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We have developed a model, the Surface Energetics Attachment (SEA) model 

that relates the work of adhesion for an organism to the probability of attachment.  The 

model was used to predict the attachment density of four organisms to a variety of 

topographies from data available in the literature.  The results showed the model was 

capable of predicting relative attachment density to a high degree of accuracy (R2 = 

0.83).  Additionally, local effects of topographic configuration were identified and 

predicted by the model. 

An additional tool, the radial distribution function, was applied to zoospores of 

Ulva linza attached to topographies.  This analysis was combined with previously 

developed mapping techniques to help identify local topographic configuration effects 

on Ulva attachment that may by missed the SEA model analysis.  The radial distribution 

function showed differences in Rmax and screening distance dependent on the location 

of the spore on the topography.  Additionally, the contributory effects of a single spore 

extended only 20 μm from the reference which indicated an ideal size for the 

topography. 
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Topographies were characterized for their adhesion properties through Atomic 

Force Microscopy (AFM) measurements and contact angle measurements. The AFM 

measurements showed site dependence for the work of adhesion for a colloidal probe 

on a wetted topography as predicted by the SEA model.  The contact angle 

measurements configuration dependence for static, advancing and receding contact 

angle measurements for DI water.   

Bioassays with Ulva linza and Balanus amphitrite showed good agreement with 

the SEA model predictions.  A high throughput assay was developed to test the Ulva 

attachment and was successfully used to discriminate differences between 32 

simultaneously tested patterns.  A series of topographies ranging from 5 μm to 200 μm 

in size were evaluated for the barnacle cyprid.  These were found to inhibit attachment 

in line with the model predictions.  Additionally, tracking experiments showed disruption 

of the cyprid surface probing dependent on the size of the topography. 
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CHAPTER 1 
INTRODUCTION 

Scope of Research 

 Marine biofouling is a significant issue in any industry that makes use of the 

oceans, lakes or rivers.  Engineered microtopographies have recently been proposed as 

a nontoxic alternative to traditional biocidal methods of controlling marine fouling.  Well-

controlled patterns have been shown to be able to control and prevent the attachment of 

a variety of marine fouling organisms.  A number of strategies have been explored to 

predict fouling on microtopographies.  These strategies are universally based on 

empirical observations of the attachment behavior on different surfaces and as such do 

not offer much in the way of insight into the mechanism through which topographies can 

prevent and influence biofouling.  In this work, the relationship between engineered 

topography and cell attachment will be explored in a way that utilizes existing models to 

create a universal model for organism attachment to topographies. This model will then 

be used to further explore previously unexamined aspects of fouling on topographies 

and will utilize newly acquired insights to design and optimize antifouling topographies. 

Specific Aims 

 Specific Aim 1.  Develop a Mechanistic Model that Combines the Attachment 
Point Theory and ERI Models for Fouling on Topographies  

 There are currently two widely used models for cell attachment to topographies: 

the Attachment Point Theory and the Engineered Roughness Index.  The parameters in 

these models suggest that they can be rationally combined to yield a more mechanistic 

model for marine fouling.  It is hypothesized that such a model can be created that will 

suggest new relationships between cell attachment and surface roughness and will also 

predict fouling density with a high degree of accuracy (R2 > 0.80) 
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 Specific Aim 2.  Explore the Relationship Between the Spatial Distribution of 
Attachment Sites and the Spatial Distribution of Attached Zoospores of Ulva 
linza 

 Previous work by the Brennan group has indicated effective antifouling 

microtopographies inhibit the ability of zoospores of Ulva linza to attach in the preferred 

gregarious manner.  It has also been suggested that the presence of a topography has 

an influence on the spatial distribution of marine fouling organisms, including the U. 

linza.  It has been hypothesized that the presence of preferential attachment sites, as 

predicted by the Attachment Point Theory and measured experimentally may contribute 

to the antifouling character of certain topographies, as well as cause a measurable 

change in spatial distribution of the attached zoospores.  This aim will examine the local 

effects of the topography on spatial distribution of U. linza in order to gain further insight 

into how the configuration of the topography influences cell attachment and also to 

investigate the hypothesis regarding topographic configuration and spatial distribution. 

 Specific Aim 3.  Examine the Work of Adhesion on Engineered 
Microtopographies Using Contact Angle and AFM 

 The work of adhesion is directly related to the attachment of biofouling organisms 

through the SEA model.  One of the assumptions when calculating the work of adhesion 

for the organisms on the topography is that the area for attachment is the driving force 

for the differences between the patterned surfaces.  Contact angle measurements can 

be used to measure the work of adhesion on the topographies.  The work of adhesion 

will be measured on the topographies using contact angle to verify the assumptions 

used in the SEA model calculations. 

 The SEA model also predicts local differences in the attachment of organisms 

based on the local configuration of the topography.  AFM can be used to probe these 
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differences and relate the measured adhesive forces back to the SEA model 

predictions.  These measurements will be performed to provide measurable 

confirmation of the SEA model predictions. 

 Specific Aim 4.  Systematically Probe the Relationship Between Topographic 
Dimensions and Configuration on the Behavior of Both Microfouling and 
Macrofouling Organisms 

 The range of marine fouling organisms make predicting their behavior on 

engineering topographies very difficult.  In particular the difference between unicellular 

microfouling organisms and multicellular macrofouling organisms is substantial.  

Previous studies have indicated that there is a need for species-specific topography, 

and that a combination of two different topographic sizes is not effective at preventing 

fouling.  However, microtopographies have been used to effectively deter both 

macrofouling and microfouling under specific circumstances. 

 Microfouling in the marine environment, particularly in terms of U. linza, has been 

studied extensively in terms of attachment to topographies.  These results show a 

relationship between topographic configuration and attachment and have identified 

several promising antifouling technologies.  However, the current method of screening 

topographies is cumbersome, and the ability of these assays to quickly probe several 

different aspects of the topography for their relevance to antifouling is lacking.  A study 

is therefore proposed to create a method of quickly screening these topographies and 

also to probe new aspects of the topography and compare these results to any relevant 

model predictions. 

 Macrofouling has also been examined with the barnacle cyprid of Balanus 

amphitrite as a model organism.  The complexity of the cyprid suggests that there may 

be a more complicated relationship between the topography and attachment.  Therefore 
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we will examine not only the attachment density of this organism as a function of 

topography size and configuration but also the manner in which the organism probes 

these different surfaces.  These two pieces of information combined will yield important 

new insight into the manner through which topography influences cyprid attachment. 
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CHAPTER 2 
BACKGROUND 

Issues Associated with Marine Fouling 

Biofouling is the accumulation of unwanted organic material on a surface.  The 

buildup of organic material, from the molecular level up to unicellular and finally 

multicellular organisms, inevitably leads to the failure of the device.  In the marine 

environment, failure includes loss of efficiency for naval vessels, transportation and 

introduction of invasive species, reduced aquaculture output as well as other serious 

environmental and economic consequences.  The impacts of biofouling have led to 

considerable efforts to develop an understanding of the mechanism of the biofouling 

process in order to design new materials for antifouling coatings.  

Marine fouling impacts any industry that utilizes rivers, lakes or oceans for 

operation.  These include naval and shipping vessels, aquaculture, power generation 

and others.  Each industry faces unique issues specifically related to biofouling that lead 

to increased operation costs and environmental concerns. 

Ship hulls present an enormous amount of surface area, approximately 438 

million m2 in the United States alone1.  Fouling organisms have a measurable effect on 

fuel efficiency due to increases in drag, leading to significant increases in fuel 

consumption and costs associated with hull cleaning and biofouling prevention2,3.  

Schultz et al.4 have estimated that fouling from algal slime can increase resistance by 

20%, and that heavy barnacle fouling can increase resistance up to 80% for heavily 

fouled surface.  The increase in resistance due to fouling on the Arleigh Burke class 

destroyer DDG-51 contributes $56 million in additional costs to the navy for issues 

related to biofouling, totaling $1 billion over the next 15 years2. The cost is considerably 
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higher when examining the entire fleet, as the DDG-51 comprises only 20% of the naval 

fleet.   

Ship hull fouling also presents a significant issue in terms of the transfer of 

invasive species. An overwhelming majority of ship hulls (up to 96%) have biofouling 

from species not native to the port in which they are docked, with an additional 38% of 

ballast water and 57% of sediment samples also showing non-native species5.  Invasive 

species transport has been documented as a function of shipping lanes as well as static 

device fouling that results by chance6,7.  For example, a dry dock sample that arrived in 

Hawaii from the Philippines in 1992 has resulted in a significant infestation of Chama 

macerophylla  and Gelliodes fibrosa¸ a mollusk and sponge respectively that have 

invaded Hawaiian ports7.  Invasive species are also a significant issue in freshwater 

ports as evidenced by the invasion of zebra mussels in the Great Lakes region8,9.  The 

economic and environmental impact is difficult to measure however the scale of the 

problem, and the contributions from biofouling to this issue, are plainly seen anywhere 

in the world. 

