive ion etching provides a lin-

ear relationship for axial diameter reduction but a nonlinear transverse relationship

[HIK97,DD82]. Inspections of the best-fit equations in (Figure 40) yield etch rates

(slopes) that are in agreement across bead diameters, which is useful for extrapola-

tion to other bead diameters eliminating the need to map them out. Superimposing

plots and looking at horizontal intercepts and/or using the fit equations allows us to

target common mask particle sizes across the various pitches as defined by the initial

bead diameter. These mask patterns can then be transferred to micro/nanosructures

in silicon or other substrates using appropriate etchants. This tunability of size and

pitch is nicely demonstrated by (Figure 41). The top row demonstrates the shrinking

of (≈ 85 nm spheres to ≈ 44 nm) and (≈ 190 nm to ≈ 55 nm), meanwhile the bottom

row shows (≈ 190 nm to ≈ 93 nm) and (≈ 384 nm to ≈ 113 nm). The mean diameters

of corresponding surfaces can of course be tuned through etch time adjustments to

differ less; this is meant merely to demonstrate the capability.
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Figure 39. Polystyrene Nanospheres on Silicon. Isotropic/radial shrinkage with con-
served center-to-center pitch when mounted on chamber base during oxygen plasma
treatment. Chamber parameters 50 W forward power and ≈ 200 mT. a), b), and c)
are etch time 0 min examples of 370 ± 20 nm, 163 ± 5 nm, and 68 ± 4 nm diameter
PS nanospheres respectively. a’), b’), and c’) are 32 min /(183 ± 38 nm), 16 min/(56
± 8 nm), and 8 min/(15 ± 4 nm) etch time/diameter respectively. Note the defects
in the nano-sphere packing (left column) caused during imaging.
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Figure 40. Isotropic Etch Data for PS Nanospheres on Silicon. O2 plasma treated
PS nanospheres on silicon substrates. a), b), and c) are data on 85 nm, 190 nm,
384 nm nominal diameter nanospheres respectively. Dashed lines are 95% confidence
intervals of slope for linear fit. d) Examples of etched substrates. Colored lines
represent nominal diameter colors displayed by films and are used to label samples.
Violet-384 nm, Blue-190 nm, and Gray-85 nm. Notice the color changes in diffuse
light, particularly with 384 nm, as the nanospheres shrink.
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Figure 41. Tunable Masks. Using shrink data of the different nanosphere diameters
we can target horizontal line intercepts (diameter vs etch time) such that pitch varies
while particle size is conserved. a) and b) are 85 nm nominal diameter at time 4 min
exposure resulting in 44 ± 3 nm diameter particles and 190 nm nominal diameter at
20 min exposure resulting in 55 ± 2 nm diameter particles respectively. c) and d)
are 190 nm nominal diameter at 12 min exposure resulting in 93 ± 3 nm diameter
particles and 384 nm nominal diameter at time 44 min exposure resulting in 113 ± 6
nm diameter particles.

4.4 Discussion

Nanosphere lithography (NSL), originally termed Natural lithography by Deck-

man et al has continued to advance and is now recognized as an inexpensive sub-dollar

per sample, high-throughput, and material flexible fabrication process that is used

in many areas of research around the world [RZR+09,GC14]. In our work the term

“Natural lithography” takes on a whole new meaning, as it is beautifully, perhaps
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perfectly, suited for replication or mimicry of the multifunctional cicada wing nanos-

trutured surface (NSS). We utilized a technique referred to as “self-assembly at the

air/water interface” to generate large area monolayer colloidal crystals with three dif-

ferent bead diameters (384 nm, 190 nm, and 85 nm). These films were used as masks

for plasma etching (PE) and reactive ion etching (RIE) to generate cicada wing in-

spired nanostructures in synthetic polymeric materials PET, PS, and PP. Using the

three previously mentioned bead diameters, with the central being proper scale for

replication of the Dog day cicada wing nanosructures, will allow us to investigate

geometry dependence of the biocidal activity of biomimetic NSS. Furthermore, their

regular and defined geometries will allow for better experimental studies of adsorp-

tion/adhesion characteristics of particles and/or cells to NSS for comparison with

model predictions of colloid stability theories DLVO and XDLVO. Through plasma

etching (PE) and reactive ion etching (RIE), polymeric nanostructures were generated

in this work that show distinct differences amongst the three different bulk substrate

chemistries used. PET nanostructures were taller-striated conical protrusions with

narrower tips. They appeared less discrete as their bases resemble concave menisci

that conjoin adjacent structures. PS nanostructures were smoother shorter cones with

blunter more rounded tips than PET. They were well defined, the most discrete or

defined nanostructures of the three different substrates. PS structures made using the

85 nm masking beads lost their conical shape and instead were more cylindrical. PP

structures were tall and blunt with cylindrical geometry, unlike the conical of PET

and PS. There were axial striations much like that of PET that also ran together at

the bases of adjacent structures although there cylindrical geometry resulted in more

discretization. Calculations of lateral surface area and two roughness factors (Rf ) and
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(Ra) were performed from SEM measurements. (Rf )- is the ratio of total surface area

to the projected flat area, often termed the Wenzel factor when used in describing

homogeneous wetting of rough surfaces with the Wenzel equation, but is also used

in the formulation of the engineered roughness index (ERI), a more comprehensive

parameter used to characterize surfaces for bacterial fouling [GKM+02, HFBT+13].

Here we simply wanted to approximate the increase in surface area following nanos-

tructure patterning. The other roughness factor (Ra) or arithmetic average height

was approximated as the integrated structure height over a domain of many primitive

cells divided by the domain area. Surface roughness plays an important roll in cellular

adhesion, in particular the scale of the individual features constituting the roughness.

According to Hsu et al, (Ra) values (≤ 800 nm) are considered hygienic whereas val-

ues greater than this tend to facilitate bacterial adhesion by offering greater surface

area for attachment while buffering them against hydrodynamic shear forces remov-

ing them [HFBT+13]. Surface conditioning with proteins for example can also be

affected by surface roughness aiding in cellular adhesion [HFBT+13]. Of course if the

features are spaced such that the cells can’t fully reside between the structures the

shearing action is not suppressed. In the following chapter we’ll investigate the effects

of nanoscale roughness on microbial adhesion. Another important factor involving

microbial adhesion is substrate chemistry, as it affects the physico-chemical interac-

tions. Considering this, it’s necessary when testing the effect that surface topography

has on cellular adsorption/adhesion that we work with chemically similar substrates.

Complicating this even amongst polymeric samples of the similar bulk chemistry is

the surface chemistry modifications associated with oxygen plasma treatment.
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Oxygen plasmas, generally composed of O+, O−, O+
2 , O

−
2 , O, O3, ionized ozone,

O2 radicals, free electrons, and vacuum ultraviolet radiation (VUV), are particularly

aggressive in chemical attack of polymers [GKCvK13, JGdB+96]. Typically oxygen

plasmas are employed to rapidly install polyfunctional O-containing groups onto C-

radical sites following H-abstraction with polymers such as polyolefins thereby in-

creasing their surface energy and improving their interactions with other materials

[GKCvK13]. Beyond this, as functional group saturation typically occurs rapidly

within a few seconds of exposure, high-energy particles and photons result in ab-

lation, double bond and radical formation, as well as cross-linking of the polymer

[GKCvK13]. These usually undesirable effects are characteristic to monomer type,

tacticity, polymer architecture, functional groups, molecular weight, supermolecular

structure or crystallinity [GKCvK13]. As the chemical and physical performance of

the polymer depends on these very same attributes, it is likely that plasma-induced

degradation through etching will ultimately change and diminish the behavior of the

polymer [GKCvK13]. In our work, we are particularly concerned about the mechan-

ical integrity of the etched polymer and more specifically that of the nanostructures.

With this in mind, the molar mass distribution of a polymer is often affected by plasma

etching and chain scission, as such so are its mechanical properties e.g. reduced co-

hesive strength [GKCvK13]. Chemically inert plasmas are often used to simulate

accelerated polymer aging or weathering associated with UV radiation of extreme

short wavelength (20-200 nm) readily emitted by low-pressure plasmas. Wavelengths

of (100-180 nm) with greater intensity can readily penetrate polymers a few microns

deep, inducing excitations and resulting in dehydrogenation, crosslinking, and chain

scission [GKCvK13]. The mechanical degradation of plasma etched polymers, in
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particular the nanostructures themselves, is a factor that must be considered when

investigating their applications. More specific to this work, it must considered that

this potential weakening of the polymer nanostructures could inhibit the mechanical

rupturing of microbes.
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CHAPTER V

