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The use of surface topographical microstructure is abundant in nature.  The lotus plant 

uses a fractal-like topography to create a highly non-wetting surface that self-cleans as water 

drops take dirt particles with them as they roll off.  Analysis of how topography affects surface 

interactions offers a unique opportunity to attack a problem that affects our economy and societal 

health significantly.  The attachment of biological material to manmade surfaces can be looked at 

as fouling or directed adhesion.  Marine fouling on ship hulls costs the United States $600 

million each year due to increased fuel usage caused by drag.  Hospital-acquired methicillin-

resistant Staphylococcus aureus infections cause thousands of deaths annually as a result of 

colonization of hospital surfaces.  The lack of biocompatible synthetic surfaces for implants such 

as vascular grafts lead to restenosis as cells are unable to develop a natural interaction with the 

graft surface.  In each circumstance there is much to learn about the complicated attachment 

process.   

This work expands the investigation of the role of topography in the attachment of the 

green fouling algae Ulva linza to poly(dimethylsiloxane) surfaces.  Spore attachment density was 

correlated to the Wenzel roughness ratio on low surface energy, high-modulus 

poly(dimethylsiloxane)-grafted-silicon topographies.  The role of topography on a scale less than 
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the size of a spore was investigated on nano-roughened poly(dimethylsiloxane) elastomer 

surfaces.  For a specific group of patterns, the spatial distribution of spores attached to 

topographies was quantitatively analyzed and shown to correlate with feature dimensions.
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CHAPTER 1 

INTRODUCTION 

Scope of Research 

Settlement and adhesion of microscopic organisms to substrata is a diverse area of 

research with significant implications on societal health, defense and economy.  Such biological 

attachment is either categorized as a fouling process with negative implications for the substrata, 

or as a directed adhesion where a proliferation of certain cells is desired.  In the marine 

environment, biological fouling of ships’ hulls has multiple consequences.  It costs the world 

fleet over $2.4 billion annually in terms of cleaning and increased fuel costs, reduces a military 

ship’s performance, and has the potential to spread invasive foreign species from one environ to 

the next.
1
  Bacterial colonization transmitted to patients via hospital surfaces, known as 

nosocomial infections, is a significant problem in today’s medical environment.  Methicillin-

resistant staphylococcus aureus (MRSA) alone caused 18,650 deaths from July 2004 to 

December 2005 due to infections acquired during hospital stay.
2
  Medical implants also 

encounter a significant problem with bacterial infections, often due to the implant surface having 

a reduced resistance to colonization compared to actual tissue.  An improved engineered surface 

for such implants is desired both to target these infections but also to create a more 

biocompatible joint with the implant site.  In particular, the interface between the implant surface 

and immediately adjoining tissue should to adopt a natural confluence and morphology.  

Engineering such a surface requires knowledge of how surface morphology, topography, and 

energy effect how cells behave when in its proximity. 

From a materials science perspective, this problem is quite complicated.  First, there is 

the diversity of biological objects at all scales, including proteins, cells, micro- and macro-

organisms that are present in the real environment in which a surface will be placed.  Second, the 
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statistical variation of biological responses within a given experiment and between experiments 

is quite large even when working with large numbers of organisms.  This is especially true given 

the timescale of certain studies.  Subsequent experiments can be separated by relatively long 

times, which allows a host of factors to be altered, if even slightly, in the interim.  Third, even 

microorganisms have developed a number of settlement and attachment cues.  While it is the aim 

of research such as this to investigate, isolate, and exploit these cues, care must be taken when 

making conclusions based upon experiments done within carefully structured boundaries.  The 

organism has evolved to evaluate a surface for favorable and unfavorable characteristics based 

upon environmental conditions it will have to endure over its lifetime.  This is based upon the 

real environment in which a given organism will adhere to a surface and then grow and thrive.  

Most experiments of a reasonable duration will only encounter conditions set up by the 

interaction of the surface and adherent at early or other select stages of life on the surface.  

Furthermore, and finally, it would do well to remain abreast of the outlook that such work as this 

is done to engineer a surface which is, in essence, directly competing with nature.  As mentioned 

above, MRSA is an excellent example of biological objects’ ability to adapt to such competition. 

Given such complexity, isolating some of the factors involved in the attachment process 

of a given organism aids in investigating the attachment cues.  An overall goal is to develop a set 

of physical relations that relate these cues to basic thermodynamic and kinetic considerations.  

Here one complication that can arise is one cue having a greater preference assigned to it than 

others in certain conditions.  One may arrive at equations that are very non-monotonic.  Terms 

may be turned on or off depending on such diverse factors as hydrodynamic conditions, surface 

energy, adherent concentration, and even time of year.  In this way, while isolation of variables 
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aids development by providing some clarity, interactions between factors is of prime importance 

in a picture of the overall system of attachment. 

The aim of this work is to isolate selected factors in the attachment of the marine alga Ulva 

linza zoospores to engineered surfaces.  Surfaces were designed and fabricated based upon an 

attachment model initially built upon a dimensionless ratio of topographical and surface wetting 

variables, called the engineered roughness index (ERI).  Further development of the model is 

investigated by extending the range over which it has been studied using these surfaces as well as 

an analysis of the spatial distribution of attachment.  

Specific Aims 

Specific aim 1: Investigate Ulva linza Zoospore Attachment Response to High-Modulus 

Engineered Topographies with High Aspect Ratios  

This study investigates limitations of the attachment model by evaluating attachment to 

surfaces with much higher degrees of engineered roughness than that examined thus far.  

Increase in aspect ratio of the features is systematically studied while holding surface chemistry, 

surface area fraction, and feature bending moment constant.  Attachment to these surfaces will be 

evaluated with respect to aspect ratio.  Surfaces are fabricated directly from silicon wafers which 

are topographically modified using photolithography and deep reactive ion etching.  The surface 

energy is modified by surface-grafting oligomeric poly(dimethylsiloxane). 

Specific Aim 2: Investigate Ulva linza Zoospore Attachment to Combined Micro- And 

Nano-Scale Roughness 

Thus far, studies of attachment to surfaces with controlled roughness in the ERI attachment 

model have been confined to the micro-scale.  This is the same size scale for the organisms 

studied.  It is of interest to study the effect of high degrees of roughness on a scale less than that 

of the attaching organism.  Roughness at this scale would have significant effects on adhesive 

wettability as well as surface mobility of the probing propagule.  Exploiting some undesirable 
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side effects of normal microfabrication techniques, surfaces having a superposition of controlled 

nano-scale roughness upon engineered micro-scale topography will be studied for Ulva linza 

attachment.  Comparisons will be made for attachment to engineered microtopographies as well 

as smooth surfaces, both with and without nano-scale roughness.   

Specific Aim 3: Analyze Spatial Distribution of Ulva linza Zoospore Attachment to 

Engineered Topographies 

Among the factors that are affected by topography upon surfaces and in turn affect the 

attachment of settling organisms, the ability of topographical features to impede attachment of 

propagules in close proximity to one another may be a central component to a surface’s 

antifouling performance.  Observational evidence shows this to be the case for some of the 

strongly antifouling topographies developed based upon the ERI attachment model.  The pair-

wise distribution function is used as quantitative descriptor for the spatial distribution of 

zoospores attached to one set of topographical surfaces. This work evaluated the spatial 

distributions of spores attached to smooth and patterned surfaces in a global nature (unrestricted 

by the unit cell).  The pair-wise distribution function was used to measure the spatial relationship 

of spores attached to one group of topographies - the “n-series” - that have been analyzed using 

the mapping algorithm.  In order to gain insight into the correlation between the ERIII and 

attachment reduction, correlations between the output of the pair-wise distribution function and 

topographical parameters were investigated.  
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CHAPTER 2 

BACKGROUND 

Introduction 

The attachment of cells and organisms to man-made surfaces is a problem that is both 

very interesting due to the complexity of the variety of interactions and very costly in terms of its 

effect on general health and the economy.  Bacterial infections plague medical implants
2
 and 

hospital surfaces, costing tens of thousands of lives each year.
3
  In the marine environment, the 

focus of this work, biofouling of ship hulls contributes to hundreds of millions of dollars of 

increased maintenance and fuel, annually,
1
 as well as a decrease in military performance.  

Throughout history technology has been developed to reduce this cost on maintenance and 

performance of marine equipment of all kinds, water transport, containment and treatment 

vessels, as well as sewage systems.  This has resulted in antifouling technologies for ship hulls of 

such varied complexity and success as simple wax and tar to toxic metal-containing paints, such 

as the highly-effective and recently banned tributyltin (TBT).
4
  Along the way, a wealth of 

literature on the attachment of aquatic microorganisms to surfaces under a plethora of conditions 

has been developed.  There has been an international move towards non-toxic antifouling 

strategies, and a shift has occurred with a focus on more inert surfaces that resist fouling.  The 

goals of the following literature review are to glean some basic trends in the fouling and 

antifouling processes, point out some apparent ambiguities in the literature that seem to be a 

result of the aforementioned biological complexity, and to provide an overview of the study of 

the target organism, Ulva linza, as well as other marine microorganisms. 

General Biofouling Process 

When a virgin surface is placed into marine water there are a number of steps that can be 

defined that comprise the way in which the surface becomes fouled with organisms.  First, water 
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molecules come into equilibrium with the surface by setting up an “electric double-layer” a few 

nanometers thick
5
 within the larger hydrodynamic “viscous sublayer” that can be up to 6 mm in 

thickness
6
.  Next, within the first seconds marine proteins and other macromolecules diffuse to 

the surface through this sublayer and adhere through mainly van der Waals forces and 

electrostatic interaction to form a “conditioning layer” film that reaches equilibrium in a few 

hours
7
.  Then, marine bacteria come into contact with the surface via Brownian motion (non-

motile types) or swimming (motile).  The bacteria develop a biofilm – protective matrix formed 

of exo-cellular polymeric substances - comprising the second level of the fouling film.  The final 

stage encompasses an interval of several days to weeks where unicellular (e.g., diatoms, some 

algae spores, protozoans) and multicellular (e.g., barnacle cyprids, tubeworm larvae) eukaryotes 

reach the surface in a sessile or motile fashion.  The components and structure of this last layer 

of the biofouling film will depend on the availability of species locally. Marine macromolecules 

are ubiquitous and there is often a substantial concentration of marine bacteria in most areas,  

Additionally, the bacteria layer might be interspersed with this last layer due to localized density 

fluctuations. 

Adhesion 

At each step in the attachment process, there is a system of adhesion that is based upon of 

thermodynamic first principles.  When an object adheres to a surface, an interface is created.  

This interface supplants the interface that was present before adhesion, e.g. water is removed 

from the surface to allow contact.  There are interfacial free energies associated with the 

interfaces before and after the object adheres.  Interfaces with lower interfacial free energies are 

energetically more favorable than high ones, and this can be the overall drive for adhesion 

events.  The work of adhesion per unit area, Wij, defines the energy required to form or break the 

interface through equation 2-1: 
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                            (2-1) 

where γi, γj and γij are the surface free energies of surfaces i and j, and interfacial free energy of 

the i-j interface, respectively.  While not explicitly denoted, such values are obtained for the case 

of specific third medium - for example air, in the case of a drop of water on a solid surface, or 

water, in the case of a bacterium on an underwater solid surface.  In terms of wettability, the 

work of adhesion is related to the contact angle of a drop of liquid on a solid surface at 

equilibrium with a gas through the Young-Dupré equation,  

                            (2-2) 

where θ is the angle between the tangent of the liquid-gas interface and the plane of the solid. 

However, in what might be seen as a suitable analogy for the complexities involved in the 

biofouling problem, an analysis was done on the practical issues with using these equations and 

standard wettability measurements.  Schrader examined the total free energy change when a drop 

of liquid contacts a surface and then comes to equilibrium.
8
  Equation 2-2 only deals with a drop 

of liquid of a hemispherical shape attaching or detaching from a flat, smooth solid surface.  The 

full process also involves the change in shape of the drop of liquid.  Schrader considered a few 

interesting aspects of adhesion in a practical sense.  First, the net free energy change during 

adhesion can be broken up into two parts.  He used the surface energies of the drop in free 

spherical and hemispherical sessile shapes to define 1) the change in free energy during 

formation of the spherical liquid drop from its saturated vapor, and 2) the change in free energy 

during formation of a sessile hemispherical drop on the solid surface.  This net free energy 

showed stark differences compared to that given by equation 2-2.  Second, he examined the 

sessile drop starting from a surface already in equilibrium with the liquid’s vapor, which is often 

the case in practical situations.  Finally, he pointed out that the above equations do not hold in 
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the more general case of a drop of liquid that can undergo a chemical or phase change, such as a 

curable adhesive.  This last point becomes relevant in the context of biofouling, when one 

considers that many organisms secrete an adhesive compound upon a surface that changes in one 

or more ways during the anchoring process.
5-10

    

Surface Energy 

The surface energy of a solid can be calculated from the contact angles of liquids at 

equilibrium on the surface.  Equation 2-2 was derived from the Young equation:
11

 

                             (2-3) 

The forces that generate the cohesive bonds that create a surface tension and surface free energy 

can be separated into the categories of a) apolar dispersion forces, b) polar acid-base forces, and 

c) polar hydrogen bonding.
11

  For this reason more than one type of liquid is needed to calculate 

a good estimate of the surface energy.   

 The Young equation is valid for a drop on an ideally smooth and chemically homogenous 

surface.  When a surface is rough, the contact area of the solid-liquid interface will be affected 

by the roughness.  Wenzel evaluated the contact angle that would occur from a surface with a 

given roughness
9
.  He defined an apparent contact angle, θ

W
, that is related to the contact angle 

on a smooth surface, θ, through the equation: 

                                     (2-4) 

where r is the degree of roughness of the surface and is defined as the total unit surface area 

divided by the projected planar unit surface area.  Since r can only be equal to or greater than 

one, hydrophilic surfaces with a contact angle less than 90
o
 will become more hydrophilic with 

roughness, and hydrophobic surfaces with a contact angle greater than 90
o
 will become more 

hydrophobic.  The phenomenon of superhydrophilicity has been demonstrated using arrays of 
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micropillars where the liquid extends beyond the actual outline of the drop and wicks between 

the micropillars.
10

 

 At the other end of the spectrum, superhydrophobicity can occur for rough surfaces when 

the wetting of the surface is actually not complete.  Cassie and Baxter looked at a drop of water 

wetting a surface comprised of parallel fibers of a given diameter and spacing.
11

  They noted that 

depending upon the liquid-solid, liquid-air and solid-air interfacial energies there is the condition 

where the drop only touches a fraction of the cylindrical surface of the fibers.  Thus, there 

remains an air-liquid interface between the fiber tops which effectively presents to the liquid 

drop an interface having a mixture of liquid-air, γLV , and liquid-solid, γSL, interfacial free 

energies.  They showed that these three energies correlate with the contact angles in pure air, θV, 

and on pure smooth solid, θS using the apparent contact angle, θ
CB

.  The apparent contact angle 

was defined as: 

                                                   (2-5) 

where fv and fs are the surface area fraction of air and solid, respectively.   For water in air this 

can be simplified using 

                                                                        (2-6) 

                                                                    

to give 

                                                                      (2-7) 

Here we see that as fs decreases, θ
CB

 approaches 180
o
.  Static contact angles greater than 170

o
 

have been observed on surfaces with very low values for fs.  This superhydrophobic 

phenomenon, conventionally defined as contact angles of 150˚ or more, is the key to the “Lotus 
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effect,” whereby the Lotus plant effects self-cleaning by water drops collecting dirt as they roll 

off its leaves, failing to stick at all. 

 Both of these wetting theories produces an “apparent” contact angle, and, therefore, 

surface energy, that is different than that what would be observed for a perfectly smooth surface.  

Furthermore, a rough surface will offer a different “apparent” work of adhesion in much the 

same way.  As presented in equation 2-1, the work of adhesion is defined as a value per unit area.  

The contact pad of the drop will be greater or less than that defined by a disc of the same radius, 

for Wenzel and Cassie-Baxter wetting, respectively.  As the contact angle of a drop of liquid on a 

rough surface changes to enter one of the two wetting regimes, Wenzel and Cassie-Baxter, so too 

will the energy required to form or break that interface.  Two points must be noted here, though. 

First, wetting and adhesion strength are not always correlated, as exemplified by the “petal 

effect” whereby a water drop on a rose petal has a high contact angle yet remains adhered when 

the rose is upended.  Second, as explained by Marmur, the scale of the roughness and the 

measurement drop must be taken into account when using the Wenzel and Cassie-Baxter 

equations.
12

  Usually, measurements of contact angle are obtained using drops that are orders of 

magnitude greater in size than fouling organisms. 

Ulva linza 

 The green alga Ulva linza is one of the most common fouling organisms in the marine 

environment.  Because of its ability to thrive in most types of marine conditions, it is considered 

the most widely spread surface fouler.
13

  It releases its colonizing zoospore propagules in vast 

quantities.  The zoospores are ellipsoidal in shape with a length of about 10 μm and width at the 

widest point of 5 μm.  They are flagellated with four flagella that allow them to swim at an 

average speed of 200 μm/s.
14

  They have a very interesting attachment sequence involving 
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distinct choice of attachment positions
13

 that has led to their use as a standard organism for 

engineered surface selectivity experiments. 