Marine vessels are at an advantage in terms of reducing fouling since they are 

mobile for some of their usage time. The motion of the vessel provides a natural 

mechanism to shear weakly adhered organisms from the hull.  Static surfaces which 

must remain functional present a considerable extra challenge where biofouling is 

concerned.  Aquaculture presents an important component to the antifouling equation.  

Approximately 50% of all seafood is produced through aquaculture10, clearly indicating 

the importance of maintaining a healthy environment in this industry.  However, fouling 

of aquaculture nets and cages is one of the most serious problems in the industry and is 
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a key contributor to production costs.  Approximately 5-10% of all costs associated with 

bringing aquaculture products to market arise from biofouling related issues, and can be 

as high as 15% for certain types of organisms such as shellfish.  These additional costs 

total $1.5-3 billion annually11,12. 

Another example of fouling is in the field of power generation.  Heat exchangers 

are often placed underwater to increase efficiency, however the high temperatures 

associated with these devices make them excellent locations to attract biofouling.  The 

flow of water over the surface in these systems imparts a natural barrier to fouling.  

However, colonization is inevitable for these devices, and efficiency losses from 

biofouling of heat exchangers costs approximately $2 million per year for a single 550 

MW power plant.  Considering there are approximately 7,000 power plants in the United 

States alone the problem of biofouling in heat exchangers has a significant economic 

impact13-15. 

Model Systems for Marine Fouling 

A major challenge in the design of antifouling surfaces is the diversity of fouling 

organisms in the marine environment. Fouling in the marine environment is a dynamic 

process that spans several orders of magnitude in terms of both the size of the fouler 

and the time in which a certain species can be expected to colonize a surface (Figure 2-

1).   Substantial remodeling of a surface can occur between initial fouling of organic 

molecules and final fouling by hard macrofoulers.  As a result, several systems have 

been selected as models for marine fouling.  These models are divided into three 

categories based on temporal and size scale: organic molecules, microfouling (bacteria, 

algae), and macrofouling (barnacles, tubeworms).  
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Figure 2-1.  Hierarchy of model marine fouling organisms.   

Organic fouling 

Organic molecule fouling occurs very quickly after submersion of a material, 

usually in a much shorter timespan than that of fouling organisms16.  These molecules 

represent both the shortest time scale and smallest species related to fouling.  Proteins 

and other organic material adsorb nonspecifically and can lead to radically different 

conditioning layers depending on the surface and the molecule content in the solution.  

As such, protein models such as fibronectin and bovine serum albumin are commonly 

used as models for organic fouling17-21.    Fouling from small organic molecules can lead 

to surface properties that are different from the properties measured before submersion.  

The subsequent fouling of organisms on a surface is, in part, driven by the initial organic 

fouling. Therefore, it is imperative to take organic fouling into account when evaluating 

antifouling coatings. 

Microfouling 

Microfouling is attachment and colonization on a surface by organisms that are 

relatively small, on the order of one cell.  Microfouling organisms consist of bacteria, 

algae and diatoms, which make up the initial layer present in marine biofouling (Figure 
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2-1).  As such, the microfouling layer can have the effect of either enhancing or 

inhibiting fouling by larger organisms22-25.   

The US Navy and various marine biology research groups use a number of 

model microfouling organisms as indicators of the efficacy of novel antifouling and 

fouling release coatings. Three of these organisms, the bacteria Cobetia marina, the 

algae Ulva linza and the diatom Navicula incerta, are discussed here.  These three 

organisms are in the 1 to 5 μm size range and are among the most prevalent fouling 

organisms in the marine environment26.  

Cobetia marina is a gram negative marine bacteria that has been extensively 

studied as a model for marine bacteria fouling27-29.  These bacteria settle out of the 

water column and attach to a surface, at which point they proliferate to form a biofilm28.  

C. marina is tested in a flow cell to better mimic the conditions under which they would 

attach to a surface28.  The proliferation of the bacteria allows the C. marina to 

extensively remodel a surface after colonization, which must be taken into account 

when testing a material. 

Ulva linza is the one of the most prevalent fouling algae for ocean-faring vessels.  

These organisms attach to a surface as flagellate zoospores and as such will actively 

‘seek’ sites that are preferential.  Preferential sites can be, for example, channels that 

have dimensions similar to the body of the spore (Figure 2-2).   

  Callow et al.31 showed that zoospores of U. linza generally sample several sites 

before forming permanent attachments to a surface.  This surface sampling takes place 

over several hours in culture, during which the density of spores on the surface 

increases following an Arrhenius relationship31,32. 
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Figure 2-2.  Zoospores of Ulva linza preferentially attach in the channels of a 5x5 um 
topography.  [Reprinted with permission from Hoipkemeier-Wilson, L. et al. 
Antifouling potential of lubricious, micro-engineered, PDMS elastomers 
against zoospores of the green fouling alga Ulva (Enteromorpha). Biofouling 
20, 53-63 (2004)] 

 

Figure 2-3.  Relationship between assay time and spore attachment density on smooth 
and topographically modified surfaces. [Reprinted with permission from 
Cooper, S. P. et al. Engineered antifouling microtopographies: kinetic analysis 
of the attachment of zoospores of the green alga Ulva to silicone elastomers. 
Biofouling 27, 881-892 (2011)] 

  Zoospores of U. linza tend to settle gregariously, with up to 80% of spores 

attaching in groups of two or more31-33.  Attachment occurs with the secretion of a 

hydrophilic adhesive composed of polysaccharides that will have different degrees of 

spreading dependent on the wettability of the substrate34,35. Unlike C. marina, U. linza 



 

30 

do not proliferate once attached to surface.  Instead, mature sporelings grow from the 

attached zoospores which leads to the familiar algae plant. 

Navicula incerta, like the C. marina, falls through the water column to a surface, 

leading to a random attachment pattern (Figure 2-4).  Once attached the diatoms 

adhere using a polysaccharide adhesive, will proliferate in addition to moving along the 

surface36.  The Navicula are then mobile on the surface, leading potentially to 

remodeling.  Most strategies for controlling N. incerta are focused therefore on 

preventing a strong bond, i.e. fouling release materials, as it is almost impossible to 

keep N. incerta off the surface in a reasonable fashion. 

 

Figure 2-4.  Initial attachment of Navicula incerta with random orientation and 
distribution. 

Macrofouling 

Macrofouling organisms are in general several orders of magnitude larger than 

microfouling organisms.  Macrofoulers are multicellular, and will often have several 

different stages in life and can be significantly more complicated than their microfouling 

counterparts.  The most studied model organisms are the barnacle cyprid Balanus 

amphitrite3,24,37,38 and the tubeworm Hydroides elegans22,23,25,39, however many groups 

have examined other types of organisms as well40,41. 
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The barnacle cyprids are much more complex than the unicellular algae and 

bacteria species discussed previously.  B. amphitrite is a multicellular barnacle species 

that is capable of probing a surface and actively discriminating between attachment 

sites.  The cyprid has a foot which it uses for both motion on a surface as well as 

sensory information. The foot appendage of the cyprid is able to probe the surface for 

complex physical and chemical cues.  The foot is an extremely complex organ 

comprised of many sensory components at various size scales. These cyprids will also 

probe a surface either by searching using a foot like appendage or by swimming near 

the surface (Figure 2-5).  This searching behavior, and the surface characteristics that 

lead to a preferential attachment surface have been studied extensively42.  The cyprid 

state attaches directly to the surface, at which point it metamorphoses into a mature 

barnacle43.    The metamorphosed barnacle presents a significant obstacle and must be 

addressed in the design of antifouling materials. 

 

Figure 2-5.  Foot appendage of the cyprid of Balanus amphitrite.  Images A-D are 
different views of the foot.  [Reprinted with permission from Maruzzo, D., 
Conlan, S., Aldred, N., Clare, A. S. & Høeg, J. T. Video observation of surface 
exploration in cyprids of Balanus amphitrite: the movements of antennular 
sensory setae. Biofouling 27, 225-239 (2011)]. 
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  The tubeworm H. elegans is also used as a model organism for marine 

macrofouling.  The tubeworm is notoriously difficult to target with nontoxic antifouling 

technologies. This is partly due to the fact that many tubeworm species, including H. 

elegans, require a bacterial biofilm in order to attach to a surface23.  There is no known 

way to target these tubeworms directly with nontoxic strategies and as such any 

effective strategy must be focused on the bacteria microfouling.  The mechanism 

through which the bacteria aids in the attachment of the tubeworm was only recently 

discovered, which will likely lead to more specified antifouling technologies in the 

future44.  