MICROBIAL ADHESION TO BIOINSPIRED SYNTHETIC

NANOSTRUCTURED SURFACES

5.1 Introduction

Mature biofilms are notoriously more resistant to antibiotics, biocides, and hy-

drodynamic shear than their planktonic counterparts. Due to the physically and

chemically protective nature of biofilms and the emergence of multi-resistance to dis-

infectants and antibiotics, prevention through anti-infective surfaces is perhaps the

best strategy to combat undesirable microbial biofilms [GTH+12]. There has been

extensive investigation into the development of novel materials or surfaces resistant

to microbial infection and biofilm formation. Recent discoveries have shown certain

nano-topographies on the wing surfaces of select insects such as cicadas Psaltoda clar-

ipennis and Tibicen tibicen, dragonflies Diplacodes bipunctata and Pogomphus obscu-

rus, as well as synthetic nano-material black silicon to display microbicidal activity

towards adsorbed cells [IHW+12, HWT+13, IHW+13, NBCL15]. It’s been demon-

strated that the cell-rupturing phenomenon of adsorbed cells is mechanical in nature

and conserved through surface chemistry modification. Unlike the limited activity

towards thinner walled Gram-negative bacteria shown by the wings of Psaltoda clar-

ipennis (cicada), both the dragonfly wing and the similarly structured black silicon

were found capable of additionally rupturing Gram-positive B. subtilis and S. aureus

vegetative cells as well as S. aureus spores [IHW+13]. Black silicon and it biological

analogue the dragonfly wing consist of clustered pillar-like protrusions a few hundred
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nm tall with cluster diameters ranging from 20-80 nm and 30-90 nm respectively

and spatial distributions ranging from 200 nm to 1800 nm [IHW+13]. Gold-coated

surfaces demonstrated conserved activity and therefore the mechanical nature of the

phenomenon along with its strong dependency on nanostructure geometry and ar-

rangment. In our earlier work, S. cerevisiae adhesion to Brood II (Magicicada ssp.)

and Dog Day (Tibicen tibicen.) cicada wings showed a similar geometry dependence

of microbicidal function. The low aspect ratio/greater radii of curvature nanobumps

of the Brood II wing showed very little reduction in viability of adhered cells rela-

tive to the higher aspect ratio/smaller radii of curvature nanocones of the Dog Day

wing. Motivated by these findings, I utilized nano-sphere lithography NSL to fab-

ricate analogous nanostructures as well as proportionally smaller and larger nanos-

tructures in common synthetic polymers to be tested for translation of microbicidal

function. The techniques used in this work allow us to systematically test different

nanostructure parameters such as spacing, size, and mechanical properties, based on

substrate chemistry, for their relative importance in microbicidal activity. Further-

more, these nano-structure patterned surfaces, with their well-defined geometries, will

allow for fundamental testing of cellular adhesion theories based on colloidal stability,

such as the Extended DLVO theory (XDLVO), with inclusion of surface micro/nano-

topographies.

5.2 Materials/Methods

S. cerevisiae strains used in this study were diploid SK1-CAN1 (ATCC stock num-

ber, 204722; genotype: MATα/MATα HO can1(r) gal2 cup(s)) and haploids TBR1;

genotype: MATα ura3-52 leu2::hisG his3::hisG, TBR4; genotype: MATα ura3-52
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leu2::hisG his3::hisGsfl1::kanMX6, and TBR5; genotype: MATα ura3-52 leu2::hisG

his3::hisGflo11::kanMX6. Bacteria E. coli K12 were also tested. Frozen stocks were

maintained at -80◦C. For each experiment, colonies from freshly streaked standard

YPD (Yeast extract, Peptone, Dextrose, Water, Agar) plates (yeast) and standard

LB (Yeast extract, Tryptone, NaCl, Water, Agar) plates (bacteria) were used. Liquid

YPD or LB media was inoculated with one colony per 5 mL. Liquid cultures were

grown at 30◦C (yeast) and 37◦ (bacteria) to OD600 ≈ 0.6 indicative of mid-log phase

growth. OD600 measurements were made using a Thermo Scientific NANODROP

2000C spectrophotometer. Mid-log growth cells were diluted appropriately per ex-

periment.

Synthetic polymeric nano-structured surfaces (NSS) were made using Nanosphere

Lithography (NSL). 2-D hexagonally close-packed (HCP) polystyrene colloidal crys-

tals of (384 nm, 190 nm, 85 nm) diameters were generated using self-assembly at

the air/water interface with techniques adapted from [RZR+09, REG03, ZWW+08].

Monolayer HCP films were transferred to polyethylene terephthalate (PET), polystyrene

(PS), and polypropylene (PP) substrates to be used as masks during oxygen plasma

etching (PE) and reactive ion etching (RIE). Dry etching was performed using South

Bay Technology Model PC-2000 plasma cleaner adapted to do both PE and RIE.

All etching was performed with oxygen at 100W forward power and ≈ 200mT.

Summarized in (Figure 42) is the fabrication process for NSS. For detailed fabrica-

tion processes and characterization of nanostructure geometry refer to Chapter IV.

Polymer dependent surface chemistry modifications associated with plasma exposure

dictates that we normalize surface chemistry post-etching to properly isolate and test

nano-topographical effects.
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Figure 42. Nanosphere Lithography Process Summary. Illustration summarizing
the general processes of nanosphere lithography for fabricating the nano-patterned
surfaces featured in the following work. 1) Nanosphere assembly at the air/water
interface and scooping technique for film removal. 2) Drying with final ordering
following removal, ready for etching. 3) Anisotropic reactive ion etching by mounting
substrates on self-biasing powered electrode or plasma etching via mounting sample
on grounded base. 4) Nano-patterned surfaces follow.

Therefore a 5 nm layer of gold was deposited using a Leica EM ACE200 sputter coater

and monitored in real time with a quartz crystal microbalance (QCM). Surfaces were

inspected via scanning electron micrographs obtained using a Zeiss Auriga FIB/SEM.

Static contact angle (CA) measurements were made using a ramé-hart 260-F4 con-

tact angle goniometer and DROPimage Advanced software. De-ionized (18.2 MΩ•cm)

water drops of 1 µL were gently placed on gold coated and “native” non-coated sub-
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strates. CA measurements were made on at least five drops on three different samples

of each surface; data was analyzed using Student T-tests function in Microsoft Excel.

Following incubation in cell suspension, surfaces were gently washed 3x in PBS

on an elliptical shaker at 100-150 rpm and then fixed overnight ≈ 12 - 16 hr in

a (2.5% gluteraldehyde/2% formaldehyde) solution in 0.1M cacodylate buffer (pH

7.4). Samples were then washed 3x in DI water and immediately followed by an

ethanol dehydration series of 50%, 70%, 80%, 95%, and 100% for 5 minutes at each

concentration, 3x at 100%. After drying, the samples had a 5 nm gold layer applied

using a Leica EM ACE200 sputter coater with real time thickness monitoring using

a quartz crystal microbalance (QCM). Scanning electron micrographs were obtained

using a Zeiss Auriga FIB/SEM with imaging parameters: (2 - 4 kV) accelerating

voltage, (7.5 or 30 µm) aperture, and inlens detector. Scale bars were added using

ImageJ 1.47v software.

Mid-log phase cells were diluted to OD600 ≈ 0.1 in fresh media YPD (yeast) and

LB (bacteria). Nanostructure patterned polymeric (PET, PS, and PP) substrates

and flat controls, coated with ≈ 5 nm of gold, were mounted independently in sterile

dishes and overlaid with dilute culture. Substrates were incubated overnight ≈ 16 hrs,

after which they were immediately washed 3x and prepared for SEM work (see SEM

prep). Yeasts were introduced to all PET NSS (isotropic, large cones, medium cones,

fully etched, and truncated/capped), fully etched large and medium PS cones, and

large PP cylinders. Bacteria were introduced to all NSS including un-etched/masked

surfaces (For detailed NSS descriptions refer to Chapter IV ).

A wash assay adapted from [HWT+13, EATL+11] was conducted using plate

counts to approximate surface density of adhered viable cells (CFU/mm2) follow-
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ing overnight incubation (≈ 16 hrs). Mid-log phase cell cultures were diluted to an

OD ≈ 0.1 in fresh media. Un-coated and gold-coated “large” (384 nm masked) PET

cones and flat PET controls were mounted face-up and overlaid/submerged in dilute

cell cultures. Following 16 hrs of incubation, substrates were immediately washed 3x

gently in sterile PBS to remove any non-adhered cells. Substrates were then vortexed

vigorously in 1 mL PBS for 60s to remove adhered cells. 100 µl of decimal serial dilu-

tions were spead on YPD or LB agar plates to achieve distinct “countable” colonies.

Plate colonies were counted after 24 hrs of incubation at 30◦C (yeast) and 37◦ (bac-

teria), and extrapolated according to the appropriate dilution factors to reveal the

approximate number of cells removed from their respective surfaces. Surface area

measurements (mm2) of the individual surfaces were made using scaled photographs

and ImageJ 1.47v software. The surface density of adhered cells was approximated as

the ratio of the original post-vortex cell concentration to the measured surface area

of the substrates, dropping the volume unit. The data was gathered from two in-

dependent experiments. Statistical significance testing of gold-coated and un-coated

NSS and Flat controls was done using the Microsoft Excel TTest function (2 tails,

unpaired/equal variance). A p-value < 0.05 is considered statistically significant.

Fluorescence/Confocal/ TBR4 only: Mid-log phase hyper-adhesive (TBR4) cells

OD600 ≈ (0.4 - 0.6) were centrifuged 5 min at 3,000 RCF, washed once in sterile DI

water, then centrifuged again and resuspended at OD600 ≈ 1.0 in glucose poor YPD

(0.1% w/v glucose vs. standard 2%) [RF01]. Gold-coated (5 nm) “Flat/un-etched” PS

controls and “Larger” PS cones were submerged in cell solution and incubated for 1hr

at 30◦C. Following incubation substrates were removed from dish and immediately

(without drying) washed gently 3x in DI water on orbital shaker at ≈150 rpm for
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60s each wash. Cell permeable acridine orange (AO) (ex488nm/em518nm) and cell

impermeable propidium iodide (PI) (excited 535 nm/emission 617 nm) were added

at 1 µg/mL each for 10 minutes [Koh00,PPA+89]. The surfaces were then removed

and gently rinsed in DI water, mounted face-down on cover glass, and sealed with

petroleum jelly. Ten images of each channel were taken per surface at 10x magnifica-

tion using a Zeiss Axio Plan spinning disc inverted confocal microscope. All images

of each channel (AO) and (PI) were analyzed in ImageJ 1.47v. Brightness thresh-

olds were applied manually to each channel to define the projected areas cell flocs.