Surface Chemistry and Surface Energy 

Based upon the large number of studies involving PMDS elastomer (PDMSe),
15-26

 it is 

perhaps one of the best understood materials with respect to attachment of zoospores of Ulva 

(hereto forward “attachment” is meant to denote attachment density).  Initially, Baier performed 

adhesion experiments using human blood platelet-rich plasma with a variety of polymeric 

surfaces with varied surface energies.  He showed a minimum in adhesion at 25 mN/m.
27

  

Further evidence for a variety of biofouling adherents and environments supported a trend 

wherein minimal fouling retention is exhibited for the region of 20-30 mN/m, as shown in Figure 

2 - 1.  PDMSe, with a surface energy of 23 mN/m, falls within this narrow range.  Baier’s theory 

for the location of the minimum is that water has the dispersive component of its surface energy 

at a value of 22 mN/m.  He states that, as a result, water finds the surface a thermodynamic 

minimum with regards to reforming the water-surface interface and displacing the adherent-

surface adhesion. 

  

Figure 2 - 1. Empirical relationship between fouling retention and surface energy.28  
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Brady, however, performed a study on similar surfaces which showed that the modulus 

may have been the real factor involved in fouling resistance.
17

  Wilson investigated the 

relationship between the attachment and fouling release of Ulva linza zoospores to modulus and 

surface energy by grafting a variety of endgroups to the surface of PDMSe.
17

  In this way, the 

bulk modulus was held constant; the surface modulus was not measured.  In Figure 2 - 2 we see 

that in this case the unmodified PDMSe with surface energy of 23 mN/m was no longer the 

minimum in fouling, either for initial attachment or after exposure to a shear force.   

  

Figure 2 - 2. Attachment and release of Ulva spores to surface grafted PDMSe.17  

The attachment and release of spores of Ulva were also studied on self-assembled 

monolayers (SAMs) of varying overall surface energy as measured by water contact angles.
29-31

  

The hydrophobicity was adjusted by varying the concentration of –OH (or –COOH) and –CH3 

endgroups.  In this case as well, the bulk modulus was held constant since the substrate was 

gold-coated silicon in each case.  In Figure 2 - 3 we see no minimum, across three different 

experiments, and instead we observe a gradual reduction in attachment as the surface becomes 
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more hydrophilic.  To resolve these apparent contradictions more work needs to be done, and 

some refinement is required in the investigation of the relationship between surface energy and 

attachment of spores of Ulva.  However, additional studies have observed Ulva attachment to be 

reduced on hydrophilic surfaces compared to hydrophobic ones where bulk modulus was held 

fixed.
32-33

   

 

 
Figure 2 - 3. Attachment of Ulva spores to –COOH/OH and -CH3-capped alkanethiol-

coated silicon of varying advancing water contact angle. TOPLEFT: [29]; 

TOPRIGHT: [
31

]; BOTTOM: [
30

].  

Modulus 

Brady showed that modulus may be a contributing factor in biofouling for a subset of 

surfaces.  However, in his work the surface energy was allowed to vary with the modulus.  

Chaudhury studied the effect of modulus on attachment and release of Ulva spores to PDMSe 

where the surface energy was held relatively fixed.
24

  No effect was observed in attachment for 

values in the range 0.2-9.4 MPa, but release was substantially increased for the 0.2 MPa sample.  
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Similarly, surface lubricity has been shown to effect the release but not attachment of Ulva 

spores
34

.  Higher modulus surfaces have yet to be systematically investigated in this way.   

Topography 

The role of topography, in particular engineered topography is the focus of studies of 

bioadhesion in our group.  Thigmotaxis, the settlement response to mechanical stimuli, has been  

observed to be a significant settlement cue for a number of fouling organisms.
35

  Some are more 

sensitive to topography than others, and this may have to do with the scale of the topography or 

roughness relative to the size of the organism.  This leads to the question of what aspects of 

topography are most effective in reducing attachment from a geometrical perspective.   

The zoospore of Ulva linza perhaps provides an ideal candidate to study the effect of systematic 

changes to topography due to its behavior of actively searching a surface and choosing where to 

adhere.
13

  This has been the focus of our group using PDMSe as the test material.   

One of the initial investigations observed enhancement to attachment.  Spores exhibited a 

preference to attachment in valleys, and against circular pillars, 5 μm high and wide, compared 

to flat PDMSe.
15

  Indeed, attachment was increased as much as tenfold.  Furthermore, as shown 

in Figure 2 - 4, as the spacing of the channels or pillars was reduced from 20 μm to 5 μm, 

attachment increased.  Figure 2 - 5 shows images of spores attached to the surface of 5 μm-

spaced valleys and pillars.  This attachment pattern led to the thermodynamic theory that by 

filling up recesses and forming a more flat spore-surface interface, thereby resulting in a lower 

surface area, the overall surface energy is lowered.  The contact area for a spore that fits exactly 

in a recess (or against a pillar) is also higher, which likely leads to higher adhesion.   

This led to the hypothesis that if the spore were no longer able to fit in a recess, the 

surface area increase would be even higher than that of a flat surface, and the contact area would 
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be reduced, leading to reduced attachment.  Another likely possibility is that the spores are 

responding, perhaps concurrently, to the wettability differences amongst the surfaces.  As 

described above by the theories of Wenzel and Cassie-Baxter, topography will cause 

 
Figure 2 - 4. Attachment of zoospores of Ulva linza to topographically-modified PDMSe 

surfaces. A: 5 μm-wide ridges separated by valleys of varied width, B: 5 μm-wide 

circular pillars square-packed with varied pitch.15 

  
Figure 2 - 5.  Images of attached of zoospores of Ulva linza to topographically-modified 

PDMSe surfaces. A: (Light-microscope) 5 μm-tall,wide, and spaced valleys, B: 

(SEM) 5 μm-tall,wide, and spaced circular pillars.15 

 

A B 

A 

B 
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substantial differences in the way water behaves on these surfaces.  To test these hypotheses, as 

well as investigate the effect of topography pattern geometry, a number of patterns were 

developed with feature spacing greater than and less than the size of a spore, ~5 μm.  Some of 

the surfaces wet in the Wenzel state – fully wetted – while others wet in the Cassie-Baxter state; 

all were made to be fully wetted for the Ulva assays.  While no correlation to wettability was yet 

apparent, Figure 2 - 6 shows that the effect of feature spacing less than the size of spore reduced 

attachment substantially for the Sharklet pattern (86% reduction compared to smooth).  This 

topography was biomimetically inspired by the denticles of the skin of certain sharks known to 

be resistant to marine fouling.  It’s useful here to note that for the topographies with feature 

spacing greater than the spore size the increase in attachment compared to smooth were much 

lower than in the previous experiment, and not all increased attachment; this exemplifies 

biological variability inherent with this investigation.   

 

Figure 2 - 6. Attachment of spores of Ulva to valleys and 4 μm-tall original Sharklet pattern 

(Shark), in PDMSe.  SM = smooth (no topography), 5R = 5 μm-wide ridges 
seprated by 5 μm-wide valleys.26  

 

Next, various patterns were designed that all had feature spacings of 2 μm and feature 

widths of 2 μm.  In addition to the Sharklet pattern, the next experiment studied hexagonally-

packed pillars, ridges (also called valleys or ridges), and hexagonally-packed 10 μm equilateral 
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triangles mixed with pillars, as shown in Figure 2 - 7.  With the exception of the triangles, 

features were 2 μm wide, and all were 3 μm tall.  To quantitatively characterize the 

topographical differences between these surfaces, a dimensionless ratio was defined.  It involved 

three geometrical variables: 1) r, the ratio of total surface area to projected planar surface are, 2) 

fd, the depressed (recessed) area fraction, and 3) df, the degrees of freedom of movement when 

confined to move along the recesses of the topography.  r is equivalent to the roughness ratio in 

Wenzel’s equation, and fd is equivalent to 1- fS, with fS being the solid-liquid fraction in the 

Cassie-Baxter equation.  The variable was constructed based upon the trends observed in the 

attachment studies and named the Engineered Roughness Index (ERI).  It is defined as,  

     
    

  
              (2-8) 

All of the surfaces in Figure 2 - 7 reduced attachment compared to smooth.  This is an indication 

that the scale of roughness is critical in determining whether roughness increases or reduces 

overall attachment.  Moreover, as shown in Figure 2 - 8, there was a strong correlation to the 

ERI, with a correlation coefficient of R
2
 = 0.69.   

 
 

Figure 2 - 7. Pattern designs for study of Ulva attachment to 

surfaces with 2 μm feature spacing.21  
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Using the Sharklet pattern, the feature height was also studied.
19

  Feature heights of 1 μm, 

2 μm, and 3 μm were tested; note here that as feature height is increased, the bending moment of 

the features also decrease.  Figure 2 - 9 shows that as feature height increased, attachment 

decreased.  In this experiment spores attachment was also tested against hierarchical surfaces 

whereby the Sharklet topography was superimposed upon larger ridges.  This surface was 

intended to target two species of fouling organism at once, Ulva and a species of barnacle.  In 

 

Figure 2 - 8. Correlation of Ulva spore attachment to ERI.21  

 

this case, spore attachment was higher than smooth.  As Figure 2 - 10 shows, spores 

preferentially settled against the taller ridges, seemingly ignoring the effect of the underlying 

Sharklet pattern.  However, since attachment of spores to the tall ridges without a superimposed 

Sharklet was not tested, it cannot be certain whether the spores were actually not affected by the 

addition of the Sharklet topography.  Nevertheless, this result lends support to the 

aforementioned theory characterizing sites where a spore can rest against more than one surface 

as favorable.  It also offers some evidence towards the possibility that certain topographical 

attachment cues are weighted higher than others. 
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Figure 2 - 9. Correlation of Ulva spore attachment to Sharklet 

feature height.
19

  

 

Figure 2 - 10. Image of Ulva attachment to hierarchical Sharklet-

Ridge topography.19  

 

Next, a first attempt was made to explain the reason for the correlation of attachment to 

the ERI shown in Figure 2 - 8, as well as for the superior antifouling performance of the Sharklet 

topography.  It was hypothesized that as spores settled on the elastomeric features, the features 

would exert different forces, depending on the feature sizes, on the spore that influence 

attachment.  In particular, when a spore rests on two rectangular features of different lengths and 

deflects them a finite amount, there is a force gradient across the spore body due to the different 

bending moment associated with each feature.  A series of topographies based upon the 

constituent features of the Sharklet design were designed such that a linear increase in this force 
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gradient, from 0 nN up to 374 nN, was obtained.  However, no trend was observed that would 

correlate attachment with force gradient, as shown in Figure 2 - 11.  Furthermore, when the 

attachment response of these surfaces was plotted against the ERI, the correlation was low
36

, as 

shown in Figure 2 - 12.   

Two transformations of the data were performed to investigate refinements of the ERI 

variable towards a model predicting attachment of Ulva to engineered topographies.  First, a 

natural log of attachment was chosen to show correlation with ERI due to the nearly equal 

variances among attachment values; for linear correlation, variance increased with attachment.   

 
  

Figure 2  - 11. Image Attachment of Ulva to force-gradient 

topographies.The force-gradient across the features is 

displayed above the data columns.20  

 

Figure 2  - 12. Attachment of Ulva to force-gradient 

topographies vs ERI.
36
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Second, it was shown that a stronger correlation could be found by exchanging the  

factor df with n, defined as the number of distinct features in a topographical pattern.  For 

example, in Figure 2 - 7 the Sharklet pattern has four distinct features, the mixed triangle/pillar 

pattern has two, and the ridges and pillars each have one.  These transformations led to a better 

correlation across two different sets of experimental data and ten different topographies (R
2
 = 

0.86).
36

   

The new form, called ERIII, and defined as  

      
   

      
              (2-9) 

where      is used to fit the the nomenclature of others
37

, was examined with respect to the 

individual factors n and   .  An attempt was made to isolate the effect each by varying one while 

holding the other factors constant.
36

  The factor n was studied by varying the number of 

rectangular features in the Sharklet design while holding other parameters constant;    was only 

held relatively constant here and varied from 0.38 to 0.49.  The factor    was evaluated by using 

positive and negative version of the Sharklet pattern, whereby in the negative version the 

rectangular sections are recessed rather than protruding.  Both were shown to correlate well with 

attachment.  Three new topographies designed based upon n and    exhibited attachment that 

was predicted within ten percent of the actual value using the ERIII as a model for attachment. 

 However, the model as it stands is still very much an empirical one.  Thus far it only has 

been tested in a limited range of ERIII values and for a very small subset of patterns for those 

values.  For example, two different patterns with the same ERIII value have not been studied.  

The goal is to develop the model using physical laws that would lead to a more universal 

predictive model.  As mentioned previously, the wetting behaviors dictated by the factors r and 

   do not apply to drops the size of spores.  This does not rule out an effect on attachment that is 
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related to wetting behavior; it only makes the description more complicated.  And, interestingly, 

even in this context the attachment response to    is opposite to the effect it has on wetting.  In 

the Cassie-Baxter wetting regime, as    is increased contact angle is increased and adhesion of 

the drop to the surface is decreased (usually – recall the petal effect).  In the ERIII model, 

attachment increases with   .  The attachment response to the topographies where the feature 

spacing was greater than the spore size does not fit the model.  However, this may be another 

instance where one competing attachment cue is valued much higher than another.  Indeed, there 

is evidence that roughness greater than the size of a spore may be acting as a protection from 

hydrodynamic conditions.
38

  These are just a few of the issues to be addressed.   

As such, there remain many possibilities for the actual parameters or combination of 

factors that act as cues for antifouling with spores of Ulva.  One hypothesis recently postulated is 

that topography on a scale less than the spore size can be effecting the hydrodynamic conditions 

above the surface in an unfavorable manner, and some evidence for this has been shown.
39

  Also, 

since the spores are known to attach gregariously
13

, the geometrical patterns may be setting up 

impediments to this behavior.  The preference of spores to attach at certain sites on a number of 

topographies has been studied quantitatively.
40

  Figure 2 - 13 shows the relative attachment 

densities for three versions of the Sharklet design with three, four, and five distinct features.  In 

each case, preferential attachment is observed at the intersections of the rectangular features 

relative to the areas on top of or between them.  Certain topographical sites may be acting as 

attractors where a small number of spores can attach as normal, but larger numbers of spores are 

restricted at that site.   

Further modifications to the model relating specific topographical parameters to 

attachment trends are necessary to bring it to a point where concrete ties to physical relations can 
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be made.  This would lead to both a better understanding of the attachment behavior spores of 

Ulva and a more predictive set of surface design rules.  Here, the goal is a minimally-fouling 

surface, one where the energy required to attach is such that the spore decides to keep swimming. 

 
Figure 2 - 13. A Smoothed histograms of Ulva attachment to 

Sharklet patterns.40 

Other Significant Fouling Organisms 

Marine Bacteria 

The ERI model has been shown to describe the attachment of the marine bacteria Cobetia 

marina when tested under flow.
39

  The fact that all of the surfaces in Figure 2 - 7 reduced 

attachment is surprising for two reasons.  First, the bacteria cells (1-2 μm in width) are smaller 

than the feature spacing and can fit in the recesses.  This is opposite to the behavior of Ulva 

where a feature spacing greater than the spore cell size increased attachment.
15

  Second, C. 

marina is a non-motile bacterium and can’t necessarily choose attachment sites like the spores of 

Ulva.  Settlement on a surface is dictated by gravity and fluid flow. 

The correlation to the ERI model, in comparison to the data for spores of Ulva linza, was 

discussed in terms of hydrodynamics.  As a first attempt, the Reynolds number was added as a 

prefactor to the ERIII.  This was done in order to investigate the slope of the plot of attachment 

vs. ERIII.  Ulva and C. marina in two different growth phases each exhibited a different slope.  It 
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was hypothesized that the slope could be broken up into factors that are responded to differently 

by different organisms.  When the estimated Reynolds numbers for Ulva and two growth stages 

of C. marina were put into the equation, the correlation for all the model to all three was high (R
2
 

= 0.77).
39

   

While this does not explain the correlation of each individual organism to the model 

explicitly, it suggests that hydrodynamic conditions created by the topographies may be a 

component in their antifouling performance, especially for non-motile species.  However, the 

assays for C. marina were performed under flow, at a rate of 1.24 cm/s, with an estimated flow 

velocity near the surface of 0.25 cm/s.
39

  The Ulva assay is done in static conditions, and the 

spores swim at an average velocity of 200 μm/s, almost one hundred times slower.  Of course, 

this difference is the reason the Reynolds number was applied to the model.  And yet, it could be 

that these results demonstrate two different attachment resistance modes, one dictated by 

hydrodynamic forces of a given magnitude, and one a result of spatial arrangement of 

attraction/inhibition sties.   