Design of nontoxic antifouling coatings 

Traditional antifouling strategies have focused on the use of biocides to prevent 

attachment.  Copper and tin are often used as antifouling compounds in the marine 

environment16,26.  However, many concerns related to environmental issues have led to 

a decline in the use of toxic antifouling strategies. Tributyltin from antifouling paints has 

been observed to buildup in harbors where many ships are docked.  Tributyltin has also 

been detected in large concentrations in indigenous marine life that was the unintended 

target of leaching antifoulants, causing significant damage to the environment45-48.  The 

environmental concerns surrounding the use of tributyltin led to a ban on its use in 

antifouling coatings, with a ban on copper biocides likely to follow49.  As a result, a 

demand has arisen for environmental neutral coatings for antifouling and fouling 

release. 

The design of nontoxic antifouling coatings requires careful consideration of the 

properties of the organism-surface interface as well as the forces involved in the 

approach and attachment to the surface.  The ability for an organism to attach to a 
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surface depends on the attachment mechanism of the organism, the properties of the 

surface and the properties the surrounding media.  As a result colloidal interactions, 

fracture mechanics, surface energy and surface roughness all must be considered 

when evaluating the potential for a surface to be used as an antifouling coating. 

Colloidal interactions 

A collection of unicellular organisms in solution, prior to attachment, resembles a 

colloidal suspension. Some authors have attempted to model the attachment of fouling 

organisms to a surface using theories for colloid stability, namely the Derjaguin-Landau-

Verwey-Overbeek (DLVO) theory50-54.  The DLVO theory evaluates the interaction 

energy between colloidal particles and can predict whether a colloid will aggregate or 

remain dispersed in solution55.  The theory includes contributions from Van der Waal’s 

interactions as well as electrostatic forces arising from ions in the solution to calculate 

the total energy of interaction Etot (Equation 2-1). 

 𝐸𝑡𝑜𝑡 = 𝐸𝑉𝑑𝑊 + 𝐸𝐸𝑆 (2-1) 

In Equation 2-1, EVdW refers to contributions from Van der Waals forces to the 

total energy and EES refers to electrostatic interactions.  The exact values of the Van der 

Waals and electrostatic interactions for a system can be calculated through the 

geometry, change and solution properties of the system.  The Van der Waals forces in 

particular are impacted by geometry.  Exact solutions for the Van der Waals interaction 

force have been solved for many simple geometries for the interacting species.  

Particularly relevant for the case of cells interacting with surfaces is the sphere-plate 

geometry.  The organism can be thought of as a sphere and the surface as a plate, thus 

allowing the use of the simple relationship between the two when calculating the Van 
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der Waals force.  The Van der Waals force arise from dipoles, either induced or 

permanent, in the materials.  These dipoles interact with each other at very short 

distances, leading to either attraction or repulsion depending on the interacting 

materials.  It should be noted that similar materials should always have attractive Van 

der Waals interactions, however this does not necessarily have to be the case for 

dissimilar materials55. The EVdW parameter for this geometry is given by the radius of the 

sphere R, the distance between the sphere and the plate D and the Hamaker constant 

for interaction between the two materials A (Equation 2-2). 

 𝐸𝑉𝑑𝑊 = −
𝐴𝑅

6𝐷
 (2-2) 

The second term in Equation 2-1, the electrostatic interaction term, arises from 

the so-called “double layer” present between interacting species in a medium that has 

charged ions.  A surface has an inherent charge to it oppositely charged ions present in 

a solution will congregate at the surface to neutralize that charge.  The properties of the 

double layer, as well as the magnitude of the forces generated from the charge, are a 

function of the surface properties, the geometry of the solution and the properties of the 

ions in solutions.  The electrostatic forces from a sphere interacting with a flat plate are 

given by Equation 2-3. 

 𝐸𝐸𝑆 = −𝑅𝑍𝑒−𝜅𝐷 (2-3) 

Equation 2-3 includes two terms to describe the interaction energy between the 

particle and the surface, Z and 𝜅.  The Z term is analogous to the Hamaker constant in 

the in Van der Waals energy equation.  This term is a function of the vacuum permittivity 

εo, the relative permittivity ε, the temperature T, the valence of the interacting ions z, the 

surface potential ψo, and the number of charged species on a surface e (2-4) 
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 𝑍 = 64𝜋𝜀𝜀𝑜 (
𝑘𝑇

𝑒
)

2

tanh2 (
𝑧𝑒𝜓𝑜

4𝑘𝑇
) (2-4) 

The κ term in Equation 2-3 is dependent on the properties of the solution.  The 

term 1/κ (corresponding to the –κ exponent in Equation 2-3) is commonly referred to as 

the Debye length and corresponds to the characteristic length at which the electrostatic 

forces are expected to decay.  The Debye length is then only dependent on the 

temperature of the solution and the ratio between cations and anions. It is possible to 

calculate the Debye length from the terms in Equation 2-4.  Since Equation 2-4 puts 

these constant terms in to the Z parameter, the calculation for the Debye length is much 

simpler.  For a 1.1 cation to anion solution (NaCl for example), the relationship is given 

by Equation 2-555 

 
1

𝜅
=

0.3

[𝑁𝑎𝐶𝑙]1/2
  (2-5) 

The Debye length can also be calculated from the parameters used to calculate 

the Z parameter.  In this case, the relationship is Equation 2-6. 

 
1

𝜅
= √

𝜀𝜀𝑜𝑘𝑇

2𝑁𝐴𝑒2𝑧
  (2-6) 

The DLVO interactions between a cell and a surface can be difficult to quantify 

due to the inherent diversity within a cell population.  As a result, cell attachment results 

predicted from the DLVO theory did not always represent experimental realities.  

Redman et al.56 reported that, when the barrier for attachment of Escherichia coli (E. 

coli) was too high theoretically, attachment to the surface still occurred.  They stated the 

cause was a secondary minimum in the free energy curve at a greater distance which 

allows for attachment without actually having to contact the surface.  Bӧstrom et al.52 
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indicated that specific interactions of secondary ions cause the observed deviations 

from the DLVO theory predictions.  Still other authors have shown that DLVO theory 

and extended DLVO theory (including surface energy arguments) can be used without 

any extra explanations for bacterial fouling53,54.  Hermasson51 provided an excellent 

review of examples in which fouling is predicted by the DLVO and extended DLVO 

theories.   The mixed results regarding the use of the DLVO theory to predict cell 

attachment indicate that the interactions used to calculate the energy for attachment 

may not include all possible interactions between the organism and the surface and that 

organism-specific effects may need to be factored into the final calculations. 

Fracture mechanics 

Biofouling can be prevented by either eliminating the bond between the organism 

and the surface or by limiting the adhesion strength of the organism after attachment.  

Fouling release coatings focus on the latter strategy.  The weak bond between the 

organism and the fouling release surface leads to a low critical stress for detachment.  

The shear stress to remove the organism is then applied during the normal use of the 

device, such as when a naval vessel is in motion.  Currently, fouling release coatings 

based are the only commercially available coatings that are considered non-toxic.  

Companies such as International Paint have developed silicone based paints that have 

been shown to be effective fouling release coatings for some organisms57. 

Several theories based in fracture mechanics have been used to explain and 

predict fouling release behavior.  Brady performed extensive early work on marine 

fouling organisms58.  His work was based in Griffith crack criterion.  The Griffith crack 

criterion relates the energy required to form two new surfaces with the modulus of the 

material.  The energy required to form a new surface is equivalent to the surface 
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energy59.  The critical stress to propagate a crack is related to the elastic modulus E, the 

Poisson ratio of the material ν, the size of the crack a and the fracture energy Gc 

(Equation 2-7).  In real materials, particularly soft materials such as plastics, viscoelastic 

effects at the edges of the crack can cause the fracture energy to be much higher than 

the Gc predicted by surface energy arguments60.   

 

 𝝈𝒄 = √
𝐸𝐺𝑐

𝜋𝑎(1 − 𝜐)2
 (2-7) 

Soft materials, such as silicone elastomers with elastic moduli of 1-2 MPa, are 

often used as fouling release coatings.  In the case of fracture of the bond between an 

organism and a soft material it is necessary to examine the pull off force necessary to 

break the adhesive bond. Kendall61 derived an equation for the critical stress for 

removal of a disk from a thin elastomeric film.  This relation depends on the thickness of 

the film t, the bulk modulus E and the fracture energy Gc (Equation 2-8). 

 𝝈𝒄 = √
6𝐸𝐺𝑐

𝑡(1 − 2𝜐)
 (2-8) 

Kendall also examined the relationship between thick elastomeric films and the 

pull off force of a disk.  In this case the relationship does not depend on the thickness 

and is only a function of the material properties of the interface and elastomer and the 

size of the crack.  In this way it is very similar to original Griffith’s relation for critical 

stress (Equation 2-9). 

 𝝈𝒄 = √
2𝐸𝐺𝑐

𝜋𝑎(1 − 𝜐2)
 (2-9) 
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Brady and Singer used these relationships to define an empirical relationship 

between surface mechanical properties, surface energy, and the likelihood of fouling 

release.  Specifically, the E and Gc terms were used as the defining terms for the critical 

removal stress as they are the driving terms in the Kendall relation.  The fracture energy 

can be further related to the surface energy γ which allows for the relation between 

surface properties, modulus and the effectiveness of a coating for fouling release58,62.     