Using [Analyze > Set Measurements (Limit to threshold, Area fraction) > Analyze

Particles (Include edges, Exclude holes)], data was collected, for each image, on the

area coverage of adhered cells. Data was imported to Microsoft Excel and statistical

significance testing between gold-coated NSS and Flat controls was performed using

TTest function (2 tails, unpaired/equal variance). A p-value < 0.05 is considered

statistically significant. Corresponding images of each channel were superimposed to

generate composite images to display PI/AO staining.

Fluorescence/SEM/TBR1, TBR4, TBR5: A wash assay was conducted to investi-

gate the FLO11-dependent adhesion responses of isogenic MATα flo11∆ (TBR5) and

MATα sf11∆ (TBR4) strains generated in TBR1 (Σ1278b strain 10560-23C; MATα,

ura3-52, his3::hisG, leu2::hisG) to gold-coated (5 nm) Flat PS controls and “Large”

PS cones. Mid-log phase cells OD600 ≈ (0.4 - 0.6) were centrifuged 5 min at 3,000 RCF,

washed once in sterile DI water, then centrifuged again and resuspended at OD600

≈ 1.0 in glucose poor YPD (0.1% w/v glucose vs. standard 2%) [RF01]. Subtrates

were submerged in cell solution and incubated for 3hrs at 30◦C. Following incuba-

tion, substrates were removed from dish placed in separate dishes and immediately
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washed 3x gently in DI water on orbital shaker at ≈150 rpm for 60s each wash. Cell

permeable acridine orange (AO) (ex488nm/em518nm) was added at 1 µg/mL for 10

minutes [Koh00,PPA+89]. The surfaces were then removed, gently rinsed in DI water,

had cover glass applied, and sealed with petroleum jelly. Ten images were taken per

surface at 4x magnification and some at 20x using an Olympus epi-fluorescence BX51

compound microscope equipped with a CoolPix CCD camera using ImageJ plug-in

software. For image capture the image display range was set at the first image and

left static with no changes of brightness or contrast. Following fluorescence imaging

all samples were prepped for SEM work. All images were analyzed in ImageJ 1.47v.

Cellular adhesion was quantified with fluorescence microscopy through projected area

measurements and raw integrated density values allowing for relative intensity com-

parisons. The technique adapted from [Ban13, Har13, HOPO14, ZOWL09] uses the

rolling ball algorithm for background subtraction with rolling ball radius of 50 pixels,

followed by application of median filter (Despeckle) [Process > Subtract Background,

Process > Noise > Despeckle]. Area fraction and raw integrated density values were

determined via manual thresholded images [Image > Adjust > Threshold, Analyze >

Set Measurements (Area Fraction, Integrated Density, Limit to Threshold), Analyze

> Measure]. An SEM technique is demonstrated as a more accurate way to determine

cell coverage (projected area). Background was subtracted using sliding parabola of

radius 25 pixels followed by application of Gausian Blur filter with standard devia-

tion (σ) of 1µm. Images were thresholded manually and Area Fractions determined.

Data was imported to Microsoft Excel and statistical significance testing between

gold-coated NSS and Flat controls was performed using TTest function (2 tails, un-

paired/equal variance). A p-value < 0.05 is considered statistically significant.
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5.3 Results

The wettability of all gold-coated and non-coated PET substrates as well as the

“large” PS cones and flat controls were determined using static contact angle (CA)

measurements. At least five 1µL were measured on at least 3 different samples of each

surface to get a good representative sample. Oxygen plasma treatment of polymers

generally produces an ensemble of polar oxygen functional groups at their surfaces

thereby increasing their surface energy [LSX+06, Fri12]. The increased surface en-

ergy is accompanied by increased wettability, though surface functional groups are

not permanently fixed. This so-called “physical aging” of the polymer accompany-

ing or following natural and plasma accelerated oxidative aging, is characterized

by the movement or diffusion of functional groups or complete polymer segments

containing functional groups from the surface into the bulk. This mobility, driven

by thermodynamics as the polar functional groups diffuse to the zero concentration

bulk is termed “hydrophobic recovery” and can be rather slow taking days to recover

[Fri12, FBDC12, JVC+09]. Conversely, if air is replaced by water at the polymer

surface then the polar functional groups of the polymer may return to the surface

forming hydrogen bonds with the water [Fri12]. These dynamic processes have been

shown to depend on plasma processing parameters as well, such as exposure time,

which of course is ambiguous as it is specific to the environment. This complexity

demands that surface chemistry modifications be done following plasma treatment

not for comparisons across distinct bulk polymer chemistries, although this will allow

it, but for a proper study of various surface modified polymers of common bulk chem-

istry. The simplest way to do this, and consistent with previous work, is to sputter

gold onto the polymeric surfaces to mask and thereby remove potentially confound-

124



ing variables. A ≈ 5 nm layer deposited on the PET surfaces shown in (Figure 43)

radically altered the wettability of all RIE surfaces, as they went from very high

wettability, CA < 10◦ to hydrophobic with CA > 100◦. Actually, the gold-coating

produced higher contact angles with the structured RIE surfaces than the gold-coated

flat/non-etched surface, likely a product of heterogeneous wetting as the drop resides

in a Cassie state [YGB11]. The hexagonal pyramids resulting from isotropic etching

don’t show as much of a difference between non-coated and gold-coated surfaces. This

is likely attributed to hydrophobic recovery, as they were stored in air significantly

longer (days) prior to CA measurements, and nicely illustrates the importance of the

gold coating. Polystyrene samples (Figure 44) demonstrates the same phenomenon

with RIE generated highly wettable “large” cone surfaces (CA < 10◦) altered to hy-

drophobic with (CA > 100◦) via 5 nm gold coating. Higher CA on the gold-coated

NSS relative to the gold-coated flat surfaces also suggests transition to Cassie state.

We investigated the translation of the mechanical microbicidal function of cicada

nanostructured surfaces (NSS) to cicada-inspired synthetic polymer NSS of various

sizes and shapes. S. cerevisiae (SK1-CAN1) were grown to mid-log phase, deposited

on gold-coated NSS and flat controls, and allowed to incubate overnight (≈ 16 hrs).

Following incubation, samples were gently washed 3x in DI water and prepped for

SEM. PET NSS demonstrated little biocidal activity towards the yeast, contrasting

that of the Dog day cicada. The cell morphologies depicted in (Figure 45) all appear

to have normal ovoid shapes and are representative of most cells observed. However,

careful observation reveals a couple of interesting features, other than the apparent

lack of cell rupturing, suggesting possible explanations for the failure of translation.
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Figure 43. Static Contact Angles (CA) of PET Nanostructured Surfaces. Represen-
tative SEM images of native/non-etched (top), maskless (left column) and masked
(right column). Starting from top (paired): 10 min isotropic (384 nm), 90s RIE (384
nm), 60s RIE (384 nm), 45s RIE (190 nm), 30s RIE (190 nm) with accompanying
maskless (paired/left column).

126



Figure 44. Static Contact Angles Polystyrene. Contact angles of flat polystyrene and
polystyrene nanocones generated with 384 nm masking nanospheres and RIE. Water
drop insets: top left- uncoated, top right- Au-coated.

Figure 45 (arrow) reveals cells that are adhered specifically to a region where caps

or mask remnants of the 60s RIE (large) cones were displaced from the tops. This

disturbance appears to have effectively increased the surface area and/or perhaps

changed the surface chemistry, and aiding in cellular adhesion. As we’ll see this is

not a singular case and therefore reduces the accidental coincidence of it. Another

interesting characteristic is that displayed in (Figure 45e, arrow) where PET nanos-

tructures along the periphery of the cells, adhered to them, appear to be failing as

they are stretched and pulled apart. (Figure 46) further illustrates the interesting

adhesion phenomenon related to (Figure 45c). The images show a PET surface with

incomplete surface coverage of (190 nm) capped cones. Coned regions are distinguish-

able in (Figure 46a) as the darker gray areas split by the lighter gray region. This

lighter region is etched, but maskless, and essentially the paired figure of the large

capped cones in (Figure 43, left column). In this image something is immediately

obvious, the yeast cells (dark spots) are heavily concentrated in the central region
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void of cones. The outlined regions in (Figure 46a) correspond to the images (Figure

46b, c, d) and highlight certain characteristics of the sample. (Figure 46b) shows the

interface of cones and maskless regions nicely contrasting the relative cell densities,

while (Figure 46c) shows a highly populated region of the maskless surface. (Figure

46d) displays the trails of disturbed uncapped cones with the cells in these regions

predominately occupying them. (Figure 46e) outlined in (Figure 46d) shows one of

these regions further magnified and the bounded nature of the cells, whereas (Figure

46f) confirms the nature of these contrasting lines as the interface of uncapped (left)

and capped regions is resolved. This substrate is one example of such phenomena,

but not the only, as this was seen frequently with these surfaces. It’s possible that the

caps are merely acting as a sacrificial layer i.e. the adsorbed cells are easily translo-

cated during washing via removal of the caps. The caps alone are obviously stable

during the wash but with cells attached, the increased shear forces might be too great.