Another possibility for the attachment behavior of C. marina to topography is that the 

topographical features are inhibiting the initial stages of formation of a contiguous biofilm, 

which is the normal final mode of attachment and acts a protective layer promoting gregarious 

attachment and growth and inhibiting the effect of antibacterial compounds.  This idea has been 

supported by a study on the biofilm formation of Staphylococcus aureus on the Sharklet 

topography in PDMSe.
41

  Here formation of a biofilm was inhibited for 21 days on the Sharklet 

surface compared to smooth PDMSe where full biofilms formed.  Interestingly, this study was 

done in static conditions, so the hydrodynamic component was likely relatively reduced 

compared to that for C. marina. 
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Diatoms 

The attachment of the non-swimming diatom Navicula perminuta was reduced compared 

to smooth PDMSe on topography with feature spacing less than 2 μm and no space where the 

full body could not come into contact with a smooth area in a static assay .
36

  However, neither 

the ERI model nor attachment point theory,
42

 which relates attachment to the number of 

available contact points between a cell’s body and a surface, were able to describe attachment to 

the various surfaces studied.   

As an example of an organism where topography with feature dimensions much less than 

that of its body fail to reduce attachment, we have the diatom Seminavis robusta.  This diatom is 

about 6 μm wide and 30-50 μm long and was tested against positive and inverse Sharklet 

topographies with 2 μm feature dimensions.  After a gentle rinse to remove unattached cells, cell 

density was not different from smooth PDMSe.
43

   

The different attachment behavior for these two similar organisms is interesting.  Both 

Seminavis robusta and Navicula perminuta are raphid diatoms and move across a surface using 

grooves on the bottom of the cell surface called raphes, and neither swims.  Combined, the 

results from these diatom studies indicate there may be a critical feature dimension for 

attachment resistance.  This idea is supported by the attachment behavior of Ulva on 5 μm x 5 

μm ridges vs topographies with a feature spacing of 2 μm.
15, 21, 26

 

Barnacles 

 Barnacle cyprids (final larval stage) of the species Balanus amphitrite have exhibited 

reduced attachment on both the Sharklet and ridges (channels) patterns.
19

  The cyprids are 

approximately 500 μm in size but have an attachment disc on the end of antennules that is 15-30 

μm in size that is used as a sensory appendage to search a surface.  Therefore, a feature 

dimension of 20 μm was chosen for the width and spacing of the features in the two topographies 
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to target this attachment disc.  Two feature heights were tested, 20 μm and 40 μm to give aspect 

ratios of 1 and 2.  For both patterns, attachment decreased with aspect ratio, resulting in an 84% 

reduction for ridges and a 97% reduction for Sharklet, compared to smooth PDMSe.   

Summary 

The problem of biological fouling of aquatic surfaces is a complicated one.  The diversity 

of the fouling organisms presents an opportunity as well as a need to study and attack this 

problem at a fundamental energetic level.  The approach of this work is to add to a model that 

uses wetting and surface energy variables to compare the attachment performance of different 

topographical surfaces.  Amidst the evolving description of how Ulva linza zoospores adhere to a 

variety of surface parameters, the topographical model described above has shown great promise 

in understanding the degree to which certain topographical factors affect attachment.  Further 

work can be done to provide a physical basis for the model as well as produce new surfaces with 

improved antifouling performance.  
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CHAPTER 3 

ATTACHMENT OF ULVA LINZA ZOOSPORES TO HIGH-MODULUS, HIGH-ASPECT 

RATIO ENGINEERED TOPOGRAPHIES 

Introduction 

A model has been developed that focuses upon topographical factors and how they affect 

the initial attachment behavior of zoospores of the marine fouling alga Ulva linza.
15, 21

  It has 

shown the ability, within a narrow range of surface parameters, to be used as a predictive model 

for attachment to poly(dimethylsiloxane) elastomer (PDMSe) surfaces.
22

  The model is an 

attempt to attack the problem of fouling from a fundamental energetics standpoint.  Different 

topographies may have the propensity to present attachment sites that require greater energy 

expenditure to attach to them than others.  The fouling organism capable of choice in attachment, 

such as Ulva linza or the barnacle Balanus amphritite,
19

 may choose to keep searching in hopes 

of a more favorable surface.  Conversely, certain sites may be highly preferable and should be 

avoided in surface design.
15, 40

   

Carman et al. demonstrated that the modification of the surface-water interface caused by 

topography (via Wenzel
9
 or Cassie-Baxter

11
 wetting theory) may be related to the antifouling 

performance.
26

  Schumacher et al. looked at the correlation between attachment and the forces 

differently-sized features exert on a spore during attachment.
19

  There seems to be a threshold of 

topographical feature size and/or spacing, whereby attachment is reduced when this dimension is 

less than the size of a spore.
15, 19, 26

  However, the relationship between feature dimensions and 

spore size still requires further examination to sufficiently describe the trend in attachment 

reduction. 

Topography presents a number of attachment “cues.”
15

  Those that reduce attachment 

likely provide an energetically unfavorable surface.  The overall goal, in this context, is to 

identify which physical forces correlate with attachment reduction.  This involves investigating 
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the relationship between topographical parameters and attachment.  The present work 

investigates one of these topographical parameters. 

The main variable in the present attachment model is a dimensionless ratio of certain 

surface variables, here called factors.  It has been named the engineered roughness index (ERI) 

and is defined in its second-generation form
22

 as  

      
   

      
              (3-1) 

where r is the ratio of total surface area to planar projected surface area, n is the number of 

distinct topographical features in the pattern, and    is the ratio of the surface area of feature tops 

to total planar projected surface area.  In the typical use of a dimensionless ratio, as the values of 

any combination of its factors are changed, such that the value of the ratio is the same, the effect 

of the ratio should not change.  This leads to the idea of isolation of factors, which was attempted 

for two of the factors in the model, n and φs  by Long et al.
22

  Both were both shown to be 

effective at predicting attachment in the range of values tested. 

The third factor r was studied to some degree previously by Schumacher et al.
44

  

However, in that study the area the spore came in contact with may have varied among the three 

surface types, such that the spores could have touched the depressed area.  Three features heights 

of 1, 2 and 3 μm studied using the Sharklet pattern with feature width and spacing of 2 μm.  As 

the image overlays in Figure 3 - 1 below show, the aspect ratio series possibly gave the spores 

the opportunity come in contact with the depressed area between features for the 1 and 2-micron 

tall topographies (B and C), but not for the 3-micron tall surface (D).  

Indeed, the matter is complicated further due to the fact that the spores are known to have 

the amoeboid ability to change their shape to fit against one another or surface objects.
13, 17

  Two 

experiments have shown that the spores prefer locations where they can have a bottom surface 
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intersecting a relatively tall vertical surface,
15, 19

 presumably to spread their adhesive to a greater 

extent, lower their interfacial surface energy, or protect themselves from hydrodynamic forces.
45

  

The relationship between attachment and height should be readdressed, inasmuch as removing 

the ability of the spores to touch the depressed area by going to a feature height range above 3 

μm.  Using PDMSe this has not been possible due to its low modulus which leads to features 

bending and sticking together or to the depressed area.  Higher modulus materials such as silicon 

facilitate the fabrication features with a higher aspect ratio that retain overall pattern fidelity.  

 
Figure 3 - 1. Ulva Overlay of microscope images of spores of Ulva31 on +1(B), +2(C) and +3(D)SK2x2.44 Images 

rescaled based upon corresponding scale bars.  Colored outlines drawn by hand: light green (Ulva 

body), orange (features), darker green (level of Ulva lowest point), black (level of recessed area).  

Another concern deals with the bending moment of the features.  As we see below in 

Figure 3 - 2, in the course of an attachment assay the features become deformed for PDMSe 

samples (modulus, E ~ 1 MPa) (left).  It is not known for certain at what point in the process this 

happens, whether by the spores themselves in a pushing action or due to shrinkage from 

crosslinking of their adhesive via glutaraldehyde fixation.  One thing that is obvious from the 

image on the right is that surfaces with higher modulus (polystyrene, E ~ 3 GPa) do not become 

deformed even when spore numbers are high.  The bending moment of the features will change 

as their height changes.  That is one factor that is not explicitly accounted for by the ERIII 

attachment model.  In its construction ERIII is only a variable concerned with topography and not 
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material factors.  Other variables could modify the model by affecting the slope
39

 or intercept of 

a plot of attachment vs ERIII or as additional terms, altogether.  However, using ERIII in 

 

Figure 3 - 2. Post-fouling optical microscope images of Ulva on +2.8SK2x2.  A: PDMSe. 

B: PS (images kindly provided by Dr. Liwen Jin).  Red outlines emphasize 

deformation of PDMSe features.  

comparing different surfaces should deal with surfaces that only differ topographically, to isolate 

the relationship between topography and attachment from the other variables.  The issue of 

feature bending moment can be dealt with by increasing the substrate modulus.  The mold 

material for the polymer replications, single crystalline silicon (E ~ 100 GPa), was selected for 

this study.  Additionally, silicon offers a surface in which the surface energy is easily tunable via 

silane chemistry.   

The ability to modify the surface energy may be important for the following reason.  It 

has been demonstrated that for PDMSe bulk surfaces grafted with polymer of varied surface 

energy the Sharklet topography reduced attachment compared to smooth for all surface 

energies.
17

  However, in that case the bending moment of the surfaces were dominated by the 

bulk material, which did not change.  Additionally, the reduction in attachment imparted by the 

Sharklet topography varied amongst the surface chemistries, with the lowest reduction exhibited 

for the hydroxyl- and fluoropolymer-grafted PDMSe.  For more rigid features, it is possible that 

A B 
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the fouling response of the spores may no longer be sensitive to the topography at certain surface 

energies or surface chemistries.  For this reason the silicon samples were grafted with short-chain 

PDMS to lower the surface energy. 

The approach of this study, based upon these factors described above, is to investigate the  

factor r in ERIII.  This is accomplished by using silicon which facilitates creation of features with 

aspect ratios that exceed those studied previously.  Additionally, a low surface energy PDMS 

was grafted to the silicon surface. 

Materials and Methods 

Surface Patterns 

Three values for the height are given in below in Table 3-1.  The notation used to label 

the samples is as follows:  +(feature height)[pattern](feature width)x(feature spacing)_[number 

of features]; SK is the Sharklet pattern.  The first would allow the spore to come in contact with 

the bottom of the surface.  The other two would prevent this occurrence, unless the spores greatly 

changed their shape during attachment.   

Table 3 - 1. Dimensions and ERIII values for surfaces used to evaluate the effect of feature height 

on spore attachment. When no unit is given, the quantity is unitless. 

Surface 
Height 

(µm) 

Width 

(µm) 

Spacing 

(µm) 
r  n  φS  ERIII 

Smooth (SM) NA NA NA 1 0 0 0.0 

+1.2SK1.6x2.4_n5 1.2 1.6 2.4 1.6 5 0.33 11.8 

+5.0SK1.7x2.3_n5 5.0 1.7 2.3 3.4 5 0.36 26.4 

+12.4SK1.6x2.4_n5 12.4 1.6 2.4 6.9 5 0.33 51.4 

 

Sample Fabrication 

P-type silicon wafers of <100> orientation, approximately 500 μm thick, were spin-

coated with Shipley S1813 photoresist and patterned using standard contact photolithography.  

Deep reactive-ion etching (DRIE) was used to etch the topographies in a Bosch process using a 

STS DRIE system.  An etch-to-passivate ratio of 7 s :5 s was used to retain the relatively small 
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“scallops” that surfaces have had previously.  However, at this ratio the feature sidewalls sloped 

considerably as height was increased leading to narrower features than desired.  To compensate 

for this, the feature widths were increased via “overexposure” during photolithography such that 

all widths would be the same regardless of feature height.  The photoresist was removed with 

oxygen plasma.  The wafers were diced into 24 mm x 74 mm sections having a 24 mm x 25 mm 

patterned area off-center. 

Then, the samples were cleaned with freshly prepared “Piranha” solution (conc. H2SO4: 

30% H2O2 1:1) (Fisher Scientific) at 80
o
C for twenty minutes.  Next the samples were sonicated 

in a 2% v/v solution of 3-aminopropyl triethoxysilane (APTES) (Sigma Aldrich) in toluene 

(Fisher Scientific).  After removal of excess APTES, mono(2,3-epoxypropyl)propyl-ether 

terminated PDMS, Mn = 5000-6000 g/mol, (Gelest) was added dropwise neat to the sample 

surfaces and allowed to react for four hours at 80
o
C.

46
  Finally, excess short chain PDMS was 

removed by sonication sequentially in isopropanol, chloroform and 95% ethanol (Fisher 

Scientific).  Three replicates each of smooth PDMS-grafted silicon and smooth PDMSe were 

used as controls.  Smooth PDMSe was backed to glass slides. 

Surface Characterization 

Scanning electron microscopy (SEM) and light microscopy were used to evaluate the 

feature dimensions and pattern quality of the Si samples prior to surface modification.  SEM and 

fluorescent light images were taken of post-assay samples.  Advancing and receding water 

contact angle measurements were taken using a Rame-Hart goniometer.  Ten-microliter drops 

were placed upon the surfaces which were then tilted to the point just before the drop would roll 

off to determine advancing and receding angles as well as hysteresis and slip angle.  Atomic 

force microscopy (AFM) was used to measure graft density with a NanoScope® III Multimode 

Scanning Probe Microscope in tapping mode with a silicon cantilever.  Areas of 1 μm
2
 were 
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scanned on both smooth PDMS-g-Si and smooth unmodified Si.  Images were evaluated 

qualitatively for surface morphology or graft density and quantitatively for surface-graft chain 

dimensions and comparative surface roughness.  Multiple spots on each surface were scanned to 

verify that a given image was representative of the surface.  SEM and AFM imaging was 

performed at the Major Analytical Instrumentation Center (MAIC) at the University of Florida. 

Ulva Zoospore Attachment 

Three replicates of each surface type were sent to the University of Birmingham and 

assayed for Ulva spore attachment using methods described previously.
47-48

  Briefly, the samples 

were immersed in Tropic Marin® artificial seawater (ASW) for 24 hr prior to the assay.  Spores 

were obtained from fertile plants gathered from Wembury beach, UK (50
o
18’N; 4

o
02’W) and 

placed in sterile seawater suspension.  Then, the samples were placed at the bottom of individual 

wells in a Quadriperm assay dish (Fisher), and the wells were filled with 10 ml of spore 

suspension containing a concentration of 1.5 x 10
6 
spores/ml.  The spores were allowed to settle 

on the surfaces in the dark at ~20
o
C for 45 min.  Next, the surfaces were gently rinsed to remove 

unattached spores, and attached spores were fixed to the surface using 2% glutaraldehyde in 

seawater for 15 min.  The number of spores per field of view was counted using a image analysis 

system connected to a Zeiss epifluorescence microscope. Thirty fields of view were taken for 

each of three replicates per sample.  The mean attachment densities were compared using a one-

factor analysis of variance (ANOVA, α = 0.5) followed by Tukey’s multiple pairwise 

comparisons.  The spore attachment on the surfaces was compared to the predictions based on r 

and ERIII. 
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Results 

Surface Characterization 

The three types of surfaces in the pre-PDMS-graft state are shown in Figure 3 - 3. .  In 

the 12.4 µm sample it is seen most clearly that there is a decrease in feature width as the etch 

deepens.  As reported in Table 3 - 1, the control of the width of the photoresist in the 

photolithography step successfully compensated for the feature widening caused by etching.  At 

the bottom of the features of the 12.4 µm sample in Figure 3 - 3, there are small pillar-like 

features.  These sub-micron features are a result of “micromasking” caused by small particles in  

 

Figure 3 - 3. Pre-surface modification-state SEM images of r-series surfaces. A) +1.2SK1.6x2.4_n5, edge-on, B) 

+5.0SK1.7x2.3_n5, edge-on, C) +12.4SK1.6x2.4_n5, edge-on, D) +12.4SK1.6x2.4_n5, top-down. 
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the etching chamber that are resistant to the etch for a given set of etch parameters.  Since they 

are only present on the features at a depth greater than the spore length, it is expected that they 

do not influence attachment.   

Table 3-2 shows the results of water contact angle measurements on the Si surfaces.  The 

increase in static contact angle from 23
o
 on the Piranha-cleaned Si surface to 127

o
 on the PDMS-

grafted surface indicates a change from hydrophilic to hydrophobic behavior.  The static contact 

angle of smooth PDMSe is 113
o
.  The fact that the smooth PDMS-g-Si is 100

o
 indicates that 

there is possibly incomplete surface graft coverage.  Further evidence for incomplete graft 

coverage is presented in the AFM data.  

Table 3 - 2. Water contact angles on Si surfaces. Value is mean plus or minus standard deviation. 