Chaudhury et al. would later extend this work to applications of soft elastomers 

and relating the coating thickness to the likelihood of fracture63.  This study found that 

increasing the elastic modulus of a silicone elastomer decreased the percentage of 

spores and sporelings of U. linza that were removed at 55 Pa shear stress.  

Additionally, increasing the thickness of the elastomer coating from 16 μm to 100 μm 

increased the percentage of spores and sporelings removed at 55 Pa shear stress.  

Both of these observations agree with Equation 2-8 and Equation 2-9 above, 

highlighting the effectiveness of the fracture mechanics model for organism release. 

Unsurprisingly, based on the fracture mechanics analysis for low adhesion 

materials, the most effective fouling release surfaces tend to be low surface energy, low 

modulus materials.  The Wooley lab has developed combinations of fluoronated and 

PEG based polymers that have shown excellent fouling release and antifouling 

properties due to their incorporation of both antifouling and fouling release components.  

The Ober lab has taken a similar approach with block copolymers18. 

Another method of creating fouling release materials is to create an active 

coating.  These are materials that change their surface properties in an attempt to 

remove any adhered organisms from the surface.  The change in surface properties can 
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come in a number of forms.  Some authors, such as the Aizenberg group, have utilized 

solvent-filled materials to promote fouling release on their surfaces64.  The organisms 

only have a liquid surface to attach to for this type of surface.  The surface therefore has 

an extremely low E and thus would make for an excellent fouling release surface.  The 

material developed by the Aizenberg group, which they have named SLIPS (Slippery 

Liquid Infused Porous Surfaces) infuses a perfluoronated oil into a Teflon matrix, 

creating a low surface energy surface that essentially consists of the low surface energy 

oil that can be replenished if damaged. The SLIPS surface has shown to be extremely 

effective against both pathogenic bacteria (Pseudomonas aeruginosa, Escherichia coli 

and Staphylococcus aureus)65 as well as the previously discussed U. linza and B. 

amphitrite66. 

Active fouling release coatings also include surfaces that dynamically change 

topography in order to break the organism-surface bond.  The surface will provide the 

stress necessary to break the organism-surface bond and therefore act as a fouling 

release surface. Zhao used both pneumatic and electric field stimulation to cause 

predictable deformations in soft materials (such as silicone) to remove bacteria from the 

surface67.  This technology has been demonstrated effective in a urinary catheter model 

with a mature biofilm of Proteus mirabilis68.  The Balazs group recently demonstrated 

theoretical viability of actuated surfaces to prevent attachment and removed attached 

cells69-71.  The simulations in these works refers to swimming bacteria and algae and 

describe the potential effectiveness of ciliated materials, with the cilia either actively 

moving to repel the materials or passively moving with the current of the water.  
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However, these materials have yet to be demonstrated effectively in an experimental 

bioassay.   

Surface Energy  

The surface energy of a material is the excess energy resulting from the interface 

between the material and some other medium such as air or a liquid.  The energy 

necessary to form a bond between an organism and a surface can be described by the 

work of adhesion Wadh.  The work of adhesion is a function of the surface energy of the 

each component of the system (γ1 and γ2) and the interfacial energy between the two 

adhering surfaces γ12 (Equation 2-10) 

 𝑊𝑎𝑑ℎ = 𝛾1 +  𝛾2 − 𝛾12 (2-10) 

Equation 2-10 gives a measure of the effect of substrate surface energy on the 

energy necessary for a cell to adhere to the surface. The most common method for 

measuring surface energy is the use of contact angle measurements.   A contact angle 

experiment measures the angle between a drop of liquid and a surface in some 

surrounding medium (Figure 2-6).  A typical experiment will use a water drop on a 

surface in air, although variations including other liquids such as ethylene glycol and 

methylene iodide are also used.  Young’s equation defines the relationship between the 

interfacial energy between the solid and gas γsg, the solid and the liquid γsl, and the 

liquid and gas γlg as well as the contact angle formed between the drop and the surface 

θ  (Equation 2-11) 

 𝛾𝑠𝑔 = 𝛾𝑠𝑙 − 𝛾𝑙𝑔 cos 𝜃 (2-11) 
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Figure 2-6.  Contact angle for a liquid drop on a smooth surface 

Equation 2-11 is valid under the assumption that there are no other forces acting 

on the drop.  This means that the Young’s contact angle is only valid on a perfectly flat, 

smooth surface.  Differences between the two sides of the drop caused by changes in 

topography or tilting of the drop are not addressed.  Additionally, the interfacial energies 

in Equation 2-11 do not attempt to elucidate the relative contributions from different 

forces on the overall energy. 

The relative contribution from different forces to the surface energy measured by 

Equation 2-11 have been explored.  Owens and Wendt72 introduced the concept of a 

composite surface energy that includes contributions from both dispersive (γd) and polar 

(γp) interactions (Equation 2-12).   

 
𝜸𝑙(cos(𝜃) + 1)

2√𝜸𝑙
𝒅

=

√𝜸𝑠
𝒑√𝜸𝑙

𝒑

√𝜸𝑙
𝒅

+ √𝜸𝑠
𝒅 (2-12) 

 

  The values for the polar and dispersive components of the surface energy are 

related to the contact angle of a liquid with the surface much like in Equation 2-11.  In 

the case of the Owens-Wendt method, the surface energy values are obtained by using 

two references liquids such as water and methylene iodide.  Water and methylene 

iodide are used as references because they are well characterized in terms of their 

surface tension.  Methylene iodide provides a reference with no contributions from the 
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polar component of the surface energy and water provides a reference with well 

characterized polar interactions.   

Van Oss and coworkers73 further broke down the polar component of the surface 

energy into Lewis acid (γ+) and Lewis base (γ-) interactions, and attributed the 

dispersive component of the surface energy to Lifshitz-Van der Waals forces (γLW)73 

(Equation 2-13). 

 𝜸𝑙(cos(𝜃) + 1) = √𝜸𝑠
𝑳𝑾𝜸𝑙

𝑳𝑾 + √𝜸𝑠
+𝜸𝑙

− + √𝜸𝑠
−𝜸𝑙

+ (2-13) 

 Again, the different components of the surface energy are related to the 

measured contact angle on the surface.  The separation of the components of the 

surface energy allows for the complete calculate of the energy involved in wetting the 

surface, and can help predict the relative contributions of the different molecules and 

charges on a surface towards the hydrophobicity.  Much like the Owens-Wendt method, 

the Van Oss method requires multiple contact angle measurements with well 

characterized liquids.  This usually involves adding glycerol or ethylene glycol to the two 

Owens-Wendt liquids as a third well characterized probe liquid. 

The relationship between surface energy and biofouling has been extensively 

studied, both in terms of empirically relating surface energy to attachment and 

attempting to calculate the thermodynamics of adhesion in terms of surface 

energy17,27,35,74-86.  The most direct method is to calculate and relate the work of 

adhesion for different organisms to the observed biofouling.  Absolom et al.75 were 

among the first to quantitatively relate surface energy, and by extension surface 

thermodynamics, to bacterial attachment.  They found good correlation between the 

surface energy of a polymeric substrate and the number of attached bacteria after 30 
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minutes of culture.  This study related the surface energy of the bacteria to the surface 

energy of the material, and used the work of adhesion Wadh to predict whether or not 

attachment would occur. 

The Busscher lab later expanded on the work on surface energy related 

bioattachment77,83-91.  Their work has included extensive analysis of the surface 

properties of microorganisms, in particular how the properties of the bacteria cell wall 

influence attachment.  The Busscher group also attempted to identify the contributing 

factors in terms of force as they relate to bacterial adhesion86.  This analysis combined 

the calculations from the DLVO theory as well as surface thermodynamics to describe 

the interactions between the bacteria and the surface in terms of adhesive strength.   

 One of the drawbacks to the work of adhesion method is that it requires the 

calculation of the Wadh term for every organism.  This is possible for a laboratory assay 

but is not feasible for a surface that is deployed in the field due to the number of 

different potential fouling organisms.  As a result, empirical relationships between 

substrate surface energy and biofouling have been developed.  Hydrophobic surfaces 

(surfaces with low surface energy) are conventionally thought to have the best 

antifouling properties92,93.  An empirical relationship, dubbed the Baier Curve, was 

drafted based upon fouling retention of proteins and cells on materials that range from 

hydrophobic to hydrophilic.  It attempted to set a minimum for fouling at a surface 

energy of approximately 22 mN/m, which corresponds with the surface energy of 

silicone74. 
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Figure 2-7.  Original Baier curve showing an empirical relationship between critical 
surface tension (x axis) and relative biological interaction (y axis).  [Reprinted 
with permission from Baier, R. E. The role of surface energy in 
thrombogenesis. Bulletin of the New York Academy of Medicine 48, 257 
(1972)]. 