The uncapped regions would not share the same behavior as the cells could adsorb

directly to the PET nanostructures. This of course is not the only explanation and if

this indeed occurs it may only be part of the story, as other aspects such as contact

area or the effective interaction area might be reduced for such structures. Regardless

of the source of differential adhesion or adsorption, one thing that is undeniably real

is the potential for mobility of the cells on the NSS. This is nicely demonstrated in

(Figure 47) whereby yeasts have not only moved across the surface but have left a

path of destruction on their way, toppling the cones. The source or cause of this

movement is likely fluid motion during washes or other external agitations. Either

way, it could be overlooked as with (Figure 47a), where an image generated with au-

tomated brightness and contrast doesn’t obviously reveal the magnitude of the path.

128



Adjusting the contrast of the image (Figure 47b) better exposes the trail caused by

the large cell along, with periodic round scars that look to be caused by the budding

cell. In fact, the periodicity of the round marks is so regular it suggests that the cell

is actually rolling and maybe even being steered as the budding cell drags and turns

them. Rough calculations suggest that the spacing of the rounds scars is too great

to be a pure roll but more likely a skid and roll or roll and jump due to the bud.

(Figure 47c and d) show a similar effect where a cell seems to plow a path. This

same cell is depicted in (Figure 47e and f), clearly showing debris attached to it after

its destruction. While the composition or source of these is not known, it is highly

probably based on size and shape that they are the tips of the PET nanostructures.

It should be noted that this sort of behavior, if occurring, is not recognizable on the

flat controls, as they don’t present a surface that reveals such “footprints”. Assuming

this to be true, it could support the sacrificial nature of such surfaces and could be

a factor in shedding cells. As pointed out in (Figure 45c), another potential reason

for lack, not absence, of morphological changes with the adsorbed cells is the cell-

induced structural damage to the surface via static adsorbed cells that stretch and

pull the structures apart. It’s important to emphasis the static nature of it because

it appears to be fundamentally different than the plowing damage of (Figure 46).

Another example of this is given in (Figure 48) with the 90s RIE large cones, except

here we can see morphological changes (flattening) of two of the four yeasts (Figure

48a). Outlined regions correspond to images (Figure 48b, c), revealing in great detail

the stretching and failing of the PET nanostructures. The debris in the upper right

of (Figure 48a) appear to be cellular, either contents from the flattened cell on the

right or a ruptured cell that has been partially washed away. The cells in (Figure
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48d) appear to have cratered the surface and judging by the area of damage the cells

were locally mobile. Damage such as this could be the result of contact with another

solid surface pushing and flattening the cells into the surface. These surfaces don’t

have natural buffering of the protrusions such as the wing veins of the cicada that

help to prevent abrasion of the nano-structured surface. The damage represented in

(Figure 48) is not unique to larger nanostructures, as we can see in (Figure 49) the

smaller nanostructures generated with the 190 nm masking spheres, and closest to

the cicada wing nanostructure geometry are being pulled apart as well. Because of

the potential for different mechanical properties and certainly different nanostructure

geometries, we tested the polypropylene (PP) and polystyrene (PS) surfaces as well.

The results were similar, a lack of cellular rupturing accompanied by cell-induced

nanostructure failures. In addition to this there was an obvious lack of cells remain-

ing post-washes on some surfaces, especially noticeable on the “Large” PS cones, even

with an overnight incubation further promoting cellular adhesion. This is something

we’ll follow up on more rigorously later in the chapter. For now, if we look at (Figure

50) we can see examples of PP and PS nanostructures being stretched and pulled

apart in an analogous manner to PET nanostructures. (Figure 50a, b) reveal PP

nanocylinders adsorbed to a yeast cell and being stretched, some to failure. Structure

failure occurs mostly near the tips, with some further down, analogous to the PET

cones. It’s interesting that some of the neighboring PP nanocylinders agglomerate at

their tips, probably differing from their conical cousins because of their geometry and

higher aspect ratios. (Figure 50c, d) show smaller (cicada scale) PS nanostructures

being stretched significantly beyond their original length with what appears to be

slightly less failure when compared to other structures. A careful look shows plastic-
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ity or permanent deformation, as some of the structures appear to be suspended in a

state resembling attachment, but no longer attached to the cell. (Figure 50e, f) show

similar behavior with the large PS cones along with perhaps some minor morpho-

logical changes to the cell on the left in (Figure 50e). These findings of cell-induced

NSS damage are revealing of a potentially fundamental aspect of the phenomenon.

Earlier work with cell attachment to the cicada wing doesn’t appear to display any

cell-induced structure damage, suggesting that they are more mechanically robust or

reliable than the synthetic structures. They do behave in a similar manner of bending

and stretching, even showing some plasticity but there are no obvious failures.

E. coli (K12), a Gram-negative bacteria, has been show in previous work [HWT+13]

to be susceptible to bactericidal activity. E. coli were grown to mid-log phase, de-

posited on gold-coated NSS, and allowed to incubate overnight (∼ 16 hrs). Fol-

lowing incubation, samples were gently washed 3x in DI water and prepped for

SEM. Interestingly, the bacteria appeared to be more vulnerable to the synthetic

NSS when compared to the yeasts, with more recognizable morphological changes

resembling those of our previous work with the cicada wing as well as other works

[IHW+12,HWT+13,IHW+13,NBCL15]. The morphological changes can be described

as a spectrum of cell rupturing stages or flattening. Normal healthy cells appear rod-

like with well defined cylindrical geometries and circular cross sections. Other cells

may look flatter with eccentric cross sections often asymmetric along the axis of

the cell if either end collapses first. On the extreme end of flattening, some cells

look two-dimensional, so much so that the nanostructures directly beneath them are

distinguishable. (Figure 52) provides examples of different morphologies of E. coli

encountered on the (cicada scale) PET replicas.
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Figure 45. SK1 Yeast Morphologies on Au-Coated (5 nm) PET NSS. a) 10 min
PE. b) 90s RIE (larger sharp cones). c) 60s RIE (larger capped cones). Note the
disturbed region where the cells are adhered (arrow). d) 45s RIE (smaller sharp
cones). e) 30s RIE (smaller capped cones). Note the stretching and deformation of
the nanostructures (arrow). f) No etch (Flat).
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Figure 46. SK1 Yeast Differential Adhesion. SK1 adhered to 60s RIE (capped) PET
nano-cones and maskless surface. a) Low magnification of PET substrate showing
coned regions (darker gray) on either side of maskless central region (lighter gray).
Outlined regions correspond to labeled images. This image clearly indicates a striking
difference in the quantity of adhered cells amongst the adjacent surfaces here. b) Left
portion of image (arrow) is nano-patterned whereas the right portion was maskless.
c) Maskless region showing many adhered cells. d) Nano-patterned region showing
cell adhesion predominately located along striations (arrows) potentially related to
cap removal. Outlined region is image (e). e) Single striation showing localization
of cell adhesion. Outlined region is image (f). f) Source of striation is cap removal
(arrow).

133



Figure 47. Unstable Adhesion of SK1 Yeast on Larger PET Nanocones. a) Original
SEM showing faint damage trail upon adhering to PET substrate. b) Contrast en-
hanced image of (a) clearly showing a trail much like (Fig 44 (f)) and periodic round
scars, which appear to be caused by the budding cell (arrows). This suggest a rolling
cell or perhaps rolling and sliding as the center to center spacing of scars seem to be
larger than the calculated circumference of off axis bud. c) and d) another example of
this phenomenon with the trail again made more noticeable via contrast enhancement
(d). e) and f) higher magnification images of the yeast cell depicted in (c) showing
what appear to be tip remnants of nano-cones (arrow). Perhaps an indication as to
how this phenomenon operates via a sort shedding or sacrificial mechanism.
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Figure 48. Cell-Induced Damage of PET Nanocones. Damage indicating fragility of
90s RIE (larger) PET nanocones. a) Four yeast cells showing two different morpholo-
gies, abnormally flat and the normal ovoid. Outlined regions map to labeled images.
b) and c) feature both flattened cells and show fractured nanocones as they appear
to be stretched to failure. d) A different type of damage as the nanocones have been
laid down much like an impact crater.

Figure 52a shows a micro-colony with mostly normal looking cells, although the stack-

ing does of course obscure the cells below so we can’t see what they look like. That

being said, a closer look at the surrounding cells shows some (arrow) that are flat-

tened with what appears to be cellular contents leaching out. Sometimes the cells

show what might be early stage rupture with the periphery of the cell appearing to

conform to the nanostructures (Figure 52b). Other examples are unmistakably un-

usual morphologies like that of (Figure 52c) where the cell has flattened out so much

that the individual underlying nanostructures are distinguishable.
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Figure 49. SK1 Yeast Adhered to (Smaller) PET Nanocones. These 30s RIE (190
nm) PET nanocones most closely mimic those of the Dog day cicada wing. Notice the
cell-induced damage much like that shown in (Fig 46), showing that even the smaller
PET nanostructures are perhaps too fragile for yeast.