Surface Static Advancing Receding Hysteresis Slip angle 

Smooth Si, Piranha 37°±9° - - - - 

Smooth Si, with APTES 63°±3° - - - - 

Smooth Si, with PDMS 102°±2° - - - - 

Smooth PDMSe
36 113°±1° 118°±1° 72°±7° 46°±7° >90° 

Smooth PDMS-g-Si 100°±1° 108°±3° 91°±1° 17°±3° 30.5°±8.5° 

+1.2SK1.6x2.4_n5-Si 120°±7° 141°±8° 85°±3° 56°±8° >90° 

+5.0SK1.7x2.3_n5-Si 145°±3° 161°±6° 126°±2° 35°±6° 29.5°±1.3° 

+12.4SK1.6x2.4_n5-Si 143°±4° 165°±2° 133°±3° 32°±3° 26.0°±1.2° 

 

Figure 3 - 4 shows AFM tapping mode images of smooth PDMS-g-Si and Piranha-

cleaned samples in height and phase modes.  Phase is the lag between tip oscillation drive signal 

and the response of the tip.  For a very stiff surface with low adhesion interaction between tip 

and surface, the phase difference will be low.  Soft material and/or ones where there is a 

significant adhesive interaction between the tip and surface will exhibit phase difference 

quantified in degrees.  The RMS roughness of the PDMS-g-Si sample is 0.56 nm compared to 

0.15 nm for the Piranha-cleaned sample.  On the images of one area the PDMS-g-Si sample (E 

and F) there are relatively flat areas between the nodules.  In the phase image (D and F), these 

nodules are further shown to have a different interaction with the AFM tip, being lighter regions 
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compared to the surrounding darker area.  This suggests that these nodules are grafted chains, 

which are then separated by relatively large ungrafted spaces of either bare Si or Si bound with 

APTES.  One method that was planned for further characterization is a force-volume map.  This 

would  

 

 

 

Figure 3 - 4. AFM images of Si surfaces.  A,B: Piranha-cleaned Si; C,D: PDMS-g-Si; E,F: PDMS-g-Si (different 

spot); A,C,E: height mode; B,D,F: phase mode. Yellow circles highlight relatively flat areas.  

A B 

C D 

E F 
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measure the stiffness at each pixel in the AFM image to help determine which of the possible 

surface structures had been fabricated.  

Ulva Zoospore Attachment 

Figure 3 - 5 shows the attachment results for the PDMS-g-Si samples and PDMSe control.  

Multiple individual comparisons showed that each pair differed statistically except for smooth  

PDMS-g-Si and +12.4SK1.6x2.4_n5.  The smooth PDMS-g-Si exhibited less than a third of the 

attachment of the smooth PDMSe control.  The attachment on the +1.2SK1.6x2.4_n5 sample 

was higher than smooth PDMS-g-Si by a factor of greater than five, and that of the 

+5.0SK1.6x2.4_n5 sample was greater by a factor of approximately two.   

 

Figure 3 - 5. Ulva zoospore attachment density on r-series surfaces.  Error bars denote 95% 

confidence intervals.  Asterisks denote statistically different groups.  

 Figure 3 - 6 shows representative images of attachment to these surfaces.  What was 

immediately apparent was that the typical gregarious attachment observed for smooth PDMSe 

was absent on the smooth PDMS-g-Si image.  On the +1.2SK1.6x2.4_n5 sample, however, the 

attachment was even more gregarious than smooth PDMSe.  The clumps of adjacently-attached 
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spores seemed to be of even greater size than that typical for smooth PDMSe.  This was reflected 

in the mean spore densities. 

 

Figure 3 - 6.  Flourescent and white light microscopy images of Ulva zoospore attachment 

on r-series surfaces.  A: Smooth PDMS-g-Si, B: +1.2SK1.6x2.4_n5, C: 

+5.0SK1.7x2.3_n5, D: +12.4SK1.6x2.4_n5.  

One of the main hypotheses of this study was that the 5.0 μm and 12.4 μm tall features 

would limit the ability of a spore to touch the recessed floor of the surface while this would not 

be the case for 1.2 μm tall features.  This hypothesis was supported by the images in Figure 3 - 8.  

The spore bodies on the 1.2 μm tall features touched the recessed floor whereas they did not on 

the taller two samples. 

Images of the edges of the patterned area (pattern-smooth interface) of each slide show 

(Figure 3 - 10) a difference between the short (1.2 μm) and tall (5.0 μm and 12.4 μm) patterns.  

Previously
15

, it had been suggested that spores prefer a wall-floor interfaces because they can 

A B 

C D 
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Figure 3 - 7. SEM images of spores on PDMS-g-Si surfaces. A: +1.2SK1.6x2.4_n5, B: 

+5.0Sk1.7x2.3_n5, C: +12.4SK1.6x2.4_n5.  Scale bar is 20μm.  

lower their overall surface area and energy by being in contact more of the sample surface.  It 

has also been postulated that such locations offer protection against hydrodynamic forces.
38

  The 

fact that the spores only packed against the pattern-smooth interface for the tall patterns supports 

this idea because there is only an effective “wall” when the feature height is comparable with the 

spore size (~4-5 μm).  An interesting behavior of the spores at the pattern-smooth interface is 

seen in Figure 3 - 11.  This is the only region where the spores were observed to fit themselves 

between the features when attaching for the tall samples.  Note that on the smooth sections of the 

patterned slides the spore attachment is quite gregarious with a much higher density than on the 

fully smooth slide (Figure 3 - 7 A).  This was likely the result of pattern-smooth interaction.  

Further work is necessary to investigate this difference. 

A B 

C 
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Figure 3 - 8. SEM (left) and fluorescent light (right) images of spores at the pattern-smooth 

interface. A,B:  +5.0SK1.7x2.3_n5; C,D: +12.4SK1.6x2.4_n5; E,F: 

+1.2SK1.6x2.4_n5.  The fluorescent images show an area of 1.4 mm x 1.1 mm.  

Discussion 

The attachment data display two results that were unexpected.  First, the topography did 

not reduce attachment compared to smooth PDMS-g-Si.  While the hypothesis that attachment 

would decrease as feature height increased is supported, the +1.2SK1.6x2.4_n5 and  

A B 

C D 

E F 

Smooth Pattern 

Smooth Pattern 

Smooth Pattern 
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Figure 3 - 9. SEM images of spores infiltrating between features at the pattern-smooth 

interface. A: +5.0SK1.7x2.3_n5, B: +12.4SK1.6x2.4_n5.  Arrows denote spores 

that have fit themselves between features.  

+5.0SK1.7x2.3_n5 patterns significantly increased attachment, and the +12.4SK1.6x2.4_n5 

surface was not statistically different than the smooth PDMS-g-Si surface.  Second, the 

smooth 

PDMS-g-Si sample exhibited a substantially lower attachment compared to smooth PDMSe.   

This second result is likely due to the differences between the PDMSe and PDMS-g-Si 

surface characteristics.  The contact angle characterization of the smooth PDMS-g-Si indicates 

that the surface energy was slightly higher than that of PDMSe.  The surface heterogeneity 

shown in the AFM images indicate that the area coverage of the short-chain PDMS grafts was 

lower than expected.  Previous studies of surface-grafted Si have reported attachment increases 

with contact angle for self-assembled monolayers (SAMs).
29-31

  A value around 100° has 

produced attachment densities above 1000 spores/mm
2
 in each of the cases cited.  The low value 

of attachment for the PDMS-g-Si in the present study, less than 200 spores/mm
2
, indicated that 

the morphology of the grafted oligomers may be the main contributor to the very low spore 

density.  The SAMs studied form close-packed homogeneous crystalline layers on the surface.  

This was in contrast to the heterogeneity exhibited by the PDMS-g-Si samples.  Indeed, it may 

be that the reason that the tall 12.4 μm pattern did not exhibit spore density different than smooth 

is due to the fact that the spore density was already so low.  Furthermore, the attachment pattern, 

A B 
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at first glance, is more typical of a low-fouling surface.  In comparison to the typical attachment 

of spores to smooth PDMSe where they attach in groups, the spores on the smooth PDMS-g-Si 

(and the 12.4 μm pattern) attached more or less singly.  Based upon this, one might hypothesize 

that the possibility for further attachment reduction was limited.  However, spore densities for 

certain PDMSe topographies have been as low as 60 spores/mm
2
 (+2.8SK2x2_n4 and 

+2.5SK10x2, unpublished). 

The performance of the smooth PDMS-g-Si leads to an idea that short-chain oligomers 

have antifouling characteristics, by virtue of their morphology alone.  The relatively 

unconstrained grafted chains may present to a settled spore small repulsive forces, such as those 

encountered in steric hindrance.
49-50

  These forces may be stimuli for the spores’ sensory 

mechanisms or may be interacting with their adhesive in an unfavorable way.   

The surface modulus difference between PDMSe and PDMS-g-Si may also be a factor 

here.  The grafted chains here are much longer than those in SAMs but also attached at a much 

lower density, as suggested by the surface heterogeneity in Figure 3 - 4.  As random coils rather 

than the crystalline structure found in SAMs, they produce a slightly softer surface as suggested 

in the AFM phase image.  Even so, if we assume a simple volumetric rule of mixtures for the 

extremely thin surface layer of PDMS on Si (E ~ 100 GPa), PDMSe (E~ 1 MPa) is much softer 

than PDMS-g-Si.  While there has been some evidence that spores do not respond to changes in 

surface modulus,
24

 this may be valuable direction to investigate. 

The attachment density on these patterned surfaces was either higher than or equal to the 

smooth control.  However, the feature spacing for these topographies was greater than 2 μm by 

ca. 0.3-0.4 μm.  Previously, +5CH5x5 (channels) had greatly increased attachment compared to 

smooth in PDMSe.
15

  The spores had fit in between the channels and packed in ordered lines.  
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This led to the hypothesis that feature dimensions less than the size of the spore would decrease 

attachment.  Several topographies with feature spacing at 2 μm reduced attachment compared to 

smooth.  The results of the present study support this hypothesis and suggest that 2 μm is upper 

bound for attachment reduction.  Feature spacing greater than approximately 2 μm increases 

attachment compared to smooth for certain feature heights.  Testing a series of surfaces with 

feature spacing at and below 2 μm could find the lower bound for attachment reduction.  Such a 

study would also investigate the role of spore size relative to feature dimensions.  The goal here 

would be to add a factor to the ERI model that takes size of the organism into account, which in 

its current state it does not. 

Looking at Table 3 - 1, based upon ERIII the attachment for the +12.4SK1.6x2.4_n5 

sample was predicted to be substantially lower than the +5.0SK1.7x2.3_n5 sample.  However, 

from a purely mechanical-contact perspective for the final attachment configuration, the two 

surfaces are identical under the assumption that the features are not bent by the spores.  The fact 

that the taller 12.4 μm-tall pattern did indeed reduce attachment compared to the 5.0 μm-tall 

pattern suggests that the presence of the additional space beneath the feature tops renders the 

surface less favorable towards attachment.  Among the explanations for this, the change in 

hydrodynamic forces caused by the more open geometry was attractive.  Yet, the fact that such 

conditions are constrained to remain in the laminar flow regime – due to the length scales in 

question – limits the options for differences in flow characteristics between the surfaces.  It is 

also possible that the flagella, which are over 15 μm long,
31

 probed the recesses between features 

and distinguished between the surfaces in this way.  One surface where a floor was encountered 

may be more favorable than one where no floor is found – a less stable attachment site.   
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However, based upon ERIII these two surfaces were also predicted to reduce attachment 

compared to smooth.  The fact that the +12.4SK1.6x2.4_n5 sample brought the attachment back 

to that of smooth indicates that the cue that increased attachment for the shorter patterns was 

possibly offset by a different cue – feature height.  A natural extension of this study would be to 

reevaluate the effect of feature height using a pattern with feature spacing at the apparent critical 

feature dimension of 2 μm.  It is expected that attachment for feature heights at and above 3 μm 

would be less than smooth for all cases and follow the ERIII attachment model.   

Conclusions 

This study showed that feature height alone can be used to reduce attachment of Ulva 

zoospores.  Surfaces with tightly controlled engineered roughness values were successfully 

fabricated.  The comparison to smooth PDMS-g-Si suggests that a critical dimension for feature 

spacing was somewhere below 2.3 μm.  The surface energy and surface morphology of the 

PDMS-g-Si samples deviated from that of PDMSe, a standard antifouling material, and caused a 

substantial reduction in attachment for the smooth PDMS-g-Si.  It was possible that the presence 

of the grafted oligomers imparted a steric hindrance repulsion factor to the surface that caused 

this reduction.  Future studies involving surface density or molecular oligomeric weight are a 

promising avenue to investigate this further.  For the patterned surfaces, other material and 

surface parameters were held constant while feature height was varied between two regimes 

relevant to the size of the settling organism.  Within the range studied, attachment both followed 

feature height and suggested two reduction levels.  These levels may correspond to engineered 

roughness values that either allowed the spore to contact the lowest surface point or constrained 

attachment to feature tops.  In this latter configuration, it is possible that reduction in attachment 

is due in part to hydrodynamic factors or more in-depth probing the spores.  Future studies 



 

61 

performed at the critical feature spacing would need to investigate the potential of feature height 

to reduce attachment compared to smooth for high-aspect ratio patterns. 



 

62 

CHAPTER 4 

ATTACHMENT TO NANO-TOPOGRAPHICALLY-MODIFIED LOW FOULING MICRO-

TOPOGRAPHIES FOR ULVA LINZA SPORE ATTACHMENT AND RELEASE  

Introduction 

A model has been developed that incorporates topographical factors into a description of 

the attachment behavior of zoospores of the green alga Ulva linza to poly(dimethylsiloxane) 

elastomer (PDMSe) engineered microtopographies.
21-22

  Thus far, studies of attachment to 

surfaces within this model have been confined to the micro-scale, which is the same scale for the 

size of the spores.  Promising results have emerged using surfaces with nano-scale roughness, 

especially when this nano-scale roughness is combined with micro-scale roughness.
51

  The 

variation of surface contact area on two length scales likely presents a surface resistant to 

adhesion, possibly related to the way roughness effects wetting via the models of Wenzel and 

Cassie-Baxter.
9, 11

 

The factors used to construct the main variable of the present attachment model, the 

engineered roughness index (ERIII), involve two factors from these two wetting models, r and φs: 

      
   

      
                4-1 

where r is the ratio of total surface area to planar projected surface area as in Wenzel’s model, n 

is the number of distinct topographical features in the pattern, and    is the ratio of the surface 

area of feature tops to total planar projected surface area which is equivalent to f1 in Cassie-

Baxter’s model.
22

  However, these models are only valid for explaining the wetting 

characteristics of a drop of water on a surface when the dimensions of the features that comprise 

the roughness are much less than the size of the drop.
12

  While the correlation that the model 

exhibits of attachment to these topographical features may yet be explained by wetting in one 

way or another, the relationship is not yet explicit.  Thus far, surfaces that would be wet by a 
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microliter-sized drop with similar contact angles way can be either favorable
15

 or unfavorable 

surface configurations
21

 for spore attachment.  The difference between these two cases seems to 

be a critical feature dimension.
26

  When the protruding features are spaced a distance of 

approximately 2 μm, which is less than the width of a spore, attachment is reduced compared to a 

smooth unmodified surface, for all topography geometries tested.
19, 21-22

  Yet, the addition of 

features spaced much less than this, on the nanometer scale, have not yet been tested within this 

model. 

Recently, locations of preferential attachment, or lack thereof, upon certain topographies 

have been quantified.
40

  One surface in particular, +2.8SK10x2 (the notation used here is 

+[feature height][pattern][feature width]x[feature spacing], with values in microns)
22

, exhibited 

attachment locations and overall fouling such that it would be a good candidate for modification 

using nano-topography.  First, it is a surface that is interesting in terms of its relative fouling 

behavior with regards to the attachment model.  Across two assays, it exhibited attachment equal 

to that of the original Sharklet, +2.8SK2x2 (data not yet published).  This went against two 

alternative hypotheses: 1) since the ERIII value of +2.8SK10x2 is higher than +2.8SK2x2, its 

attachment was hypothesized to be lower, following the attachment model, or 2) since the wider 

feature width of +2.8SK10x2 should allow spores to attach to the feature tops more like a smooth 

surface, its attachment was hypothesized to be higher than +2.8SK2x2.  The fact that neither of 

these occurred suggests a more complex interaction with spores during attachment.  Second, 

along the lines of the second hypothesis above, more spores did attach to the feature tops of the 

10x2 surface, compared to the 2x2 surface.  Figure 4 - 1 shows the preferential attachment 

locations of these two surfaces along with the percentage of spores that attached to the feature 

tops on each.    While it is hard to see from these attachment “maps”, ten times as many spores 
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attached on the feature tops of the 10x2 surface compared to the 2x2 surface.  Investigating the 

10x2 surface further may aid in understanding of the attachment model. 

 

Figure 4 - 1. Mapping of spore attachment.   LEFT(and expanded): +2.5SK2x240, RIGHT: +2.8SK10x2. 