  The relationship between fouling and surface energy described by the Baier 

curve can be used as a general guide for designing antifouling surfaces.  However, the 

curve must be recalibrated depending on the organisms under investigation.  Ista27,94 

and Bennet95 both systematically showed that attachment density of U. linza increased 

as the surface tension of the substrate was lowered.  Conversely, Finlay17 showed a 

relationship similar to the Baier curve in terms of adhesive strength of N. incerta and 

bovine serum albumin to xerogel surfaces with varying surface tensions.  The specific 

interactions between fouling organisms and surfaces mean the relationship between 

surface tension and fouling density must be calibrated for each individual species. 
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The Baier curve showed the inability to predict the biofouling response for very 

hydrophilic, approaching the surface energy of water at 72 mN/m.  These hydrophilic 

materials include polymers such as polyethylene glycol (PEG) that are used as the 

basis for hydrogels.  These very hydrophilic materials tend to be effective antifouling 

materials for the entire range of organic fouling species, provided the surface has a 

neutral charge26.  As a result many of the new nontoxic antifouling coatings are based 

on these surfaces. 

The ability for hydrophilic surfaces to interact with water appears to be the 

primary reason for their ability to resist fouling.  These are so-called ‘inert’ surfaces, as 

described by Rosenhahn et al.96. A systematic study by Grunze et al.19 showed a 

relationship between the size of self-assembled monolayers (SAMs) of PEG oligomers 

and their ability to resist fouling, with a minimum size necessary to prevent attachment.  

They also showed that density of their SAMs directly affected the amount of fouling 

present on the surface.  Jiang carried out a similar study with sulfobetaine methacrylate 

(SBMA) based polymers.  In that study, the distance between charges on the 

zwitterionic molecule was determined to be the factor most relevant for the prevention of 

fouling20.  Theoretical studies by Grunze and others have shown that the ability for the 

water to form hydrogen bonds with the surface is of paramount importance to 

preventing fouling19,21.  If the chains are too dense only a few molecules are associated 

with the surface, which leads to poor antifouling performance; the same issue is present 

with chains that are too short.  Striking the proper balance is essential to performance 

for these materials. 
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  The Wooley lab has achieved the balance through the creation of 

hyperbranched polymers with both fluoronated and PEG groups97,98.   The most 

effective of these coatings, which was a combination of hyperbranched fluoropolymer 

with 45% PEG by weight, showed reduction of a number of fouling proteins.  It also 

demonstrated the ability to inhibit the attachment of U. linza, decreasing the attachment 

density by approximately 85% relative to a glass slide control.  

The Jiang group has employed SBMA, which has both positively and negatively 

charged components within the monomer, as an antifouling material99,100. SBMA 

polymers had low attachment with U. linza and N. incerta and also inhibited the 

movement of the N. incerta on the surface in laboratory assays.  Additionally, settlement 

of B. amphitrite was completely prevented during the course of a 72 hour laboratory 

assay101 which showed that SBMA is effective against a variety of organisms. 

The Walker lab took still another approach by creating block copolymers in which 

one block has a hydrophilic domain and another a hydrophobic domain18,102.  These 

block copolymer systems combine a block of hydrophobic polystyrene with hydrophilic 

vinylpyrrolidone.  The concept is that the hydrophilic blocks will provide antifouling 

performance while the hydrophobic blocks will provide mechanical stability.  The phase-

separated materials showed resistance to fouling by both proteins and U. linza. 

Interestingly, PS-b-PMMA materials, which are not expected to be antifouling on their 

own also showed resistance to attachment of U. linza.  It is unclear exactly why this 

should be the case but is an interesting result nonetheless. 

 The Brennan lab has examined the potential use of hydrogels as antifouling 

materials with promising results103.  These hydrogels were copolymerized PEG-
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methacrylate compounds with different chemistries.  The hydrogels were shown to be 

effective at preventing attachment and facilitating release of U. linza, N. incerta and C. 

marina.  When combined with the Sharklet microtopography attachment of U. linza was 

reduced up to 97% for the PEGDMA-co-GMA formulation. 

Finally, the Langer group performed a systematic examination of a variety of 

different monomers in a combinatorial analysis of many different combinations of 

properties.  They found that Lewis base containing monomers showed the highest 

resistance to protein fouling104.  This approach has also been used more recently by 

other labs, showing similar results.    All these examples point to the effectiveness of 

highly hydrophilic surfaces to control fouling. 

Surface Roughness 

Microscale roughness can be utilized to change the wettability of a surface and 

has been shown to predictably change the observed contact angle105,106.  The change in 

contact angle is similar to the change observed between hydrophilic and hydrophobic 

materials.  Textured surfaces with high contact angles are called ‘superhydrophobic’ 

and can have contact angles that approach 180o on certain surfaces.  The increase in 

contact angle in this case does not directly relate to the work of adhesion as it would for 

a smooth surface.  However changes in roughness do have an effect on the adhesion 

on liquids and cells.    

The topography on the surface leads to two different hydrophobic wetting 

conditions.  The first, Wenzel-state wetting105, is a fully wetted surface that has a higher 

apparent contact angle than a smooth surface (Figure 2-8, Equation 2-14).  The 

roughness factor r, defined as the ration between the total surface area to the projected 
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surface area, is applied to the smooth contact angle, resulting in a higher apparent 

angle.   

 𝒄𝒐𝒔(𝜽∗) = 𝒓 ∗ 𝒄𝒐𝒔(𝜽) (2-14) 

Wenzel initially developed Equation 2-14 as an empirical relationship between 

surface roughness and observed contact angle, however despite its empirical nature 

this relationship has been demonstrated to accurately describe experimental data. 

 

Figure 2-8.  Schematic of the Wenzel wetting state in which the entire topography (tops 
and side walls) are wetted.   

A second, more hydrophobic condition first described by Cassie and Baxter106 is 

a composite interface.  Cassie-Baxter wetting predicts a liquid is more stable if it does 

not wet the extra surface area of the side walls of the pattern (Figure 2-9).  

 

Figure 2-9.  Schematic of the Cassie-Baxter wetting state.   

 The result is a composite air-water-surface interface that has a higher apparent 

contact angle than a smooth surface.  The contact angle for a drop in the composite 

state is a function of the fractional area of the tops of the features φs and the initial 

contact angle of the material (Equation 2-15). 
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 𝒄𝒐𝒔(𝜽∗) = 𝝋𝒔 ∗ 𝒄𝒐𝒔(𝜽) +  𝝋𝒔 − 𝟏 (2-15) 

A drop will assume either the Wenzel or Cassie-Baxter wetting condition on 

topographically modified surfaces with a high contact angle on smooth depending on 

whichever state is more thermodynamically stable.   

The critical contact angle for a smooth material to determine between the two 

wetting conditions is a balance between the contribution of the extra surface area from 

the feature side walls (denoted by the r term) and the stability of the drop in the 

composite state (denoted by the 𝜑s term) (Equation 2-16). 

 𝒄𝒐𝒔(𝜽𝒄) =
𝝋𝒔 − 𝟏

𝒓 − 𝟏
 (2-16) 

  The design of the topography therefore dictates the wetting state of the 

material.  The Wenzel and Cassie-Baxter wetting conditions can have very different 

properties in terms of contact angle hysteresis and static contact angle, both of which 

have been shown to have an effect on biofouling107-109, and it is therefore important to 

take the expected wetting state into consideration when applying a topography to a 

surface. 

The most simplistic attempt to explain the effect of topography on cell attachment 

in the idea of attachment point theory.  The attachment point theory postulates that 

organisms tend to attach to surfaces, and locations on surfaces, where they can form 

the most attachment points.  The concept is that organisms will prefer to attach in 

locations where they will be protected from predators or removal from current and are 

therefore more likely to attach in areas where they can form many attachment points. 

This theory grew from the observations that fouling organisms tend to attach to 

locations where they can form the greatest number of contact points110.  Callow33 
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extended this concept to well-defined microtopographies where it was also observed 

that U. linza preferred to attach in locations where they could form the greatest number 

of contacts on topographies that increased attachment density, particularly in terms of 

contact area.  Long111 and Cooper32 later showed that the concept of attachment points 

extended to antifouling topographies.  Ulva prefers to attach in the intersections 

between diamond patterns in the Sharklet topography, including both initially attached 

zoospores and aggregates of attached spores32,111. 

 

 

Figure 2-10.  Map of individually attached Ulva zoospores relative to the Sharklet unit 
cell 

Scardino et al.113 showed that the number of attachment points was insufficient to 

predict a relative change in fouling for the diatom Amphora sp., the green alga Ulva 

rigida, and the red alga Centroceras clavulatum; in interestingly, it was effective for 

other organisms, the tubeworm Hydroides elegans and the bryozoan Bugula neritina.  
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These patterns were channel topographies where the number of contact points were 

difficult to predict and often differed based on the orientation of the organism, thus 

limiting the ability for the attachment point theory to be used in this context. 