This is nicely contrasted with a normal looking cell (Figure 52d) giving perspective

to the relative increase in projected surface area. This flattening or rupturing was

perhaps more prevalent on the large PET cones, though patchy in presentation.
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Figure 50. SK1 Yeast Tested on Other Polymeric Nanostructures. a) and b)
Polypropylene nano-cylinders showing some damage, particularly near the bud scar
at the front. c) and d) Polystyrene nanocones (190 nm mask) mimicking form of Dog
day cicada wing. Structures appear to be more resilient than PET structures but still
show some failure. e) and f) Polystyrene nanocones (384 nm mask) showing damage
mostly at the tips, but arguably also more resilient than its PET analogue. Note the
self-clustering of the PP cylinders not shown with the PET or PS cones.
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Figure 51. Yeast Adhered to Dog Day Cicada Wing Surface. Top: SK1 yeast inducing
stretching of the nano-cones with no obvious signs of fracture or failure (arrows).
Bottom: Angled view of yeast causing nanostructures to stretch while again showing
no signs of failure. Compared to the synthetic biomimetic nanostructures the cicada
nanostructures appear to be more robust and perhaps reveal a crucial parameter for
the biocidal phenomenon to be realized.
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Figure 52. E. coli (K12) Adhered to Smaller PET Nanocones. a) Looking at the
micro-colony, most cells look normal (rod shaped) but a finer inspection reveals some
cells in direct contact with the surface i.e. not residing atop other cells, showing signs
of spreading or leaking of cell material. b) Perimeter of bacteria showing significant
spreading, appearing to be conforming to the nanostructures. c) Flattened cell, so
much so that the underlying structures are distinguishable through it. d) Comparing
with (c) we can clearly see an extreme contrast between the two morphologies

Figure 53 demonstrates the flattening soundly with cells residing on the flat con-

trols having consistently normal rod-shape morphology (Figure 53a, b) meanwhile the

NSS had patches of cells that had obviously undergone severe morphological changes

with almost all appearing to have the underlying nanostructures visible through them

(Figure 53c-f). (Figure 53d) nicely contrasts the two distinct morphologies (arrows)

on the same NSS.
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Figure 53. E. coli (K12) Adhered to Larger PET Nanocones. a) and b) Flat Pet
surface showing normal rod-shaped cells. c)-f) Larger PET nanocones displaying flat-
tened cell morphology with obvious differences when compared to the flat substrates.
c) Careful inspection reveals that this nano-cone surface presents both normal and
“sunken” cells (arrows), nicely contrasting the different morphologies. The nanocones
are clearly visible through the cell, protruding upward, most obvious in (f) where the
cones can be traced from base to tip.
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Figure 54. E. coli (K12) on PET Substrates Following a 24 Hr Incubation. a)
Flat (native) surface showing tremendous surface coverage (confluence) of E. coli.
b) Larger nano-coned surface showing drastically fewer cells then the flat surface.
Also note the streaks where the cells appear to have been mobile, sliding or rolling,
suggesting that attachment is not always fixed.

It is also important to note that cell-induced nanostructure damage is not as prevalent

with E. coli, supporting that the functionality of a mechanically biocidal surface might

be highly dependent on the mechanical properties of the nanostructures relative to

the cell wall/membrane. Another interesting observation was the overall lack of cells

on some NSS, especially on the large PET nanocones, relative to the flat controls. As

shown in (Figure 53), the difference is extreme.

As with the yeasts, we also tested polypropylene and polystyrene for their bacte-

ricidal potential. Polypropylene nanocylinders had a particularly interesting result of

behaving more like a capturing surface, resembling a Venus flytrap in the way its pro-

trusions envelop the bacteria (Figure 55). There were no signs of bacteria rupturing

on this surface but instead all appeared to be confined by the PP structures, which

could have some interesting applications in its own right. An obvious difference for

E. coli as compared to the yeasts is their significantly smaller size.
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Figure 55. E. coli Adhered to Polypropylene Nanocylinders. a)-d) Cells appear to be
enveloped or captured by the nanostructures.

The yeasts were too big for this scale structure to envelop, however with that be-

ing said one could certainly target structures of appropriate sizes. Polystyrene on

the other hand, behaved much like the PET and demonstrated a range of different

cell morphologies and overall less adhesion relative to the flat controls predominately

with the larger structures. (Figure 56) shows E. coli adsorbed to flat polystyrene

controls and larger polystyrene cones. As shown in (Figure 56a, b) cells residing

on the flat surfaces have consistently normal rod-like morphology whereas the NSS

(Figure 56c-f) shows both normal and abnormal flattened cells. Similarly, we tested

PS surfaces with the smallest nanostructures i.e. those fabricated using the (85 nm

masking spheres). This NSS, shown in (Figure 57), has a characteristic roughness
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that is vastly different from that of the previous “large” coned PS surface. According

to previous measurements and calculations, the packing density of underlying struc-

tures is approximately 30x higher for the “small” structures of (Figure 57) compared

to the “large” structures of (Figure 56). These densely packed nanostructures with

their small tip curvature appear to promote flatter cell morphologies more consis-

tently than the larger cones. (Figure 57a, b) show E. coli adsorbed to the slightly

roughened “maskless” region of the substrate displaying normal rod shaped morphol-

ogy. Contrasting this, on the same sample, (Figure 57c, d) shows cells adsorbed to the

nanostructures that are in flattened states. The flattened appearance of the cells in

(Figure 57c) are ubiquitous on this particular surface, perhaps resulting from the cells

conforming to the roughened surface via attractive forces. Under a sort of conserved

or fixed cell surface area constraint, i.e. the cells can only stretch so much before

rupturing, this could represent a morphology that is near that threshold. (Figure

57d) demonstrates a particularly deformed neighboring cell that has likely crossed

the threshold and ruptured. This notion of cells conforming or shaping to rough or

structured surfaces and the overall effect it has on their shape is well demonstrated

by the adsorption of E. coli to the polystyrene masking spheres directly. The spheres

beautifully serve to exhibit this in that they generate a substrate with consistent

and controllable curvature that is well defined, unlike that of the etched geometries.

(Figure 58)shows E. coli adsorbed to a monolayer of 190 nm diameter PS spheres and

a monolayer of 384 nm PS spheres. The top two images (Figure 58a, b) depict cells

that have conformed to the surrounding 190 nm spheres, resulting in substantially

flattened morphologies. Conversely, the cells in the bottom two images (Figure 58c,

d) are adsorbed to the 384 nm spheres and appear rather normal in shape.
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Figure 56. E. coli (K12) Adhered to (Larger) Polystyrene Nanocones. a) and b) Flat
PS showing normal rod-like cell morphology. c)-f) Larger nano-coned PS showing
some normal looking cells but also shows some fully flattened cells (c) and (f), and
some partially deformed as well (d).

The significantly reduced adsorption/adhesion characteristics of the “larger” coned

substrates relative to the flat surfaces that was unveiled during the morphologies

studies with yeasts and bacteria encouraged further targeted investigations of it.
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Figure 57. E. coli K12 Adhered to (Smallest) Polystyrene Nanostructures. a) and
b) maskless/slightly roughened PS showing normal rod-like cell morphology. c) PS
nanostructures (sub 100 nm masking spheres) with cells that look substantially flatter
than those in (a and b). d) An example of the more extreme flattening that reveals
the underlying nanostructures.

Initially I studied the cellular retention of “large” (400 nm) PET cones (gold-coated

and non-coated) relative to flat PET controls (gold-coated and non-coated) follow-

ing overnight incubations of S. cerevisiae (SK1-CAN1) and E. coli (K12). Adhe-

sion/retention was quantified using a wash assay adapted from [HWT+13,EATL+11]

with plate counts to approximate surface density of adhered viable cells (CFU/mm2).

Following incubation the substrates were gently washed 3x in PBS to remove any

non-adhered cells at which point they were vigorously vortexed to remove adhered

cells. The cell suspensions were serial diluted and plated to allow for colony counts.
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Figure 58. E. coli (K12) Adhered to Nanosphere Masks. a) and b) 190 nm
spheres with flattened cell morphology. c) and d) 384 nm spheres with normal rod-
shaped/cylindrical cells.

Extrapolations of dilution counts revealed the approximate number of cells adhered to

the NSS and controls. These counts along with the measured areas (Figure 59a) of the

surfaces provided number densities of cells adhered to the various surfaces. The data

shown in (Figure 59b, c) is from two independent experiments each with quadrupli-

cated samples, matching shape identifiers above bars indicate statistical significance

p < 0.05. (Figure 59b) is the data from S. cerevisiae (SK1-CAN1) whereas (Figure

59c) is that of E. coli (K12). In general the flat surfaces showed higher retention

than the NSS with the gold-coated consistently higher than the non-coated/native

surfaces. The gold-coated flat controls exhibited the highest average retention, while
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the non-coated/native NSS showed the least. The non-coated NSS are of course ex-

tremely hydrophilic as the CA measurements earlier showed, which tends to suppress

adsorption in aqueous environments [CMA13]. The bacteria showed greater numbers

overall compared to the yeast, not surprising as they multiply faster and therefore

after 16 hr significantly more were exposed to the surfaces. The results of overall

lesser cell retention amongst these “larger” coned NSS suggests that employing this

patterned geometry effectively reduces the attractive forces or attachment abilities

allowing the cells to be easily removed.

Adhesion studies of three isogenic strains of S. cerevisiae (Figure 60), having

differential FLO11 expression, were performed on PS NSS. FLO11 is a gene encoding

the cell surface glycoprotein or “adhesin” Flo11p that confers hydrophobicity-based

adhesion to abiotic surfaces in S. cerevisiae [RF01, VRF04]. Hydrophobicity tests

employing the microbial adhesion to hydrocarbon (MATH) assay have shown that

FLO11 cells (TBR1) display substantially higher hydrophobicity with 12% retention

in the aqueous phase relative to 91% with flo11∆ cells [RF01]. The photograph

in (Figure 60) indicates that flocculation takes place more readily with the TBR4

strain, suggesting that the hydrophobicity of these FLO11 overexpressing cells is

even higher. As we’ll see this phenotypic response likely has consequences involving

adhesion stability during washes and fluid shear. These strains provide us the ability

to test the adhesion resistance of the “larger” coned NSS more precisely due to our

understanding of the underlying mechanism by which they adhere to abiotic surfaces.