The 10x2 surface is a good candidate to explore the use of nano-roughness by attempting 

to reduce the attachment of spores to its relatively wide feature tops through the addition of 

nano-scale features.  Exploiting some undesirable side effects of normal microfabrication 

techniques,
52-54

 surfaces having a superposition of disordered nano-scale roughness upon 

engineered micro-scale topography can be fabricated.  This roughness will affect two factors in 

the ERI model: the Wenzel roughness ratio factor r and the factor φs.  Using the wide 10x2 

feature tops as platforms to create submicron roughness, this provides a sample to study both the 

submicron roughness itself as well as the performance of significant roughness on scales both 

equal to and smaller than that of a spore.  Figure 4 - 2 shows a preliminary surface using 

+15SK5x2.  This surface employs silicon nano-pillars extending up from the feature tops in a 

brush-like manner to enhance overall surface roughness, and ERIII.  These nano-pillars are too 

fragile to replicate using the typical PDMSe curing method.  However, they effectively roughen 
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the feature tops such that when they are mostly removed, via a wet etch, the surface shown in 

Figure 4 - 3 is fabricated.  It was hypothesized that this roughened surface would reduce the 

attachment density and strength of Ulva spores.   

 
Figure 4 - 2. Nano-pillars formed on +15SK5x2 on a silicon wafer.  Top-right: ~45o tilt. Bottom-left and 

enlarged: top-down. 

 

Figure 4 - 3. Si nano-pillars etched down to their nubs on 

+15SK5x2. ~45° tilt. 
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Materials and Methods 

Sample Fabrication 

Master fabrication 

Micron-scale topography.  Table 4 - 1 below lists the surface types to be tested and their 

characteristics.  For the nano-roughened surfaces, the ERIII value is only said to be greater than 

the value for the non-roughened surface.  The notation “_r1” was added to the end of the sample 

names to denote the addition of a first-generation level of nano-roughness to the given surface 

type.  It was found that the nano-roughness step reduced the width of features.  To compensate 

for this, the feature width was increased commensurately to produce the value in the table below 

in the micron-scale topography step.   

Table 4 - 1. Dimensions and ERI variables for surfaces used to evaluate the effect of nano-scale 

roughness on spore settlement. When no unit is given, the quantity is unitless. 

Surface 
Height 

(µm) 

Width 

(µm) 

Spacing 

(µm) 
r  n  φs  ERIII 

Smooth (SM) NA NA NA 1 0 0 0.0 

Smooth_r1 NA NA NA >1 0 0 >0 

+7.4SK9.8x1.6_r1 7.4 9.8 1.6 >2.5 4 0.83 >60.0 

 
 Standard contact lithography was used to pattern Shipley’s S1813 photoresist on p-type 

silicon wafers of <100> orientation.  Deep reactive ion etching (DRIE) was used in a Bosch 

process to create the micron-scale features.  The DRIE parameters for this step are listed below 

in Table 4 - 2.  The formation of nano-pillars was found to be dependent on the pre-existing 

micron-scale topography as well the areal coverage of the wafer.  The configuration used is 

shown in Figure 4 - 4.  Four 1 in
2
 sections were etched into the wafer adjacent to each other 

about its center.  Oxygen plasma was used to remove the photoresist after etching. 

Nano-scale roughness.  Next, the wafer was subjected to a second, different DRIE 

process to fabricate nano-pillars on the surface of the topography.  The Bosch parameters are 
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Table 4 - 2. DRIE parameters for micron-scale topography. 

Parameter Value (average across all cycles) 

 Etching cycle Passivation cycle 

Cycle time (s) 7 5 

Number of cycles 11 (end on etch) 10 

Coil power (W) 668 668 

Platen power (W) 12 0 

Chamber pressure (mTorr) 52 21 

C4F8 gas flow (sccm) 0 85 

SF6 gas flow (sccm) 130 0 

O2 gas flow (sccm) 13 0 

 

 
Figure 4 - 4. Configuration for etching micron-scale topography on 4” Si wafer in preparation for the subsequent 

nano-scale roughness step.  Dark gray area is patterned withthe unit cell outlined schematically in 

white. 

spore attachment listed below in Table 4 - 3.  At the given values, the low etch-to-passivate 

duration ratio is the key to producing the “nano-grass”.
52-54

  The number of cycles was found to 

increase area coverage of the nano-grass.  Then, these tall nano-pillars were etched down to the 

nubs of their bases using a wet acid etch comprised of 47% hydrofluoric acid, 97% nitric acid, 

and glacial acetic acid (HNA etch).
55

          

 Wet etch.  A series of compositions were tested to produce the desired morphology.  The 

details of this study are in Appendix A.  The selected composition was 10:9:80 
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HF:HNO3:CH3COOH v/v/v.  A duration of 12 min was used, with 3 parts of HF and HNO3 

added at 5 min to compensate for reaction-produced dilution.     

 Finally, the nano-roughened wafer was cleaved leaving some unpatterned area as a 

border to the patterned sections.  This cleaving was performed to aid in peeling the replications 

from the masters since the nano-roughness increases surface area and, therefore, adhesion.  One 

patterned section was used as the master for the +7.4SK9.8x1.6_r1 sample, and an unpatterned 

section approximately 1 in
2
 was used as the master for the Smooth_r1. 

Table 4 - 3. DRIE parameters for nano-scale roughness parameters. 

Parameter Value (average across all cycles) 

 Etching cycle Passivation cycle 

Cycle time (s) 6 6 

Number of cycles 21 (end on etch) 20 

Coil power (W) 668 668 

Platen power (W) 12 0 

Chamber pressure (mTorr) 52 21 

C4F8 gas flow (sccm) 0 85 

SF6 gas flow (sccm) 130 0 

O2 gas flow (sccm) 13 0 

 

Replication 

The Smooth_r1 sample was first replicated with PDMSe to form a transfer mold.  Due to 

the absence of high aspect ratio features, it was possible to cure PDMSe on already-cured 

PDMSe with the use of a hexamethyl disilazane (HMDS) anti-adhesion layer.  This was not 

possible with the micro-topography sample.  The replication would often not come apart from 

the transfer mold, and the relatively high aspect ratio features of the transfer mold would bend 

over.  To replicate the +7.4SK9.8x1.6_r1 master in its positive state, a negative transfer mold 

was prepared out of a thermoplastic elastomer, poly(styrene ethylene butadiaene styrene) (Kraton 

G1657M), for subsequent PDMSe replication.  This material has a slightly higher modulus than 

PDMSe.  This prevented the features present in the transfer mold from bending during 
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replication.  Kraton pellets were dissolved in toluene (Fisher Scientific) at a ratio of 29% : 71% 

v/v and mixed for 24 hr.  Then the mixture was poured into a well fixed onto the Si master to 

form a film via evaporative solution casting.  After approximately 24 hr, this film was then 

removed from the master and well.  

Replication using PDMSe was performed using Silastic T2 (Dow Corning) base and 

curing agent mixed in a 10:1 weight ratio.  This mixture was degassed and poured over the 

transfer mold and Smooth_r1 master which were affixed to a glass plate between spacers.  Air 

bubbles were removed using a needle, a glass plate was pressed onto the spacers, and the 

assembly was placed in an oven at 60
o
C for one hour.  Finally, the cured PDMSe was peeled 

away. 

This curing procedure is different from the usual method used to produce PDMSe 

samples in our research group as reported previously.
15, 19-22, 26, 39-40, 43, 56

  The usual method cures 

the PDMSe at room temperature for 22 hr.  To study the effect of this change in material 

preparation, smooth samples that were cured using the usual method were used as a baseline 

material. 

Surface Characterization 

 Scanning electron microscopy (SEM) and light microscopy were used to evaluate the 

feature dimensions and pattern quality.  Advancing and receding water contact angle 

measurements were taken using a Ramé-Hart goniometer.  Three 5 μl drops were placed upon 

the surfaces, and then 0.1 μl was added or subtracted sequentially until the contact point moved 

to determine advancing and receding angles as well as hysteresis. The samples were also tilted to 

measure the slip angle.  Atomic force microscopy (AFM) was used to measure graft density with 

a NanoScope® III Multimode Scanning Probe Microscope in tapping mode with a silicon 

cantilever using areas of 1 μm
2
.  Images were evaluated qualitatively for surface morphology and 
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quantitatively for comparative surface roughness.  Multiple spots on each surface were scanned 

to verify that a given image was representative of the surface. 

Ulva Attachment and Release Assay 

Three replicate samples of each sample type were adhered to a glass slide using 

allyltrimethoxysilane-coupling and assayed for both attachment and release using Ulva linza 

zoospores and methods described previously.
47-48

  Briefly, the samples were immersed in Tropic 

Marin® artificial seawater (ASW) for 24 hr prior to the assay.  Spores were obtained from fertile 

plants gathered from Wembury beach, UK (50
o
18’N; 4

o
02’W) and placed in sterile seawater 

suspension.  Then, the samples were placed at the bottom of individual wells in a Quadriperm 

assay dish (Fisher), and the wells were filled with 10 ml of spore suspension containing a 

concentration of 1.5 x 10
6 
spores/ml.  The spores were allowed to settle on the surfaces in the 

dark at ~20
o
C for 45 min.  Next, the surfaces were gently rinsed to remove unattached spores, 

and attached spores were fixed to the surface using 2% glutaraldehyde in seawater for 15 min.  

The number of spores per field of view was counted using an image analysis system connected to 

a Zeiss epifluorescence microscope. Thirty fields of view were taken for each of three replicates 

per sample.  The mean settlement densities were compared among the surface types using a one-

factor analysis of variance (ANOVA) followed by a test for individual comparisons.   

Results 

Surface Characterization 

Figure 4 - 5 shows SEM images of the Si master and Kraton mold for +7.4SK9.8x1.6_r1.  

Figure 4 - 6 shows SEM images of the resulting PDMSe replicates of the Kraton mold.  Visually, 

there is a loss of roughness from the master to the Kraton transfer mold and possibly from the 

mold to the PDMSe replicate.   
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Figure 4 - 5. Master and Kraton mold for the +7.4SK9.8x1.6_r1 sample. A: Si master, B: Kraton mold for 

etching micron-scale topography. 

  

Figure 4 - 6. SEM images of PDMSe replicate of Kraton mold of +7.4SK9.8x1.6_r1 masters. A: tilted, B: top-down. 

Figure 4 - 7 shows AFM images for the accelerated-cured smooth and Smooth_r1 

PDMSe samples.  The morphology shown in the small area here is visually similar to the larger 

areas on the feature tops in the SEM image (Figure 4 - 6).  The Smooth_r1 sample had an RMS 

roughness value of 86.7 nm compared to a value of 0.9 nm for the unmodified smooth sample.  

Beyond the mere change in roughness, the parameters of interest are r, the Wenzel 

roughness, and φs, the contact area of spore on surface.  Due to the lack of a well-defined 

geometry, however, measuring these values is difficult here.  As a very rough model or visual 

A  

B  A  

B  
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Figure 4 - 7. AFM images in height mode of PDMSe samples. A: Smooth accelerated-cured, B: Smooth_r1 

accelerated-cured. 

aid, we can assume that the spore’s hydrophilic adhesive on the hydrophobic PDMSe has a 

“persistence length” (like that of a polymer) of a given value, say 1 μm or 500 nm. Then we can 

compare this to a linescan of the AFM image. The black line in Figure 4 - 8 is the adhesive, and 

the green line is the line scan of the PDMSe.  The top section portrays one instance of a 1 μm 

persistence while the bottom section portrays that for a 500 nm persistence length.  Since the 

roughness of the non-nano-roughened PDMSe is nearly 100x less (the height scale on the figure 

tops at around 330 nm while it is about 5 nm for the non-nano-roughened PDMSe), in this model 

the adhesive contacts the surface at many more points and the space between is hard to 

distinguish at this length scale.  While we don’t know exactly the adhesive wets the surface,  

 

Figure 4 - 8. Model to estimate contact area of spore adhesive on nano-roughened PDMSe surface.  Black line is 

the adhesive modeled as a polymer with a given persistence length, and green line is an actual 

linescan of an AFM image of the SM_r1 sample. TOP: Persistence length = 1 μm, BOTTOM: 

Persistence length = 500 nm. 

A  B  
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qualitatively, under these assumptions, there is likely less contact between the surface and the 

spore’s adhesive for the nano-roughened surface, increasing r and reducing φs.   

Table 4-4 shows the water contact angle measurements for the different surfaces.  A two-

factor ANOVA was applied using the factors of “cure” and “surface” followed by a Holm-Sidak 

test for pairwise comparisons.  The effect of cure was only significant for advancing angle.  The 

factor of surface (smooth vs nano-roughened vs nano-roughened+Sharklet) was significant for 

static, advancing and receding.   

Table 4 - 4. Water contact angle measurements for smooth and nano-roughened PDMSe 

surfaces.  Asterisks denote statistically different samples. 

Surface Static Advancing Receding Hysteresis Slip angle 

Smooth Reg. cure 112°±2° 117°±4° 78°±1° 39°±4° 88°±2° 

Smooth Accel. cure 111°±3° 112°±4°* 78°±3° 34°±5° >90° 

Smooth_r1 (Accel. cure) 114°±4°* 119°±4°** 78°±6° 41°±7° >90° 

SK_r1 (Accel. cure) 110°±5° 127°±4°*** 85°±3°* 42°±5° 51°±15° 

Ulva Zoospore Attachment and Release 

 The results of the Ulva spore attachment are shown in Figure 4 - 8.  The accelerated-

cured smooth samples exhibited less than half the attachment of the regular-cured smooth 

sample.  Adding nano-roughness to a smooth accelerated-cured sample increased the attachment 

almost threefold.  The combination of topography and nano-roughness lowered the attachment 

somewhat.  Figure 4 - 9 shows the release performance of the different surfaces.  The spore 

density before and after exposure to shear flow is displayed in Figure 4 - 10.  Compared to 

previous studies of PDMSe,
17

 the release from all samples was quite high.  The addition of the 

nano-roughness increased the removal, with a value over 90% for the Accel. Smooth_r1 sample 

compared to 54% for the Accel. Smooth sample.   

Figure 4 - 11 shows light microscopy images of spores attached to these surfaces.  What 

is evident is that at some point during the assay and before imaging, a substantial amount of the 
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Figure 4 - 9. Attachment density of spores to nano-roughened samples and controls.  Error bars represent 95% 
confidence intervals.  Asterisks denote statistically different groups. 

features of +7.4SK9.8x1.6_r1 became stuck together, reducing pattern fidelity.  At this feature 

aspect ratio, the modulus of PDMSe was expected to be sufficient to prevent the features sticking 

together.  Therefore, based upon this occurrence and the unexpected attachment reduction 

displayed for the accelerated-cured smooth sample, further characterization was performed on 

the accelerated-cured PDMSe.  Tensile modulus was measured using an Instron system equipped 

with a laser extensometer and a MTS Renew™ package.  Following the characterization method 

of L. Wilson,
17

 the linear portion of the low-strain region between 0.2 and 0.5 lbf. was used to 

calculate the elastic tensile modulus using TestWorks® 4 software.  A Texture Technologies 

Corp. TA XT plus Texture Analyzer was used to measure the compressive modulus of the two 

types of PDMSe.  A sample roughly 1 mm thick and 6 to 8 mm in width and length was placed 

under a 0.5 in.diameter Delrin compression cylinder.  A crosshead displacement rate of 0.1 mm/s 

and a target load of 2 kg were used.  The linear strain region between 5 and 10 % was used to 

calculate the modulus.   
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Figure 4 - 10. Percent removal of spores from nano-roughened samples and controls under water flow.  Error 

bars represent 95% confidence intervals of arcsine transformed data.  Asterisks denote statistically 

different groups. 

 

Figure 4 - 11. Attachment of spores before and after exposure to water flow channel. Removal of spores from 

nano-roughened samples and controls under water flow.  Error bars represent 95% confidence 

intervals of arcsine transformed data.  
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Figure 4 - 12. Optical images of spore attachment.  A: Accel. Smooth, B: Accel. Smooth_r1, C: 

+7.4SK9.8x1.6_r1.  

Figure 4 - 12 displays the results of tensile tests on regular- and accelerated-cured 

PDMSe.  To check if additional curing occurred at room temperature after the initial heated 

duration, tests were performed on samples one hour after removing from the oven as well as 24 

hr after removal.  A loss in tensile modulus of over 20% occurred as a result of accelerated 

curing.  Figure 4 - 13 shows the results of measurements of the compressive modulus.  A loss of 

30% in modulus is shown for the accelerated-cured sample. 

Discussion 

The hypothesis that the spores would be less likely to attach to a surface with nano-

roughness was not supported by this study.  However, the strength of the adhesion to such a 

surface was shown to be substantially weaker at this scale of nano-roughness.  Based upon the 

C  

B  A  
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Figure 4 - 13. Tensile modulus measurements.  Error bars denote standard deviations.  Gray bar groups together 

statistically similar samples.  

 

Figure 4 - 14. Compressive modulus of regular-cured and accelerated-cured PDMSe. Asterisk denotes statistical 

significance.  

final attachment density after exposure to flow, the nano-roughened surface exhibits superior 

performance compared to the unmodified PMDSe.  Micro-scale topography has shown the 

propensity to both reduce
20-22

 and enhance
15

 attachment to PDMSe surfaces.  The results of this 
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study, along with that of Cao et al.
51

, demonstrate nano-scale roughness has a similar ability. 