Several studies have examined the concept of entrapped air in the topography as 

a potential source of antifouling.  The Lamb group generated hierarchical 

nanotopography which was very effective at preventing fouling114.  Small angle x ray 

scattering studies show a difference between fully wetted and partially wetted surfaces, 

which the authors attribute to their topography.  Their hypothesis is that the lack of 

wetting prevents attachment however the published work on their surfaces is lacking in 

concrete evidence.  Friedlander et al.115 has attempted to address the issue of non-

wetting topographies for bacterial fouling115.  Their study found that flagella were 

necessary to attach to a topography.  The authors attribute the flagella to the organism’s 

ability to wet the surface and therefore provide attachment points.  The non-wetting 

surface is extremely difficult to quantify during cell culture however, and remains an 

intriguing source for potential antifouling technologies, particularly those that utilize 

topography. 

The Brennan lab created a predictive model for antifouling topographies based 

on the surface roughness of the topography.  This model, called the Engineered 

Roughness Index (ERI), combined aspects of the Wenzel and Cassie-Baxter theories 

for wetting of a topography and applied them to organism attachment.  The first iteration 

was based on four dissimilar topographies: channels, pillars, triangles and pillars, and 

Sharklet.  The model combined the roughness r, the φs value for the topography as well 

as a degree of freedom term to describe the configuration.   
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Figure 2-11.  Plot of attachment density v. ERII [Reprinted with permission from 
Schumacher, J. F. et al. Engineered antifouling microtopographies–effect of 
feature size, geometry, and roughness on settlement of zoospores of the 
green alga Ulva. Biofouling 23, 55-62 (2007)] 

The end result was a model that effectively predicted results of the published 

assay (Equation 2-17). 

 𝑬𝑹𝑰𝑰 =
𝒓 ∗  𝒅𝒇

𝟏 − 𝝋𝒔
 (2-17) 

Further testing of the ERI model demonstrated that it failed for topographies that 

were designed to present a force gradient to attaching organisms117.  Long et al.117 

addressed this issue by introducing a new term to the model, n, which represents the 

number of features in the model (Equation 2-18). This term replaced the degrees of 

freedom term in the first ERI model and serves the function of adding a factor to explain 

the contributions from the topographic configuration (Figure 2-12). 

 𝑬𝑹𝑰𝑰𝑰 =
𝒓 ∗  𝒏

𝟏 − 𝝋𝒔
 (2-18) 

 The second ERI model also introduced a normalized attachment density A/Ao, 

where the attachment density on the topographically modified surface was normalized 

against the attachment density on a smooth reference surface.  The attachment density 

for fouling organisms fluctuates significantly depending on the season.  Normalizing the 



 

53 

attachment density allowed several studies worth of data to be compared 

simultaneously on a single plot.   

 

Figure 2-12.  Second version of the ERI [Reprinted with permission from Long, C. J. et 
al. A model that predicts the attachment behavior of Ulva linza zoospores on 
surface topography. Biofouling 26, 411-419 (2010)] 

 The second iteration of the ERI also introduced a natural log term into the 

attachment density component of the model.  This was possibly motivated by the 

presently ongoing work of Cooper studying the attachment kinetics of the Ulva.  The 

end result was effective at predicting the published data, as well as data from a new set 

of model surfaces designed to change both the n and 𝜑s values. 

Magin et al.28 extended the ERI model to a second organism, C. marina.  This 

study examined the original topographies, the so called ERI series, for fouling with C. 

marina.  It was found that the bacteria followed the same trend as the Ulva, albeit at a 

different slope, for both the stationary and log growth phases of the bacteria.  The 

difference in slope was addressed by adding an organism specific term into the model 

(Equation 2-19).  The Reynold’s number for the organism was used to describe the 

organism’s size, shape and velocity upon approaching the surface (Equation 2-20). 
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 𝑬𝑹𝑰𝑰𝑽 =
𝒓 ∗  𝒏

𝟏 − 𝝋𝒔
∗ 𝑹𝒆 (2-19) 

 𝑹𝒆 =
𝝆𝒗𝒍

𝝁
 (2-20) 

The Reynold’s number was used to describe both the flow conditions used in the 

C. marina assay as well as to capture the differences between the organisms in terms 

of size.  The Reynold’s number effectively gave the U. linza and C. marina attachment 

data the same slope relative to the ERI value for the different topographies. 

Magin et al.103 further extended the ERI model to materials other than PDMSe 

through the incorporation of a surface energy term.  This study examined PEGDMA-co-

GMA and PEGDMA-co-HEMA hydrogels for their antifouling efficiency, and found that 

the PEG based materials were more effective than PDMSe, and furthermore the 

antifouling efficiency could be enhanced through the incorporation of surface 

topography.  The attachment density on the topographically modified surfaces followed 

the trend of the ERI, however it was again at a different slope. The effect of surface 

energy on fouling was incorporated into the ERI model through a normalized surface 

energy term, which compared the surface energy of the topographically modified 

surface to that of the smooth reference.  The end result is all materials and 

topographies tested with C. marina and U. linza appearing on the same line with the 

same slope.   

 𝑬𝑹𝑰𝑰𝑽 =
𝒓 ∗  𝒏

𝟏 − 𝝋𝒔
∗ 𝑹𝒆 ∗

𝜸

𝜸𝟎
 (2-21) 

  The work with the ERI model shows several different components that are 

important regarding fouling on topographies.  Specifically, the topography configuration, 

the organism size, and the surface material properties all play a critical role.  However, 
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the slope of the line is still undefined.  It is possible that the slope of the first ERI model 

was comprised of the Reynold’s number and surface energy, however the slope of the 

relationship still does not have an explanation.  Another limitation of the ERI model, was 

that it failed to predict other organisms such as N. incerta and B. amphitrite.  Finally, the 

model was unable to predict increases in fouling.  In all, the ERI model provides an 

excellent method to have a first prediction for how a new topography will impact fouling, 

however its empirical nature and limited applicability leave room for improvement.  In 

summary, the effects of topography on marine fouling are indisputable, while the 

mechanisms behind that fouling, and the ability to accurately predict how a new patter 

will behave after application are currently lacking, and merit further scientific exploration. 

Topographies that maximize the non-wetting condition have been applied in 

numerous different applications to attempt to deter biofouling.  Efimenko et al.118 have 

used hierarchically roughened PDMSe surfaces to attempt to deter fouling in both field 

and laboratory assays.  These surfaces were prepared by plasma treating the surface of 

a stretched silicone and resulted in surface that was successful in reducing fouling.  

Aldred et al. used a similar type of topography to examine the preference of B. 

amphitrite for different channel type topographies.  These studies identified two different 

size scales, one approximately the same size as the cyprid foot and the other 

approximately the size of the cyprid body.  Scardino and de Nys have extensively 

studied microfouling of diatoms and algae on patterns, successfully identifying some of 

the topography aspects involved in preventing barnacle attachment112,113. The Lamb 

group has recently looked into superhydrophobic nanotopographies as a potential 

antifouling material with good results in prevent N. incerta attachment114. 
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A number of groups have studied biomimetic topographies for use as antifouling 

and nonwetting surfaces.  Termite wings119, pitcher plants64, mollusk shells120, crab 

eyes121, dolphin skin122, and active biomimetic surfaces67 have all been examined. The 

Brennan lab has extensively examined the effect of different topographies, in particular 

biomimetic topography based on shark skin, on the attachment of a variety of marine 

fouling organisms, including B. amphitrite, U. linza, C. marina and N. incerta116,123,124.  

The Sharklet microtopography was developed from this research (Figure 2-13).  This 

pattern mimics the denticles of a shark and has been shown to be effective against C. 

marina, U. linza and B. amphitrite as well as several pathogenic bacteria 

species28,116,117,124-127,97   

 

Figure 2-13.  The Sharklet microtopography.   

The research on antifouling microtopographies by the Brennan Lab has 

demonstrated effects of feature size, shape and configuration on attachment.  A 

combined study with B. amphitrite and U. linza showed a relationship between the 

feature height, and therefore aspect ratio, and fouling for both species124. 
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Figure 2-14.  Hierarchal structure for the combined repellence of barnacles and algae.  
[Reprinted with permission from Schumacher, J. F. et al. Species-specific 
engineered antifouling topographies: correlations between the settlement of 
algal zoospores and barnacle cyprids. Biofouling 23, 307-317 (2007)] 

  This study also showed that the size of the features must be tailored to the 

individual organism under study, as the large barnacle specific topographies did not 

prevent fouling by the Ulva.  Additional studies by Callow et al. and Hoipkemeier-Wilson 

et al.30 have demonstrated that specific features sizes actually increase the density of 

attached U. linza.  On these features the Ulva attach in between the features similar to 

the wicking wetting state for a liquid (Figure 2-2).  Long et al.117 found the size and 

number of different features in a topography effect the fouling in a study of Sharklet-like 

patterns.  As the size of the diamond unit cell was increased, the density of U. linza 

attached the surface decreased.  Schumacher et al. further showed the configuration of 

the topography influenced fouling beyond simply the number of features in a study of 

different feature lengths128.  Taken together, it is plain that the effect of topography on 

cell attachment is complex and determining the exact effect of a given pattern on 

attachment is a difficult process. 