Initially we investigated the adhesion of the hyper-adherent (TBR4) strain to gold-

coated “large” coned PS NSS and flat controls (Figure 44) using a technique adapted

from [RF01].
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Figure 59. S. cerevisiae (SK1-CAN1) and E. coli (K12) adhesion study. a) Examples
of substrates used in the experiments (left) and duplicate pairs of E. coli plates (right)
with the left column being gold-coated flat controls and the right column being gold-
coated NSS. The plates clearly show a substantial difference in cell retention of the
corresponding surfaces. b) Data from (SK1) experiments and c) Data from (K12)
experiments. Matching shape identifiers above bars indicate statistical significance p
< 0.05.

Mid-log phase cells were suspended in YPD (0.1% w/v glucose) to encourage

adsorption and applied to surfaces for 1 hr at 30◦C. Substrates were gently washed

3x in DI water, stained with acridine orange (AO) and propidium iodide (PI) each

at 1 µg/mL for 10 minutes, then rinsed [Koh00, PPA+89]. Samples were viewed at

10x magnification, with 10 images captured per sample using a Zeiss spinning disc

inverted confocal microscope.
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Figure 60. Haploid S. cerevisiae/ FLO11 Mutants. Three strains displaying differ-
ential FLO11 expression.

Projected area measurements of adhered cells for each channel (AO) and (PI) were

made in ImageJ 1.47v. Corresponding images of each channel were superimposed to

generate composite images to display PI/AO staining (Figure 61a). The images pre-

sented correspond to the range and median values of sampling data (projected area)

and provide for better visualization of its distribution. As (Figure 61b) shows, the

gold-coated NSS showed significantly less cell retention, about 95% less area cover-

age compared to the gold-coated flat surfaces. However, the PI/AO data indicating

percentage of dead cells is inconclusive and we simply can’t say whether the NSS are

having a biocidal effect according to this data.
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To get an even better idea of the adhesion resistance of such NSS and to also

investigate FLO11 affects we repeated the experiment on all three strains with slight

modifications made to the procedure. All three strains (mid-log phase) were inde-

pendently applied to gold-coated NSS and flat controls in the same manner as before

except incubation was extended out to 3 hrs to allow the cells to settle more. The

surfaces were washed in a consistent manner as before to discard any non-adhered

cells. It was immediately obvious upon agitation that the NSS were shedding the vast

majority of cells that had settled on them, contrasting the flat controls that were not.

Cells that did remain on the surfaces were stained with (AO) only, as we wanted to

target cell retention without added complexity or delay. To demonstrate the scope of

differential cell retention between controls and NSS, images were captured through the

eyepiece at both 4x and 20x for large FOV and to better resolve the denser cell flocs.

These images for (TBR1) and (TBR4) are displayed in (Figure 62), while (TBR5) was

omitted because no cells were found to remain on either surface even when inspected

with SEM later. Inspection of (Figure 62) not only reveals the immense differences

between controls and the NSS but also shows distinct differences between (TBR1)

and (TBR4) in terms of their distribution across the surface. (TBR1) appears more

diffuse and evenly dispersed across the surface whereas (TBR4) has a clumped or

splotchy appearance with incomplete coverage, though cell regions are denser and

therefore brighter. To quantify cell retention or adhesion for comparison between

(TBR1) and (TBR4), especially on the controls, it is insufficient to simply look at

projected area or 2D coverage due to their differential packing densities. Only doing

this could result in (TBR1) showing substantially greater coverage without factoring

in the packing and stacking of the cells.
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Figure 61. S. cerevisiae (Hyper-Adherent TBR4) Retention Study. a) Confocal
micrographs of acridine orange (AO/green) and propidium iodide (PI/red) stained
cells revealing obvious differences in cell affinity between gold-coated flat and NSS
polystyrene. Images are sampled based on projected area measurements and orga-
nized to help visualize the respective distributions. b) Projected area of adhered cells
as a fraction of image area for both (AO) and (PI) as well as the fraction (PI/AO) des-
ignating percentage of cells with compromised membranes. Matching shapes denote
statistical significance p < 0.05.
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Figure 62. Retention Study All FLO11 Mutants. S. cerevisiae (background strain
TBR1 and hyper-adherent TBR4) retention on gold-coated flat PS controls and
“large” coned PS NSS after 3hr incubation and three washes to remove non-adhered
or loosely adsorbed cells. Stained with acridine orange.

Taking this into consideration we collected raw integrated density (Raw I.D.)

values (pixel sums) allowing for relative intensity comparisons and thereby factoring

in packing density and stacking to some degree. Ten images were taken using the 4x

objective, with the camera subsequently introducing ≈ 2x magnification. Background

subtraction was performed using the rolling ball algorithm in ImageJ with radius 50

pixels followed by noise reduction with a median filter (Figure 63).
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Figure 63. Quantifying Cell Retention. Technique used to collect data on fractional
projected area and raw integrated density values for quantifying cell retention. a)
Raw 8-bit image of (TBR4) on gold-coated flat control and adjacent plot of pixel
gray values corresponding to the horizontal line through the image. b) Processed
image to remove background accompanied by pixel gray value plot. c) Threshold
applied to image with data collection restricted to it.
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Figure 64. Cell Retention Summary for 3hr Incubation. Matching shapes above bars
indicate statistical significance p < 0.05. Note that % Area data shows greater TBR1
retention on controls yet TBR4 remained on the NSS better.

This was followed by manually establishing a brightness threshold to define or

identify the cells from which to collect fractional projected area and Raw I.D. data.

Results of cell retention for (TBR1) and (TBR4) are summarized in (Figure 64)

with matching shapes above the bars symbolizing statistical significance with p <

0.05. Inspection of which reveals that while (TBR1) displayed significantly higher

fractional coverage to the gold-coated controls compared to (TBR4), the opposite

is true for the gold-coated NSS. Unfortunately, cross comparisons of Raw I.D. were

inconclusive leaving the question of overall cell numbers unanswered.
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That being said, the data does show that while the ratio of mean % Area of

(TBR4/TBR1) is 75% the corresponding ratio for Raw I.D. is 96%, suggesting that

tighter data could show (TBR4) having as many of more cells on the control surfaces.

It is also important to realize that saturated pixels, especially with (TBR4) could be

a source of losses especially at these low magnifications. Higher magnification images

would likely resolve these issues allowing for more accurate relative intensity mea-

surements and area measurements. Apart from cross comparisons between strains,

we did quantify the extreme differences already apparent from the images shown in

(Figure 62).

(TBR1) showed ≈ 500x cell retention in both fractional area and Raw I.D. data

on flat controls over NSS whereas (TBR4) showed ≈100x. To better visualize the

distribution, sample images were used to represent the range and median values of

both (TBR1) and (TBR4) retention on the two surfaces (Figure 65). As we can

see, (TBR4) is clearly patchier than (TBR1), resulting in larger variances for both

data types. Related to this are the undoubtedly larger flocs seen with (TBR4) on the

NSS, a likely source of the greater area fraction results over (TBR1). These flocs were

highlighted in the photographs of (Figure 60), and likely a product of the exaggerated

hydrophobicity of these FLO11 overexpressors. These larger cell clusters could help

with anchoring i.e. providing a larger footprint and more contact points on the NSS.

However, when the cells accumulate in larger numbers as on the flat controls, the

heightened cell architectures of (TBR4) could increase drag and decrease stability,

making them easier to detach from the surface or each other during washing.

As an aside, (Figure 66) demonstrates a technique developed to provide rapid and

accurate cell coverage data with intentions of being utilized in future work.
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Figure 65. Sample Images of S. cerevisiae Retention Study. Images of S. cerevisiae
(TBR1) and (TBR4) on PS surfaces, representative of data distribution and allow-
ing for better visualization of the vast differences between the surfaces and overall
architecture of adhered cells.

This technique utilizes convolution using a Gaussian function and appropriate radius

of decay σ, chosen to weight the proximal pixels of the cells more heavily, allowing for

better definition of the cells (Figure 66, F1). As shown in (Figure 66, F2), this allows

for better thresholds to be established, distinguishing cells from the surroundings,

and avoiding losses such as those shown in the unfiltered image (Figure 66, B2). This

technique is particularly useful with images where cells are congested and not easily

defined using elliptical fits and traditional cell counting techniques.
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Following fluorescent imaging, the samples were prepped for SEM work to fur-

ther investigate this anti-adhesive phenomenon. A particularly interesting discovery

was made with further investigation of a very dense region of cells remaining on a

partially masked NSS, initially noticed during fluorescence imaging (Figure 67). Us-

ing the SEM, it was confirmed that the contrasting cell retention was localized to a

“maskless” region that was slightly roughened by RIE, but had no patterned geometry.