Higher levels of nano-roughness similar to that shown in the Si masters in Figure 4 - 2 could 

further explore whether attachment reduction can scale with degree of nano-roughness, given 

certain critical values of feature dimensions such as aspect ratio, or certain morphologies.   

Indeed, the depressions created by the nano-roughness might fit the “nose” of a swimming 

spore.  This may present favorable attachment sites similar to that of +5CH5x5.  In such a 

configuration, the adhesive pad-area would be increased whilst overall surface energy is 

decreased, following the argument of Callow et al.
15

  If this is the case, increasing the aspect 

ratio of these nano-features, and possibly their areal density, may impart the attachment 

reduction observed for the micron-scale topographies. 

The difference between regular- and accelerated-cured PDMSe was shown to have an 

unexpected significant effect on attachment of spores, as well as on adhesion strength to a lesser 

extent.  This is surprising considering the small degree of difference between the two samples.  

The slightly lower advancing contact angle of the accelerated-cured PDMSe possibly indicates a 

less crosslinked surface in which PDMS chains are more able to change their conformation and 

orient the more polar oxygen backbone groups towards the water droplet.  The lower modulus 

also indicates a lower degree of crosslinking.  If the attachment response is a result of these 

differences, then this demonstrates that the spores are particularly sensitive to a) subtle changes 

in surface properties and b) modulus.  This latter possibility is in contrast to the findings of 

Chaudhury et al.
24

 who also investigated PDMSe, although using different fabrication methods.  

Conclusions 

 Surfaces were fabricated with a combination of engineered micro-topography and nano-

scale surface roughness in PDMSe.  The addition of nano-roughness increased spore removal 

under shear flow compared to smooth for these surfaces.  At this level of roughness, attachment 
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was increased for the nano-roughened surface compared to the non-roughened surfaces.  A 

dependence on PDMSe modulus and/or wettability was demonstrated.  These results offer the 

opportunity to further explore the effect of higher degrees of nano-roughness and PDMSe 

modulus and surface energy. 
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CHAPTER 5 

ANALYSIS OF SPATIAL DISTRIBUTION OF ULVA LINZA ZOOSPORE ATTACHMENT 

TO ENGINEERED TOPOGRAPHIES  

Introduction 

Among the factors that affect the attachment of micro-organisms to surfaces, the ability 

of topographical features to impede attachment of propagules in close proximity to one another 

may be a central component to a topographical surface’s antifouling performance.  Many species 

settle gregariously, with propagules packed adjacent to one another, in order to facilitate various 

forms of protection from the environment.  Bacteria do this to create an encompassing protective 

biofilm layer.
2
  Ulva linza zoospores pack into groups presumably to lower their overall surface 

energy and/or create a stronger bond to the surface that is also more resilient against 

hydrodynamic forces.
38

 

Topographical features in PDMSe have exhibited either enhancement or reduction of 

attachment of zoospores (hereafter called simply “spores”), depending on certain feature 

dimensions.  An empirical model has been developed that relates attachment to a dimensionless 

ratio of topographical variables, the ERIII.
21-22, 39

  However, the range of topographical variations 

that have been investigated thus far is narrow.  While the correlation between topographical 

parameters and attachment in this model is strong, there remains the basic question as to how 

these parameters are exactly inhibiting attachment within this range.  Observational evidence 

suggests that this reduction may be a result of the topography presenting a terrain where spores 

are less likely to settle close to one another.  This can be verified by quantifying the spatial 

distribution of attached spores amongst different surfaces.  Moreover, underlying spatial trends 

may be identified that correlate with the trends in attachment behavior seen thus far.   

The pair-wise distribution function is a standard materials science descriptor that is often 

used to describe short range order in amorphous materials and scattering data.  It also offers an 
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algorithm to describe the spatial distribution of objects in space.  By quantifying the number of 

objects attached at increasing distance from a given objects, the distances to nearest neighbors as 

well as their quantity are averaged and any short range order is shown.  Busscher looked at the 

spatial distribution of bacteria attached to surfaces.  It was postulated that parameters of the 

resulting distribution function could be correlated with surface
57

 and inter-bacteria interaction 

forces
58-59

, such as the van der Waals and double layer forces involved in the DLVO theory of 

charged objects in solution.
60

  In the case of spores attaching to topographically-modified 

surfaces, the interactions are perhaps dominated by mechanical forces arising from the feature 

dimensions.  The pair-wise distribution function provides a quantitative analysis for identifying 

spatial trends in attachment behavior.  Correlations between these trends and topographically-

derived attachment cues can then be made.  

Recently, the positions of attached spores have been mapped to the unit cell of several 

topographical patterns.
40

  Both preferential and inhibitory sites were identified on the 

microtopographical patterns.  However, as of now this mapping technique is purely qualitative.  

Applying the pair-wise distribution function to the attachment of spores to topographies would 

introduce a level of quantitative statistical significance.  An analysis of the spatial distribution of 

the attached spores should corroborate the results of the attachment mapping.  Moreover, the 

pair-wise distribution function is sensitive to length scales greater than that of the mapping 

algorithm, which is limited to the topography pattern unit cell.   

As the ERIII is increased, the spore density on a surface is decreased significantly.  

Relatively large distances between individual spores are created as the spore density is reduced 

that, in principle, aren’t explained by the mapping technique.  Furthermore, the gregarious 

attachment behavior of the spores necessitates studying a large area in order to analyze the 
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response of the spores to multiple unit cells within a topography.  The intent of this study is to 

build upon the mapping analysis and contribute to the overall goal of understanding the 

underlying mechanisms involved in the inhibitory ability of certain topographies.   

The long-range, spatial distributions of spores attached to smooth and patterned surfaces 

were investigated.  The pair-wise distribution function was used to analyze the spatial 

relationship of spores attached to one group of topographies – the “n-series.”  The output of the 

long-range pair-wise distribution function is compared to attachment preferences identified using 

the local mapping algorithm.  Correlations between the output of the pair-wise distribution 

function and topographical parameters were investigated in order to gain insight into the 

relationship between the ERIII and attachment reduction.  

Materials and Methods 

Sample Surfaces 

The topography parameters, ERIII value, and reduction in attachment (compared to 

smooth) for the surfaces analyzed in this study are listed in Table 5 - 1.  These surfaces were 

produced using a silicon wafer master fabrication and PDMSe cast replication method; SEM 

images of these surfaces are shown in Figure 5 - 1.   

Table 5 -  1 Dimensions and ERI variables for PDMSe surfaces used to evaluate the spatial 

distribution of spore settlement. When no unit is given, the quantity is unitless. 

Surface 
Height 

(µm) 

Width 

(µm) 

Spacing 

(µm) 
r  n  φs  ERIII 

% Reduction 

n-series         

Smooth (SM)  NA NA NA 1 0 0 0.0 N/A 

+2.7SK2x2_n1 2.7 2 2 2.4 1 0.38 3.9 2 

+2.7SK2x2_n2 2.7 2 2 2.5 2 0.43 8.4 45 

+2.6SK2x2_n3 2.6 2 2 2.3 3 0.46 13 68 

+2.9SK2x2_n4 2.9 2 2 2.3 4 0.48 19 73 

+2.6SK2x2_n5 2.6 2 2 2.5 5 0.49 23 77 

         

+2.4SK5x2 _n4 2.4 5 2 1.8 4 0.66 21 63 
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Figure 5 - 1 Scanning electron micrographs of n-series surfaces22 (A-E) (A)+2.7SK2x2_n1, 

(B)+2.7SK2x2_n2, (C)+2.6SK2x2_n3, (D)+2.9SK2x2_n4, (E)+2.6SK2x2_n5, and 

(F)+2.4SK5x2_n4.  Scale marker bars are 20 µm in length for A-E, and 50 µm for F. 

Ulva Spore Attachment 

Three replicate samples of each sample type were fabricated as 25 mm x 25 mm 

patterned areas centered between two smooth sections of the same area.  This PDMSe film was 

then adhered to a 25 mm x 75 mm glass microscope slide using allyltrimethoxysilane-coupling. 

Samples were sent to the University of Birmingham and assayed for both attachment and release 

using Ulva linza spores and methods described previously.
13

  Briefly, the samples were 

immersed in Tropic Marin® artificial seawater (ASW) for 24 hr prior to the assay.  Spores were 

obtained from fertile plants gathered from Wembury beach, UK (50
o
18’N; 4

o
02’W) and placed 

in sterile seawater suspension.  Then, the samples were placed at the bottom of individual wells 

in a Quadriperm assay dish (Fisher), and the wells were filled with 10 ml of spore suspension 

containing a concentration of 1.5 x 10
6 

spores/ml.  The spores were allowed to settle on the 

surfaces in the dark at ~20
o
C for 45 min.  Next, the surfaces were gently rinsed to remove 

unattached spores, and attached spores were fixed to the surface using 2% glutaraldehyde in 

A

  

B

  

C

  

D

  

E  F  
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seawater for 15 min.  Images of spore attachment were taken for each surface for spore counting 

using white light, fluorescent light, or a combination of both.   

 
Figure 5 - 2 White and/or fluorescent light images of spore or polystyrene bead attachment to topographies. 

A: Smooth, B: +2.7SK2x2_n1, C: +2.7SK2x2_n2, D: +2.9SK2x2_n3, E: +2.9SK2x2_n4, F: 

+2.7SK2x2_n5, G: Spores on +2.4SK5x2_n4, H: Beads on +2.4SK5x2_n4. 
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These images were used to calculate the attachment maps by C. Long.  To act as a control, 

settlement of polystyrene beads on PDMSe surface topography was analyzed.  Beads of the same 

size as spores were deposited in a solution of artificial seawater at the same concentration as that 

of a spore assay.  White light images were taken to analyze the attachment of the beads.  

Examples images of spores (beads for H) on each surface using both white and fluorescent light 

(fluorescent-only for A, and white-light-only for H) are shown in Figure 5 - 2. 

Image Acquisition 

The scheme for imaging the sample slides was designed to sample a large portion of the 

patterned-area.  Fluorescent-light-only images were taken using green light, a red filter, and a 

10x objective on a Zeiss microscope.  The image placements shown in the scheme of Figure 5 - 3 

started 5 mm from each patterned-area edge to avoid the bias caused by the pattern/smooth 

interface.  Corresponding to the density of each sample set, different numbers of images were 

taken for each sample set to arrive at roughly the same number of spores per sample.  These 

ranged from 11 to 44 and were evenly spaced across each slide. 

 

Figure 5 - 3 Image selection scheme.  A 25 mm x 75 mm sample slide containing a 25 mm x 25 mm-

patterned area is shown in top left. The square below shows the positions of the images taken, and an 
example image of spores on +2.9SK2x2_n4 is expanded, to the right. 
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Image Analysis 

ImageJ® software was used to “automate” the measurement of spore positions within an 

image.  The contrast was enhanced such that the image was converted into a binary one (B in 

Figure 5 - 4) where the spores are pure black and the background is pure white.  Grouped spores, 

which contact each other, are labeled as one large object of varied size.  Examples of these large 

objects are circled below in red.  Furthermore, the green circles show spores that actually contact 

each other but were erroneously counted as single spores.  Finally, the spore positions were 

found using the Analyze Particles function, which outlines each object in red and reports its 

position as the centroid of outline.  Spore positions were converted from pixels into microns and 

stored for each image.   

 
Figure 5 - 4 Automated image analysis counting method scheme selection scheme.   

B  A

  

C
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Spatial Distribution 

Pair distribution functions 

The spatial distribution of spores on a surface was analyzed through the use of two pair-

wise distribution functions: 1) a radial distribution function (RDF) and 2) an angular distribution 

function (ADF).  Equations 5 - 1 and 5 - 2 below are the general form of an areal RDF and ADF, 

respectively
59

:   

       
 

    

        

        
                     (5 - 1) 

            
 

    

             

             
            (5 - 2) 

The RDF calculates the ratio of the spore density within a ring of size dr that is a distance r away 

from a given spore to the average overall spore density, <σ>, as shown in Figure 5 - 5; the ADF 

slices this distribution into angular sections.  The actual result is a histogram of inter-spore 

distances across the whole area; each spore pair is counted twice.  A value above 1 indicates 

clustering of objects at that distance bin, whereas when below 1 it indicates that at that distance 

there is a lower density of objects than the average overall density.  It is by definition zero up to 

the minimum object diameter for hard-sphere objects.  Beyond this, the distance at which it 

raises up to and crosses 1 is called the “screening distance” (SD).  This parameter indicates a 

separation distance characteristic of spore-spore and spore-topography interactions.  

An algorithm for calculating the RDF and ADF was created using Matlab™ software.  

An array was created for each image of ni objects representing its ni x ni symmetric inter-object-

distance array.  A number of bins of size dr were created up to the limits of the image size; this 

limit, reflecting the scale factor described below, is the smaller of the rectangle’s two side 

lengths.  An image’s array was searched, and each time a given object-object distance fell 
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Figure 5 - 5 Scheme for A: radial- and B: angular-distribution functions. Adapted from[57]. 

 

into a given r+dr bin the value dni(r+dr) was incremented by one.  This is then divided by the 

area da(r+dr), the image’s object density, σi, and the number of objects in the image, Ni.  This 

value was then averaged over all the I number of images: 

       
 

 
 

         

            
 
                  (5-3) 

In order to check the algorithm, a pseudo-random spatial distribution of object was 

simulated.  A random number generator in Matlab™ was incorporated into a program to create a 

random-distribution-generator.  The size of the objects was set to that of a typical spore, ca. 5 

μm.
15

  Objects that overlapped were excluded.  Twenty-nine iterations of the distribution-

generator, each representing a single “image”, were used to calculate and check the RDF and 

ADF.   

Three characteristics were chosen to act as measureables (characteristics) and quantify 

the differences between RDFs for different samples.  The screening distance, SD, is the point at 

which the RDF crosses 1; below this distance the objects are “screened” from each other.  The 

nature of the forces that cause this screening are of prime interest in this investigation.  “rmax” is 

A

  
B
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the distance at which the density of spores is the highest above the overall average spore density.  

The highest degree of clustering occurs at this distance.  The third characteristic, “Area about 1” 

is the area of the gdr(r) curve above and below 1.  This quantifies the degree to which clustering 

of objects occurs for a sample across all r values.  In addition, “avg. min. dist.” is the average 

distance, across all spores, to a nearest-neighbor.  This value was calculated separately and 

concurrently to the RDF, but does not explicitly show up in the RDF.   

Finite-size effect scale factor 

The finite image size results in a steady reduction in gdr(r) with r due to particles near the 

image boundaries having fewer neighbors than those at the center.  This can be compensated for 

by adding a scale factor based upon the density of particles in an infinitely-large image.  This 

factor has been calculated for rectangular-shaped images by R.J. Bell as:
61

 

        
  

   
 

  

   
 

  

     
 
  

                                   (5-4) 

where Lx and Ly are the two side-lengths of the rectangular image.  The gdr(r) values in this study 

have been scaled by this factor. 

Counting method 

As mentioned above, the spores are known to settle gregariously.  The aim of this 

analysis is to study the effect topography has on attaching spores – investigate any negatively-

thigmotactic cues.  For this reason, it was here assumed that spores that have attached in groups 

were less affected by the topography and more affected by the (possibly) stronger cue of 

gregarious attachment.  Group attachment affects the spatial distribution by shifting the 

screening distance towards one spore diameter.  Four cases for single spores can be used for the 

analysis to take this into account and to reveal the effect topography has on non-grouped  vs. 

grouped attachment: A) counting all spores, B) counting only those spores that had attached at 
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some measurable distance from other spores, single spores, C) counting only single spores, but 

also the distances between these spores and the nearest spore in each grouped-spore group, and 

D) counting only the distances between single spores and grouped-spore groups.  Each method, 

shown schematically in Figure 5 - 6, will generate different aspects of the total spatial 

distribution and has different amounts of bias associated with it.  The automated image analysis 

used in this study results in a modification of method B:  in addition to those separations shown, 

the distances between each single spore and the center of each group were also counted.  Note 

here that for smooth many of the spores are grouped spores, and thus its distribution would be 

heavily biased compared to the topographies and shifted towards higher values of SD.  As such, 

smooth was not included in the statistical analysis of the data. 

 

 
Figure 5 - 6 Scheme for four methods of spore-spore distance counting. A: “All spores”, B: “Single 

spores”, C: “Single spores + Single-group”, D: “Single-group”.   
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Visual comparison 

There is a large amount of information contained in the whole spatial distribution plots.  

Therefore, a visual aid was produced to compare qualitatively, in addition to quantitative data 

described below, the spatial distribution to the attachment “maps” produced by C. Long. 

“Perfectly-distributed” spores were placed at the locations found to be preferential based upon 

the mapping analysis, and the RDF and ADF were plotted.  This is presented in Appendix C. 