 

58 

Summary 

 Marine biofouling is a dynamic process that has significant impact on a variety of 

industries.  Effective coatings must resist colonization from organic molecules, 

unicellular organisms and multicellular organisms.  As the industry transitions away from 

toxic coatings demand has risen for nontoxic antifouling technologies.  The design of 

nontoxic antifouling coatings requires an understanding of the forces involved in 

attachment and adhesion of an organism.  Colloidal interactions, mechanics of the 

adhesive bond, the interfacial energy and the roughness of the surface all must be 

considered when creating a new surface.  The performance of a novel coating will 

depend on the characteristics of both the surface and the model organism under 

investigation.  Certain characteristics such as surface modulus, hydration of the surface 

and suitable surface roughness appear to have the potential to create a universally 

effective surface for antifouling.  The optimal conditions for modulus and hydration can 

be found from the underlying mechanics of the surface.  Roughness, however, is less 

well understood in terms of how the surface structure fundamentally changes the bond 

between the cell and the surface and how that fundamental interaction can be exploited 

to create effective antifouling surfaces. 
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CHAPTER 3 
SEA MODEL DEVELOPMENT 

Background 

Microtopographic surfaces have gained much attention recently as potential non-

toxic antifouling strategies to replace biocides in the marine environment32,33,37,40,41,129. 

The most recent literature has attempted to define a mechanism of antifouling.  

Configuration114,117,128,130, aspect ratio124, and feature size125,131 are variables that have 

been identified.  However, the relative importance of each and the mechanisms through 

which the different topographical characteristics control attachment has thus far proved 

to be elusive.1 

The Attachment Point Theory was one of the earliest attempts to use topographic 

characteristics to predict organism attachment33,110,113.  This theory is based on the 

empirical observation that organisms tend to attach in areas where they can maximize 

the number of contact points they can make with a surface, the logic being that these 

are the locations where the organism must expend the least amount of metabolic 

energy once attached.  The theory is appealing for its simplicity, and has been shown to 

apply at least in part to a variety of organisms.   

Several attempts have been made to quantify the effect of attachment 

points37,112,113, 111.  Scardino et al.113 showed that the number of attachment points was 

insufficient to predict a relative change in fouling for the diatom Amphora sp., the green 

alga Ulva rigida, and the red alga Centroceras clavulatum; interestingly, it was effective 

for other organisms, the tubeworm Hydroides elegans and the bryozoan Bugula 

                                            
1 Reprinted with permission from Decker, J. T. et al. Engineered antifouling microtopographies: an 
energetic model that predicts cell attachment. Langmuir 29, 13023-13030 (2013) 
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neritina.  Quantitative predictions based on Attachment Point Theory are complicated 

for those organisms that can ‘choose’ between sites with differing numbers of 

attachment points (e.g. Figure 3-1).  The theory does not provide a way to quantify 

these topographies in a meaningful way, and can therefore only provide a useful 

observation for the development of other models. 

 

Figure 3-1. The unit cell seen here offers three different sites with different numbers of 
attachment points.  Features that offer 1, 2, and 3 attachment points at each 
location are highlighted in yellow. 

Previously, the Brennan Group attempted to quantitatively predict fouling through 

the Engineered Roughness Index (ERI) model28,103,116,117, which is based on the 

theories of wetting of a textured surface by Wenzel105 and Cassie106.  The ERI model 

relates the surface's Wenzel roughness r, the number of distinct features n, and the 

fractional area of feature tops φs from the Cassie equation through an experimentally 

fitted slope m to the relative attachment density of organisms to a patterned surface 

compared to smooth (Nt/Ns) (Equation 3-1) 

 𝐥𝐧 (
𝑵𝒕

𝑵𝒔
) =  −𝒎 ∗

𝒓 ∗ 𝒏

𝟏 − 𝝋𝒔
=  −𝒎 ∗ 𝑬𝑹𝑰𝑰𝑰 (3-1) 

The ERI model relates the relative attachment density on a topography to the 

physical attributes of the surface through the Wenzel and Cassie-Baxter wetting 

theories commonly applied to topographically modified surfaces.  Equation 1 has been 

shown to be effective in predicting the relative attachment density of zoospores of the 

green alga Ulva linza to topographies with feature spacing and width less than the 
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critical dimension of the spore (c. 5µm).  The attachment density decreases 

logarithmically as the ERI value of the topography increases in the fashion predicted by 

Equation 3-1. 

The first application of the ERI model was limited in scope, only examining 

zoospores of U. linza on topographies cast in polydimethyl siloxane elastomer 

(PDMSe).  Magin et al.28,103 extended the ERI model to the bacterium Cobetia marina 

as well as a second chemistry in hydroxyethyl methacrylate-based hydrogels, by 

incorporating an organism’s Reynold's number (Re) and the ratio between a standard 

surface energy and the test substrate's surface energy (γo/γ) (Equation 3-2, Figure 3-2). 

 𝐥𝐧 (
𝑵𝒕

𝑵𝒔
) = −𝒎 ∗

𝒓 ∗  𝒏

𝟏 − 𝝋𝒔
∗ 𝑹𝒆 ∗

𝜸𝒐

𝜸
 (3-2) 

 

Figure 3-2.  Plot of relative settlement against equation 2. [Reprinted with permission 
from Magin, C. M. et al. Antifouling performance of cross-linked hydrogels: 
refinement of an attachment model. Biomacromolecules 12, 915-922 (2011]. 

The ERI predicts antifouling (i.e. inhibition of cell attachment) quite well (R2 = 

0.80), but fails to predict instances of fouling enhancement, i.e. increased attachment 

density of fouling organisms, as demonstrated in the recent paper by Xiao, et al.132.  

The Reynold’s number term was included by Magin et al.20 in an attempt to relate 

fouling to the size of the organism. However, the modified ERI still failed to predict 



 

62 

increased attachment compared to a plain, unpatterned surface. These shortcomings 

simply highlight the empirical nature of the ERI and that the role of surface topography 

as a determinant of fouling is not adequately addressed. 

In the present paper, we propose a new model that incorporates the concepts of 

the Attachment Point Theory with the predictive capabilities of the ERI model into a 

unified model.  Our model will show that single cell and multi-cellular organisms’ 

response to topography is largely controlled the contact area available for attachment 

as defined by Cassie-Baxter theory. 

Analysis 

Different locations on the same topography can have a different number of 

attachment points, and therefore must be treated differently using the Attachment Point 

Theory (Figure 3-1). The topography must first be described in a way that will allow the 

investigation of individual locations in order to apply a quantitative model.  This is 

accomplished by using a lattice model to describe different locations of the topography 

independently (Figure 3-3).  Lattice models are a commonly employed technique used 

to compare systems with two or more interacting components, and have found success 

in describing polymer mixing behavior, polymer graft conformations, magnetic 

properties, and other physical phenomena133.  

 

Figure 3-3.  A lattice can be applied to the Sharklet AF unit cell in Figure 3-2 to 
accurately describe the differences between the sites.  

1  

2  

3  
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The lattice model is effective because it allows for easy statistical analysis of a 

system based on discrete spatial relationships between the relevant system 

components. We applied this model to antifouling topographies by applying the lattice to 

the surface in a manner that allows the properties of a given site to be evaluated based 

upon the local conformation of the topography (Figure 3-3).   A smooth surface and a 

topographically modified surface were both examined in this way to elicit the inherent 

differences between these two types of surface. 

The Attachment Point Theory is ineffective because it provides no means to 

quantify the predicted amount of fouling.  Therefore, the different sites must be 

described not only by their number of attachment points but also by the probability of 

attachment at each site due to those attachment points (Figure 3-3).  Much of the 

biofouling literature indicates that certain surfaces, and locations on these surfaces, are 

more likely to accumulate fouling than others16,27,33,111,134.   This effect cannot be 

explained as the result of statistical fluctuations.  Rather, the literature indicates that 

fouling is most certainly not random and therefore must be controlled by the properties 

of the interface between the organism and the surface, namely the interfacial energy. 

The field of statistical mechanics provides a useful set of tools for describing the 

probability of an event in terms of energy.  Each site has a certain amount of interfacial 

area A that will result if an organism attaches at that site; this interfacial area is 

controlled entirely by the number of attachment points.  The change in free energy 

∆G123 to create a new interface in a three-component system can be related to A and 

the interfacial energy  through Equation 3-3.   