This roughened region, resolved in (Figure 68d), appears to greatly enhance adhesion

perhaps beyond that of the flat controls. As shown in (Figure 67), the disparity of

cell retention between the roughened region and coned region is so great that the

respective regions are actually distinguishable at low magnification, in fact it can be

seen with the naked eye. Amazingly, at higher magnification we can see how tightly

the cells are confined to the roughened surface. For a full appreciation of the efficacy

of such anti-adhesive NSS it must be emphasized that the cells were allowed to settle

onto the surface during incubation, meaning that the entire surface in (Figure 67)

was covered in cells. Implied here is the notion these particular surfaces and per-

haps others of similar nanostructure dimensions and arrangement have an incredible

ability to shed cells easily when experiencing hydrodynamic forces or washing. It

also must be emphasized that this is not the self-cleaning “lotus-effect” phenomenon

associated with superhydrophobic surfaces, as the gold-coated NSS are only slightly

hydrophobic with static CA ≈ 100◦. A closer look at the adhered yeasts, (TBR1 and

TBR4), reveals certain characteristics such as the greater clumping and associated

taller architectures of (TBR4), again adding complexity to quantifying cell retention

(Figure 68a and Figure 69a). Surprisingly, it was discovered that the cells also cause

damage to the flat and “roughened” surfaces with what appears to be a peeling off of

157



a shallow layer of the polymeric surfaces (Figure 68b, d and Figure 69c). Comparing

this with the NSS damage, it can be argued that “effective” interaction area of cells

with the flatter surfaces is substantially higher than this particular NSS, perhaps the

reason for greater desorption.

As the nanostructures shrink in size and pack more densely, the “effective” interac-

tion area increases, approaching a planar surface in the limit and improving adhesion

and retention. While further adhesion studies need to be made to confirm this, we

already have evidence that appears to support this. I discovered localized cell ad-

hesion to previously coned regions that had been abraded, prior to cell deposition,

resulting in a roughly featureless surface. That being said, there appears to be a

roughness regime at smaller scales showing improved adhesion beyond that of the

“flat” surface, something else we will further investigate. Other traits observable with

the SEM include 20 - 30 nm cell-surface extensions noticeable on both strains but

perhaps in greater density on (TBR4), following detachment of previously cohered

cells. The detachment of cohered cells is particularly interesting when considering

the tall multi-cell architecture of (TBR4), as it might be more vulnerable to this de-

tachment due to increased hydrodynamic drag. We also see cells collected in regions

protected from fluid forces, such as crevices or ridges (Figure 70a, b). Of the small

populations of cells, both (TBR1 and TBR4), remaining on the NSS we did find some

with distinct flattened morphologies. Once again, these cells were so thin that the

underlying nanostructures were noticeable through them (Figure 68e, f and Figure

69f).
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Figure 66. Technique for More Accurate Area Measurements. Demonstrated with
SEM image of TBR1 on flat control. Left column: rolling ball algorithm to remove
background followed by manually defined threshold, but unable to define entire cell
regions without bleeding into background due to brightness overlap thereby leaving
portions of cells excluded from threshold. Right column: Added Gaussian filter/blur
following background subtraction to allow for better cell distinction and more accurate
area determinations. Without the filter the area fraction is ≈ 20 %, whereas the
filtered image ≈ 30%.
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Figure 67. Extreme Display of Differential Adhesion. Partially masked “larger”
coned PS NSS displaying extremely different TBR4 retentions between the “mask-
less” slightly roughened (dark gray) regions and the patterned cones (light gray). a)
Left side: fluorescence image of region with a large non-masked area having dense
cell coverage remaining after washes. Outlined region corresponds to adjacent SEM
image, with matching arrows for reference. Not only is the cell coverage rather dense
on the roughened surface, even compared to flat controls, but also it distinctly maps
the roughened region in a confined manner. (b-e) point out regions with relatively
diffuse cones also functioning to prevent cells from sticking, these regions behaving
like a transition zone are nicely contrasted by adjacent “maskless” areas. Amazingly,
any area of adequate size with an absence of cones supports cell retention e.g. (black
arrows) in (e, c). Images (f, g) emphasis the confined and discrete nature of the
cell adhesion as well as the clumping of TBR4. Interestingly, one of the few cells
managing to cross over to the NSS is seen in a flattened state (f, arrow).
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Figure 68. SEM of TBR4 from Polystyrene NSS Retention Study. Scanning electron
micrographs of TBR4 from gold-coated polystyrene NSS retention study. a) Larger
flocs of cells extending well off the surface of flat controls, several cells tall, were
common and an important factor in the fluorescent studies of retention as a source of
uncertainty. b) Damage caused to flat PS control beyond the top-most 5 nm sputtered
gold layer (white and black arrows). c) Cell separations revealing filaments ≈ 20 -
30 nm in cross-sectional diameter. d) Damage to “maskless” roughened regions, the
regions highlighted in (Figure 67) promoting cells retention perhaps beyond that of
the flat controls. (e, f) Both flattened and normal ovoid morphologies, with flattened
cells revealing substructures as well as slight nanostructure damage (arrows).
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Figure 69. SEM of TBR1 from Polystyrene NSS Retention Study. Scanning electron
micrographs of TBR1 from gold-coated polystyrene NSS retention study. a) Smaller
flocs of cells typically no more then 2 to 3 cells tall were common to this strain during
these studies, an important factor in the fluorescent studies. b) Cell separations
revealing filaments ≈ 20 - 30 nm in cross-sectional diameter. c) Damage caused
to flat PS control beyond the top-most 5 nm sputtered gold layer (arrow). d) An
unusual densely packed region on the NSS, but of course still minimal compared to flat
surfaces. e) Cluster of cells with no discernable morphological changes but perhaps
some structure damage lower right. f) Contrasting (e) these cells have obviously
flattened and spread out to the point that the substructures are discernible through
the cells.
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Figure 70. Other Factors Affecting Cell Retention. a) A lip or ridge around the
perimeter of the surface act to collect mobile cells during the washes, what we refer
to as the “guttering” effect. This was also noticed at times on other NSS such as the
cicada wings, whereby the wing veins functioned in this manner. b) Depressions can
also function as the ridges do to collect cells by protecting them from disturbances such
as fluid motion. (c, d) show a damaged region of the “large” coned PS NSS having
collapsed cones thereby presenting a flattened surface to the cells and resulting in
localized retention. This basic undoing of the NSS and the resulting adhesion of the
cells further elucidate this NSS functionality.

5.4 Discussion

Microbial adhesion to surfaces is ubiquitous and the first step to pathogene-

sis in medical device related microbial infections and biofilm development [VRF04,

GLSMB07]. Attachment to abiotic surfaces is initiated by non-specific or passive

adsorption via physico-chemical interactions [CMA13]. Depending on cell species,

cell strain, and environmental conditions including the surface to which they ad-
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sorb, active adhesion mediated through adhesion proteins termed adhesins may oc-

cur [CMA13]. Beyond specific adhesion, biofilm development including extracellular

material ECM production may occur and is often associated with antibiotic resis-

tance [FM11]. Microbial adsorption is driven by mass transport, classical DLVO

interactions including Van der Waals and electrostatic interactions, and non-DLVO

interactions including hydrophobic effects, hydration pressure, and hydrogen bond-

ing [CMA13,GSB+02]. Developing anti-fouling or anti-infective surfaces is perhaps

the best remedy to such nuisance biofilms and the tremendous problems they create.

Such surfaces may function to passively inhibit cellular adsorption or perhaps act

in a lethal manner towards adhered cells. Some surfaces may take advantage of the

self-cleaning superhydrophobic phenomenon or “lotus” effect, often realized through a

hierarchical micro/nano-topography using intrinsically low surface energy hydropho-

bic chemistries [YGB11,BBDKB11]. Non-wetting surfaces will reduce the ability of

the aqueous cell suspension to spread and in some cases will result in a film of air

preventing even submerged surfaces from wetting. An example of such air-retaining

surfaces is provided by the water boatman Notonecta glaucathen whereby hierarchi-

cal setae and microtrichia allow air-films to persist for more than 120 days under

water [BBDKB11]. Some synthetic surfaces have been developed which mimick this

and have proven to be quite successful at remaining clean, though they can be very

sensitive to abrasion and non-polar contaminates. Other surfaces can be anti-fouling

by utilizing surface roughness designed to minimize interaction area between bacteria

and the substrate. Great examples of this are the anti-fouling skins of sharks and

other sea creatures, that are in a particularly problematic environment. Take one look

at the hulls of ships at sea for a long time, they can be decorated perhaps saturated
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with crustaceans and other organisms, the effects of which costs billions annually.

Shark skin denticles with microtopographical ridges and pilot whales with nano-ridge

enclosed pores show a remarkable ability to resist fouling by reducing the area to

which microbes can adhere [GTH+12,PLW09,BMS+02]. Many different bio-inspired

surfaces have been generated in a range of materials. Unidirectional polishing of

stainless steel can generate micro-topography, reducing bacterial adhesion by a factor

of 10 compared to unpolished steel, etched pits in titanium show pit size dependence

on bacterial retention, and polydimethylsiloxane (PDMS) elastomer is used to mimic

shark skin [GTH+12,WCV05,ABBP06,CSS+07]. It should be mentioned that many

of these anti-retention or anti-adhesion surfaces likely work best when there is relative

motion of the fluid or hydrodynamic shear working cooperatively with the structured

surface to prevent cells from sticking.

Other antimicrobial surfaces function as biocides, primarily relying on coatings

or impregnation of bioactive compounds such as silver, conventional antiseptics, and

polycationic materials [IHW+12, CMA13]. While very effective as a biocide, they

have their drawbacks, as leaching, cytotoxicity and incompatibility, and effective

life spans including microbial resistance are major concerns when applied to inva-

sive medical instruments and devices or prosthetics [KERJ+07,CMA13]. As it turns

out, the more recent discovery of mechanically induced microbicidal activity of select

nano-topographies might be able to alleviate some of these concerns. Perhaps nano-

topography could even be used in conjunction, as a composite or hybrid approach,

with other microbicidal active components to increase efficacy.
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However, in order to utilize such surfaces and to better understand their mechanisms

as well as limitations more work needs to be done.