Results and Discussion 

Image Analysis 

As mentioned above, the automated method used here to measure the spore positions 

contains a bias for grouped spores.  This results in groups of spores being counted as large  

 

Figure 5 - 7 Size distribution of objects, single spore and spore groups, in the n-series image sets.  The size of 

a single spore was assumed to range from 3.64 and 5.75 μm.   
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spores.  A size histogram was calculated for each sample using the measured area for each object 

(single spore or spore group) and converting it to a diameter, assuming a spherical object (Figure 

5 - 7).  An example is that an area encompassing a group of roughly four spores of a given size 

would produce a diameter equal to twice a single spore’s diameter.  The single-spore bin size for 

the histogram was based upon the typical spore diameter and encompassed values from 3.64 to 

5.75 µm. 

Spatial Distribution 

Preliminary investigation of the “ERI-series” was performed using images taken 

previously for attachment density.
21

  It was found that the low number of spores this produced 

led to substantial noise within the spatial distribution plots.  This data is shown in Appendix C.  

Subsequently, a larger number of spores was used to analyze the “n-series”.  This n-series 

sample set showed excellent correlation to both the ERIII and the factor n.
22

  Furthermore, the 

change in n from one sample to the next results in a linear change in the length largest feature.  

Since spores have been found to preferentially attach at the intersections of the features, the 

probability of a spore setting between features is low.  This phenomenon should show up in the 

radial distribution as a corresponding increase of screening distance, SD, or the position at which 

g(r) (the subscript dr has been removed for simplicity) reaches a maximum.  As such, this 

analysis is intended to offer complementary data to the mapping investigations. 

In comparison to the image analysis performed for mapping of these surfaces (image size 

= 0.13 mm
2
), these images are much larger, being 1.547 mm

2
.  As mentioned above, grouped 

spores were labeled as single large objects.  This will contribute to a bias in the spatial 

distribution functions that effectively acts as an error.  The large number of spores (ca. 10,000) 

obtained with these larger images is intended to compensate for this to some degree. 
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Random distribution 

One-thousand objects were distributed in each of twenty-nine iterations of the random-

distribution-generator, one of which is shown in Figure 5 - 8.  The RDF and ADF for a dilute- 

 

Figure 5 - 8 Pseudorandom test distribution. 

gas-like, completely random distribution with an infinite number of objects will be equal to 1 for 

all angles, and equal to 1 for r values equal to and greater than the object diameter and zero 

below.
62

  The pseudorandom distributions created here, as well as the actual spore distributions, 

are more dense, like a liquid, and finite.  Thus, the SD will be somewhat above the object 

diameter, and there will be noise about 1, as shown in Figure 5 - 9. 

Effect of bin size 

 The effect of bin size on SD can be seen in Figure 5 - 10.  Ideally, an infinitesimal value 

for dr would be used, but the trade-off here is noise, even for the large number of objects in this 

study.  Four values of the bin size dr were used to calculate the RDF for a pseudorandom 

distribution.  Each plot is labeled with its SD- bin.  The SD bins overlap for A, B, and C, but not 

for D.  This indicates that while noise is reduced by increasing the bin size, the SD-bin can vary 

as the bin size is changed.  An r-value near the lowest value here, 1.15 μm, of 1.6 μm was 
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selected as the bin size to use for this study; this value is the result of the constraint of the 

discrete pixel size. 

 

Figure 5 - 9 Pseudorandom RDF. Blue line: the object diameter is 4.4 μm and 1000 

objects were used to populate an area of 2,486,462 μm2; red line: completely 

random, dilute-gas-like distribution. 

Image analysis bias 

An image of +2.6SK2x2_n5 was analyzed using the “automated” method described 

above, as well as using manual counting of only single spores.  This was done to estimate the 

extent to which the automated image analysis adds error to the RDF.  We can see in Figure 5 - 12 

that the two RDF’s differ qualitatively.  Moreover, we can see in Table 5 - 2 that the RDF 

characteristics of the two differ; statistical significance for SD, rmax and area above 1 was not 

possible since only one image was used.  This is intended to be a rough gauge for the error 

imparted by the automated method on the data presented in this study. 
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Figure 5 - 10 Effect of RDF bin size. A: dr = 1.15 μm, B: dr = 2.31 μm, C: dr = 3.24 μm, D: dr = 3.47 

μm.  Parameters are the same as in Figure 5-5. 

 

Figure 5 - 11 ADF of pseudo-random distribution. A: short r -values, B: longer-range r-values. 
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Figure 5 - 12 RDF of an image analyzed using A: manual spore counting, and B: automated spore 

counting of pseudo-random distribution. 

Table 5 - 2 Characteristics of the RDF for manual and automated image analysis counting 

methods. 

Image Analysis Method 
Avg. Min. Dist. 

(µm) 
Area about 1  rmax (µm) 

SD  

(µm) 

Manual  35.9±20.1 0.10 24.6 13.7 

Automated 32.4±18.9 0.11 13.7 13.7 

 

Polystyrene beads 

Figure 5 - 13 shows the RDF for spores and beads settled on +2.4SK5x2 PDMSe.  

Qualitatively the bead RDF behaves more like a random distribution than the spore RDF.  The 

spores tend to preferentially attach at the corners of the features, whereas the beads are 

distributed more evenly across the pattern, as demonstrated by the attachment maps in Figure 5 - 

14.  It was hypothesized that analysis of the spatial distribution would complement the mapping 

results and reveal similar differences.  This is supported qualitatively by the presence of more 

pronounced peaks in the RDF of the spores compared to that of the beads and by the difference 

in the SD (Table 5 - 3). 
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Figure 5 - 13 RDFs for +2.4SK5x2 PDMSe. A: Polystyrene beads, B: Spores. 

Table 5 - 3 Characteristics of the RDF for beads and spores on +2.4SK5x2_n4. Asterisks denote 

statistical difference (α = 0.05). 

Objects 
avg. min. dist. 

(µm) Area about 1  
rmax 

 (µm) 

SD  
(µm) 

Beads  164±20 0.63±0.23 91.7±96.8 8.4±6.1 

Spores 105±21 1.78±0.74 22.8±13.8 14.7±7.5 
 

 

Figure 5 - 14 Comparison between mapped attachment of spores and polystyrene beads on +2.4SK5x2 PDMSe. A: 

Polystyrene bead settlement, B: Spore attachment.  Colors scheme is relevant to spore density only within 

an image and not between them. 

n-series 

The characteristic values (Figure 5 - 16) of the RDFs detect the differences in attachment 

responses to these topographies.  The contrast between smooth and the patterned surfaces is due 

to the fact that the majority of the spores on smooth are grouped.  The SD, rmax, and avg. min. 
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dist. for smooth are all biased towards r values larger than that for randomly-distributed single 

spores.  As such, these values have been highlighted in yellow to distinguish them from that of 

the topographies, and recall that the smooth data were not added to the sample sets when 

calculating statistical differences. 

 

Figure 5 - 15 RDFs of n-series. Each plot is the average of multiple images from 2 (n1 and n2) or 3 slides (n3, n4, 

n5, and SM).  The red horizontal lines show the position of unity for each plot. 
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Figure 5 - 16 RDF characteristics for the n-series.  The asterisks denote statistically different groups. 

A Pearson correlation table was calculated for these four characteristic values comparing 

them to n (Table 5 - 4).  Only rmax, the SD, and avg. min. dist. tend to increase with n, though the 

correlation is weak for all three (maximum correlation coefficient = 0.41).  This is due to the 

high variance (COV up to 0.91) of these values; the means correlate very well, with values above 

0.9.  Surface defects, described at length below, are likely the cause of this variance. 
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Table 5 -  4 Pearson correlation table comparing RDF characteristic values and n. 

Characteristic Correlation coefficient P-value 

rmax 0.235 1.46x10
-4 

avg. min. dist. 0.410 8.75x10
-12 

SD 0.265 1.68x10
-5

 

Area About 1 -0.027 0.669 

 

It was hypothesized that the rmax, SD, or avg. min. dist. values for these samples 

should relate to certain distances defined by any existing preferred attachment sites.  Such 

attachment sites were previously identified by the mapping algorithm. The distances between 

neighboring sites (red and yellow stars) are shown in Figure 5 - 17.  All of the patterned sample 

ADFs (Figure 5 - 18) exhibit a peak at the feature orientation (long axis), although there is some 

variance about 0° that is likely caused by uncertainty in the orientation of the features (~3°).  No 

such peak occurs on the smooth slide ADFs.  This will be further discussed below.   

Now, if one looks only at the “most-preferential-site” separation distances along the 

feature long axis, the minimum distance between neighboring sites is 8 µm for each surface 

except for +2.7SK2x2_n1, for which both the maximum and minimum is 6 µm.  The maximum 

separation distance for the other surfaces is simply the length of the longest feature: n2 - 8 µm, 

n3 - 12 µm, n4 - 16 µm, n5 - 20 µm.  The SD and rmax seem to follow the minimum separation 

distances (; the Pearson correlation coefficients are roughly the same as for n.  Again, the 

variance of these characteristic values resulted in lower coefficients.  In addition to the 

contribution from surface defects, the variance could be related to the other less-likely 

preferential sites.  There is a distribution of these distances within each pattern.  The mean 

distance and standard deviation between all the sites shown in Figure 5 - 17 are given in Table 5 

- 5.  It stands to reason that the variation in SD and rmax is may partially be a result of the 

variation in separation distance between preferred settlement sites.  Next-nearest-neighbor 

distances might also be a factor.   
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Table 5 - 5 Distribution of site-site distances on n-series patterns. 

Surface 
Mean 

(µm) 
Stand. Dev. 

+2.7SK2x2_n1 5.7 3.6 

+2.7SK2x2_n1 7.0 4.6 

+2.6SK2x2_n1 9.7 5.0 

+2.9SK2x2_n1 13.9 6.5 

+2.6SK2x2_n1 15.9 7.7 

 

   
 

          
Figure 5 - 17 Distances between preferential attachment sites (red stars) on A: +2.7SK2x2_n1, B: +2.7SK2x2_n2, C: 

+2.6SK2x2_n3, D: +2.9SK2x2_n4, E: +2.6SK2x2_n5. Red stars are 1st-most preferential and yellow 

starts are 2nd-most preferential. 

The percent of spores found to attach to the “most-preferential-site” and the 2nd-most 

preferential site on +2.6SK2x2_n5 (denoted in yellow in E in Figure 5 - 17) is 31% and 27%, 

A

  

B

  

C

  

D E 
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respectively; recall that these values are not statistically significant.  Therefore, many spores 

were attached to the ends of the both the 12- and 16-µm long features.  

That fact that the SD may follow the minimum separation of the preferred attachment 

sites is intuitive and supports the mapping analysis.  The fact that the rmax values are larger than 

the SD and are somewhat greater than the maximum preferred site separation indicate that a 

more complex interaction with the topography is presenting itself.   

 

Figure 5 - 18 ADF of n-series for r = 0-80 μm. Each plot is the average of multiple images from individual slides. 

The red horizontal lines show the position of unity for each plot.  
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Table 5 - 6 “Most-preferential-site’* separation distances, rmax, SD, for n-series. 

(+SK2x2_ ) n1 n2 n3 n4 n5 

Minimum site separation 

distance (µm) 
6 8 8 8 8 

<SD> (µm) 6.6 7.1 7.8 8.5 8.4 

stand.dev. 1.3 2.3 1.5 2.7 2.7 

Maximum site separation 

distance (µm) 
6 8 12 16 20 

<rmax>(µm)  10.7 11.8 15.6 18.7 19.3 

stand.dev. 7.9 5.6 13.2 16.9 11.8 
*designation of “most-preferential” is based upon qualitative mapping data and does not imply a 

statistical significance. 

 

Figure 5 - 19 ADF of n-series for r = 160-240 μm. Each plot is the average of multiple images from 

individual slides.  
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differences between the spatial distribution analysis and the local information gained from the 

mapping, which also cannot study inter-spore relationships.  These were labeled “Pseudo-

mapped.”  Each 1 um
2
 location in an area representing an image was given a probability of 

containing a spore.  This probability was a product of two probabilities.  The first is the overall 

probability of a spore residing in any random 1 um
2 
spot which was given by the density of 

objects calculated by the spatial distribution algorithm for each pattern.  The second is the 

probability associated with the various positions within the unit cell of each pattern, given by 

mapping.
40

  These distribution were then run through the spatial distribution algorithm and the 

outputs compared to those of the actual samples (Figure 5 - 20). 

 

Figure 5 - 20 RDF characteristics of actual and “pseudo-mapped” distributions of n-series.  
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Surface defects 

The peaks in the ADFs (Figure 5 - 18) are near the feature orientation and were quite 

large compared to the rest of the plot, especially for +2.9SK2x2_n4.  This was, however, evident 

to the author during the image acquisition.  Many images showed long lines of spores aligned 

with the feature orientation (Figure 5 - 21).  It appears that there are areas where the features are 

stuck together, or deformed in some other way.  This is especially evident in the region where 

the spores are aligned with the feature orientation.  The question is, did these occur before 

attachment, during, or after?   

The spores release an adhesive when they attach that becomes crosslinked during 

glutaraldehyde fixation and shrinks, pulling features together.  There are areas where features are 

deformed in the absence of spores.  There were indications in the literature
13

 that some spores 

exude a temporary adhesive prior to final attachment at another location.  Therefore, one cannot 

conclude that the features were deformed prior to spore attachment, during the assay, or another 

unknown mechanism.  However, based upon the appearance and size of the defects, it is most 

likely that the defects were formed prior to attachment.  

Since the goal of this analysis is to study the attachment to topographical geometry alone, 

these defective regions will act as an error or bias in the calculations.  In order to determine the 

degree to which attachment to the defective regions biases the spatial distribution, a set of images 

for a single sample were acquired that contain only areas that are nearly completely free from 

defects.  The images will have some defects since the attachment of the spores themselves 

usually creates defects, but these will be isolated to the attachment site alone.  The 

+2.9SK2x2_n4 sample was chosen since it is the most-studied surface.  The images that are 

nearly completely free of defects had spore densities less than the sets of images that contain 

defects for slides 2 and 3 (Table 5 - 7).  For slide 1 only 12 images could be found that were  
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Figure 5 - 21 White+fluorescent light image of aligned spores on +2.6SK2x2_n4.  The white arrow designates the 

measured feature orientation along their long axis.  The red circle highlights those spores aligning with 

the feature orientation.  Some are grouped spores and some are.  

“defect-free” compared to the 44 defect-containing images that were used to calculate the RDF 

and ADF.  This means the number of spores that were used to calculate the “defect-free” RDF 

and ADF are less than those for the set containing defects (Table 5 - 7 ).  This results in the 

functions being more noisy (“without defects” plots in Figure 5 - 22 and Figure 5 - 23).  

Table 5 - 7 Spore density and total number of measured spores for image sets with and without 

defects for +2.9SK2x2_n4. 

Image set 

Avg. #spores per 

image 

(mean±stdev) 

Total number of spores in 

RDF/ADF 

Slide 1 with defects 114±22 5035 

Slide 2 with defects  427±144 5121 

Slide 3 with defects  278±81 5004 

Slide 1 without defects  138±30 1652 

Slide 2 without defects  116±26 1743 

Slide 3 without defects  86±19 1289 

 

Feature orientation 
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As expected, the removal of the defects increases the average minimum distance between 

spores (avg. min. dist.).  It also makes the peak in the ADF near the feature orientation disappear. 

(Figure 5 - 1).  The fact that the degree of clustering (Area about 1) is increased was not 

expected, but this is most likely due to the degree of noise in the RDF.  Neither the SD nor the 

rmax were statistically different.  

The lack of a peak near the feature orientation indicates that there is no preference for the 

feature direction across the range of values r = 0-80 µm.  This suggests that the preference for 

the feature direction (“n4 with defects” in Figure 5 - 23) is likely only due the presence of the 

defects.  As such, the discussion above, concerning correlations of the SD and rmax, must be 

readdressed.  The range of r-values above does not exclude the possibility that within a shorter 

range, say within one unit cell, there is a preference for the feature direction for “defect-free” 

regions.  As shown in Figure 5 - 18, as the r-value range increases, the ADF peaks diminish.  

Suppose that spores separated by either the SD or rmax showed a preference with the feature 

direction.  Then, the correlations postulated above would still appear to exist.  However, at these 

low r-values the numbers of spores is low, often zero.  This low number of spores prevents 

conclusions. A larger number of spores is necessary to further investigate this point. 

The image analysis described here suggested the following idea.  Previously, it was 

shown that spores align with 5 µm- tall, wide and spaced channels (+5CH5x5).
15

  The defects on 

the n-series creates 4 µm-wide channels.  The spore attachment in these defects correlates with 

the alignment observed on the +5CH5x5.  However, spore attachment on the n-series was 

reduced compared to smooth. It was increased on +5CH5x5 by a factor of four.  The two 

differences between here are 1) the surfaces are not completely covered with the defect regions 

where the 4 µm-wide channels occur and 2) the 4 µm-wide channels are not complete, being 
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broken up by the intersections of the features.  Visually, the packing density of spores in the 

channels of +5CH5x5 is less than that within the defect streaks.  It is likely that if these defects 

are removed, then the attachment reduction will increase. 

 

Figure 5 - 22 RDF of +2.9SK2x2_n4 with and without defects. A: all r-values, B: short r-values. The red lines 

indicate the value of 1 for each plot.  
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Table 5 - 8 Characteristic values of the RDFs for +2.9SK2x2_n4 with and without defects. 

Images 
Avg. min. dist. 

(µm) 
Area about 1  r at max. (µm) SD (µm) 

With defects  48.2±13.8 0.20±0.09 18.7±16.9 8.5±2.7 

Without defects 61.4±10.2 0.34±0.10 16.0±10.7 9.5±4.0 

 

 

Figure 5 - 23 ADF of +2.9SK2x2_n4 with and without defects, r  =  0-80 μm. The red lines indicate the value of 1 
for each plot.  
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samples which our group is currently attempting to fabricate.  Furthermore, idea that spores tend 

to avoid attaching near spores that have attached to the preferential settlement sites could be 

studied with a spatial distribution that is localized upon each site. 

Conclusions 

This analysis made progress towards quantifying the trends observed for spores attaching 

to topographically-patterned PDMSe surfaces.  A relationship between the SD and separation 

distance between preferred attachment sites has been suggested.  The SD for the n-series was 

shown to be between 6.6 and 8.5 µm, and the rmax values were between 10.7 and 19.3 µm.  The 

effect of topography defects on the RDF and ADF has been addressed for one sample.  Finally, 

importance of the intersections between features has been emphasized as a key parameter for the 

reduction in attachment compared to smooth and topographies such as channels.   
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CHAPTER 6 

CONCLUSIONS AND FUTURE WORK 

Conclusions 

This work extended the development of the empirical model for attachment of Ulva linza 

zoospore to topographically modified surfaces.  The r factor in the ERIII variable has been shown 

to correlate directly with attachment for aspect ratios below and above 1.  The ability of tall 

features to prevent spores from contacting the recessed surface floor was demonstrated to 

correlate with decreased attachment.  This reduction was greater than that produced by the value 

of r alone. The fact that attachment was reduced, successively, across two feature heights where 

spores could not contact the recessed floor suggests a hydrodynamic component to the 

performance of antifouling topographies.  Additionally, the fact that features spaced 2.3-2.4 μm 

did not reduce attachment compared to smooth supported the hypothesis that there was a critical 

feature spacing near 2 μm, for attachment reduction.  These results enhanced our understanding 

of the complex interaction between spore attachment and the particular geometrical parameters 

that define topographies.  This also shows that potential for further understanding by isolating 

feature spacing at values near and below 2 μm.  Spore attachment was also substantially reduced 

(69%) on smooth PDMS-g-Si surfaces compared to smooth PDMSe.  This suggested the 

antifouling potential of surface-grafted oligomers or high-modulus surfaces. 

The surface of smooth and patterned PDMSe was modified by the additions of a nano-

scale roughness to both increase r and φs, the area fraction of surface a spore contacts.  

Attachment density was surprisingly increased to this nano-roughness, which could be the result 

of spores conforming their bodies to the nano-features.  However, the strength of the attachment 

was reduced compared to the smooth control.  This suggested that the contact area was indeed 

lowered as intended.  After removal of spores under shear water flow, the nano-roughened 
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surface had the lowest attachment density of all samples tested.  Additionally, spore sensitivity to 

small changes in bulk modulus and/or wettability of PDMSe was demonstrated.  Attachment was 

reduced (58%) on PDMSe cured at an accelerated rate at elevated temperature.  This material 

had a lower modulus (20%) and advancing water contact angle (112° vs 117°) compared to 

PDMSe cured at room temperature. 

The spatial distribution of spores attached on a set of topographies was analyzed 

quantitatively.  The average distance between nearest neighbors of non-grouped spores was 

shown to correlate with the ERI model factor n.  The screening distance of the pairwise 

distribution function and the distance where it obtains a maximum were shown to correlate with 

the minimum and maximum feature length, respectively.  This suggests a route for pattern design 

for enhanced antifouling performance: increase the lengths of the shortest and longest features.  

Finally, the role of defects was isolated in the spatial distribution of spores.  Spores were shown 

to align with the long axis of the features only when the features had stuck together in long lines, 

thereby creating wider channels for the spores settle.  This demonstrates the potential for 

improvement in antifouling performance by slightly increasing the modulus of PDMSe in order 

to prevent defects. 

Future Work 

Feature Height 

The study of the effect of feature height alone on attachment to topographies suggests that 

at higher values than studied in this work, attachment to PDMS-g-Si will be reduced even 

further.  Fabrication of such tall features has since been made possible while controlling feature 

width.  It was hypothesized that when feature width is near 2 μm and feature spacing is slightly 

below 2 μm, feature heights of 10 μm and above would reduce attachment similar to that for 

PDMSe, i.e., greater than 90% compared to smooth.  Furthermore, this study would determine 
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the degree to which the bulk modulus of the substrate affects attachment since the surface 

chemistry and energy are similar to that of PDMSe. 

Feature Width and Spacing 

Based upon the results of Chapter 3, the Ulva spores appear to exhibit sensitivity to feature 

spacing on the nanometer scale.  The surfaces shown in Appendix B would provide a sample set 

to test this hypothesis.  Of note is the fact that no additional photomask design or fabrication is 

necessary as a result. 

Increased Roughness 

The effect of nano-scale roughness has only been explored at a low level in this work.  

Moreover, the combination of nano-scale roughness and micro-scale topography was not 

targeted directly.  Surfaces with higher values of nano-roughness, including even the “grass”-like 

nanopillars (Figure 4 - 2) and nano/micro combination surfaces would be possible using the Si 

masters as attachment assay samples. 

Combined Topographies 

A number of surfaces containing two levels of topography using different geometries 

have been fabricated.  These surfaces would allow for an analysis of the role of more complex 

topographies that greatly extend the ERIII variable.  In particular, one “hierarchical” surface was 

of interest that would investigate the effect of the 2nd-level features being present only within 

the recesses (Figure 6 - 1).  Figure 6 - 2 displays some of these surfaces; the fabrication of a 

surface like that in Figure 6 - 1 is shown in F.  This last surface would open up the potential to 

study changes in hydrodynamic conditions, isolated from the 1st-level topography. 
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Figure 6 - 1 Hierarchical surface with 2nd level of features present only in the recesses of the 1st level.  

Spatial Distribution 

The spatial distribution analysis in this study only focused on single spores.  It would be 

interesting to look at the spatial distribution of groups of spores (those in gregarious contact with 

one another) as well as the interaction between single spores and groups.  This involves using the 

counting methods C and D in Figure 5 - 6.  Additional parameters in the RDF would be useful to 

gain a better picture of how the spores are organizing themselves when attaching to these 

surfaces.  This could include focusing on places on the RDF plot where the value dips below 

one, so-called inhibitory distances.  Finally, one would want to increase the number of 

topographies within the sample set to cover more of the ERIII model range.   

Summary 

These proposed studies would extend our investigation of the interaction between spores 

and topography.  In such a complicated system, broad-scale analysis is necessary to gain 

confidence in the results that are presented.  The goal of formulating a thermodynamic model for 

this interaction is an ambitious one, and cautious, thorough steps offer the tools to reach this 

goal. 
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Figure 6 - 2 Various combination topographies.  
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APPENDIX A  

SILICON WET ETCH STUDY 

A variety of wet acid etch compositions and durations were used to develop a controlled 

etch tuned to the size of the nano-scale roughened surfaces.  A solution composed of 

hydrofluoric, nitric, and acetic acid (HNA) was used as the wet isotropic etchant.  This solution 

is usually used as a very fast etch with a relatively high concentration of the nitric acid, which is 

the oxidative species; the hydrofluoric acid is present to etch away the silicon dioxide product of 

this oxidation.  At high concentrations of nitric and/or hydrofluoric acid, this solution has been 

well-characterized.
63

  For our purpose this needed to be slowed down considerably by increasing 

the concentration of the acetic acid.   However, these compositions have not been studied 

extensively in the literature.   

An initial attempt is shown in Figure A - 1.  This shows a sample where the features were 

 

Figure A - 1 Wet acid Si etch of nano-pilars on 5 μm - wide features. A: near vapor-solution interface, B-D: in 

solution.  

A B 

C D 
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Figure A - 2 Wet acid Si etch of nano-pillars on 10 μm - wide features. A:prior to etch, B: near vapor-solution 

interface, C-D: in solution.  

initially 5 μm - wide.  Half of the sample (ca. 2 mm
2
 in size) was dipped into the solution for 10  

s.  The diluent, acetic acid, was increased in concentration, and a much more slow, controlled 

etch was produced.  The series of compositions studied is shown in Table A - 1, with results in 

Figure A - 3.  The composition that created the desired morphology is G (shown in Chapter 4 as 

Figure 4 - 5), and the images before and after etching are labeled G - 1 and G - 2, respectively. 

Table A - 1 HNA etch rate study – slow etch rate. 

Compostition Acetic acid Hydrofluoric acid Nitric acid Duration 

A 75 15 16 1 min 

B 71.4 14.3 14.3 1 min 

C 68.2 13.6 18.2 1 min 

D 65.3 21 13.7 1 min 

E 62 20 18 1 min 

F 59 23 17.2 1 min 

G 80.6 9.2 10.2 12 min 

 

A B 

C D 
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Figure A - 3 HNA slow etch rate study.  

 An attempt to round off the recessed regions of +20CH20x20 was made using the HNA 

wet etch solution.  The aim here was to attempt to form a surface that would address the problem 

found with the “hierarchical” features formed for the dual-species (Ulva spores and Balanus 
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E F 

G - 1 G - 2 
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barnacles).
19

  There the Ulva spores seemed to preferentially attach to the intersection of the 

recess bottom and the feature walls. 

After forming the features in the DRIE, the photoresist was left on the feature tops to act 

a shield against the wet etch in order to prevent rounding of the feature tops.  The compositions 

used are listed in Table A - 2.  Images of the results are in Figure A - 4; the photoresist was 

removed before imaging.    

Table A - 2 HNA etch duration study – fast etch rate. 

Composition Acetic acid Hydrofluoric acid Nitric acid Duration 

A 50 18 32 0 s 

B 50 18 32 1 s 

C 50 18 32 5 s 

D 50 18 32 10 s 

E 50 18 32 20 s 

F 50 18 32 60 s 

 

Figure A - 4 Wet acid Si etch at varied duration for rounding of recesses on +2-CH20x20.  
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The result was that while the recesses did become somewhat rounded, the feature width 

became correspondingly narrower.  This prevented the subsequent formation of the Ulva-specific 

Sharklet pattern to be transferred to the channel feature tops.  One way to deal with this would be 

to increase the initial feature width to compensate for the narrowing during wet etch. 
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APPENDIX B 

OVEREXPOSURE STUDY 

The exposure parameter of the photolithography process step was investigated for use in 

extending the use of the photolithography masks to produce different feature dimensions.  By 

exposing the photoresist (PR) for extended durations, ultraviolet light escapes the confines of the 

mask dark fields at an intensity that makes the PR soluble in its developer.  Figure B - 1 displays 

surfaces fabricated using this method. The goal here is to study the effect of feature width and 

spacing at a submicron level.  The photomask feature width and spacing were nominally both 2 

μm, but the minimum feature width obtainable using the following parameters, and a dose of 

mJ/cm
2
, was 2.24 μm (±0.06 μm).  The photoresist used was Shipley S1813, and exposure was 

performed a Karl Suss MA6 mask aligner in vacuum-contact mode with a lamp intensity of 7.3 

mW/cm
2
. 

 

Figure B - 1 Surfaces created using overexposure to increase feature width.  
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Table B - 1 Topographies produced using over-exposure (+SK2x2_n5). Value is shown as the 

mean of multiple features and one standard deviation. 

Exposure Dose Width Spacing 

(mJ/cm
2
) (μm) (μm) 

197 2.68±0.03 1.50±0.10 

292 2.96±0.02 1.24±0.04 

438 3.49±0.06 0.64±0.06 

584 3.77±0.08 0.50±0.04 
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APPENDIX C 

PRELIMINARY SPATIAL DISTRIBUTION ANALYSIS 

Preliminary Spatial Distribution Analysis of “ERI-series” 

 

Figure C - 1 Light micrographs of attached Ulva spores to the “ERI-series”.21  
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Figure C - 2 RDF’s of ERI-series. A: Smooth, B: Channels, C: Pillars, D: Triangle-Pillars, E: Sharklet 

(+2.8Sk2x2_n4).  

Attachment Mapping: Triangle-Pillars 

The “Triangle-Pillars” topography is comprised of a non-rectangular asymmetric unit and 

unit cell.  This necessitated a slight modification to the mapping algorithm template created by 

C. Long
40

 to take into account the triangular geometry.  The results of mapping spore attachment 

to this surface are shown as a “dot-map” (A,C) and as a smoothed histogram (B,D) in Figure C - 

3 (A,B: single spores only, C,D: all spores, including grouped spores). 

Perfectly preferential attachment 

Figure C - 4 shows, as a partial overlay of a portion of the distribution over the 

attachment map for +2.6SK2x2_n5, the scheme for creating the visual aid. Every preferential 

attachment site has been filled, and no other sites on the surface are occupied.  This is similar to 

a crystalline lattice, and the RDFs are correspondingly sharply peaked, within the limitations of 

the binsize dr.  Figure C - 6 displays the RDFs for the n-series. 

A B C 

D E 
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Figure C - 3 Attachment mapping of +2.4TP10x221 (“Triangle-Pillars”). A,B: single spores, n = 177; C,D: all spores, 

including grouped spores, n = 239of ERI-series  

 

Figure C - 4 Overlay of distribution of perfectly-preferential (right image) attachment to +2.6SK2x2_n5 (attachment 

map shown in left).  
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C D 
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Figure C - 5 RDFs for perfectly-preferential attachment to n-series topographies.  
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APPENDIX D 

HIGH ASPECT RATIO POLYSTYRENE TOPOGRAPHIES 

High aspect ratio topographies are not possible using PDMSe.  They are possible using 

silicon wafers, but this is an expensive process.  We can use an inverse PDMSe mold for 

thermoplastic replication to form high aspect ratio features in materials like polystyrene (PS).  

Aspect ratios as high as 20 have been fabricated in PS using the Triangle-Pillar topography 

(Figure D - 1).  Additionally, features as small as 100 nm are possible using this technique; these 

features are the result of micromasking during the wafer DRIE step. 

  

  

Figure D - 1 High aspect ratio topographies in PS.  
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APPENDIX E 

MICROCONTACT PRINTING SHARKLET PATTERN 

 It is possible that the topographical patterns that have shown antifouling characteristics 

may exhibit similar reduction in attachment when present only in a 2-D fashion.  Recently, such 

a study was performed using channels of hydrophilic and hydrophobic surface grafts.
32

  Surfaces 

were fabricated using the microcontact printing method
64

 that have a nanometer thick, 

amphiphilic chemical graft layer in the Sharklet pattern.  Glass microscope slides were coated 

with a thin gold-palladium layer using sputtering.  Then, a PDMSe “stamp” was coated with a 

thin layer of octadecanethiol (ODT, hydrophobic thiol) and pressed onto the slides; the thiol 

group bonds with the gold-palladium layer to form a self-assembled monolayer (SAM).  Finally, 

the slide is immersed in a solution of mercaptohexadecanoic acid (MHDA, hydrophilic thiol).  

The scheme for this and an image of a patterned slide are shown below. 

 

Figure E - 1 Microcontact printing of Sharklet pattern.  The scheme for the fabrication is shown on the left. and a 

light-microscope image of the a sample near the edge of the patterned area is shown to the right; the 

contrast has been enhanced.  
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APPENDIX F 

ULVA ATTACHMENT TO PDMS GRAFTED SILICON NANO-PILLARS 

A preliminary sample was studied for spore attachment to PDMS-g-Si nano-pillars.  A 

high areal density of nano-pillars was fabricated on the smooth section of the 

+12.4SK1.6x2.4_n5 sample using the DRIE etch-to-passivate ratio of 7s:5s.  This area was 

imaged using fluorescent light and a 5x objective for an image area of 6.1 mm
2
.  A counting 

method was devised for this larger area and lower resolution.  Fluorescent objects that appeared 

to be groups of spores were labeled.  Using the objects that appeared to be single spores, an 

average value for the area of a spore was calculated.  This value was used to designate the 

number of spores in the labeled groups, which then gave the number of spore in each image.  The 

images were also evaluated in white light to look for defects, and the images containing defects – 

higher density of spore at the defects – were removed from the calculation.  From 12 images, an 

average spore density of 18 spores/mm
2
 (standard deviation 15 spores/mm

2
) was observed.  This 

was a reduction of 89% compared to smooth PDMS-g-Si, and a reduction of 97% compared to 

smooth PDMSe.  Moreover, the adhesion of the spores appeared to be quite low, as shown in the 

SEM images below where groups of spore have peeled away from the tips of the nano-pillars.  

This peeling was likely a result of the crosslinking during glutaraldehyde fixation or the imaging 

conditions. 
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Figure F - 1 Images of spores on PDMS-g-Si nano-pillars.  A-C: SEM images, D: fluorescent light image, .  

A B 

C D 1000 μm 
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