In this work I fabricated a variety of insect inspired nano-structured surfaces in

common synthetic polymers including polyethylene terephthalate (PET), polystyrene

(PS), and polypropylene (PP). These polymers likely resemble insect cuticle in their

mechanical properties more than silicon or other inorganic materials and are also more

likely to be used in relevant applications. Using nanosphere lithography (NSL) with

three different diameter PS nanospheres allowed me to generate an analogous surface

to the Dog Day cicada wing, proportionally smaller and more densely packed nanos-

tructures, and proportionally larger and less densely packed nanostructures. These

various nano-structure sizes and spacings centered about that analogous to the Dog

Day wing allowed me to test for geometry dependence in addition to pure translation

of biocidal activity. Due to the various surface chemistry modifications accompany-

ing plasma and reactive ion etching, it was necessary to mask the surfaces. Staying

consistent with other works, I sputtered ≈ 5 nm gold coating to all surfaces, which

appeared, through water contact angle measurements, to be quite effective in masking

the plasma-modified surface chemistries. Initially, diploid S. cerevisiae (SK1-CAN1)

were tested on the large and medium PET nanocones, the smaller of the two best

mimicking the Dog Day cicada. It was immediately obviously that rupturing was sup-

pressed and instead the structures themselves appeared to be failing. Some structures

were laid down as the yeast appeared to almost impact them while others were pulled

apart. The PET structures were so supple, especially the larger, that a combination

of rolling and sliding motility of yeasts were recorded as a path of trampled structures

and a periodic budding cell impact. Interestingly, Guillemot et al suggest this sort
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of motility as the primary mechanism for detachment under shear flow according to

calculations. In shear flow experiments they determined the adhesive forces of two

S. cerevisiae strains, one smaller laboratory strain and the other larger industrial

strain, to have adhesive forces to polystyrene of 6 ± 2 nN and 11± 8 nN respec-

tively and concluded these to be indicative of the non-specific interactions between

the yeast and the surface [GLSMB07]. The rolling in my work was only noticed on the

larger structures, perhaps signifying a weaker adhesion than the smaller more densely

packed structures. All structures showed damage with SK1 cells but it did appear

that the large PET cones were the most easily damaged. Interestingly, regardless

of the cells, the nanocones of PS and PET behaved differently than the cylindrical

PP structures. The cones did not self assemble into clusters under capillary forces

during drying as the cylinders did. Analogous to the capillary forces attributed to

colloidal crystal assembly, evaporation-induced clustering of polymer nano-pillars can

occur as demonstrated in [KPMA10]. This is likely the cause of the engulfing of the

bacteria by the same PP structures, as they are supple enough to wrap the smaller

cells during drying. The cone geometry is likely better suited to withstand this effect,

but something for further investigation. The suppression of biocidal activity with

SK1 is potentially the result of structural differences between the synthetic polymeric

nanostructures and the cicada wing nanocones. While the nanocones of the cicada

will bend and stretch the adhered cells, I have yet to observe the cicada wing struc-

tures failing in the manner to which each of the synthetic polymers did. This could

very well be the result of mechanical degradation during the plasma processing as

mentioned in the previous chapter. As it directly relates to the proposed microbicidal

mechanism in [IHW+12], I suspect that the structures underneath are perhaps failing
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under compressive load. Focused ion beam milling might reveal the answer as to

whether or not they are and it certainly didn’t show the cicada nanostructures failing

in (Chapter III, Figure 19). Interestingly, E. coli appeared to be more susceptible

to the structures even in their weakened state, suggesting a balance between struc-

tural properties of the nanostructures and cells. According to Deng et al, the mean

axial and circumferential Young’s moduli of living E. coli are approximately 23 and

49 MPa respectively, whereas S. cerevisiae is ≈ 150 MPa [IHW+13,SZT+00,DSS11].

These structural differences could be fundamental to such inconsistent behavior. In

addition to this, the microbicidal studies alerted me to the obviously different adhe-

sion or cell retention of the various surfaces as compared to the flat controls. Both

S. cerevisiae (SK1) and E. coli showed a dramatic reduction in cell retention on

the larger cone nanostructures of PS and PET. Adhesion studies using plate counts

confirmed that there were indeed differences but a cleaner technique needed to be

applied to investigate the actual scope of these differences. Using isogenic S. cere-

visiae strains (TBR1, TBR4, and TBR5), having differential FLO11 expression, and

visualizing adhered cells with fluorescent dyes, we could better investigate cell reten-

tion. Initially only the hyper-adhesive TBR4 was tested under short incubation, and

they demonstrated significantly different retention to the coned surfaces than to the

flat controls. However, the inverted confocal microscope presented challenges, so the

experiments were done on an upright scope with all three strains. Longer incubation

times and allowing the cells to settle generated an amazing contrast between both

TBR1 (background) and TBR4 relative to the flat surfaces. TBR5 (non-adherent)

didn’t remain at all on either surface and therefore was dismissed from the study.

TBR1 and TBR4 showed great differences in their remnant architecture, with TBR1
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more evenly distributed and TBR4 more clumpy and stacked. While both strains

were two orders of magnitude greater in area coverage on the flat surfaces relative to

the cones, TBR4 demonstrated significantly greater retention on the cones relative

to TBR1. This result suggests that the greater hydrophobicity of TBR4 was better

able to take advantage of the reduced “contact” area where hydrophobic interactions

dominate [Her99]. The differences based on raw integrated density calculations of

the flat controls could not be resolved at the magnification used. However, the co-

hesive nature of TBR4 as shown with the flocs in suspension, along with the SEM

images, suggests that they are much more structured on the surface than TBR, which

certainly influences quantifying adhesion. Preliminary observations show that the ad-

hesion to roughened or micro/nano-structured surfaces is hard to generalize. This is

nicely demonstrated by the extreme contrast of densely packed cells, perhaps more

than the flat control, on the slightly roughened “maskless” region compared to the

coned region. Both surfaces are “rough” but behave very different, and much like the

shark denticles and whale skin, the large coned surfaces shed microbes easily. Future

studies will investigate the role that geometry and spacing have on this ability.
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CHAPTER VI

CONCLUSION

Bioinspired and biomimetic innovations and their adaptations towards the ad-

vancements of our technologies have only recently been formally defined, yet our

ancestors had been looking to nature for assistance long ago. From using the poison

harvested off the backs of frogs to take down large tree dwelling prey, to designing

flying machines, bioinspired innovations are common. That being said, I believe the

targeted approach towards the screening of nature for ideas and solutions to particu-

lar challenges we face, through the clever recognition, though not always obvious, of

the interplay between organisms and their environment is a newer paradigm. This is

likely due in part to our greater cumulative knowledge of science, and the resulting

technologies accelerating future discoveries. For instance, many of the observations

made in this work couldn’t have been made until the arrival of the scanning electron

microscope less than a century ago.

In this work I investigated the antimicrobial or more specifically the microbicidal

activity of various nanostructured insect wing topographies including Tibicen tibi-

cen (Dog Day annual Cicada), Magicicada septendecim (Brood II periodical cicada),

and Progomphus obscurus (Common Sanddragon) using the model yeast S. cerevisiae

[Chapter III, Figure 9]. Controlling for chemistry with a gold coating, it was shown

that the cell rupturing activity is dependent on nanostructure geometry and relative

adhesion strength of the two strains (SK1 and W303). It was also concluded that

the narrower tip and higher aspect ratio nanostructures of Tibicen tibicen and Pro-
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gomphus obscurus were generally more effective at reducing viability of adhered cells.

Scanning electron micrographs showed abnormal cell morphologies resembling those

of ruptured bacteria depicted in similar studies [Chapter III, Figures 17-19].

These findings of mechanically induced microbicidal activity along with others

motivated my nanofabrication of analogous structures in common synthetic polymers

to test for translation of microbicidal activity. Using nanosphere lithography (NSL) I

fabricated patterned nanostructures, analogous to those of the Dog Day cicada wing as

well as proportionally larger and smaller to allow for further investigation of geometry

dependence. Polyethylene terephthalate, polystyrene, and polypropylene were used as

the synthetic substrates to which the patterned structures were transferred, as they

are more resembling in material properties when compared to silicon for example.

Interestingly, their differing chemistries resulted in unique structure geometries and

mechanical behavior. The NSL technique used for the biomimetic surfaces in this

work proved to be a very effective and efficient means to generate scalable geometries.

Additionally, the technique is flexible in terms of substrate chemistry as well as its

ability to generate hierarchical structured surfaces.

Microbicidal testing of the bioinspired surfaces brought forth many interesting re-

sults. For one, they exposed the fundamental importance of nanostructure mechani-

cal properties pertaining to the rupturing of microbes. The synthetic nanostructures

demonstrated suppressed microbial activity and consistent structural failure, never

observed with the natural Dog Day cicada nanostructures. I suspect superficial me-

chanical degradation due to the plasma environment, primarily that of vacuum ul-

traviolet light VUV, is responsible for weakening the structures and deactivating the

microbicidal response. Observations made during these experiments, especially with
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the larger coned surfaces, lead to the hypothesis that the structures could actually

inhibit cell retention during washing, attributed to a reduced effective interaction area

resulting from the nanostructure geometries and packing. In other words, while the

overall surface area with the larger cones increased relative to the flat, the area avail-

able for appreciable interaction was suppressed, as the rest was negligible due to the

spatial dependence on such physico-chemical interactions. In general, it seems taller

more steeply sloped and less densely packed structures are most effective regarding

this anti-adhesive behavior.
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