 ∆𝑮𝟏𝟐𝟑 = 𝑨(𝜸𝟏𝟑 − 𝜸𝟏𝟐 − 𝜸𝟐𝟑) (3-3) 
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The canonical ensemble was applied to calculate the probability (Equation 3-4) of 

a site being filled by making the assumption that filled sites have only one cell and the 

temperature and volume for all cells are constant. This probability, i.e. Nt/N (the number 

of filled sites of a certain type (t) divided by the total number of filled sites) is dependent 

on the number of available sites gt, the energy of each site Et, and both temperature T 

and the partition function Z of the lattice. 

 𝑵𝒕

𝑵
=  

𝒈𝒕𝒆−(
𝑬𝒕
𝒌𝑻

)

𝒁
 (3-4) 

 
𝒁 =  ∑ 𝒈𝒕𝒆−(

𝑬𝒕
𝒌𝑻

)

𝒕

 (3-5) 

We can then compare two different types of lattice sites using equation 3-6. 

 
𝐥𝐧 (

𝑵𝒕 ∗ 𝒈𝑠

𝑵𝒔 ∗ 𝒈𝑡
) = − (

∆𝑬𝑡𝑠

𝒌𝑻
) 

 

(3-6) 

The use of Equation 3-6 permits the quantitative comparison of two surfaces for 

their AF potential. However, the comparison is complicated by the fact that the 

formation of interfaces is a function of both the surface properties and the organism.  

The organisms in this case cannot be described by the kT term. The energy of the 

organism extends beyond kT because its movement is directed and not defined by 

Brownian motion. We simply assign an “energy state” Eo to replace kT (Equation 3-7). 

This is expressed as: 

 𝐥𝐧 (
𝑵𝒕 ∗ 𝒈𝑠

𝑵𝒔 ∗ 𝒈𝒕
) = − (

∆𝑬𝒕𝒔

𝑬𝒐
) (3-7) 

A logical choice for Eo in Equation 3-7 is the attachment energy for whichever 

surface has been selected as a standard.  For the studies examined in this paper, that 

surface is smooth polydimethylsiloxane elastomer (PDMSe). We substituted Equation 3-
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3 into Equation 3-7 to yield an equation that related surface parameters (contact area A 

and surface energy γ) to the relative settlement density 

 𝐥𝐧 (
𝑵𝑡 ∗ 𝒈𝑠

𝑵𝑠 ∗ 𝒈𝑡
) = −

∆(𝑨(𝜸𝟏𝟑 −  𝜸𝟏𝟐 − 𝜸𝟐𝟑))
𝑡𝑠

(𝑨(𝜸𝟏𝟑 −  𝜸𝟏𝟐 − 𝜸𝟐𝟑))
𝒔

 (3-8) 

Equation 3-8 keeps the convention of using one of the test surfaces for the 

standard energy, surface ‘s’ in this case.  The end result is a normalized energy function 

that describes the relative attachment density of an organism between two surfaces.  

This normalized equation offers the benefit of not having to know the exact dimensions 

of an organism--rather, all that is necessary is the relative change between the 

surfaces.  When the same surface chemistry is used, as is the case in the surfaces 

examined in this paper, Equation 3-8 simplifies further to Equation 3-9. 

 𝐥𝐧 (
𝑵𝒕 ∗ 𝒈𝒔

𝑵𝒔 ∗ 𝒈𝒕
) =

∆𝑨𝒕𝒔

𝑨𝒔
 (3-9) 

The subscripts t and s in Equation 3-9 represent the value for the topographically 

modified surface and the smooth surface, respectively, and ∆Ats is the difference 

between the interfacial areas of the organism on the topography and smooth surfaces.  

Equation 9 drops the negative sign in front of the energy expression to avoid 

misinterpreting the effect of area on attachment, since area cannot possibly be negative 

as opposed to the interfacial energy change, which is likely to be negative for the 

majority of surfaces.   

An average area <At> can be used when comparing two surfaces with more than 

one type of site (Figure 3-3).  The equations are the same, but the effect of a 

heterogeneous surface can be taken into account.  Some slight rearrangement leads to 

the final form of the model (Equations 3-10 and 3-11). 
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< 𝑨𝒕 > =  

∑ (𝑨𝒕𝒈𝑡𝒆
−(

𝑬𝒕
𝑬𝒐

)
) 𝒕

𝒁
 

(3-10) 

 
𝐥𝐧 (

𝑵𝒕

𝑵𝒔
) =

(< 𝑨𝒕 >  − 𝑨𝒔)

𝑨𝒔
+ 𝐥𝐧 (

𝒈𝒕

𝒈𝒔
) (3-11) 

Equation 3-11 represents a quantification of the Attachment Point Theory, which 

we will refer to as the Surface Energetic Attachment (SEA) model.  This relation can 

easily be applied to existing data for validation as well as used as a tool in the 

preparation of new surfaces to either enhance or inhibit attachment.  

The effectiveness of this model was investigated using four different organisms:  

zoospores of the green alga Ulva linza (U. linza), cells of the diatom Navicula incerta (N. 

incerta), the marine bacterium Cobetia marina (C. marina), and cypris larvae of the 

barnacle Balanus amphitrite (B. amphitrite). These four organisms differ in size, shape 

and attachment mechanism, which enables them to be independently assessed using 

the proposed model. Validation of the model with U. linza, N. incerta, C. marina and B. 

amphitrite provides a more complete picture of the relation between attachment area 

and relative attachment density for fouling organisms. 

Experimental Methods 

Materials 

The base material for the test surfaces in this study was SILASTIC® T2 

polydimethyl siloxane elastomer (PDMSe) from Dow Corning®.  SILASTIC® T2 is a 

platinum-catalyzed silicone with good transparency and biocompatibility, and is able to 

maintain feature fidelity for the duration of the attachment assays.   The PDMSe was 

fabricated by mixing 10 parts resin to one part curing agent (by weight), followed by five 

minutes of mixing.  The PDMSe mixture was then degassed under vacuum for 30 
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minutes, poured into topographical molds and allowed to cure for 24 hours at ambient 

conditions. 

Pattern Selection 

A wide variety of topographies were used to test the validity of the proposed 

model.  The majority of the topographies are described elsewhere, and the attachment 

data for U. linza, C. marina and B. amphitrite attachment are also taken from previously 

published literature116,117,124,128,131.  Most of these patterns are based on the Sharklet 

AF™ microtopography, first described by Carman, et al.125.  This topography consists of 

four distinct features which vary in length from 4 μm to 16 μm and have feature width 

and spacing of 2 μm.  Several series of topographies have been fabricated to test the 

ERI model, and have been included in the analysis for this study (Table 3-1, Figure 3-4, 

Figure 3-5, and Figure 3-6). 

Additional new patterns were fabricated to test the attachment of N. incerta 

(Figure 3-7, Figure 3-8).  These patterns altered the size and spacing of the features in 

a systematic fashion in order to test the effect these parameters have on diatom 

attachment.  The different feature dimensions effectively alter the At value for diatoms 

attaching to these topographies, making the evaluated topographies an excellent test of 

the SEA model for N. incerta.  

 

Figure 3-4.  “Gradient series” topographies tested against Ulva linza.  
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Figure 3-5.  "ERI Series" topographies, which systematically alter the r and 𝛗s values of 
a topography to alter the ERI value (Equation 3-1).   

 

Figure 3-6.  “N series” topographies which systematically alter the number of unique 
features (n) to change the surface's ERI value.  

 

 

Figure 3-7.  “Pillar series” topographies, which alter the spacing between features while 
leaving the number of features and size of features constant.   
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Figure 3-8. “S series” topographies, which alter the original Sharklet AF™ topography 
(topography B) by altering the spacing between features and the width of 
features.   

Table 3-1.  Literature references for data used to validate the SEA model. 

Topography Source 

ERI Series 
Ulva-Schumacher et al.116 

C. Marina – Magin et al.28 

Gradient Series Schumacher et al.128 

Topography Source 

N series Long et al.117 

Wide Series Hoipkemeier-Wilson et al.131 

Aspect Ratio Schumacher et al.124 

Inverse SK Long et al.117 

Channels and SK Magin et al.103 

 
Cell Attachment Data 

Navicula cells were cultured in F/2 medium contained in 250 ml conical flasks. 

After 3 days the cells were in log phase growth. Cells were washed 3 times in fresh 
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medium before harvesting and diluting to give a suspension with a chlorophyll a content 

of approximately 0.25 μg/ml. Cells were settled in individual dishes containing 10 ml of 

suspension at ~20oC on the laboratory benches. Immediately, after addition of the 

diatom suspension, each dish was exposed to approximately 0.5 seconds of sonication 

to minimize entrapped air in the topographies. (In previous studies this has been shown 

not to damage cells or alter their behavior). After 2 hours the slides were gently washed 

in seawater to remove cells which had not properly attached. Samples were fixed in 

2.5% glutaraldehyde, air dried and the density of cells attached to the surface was 

counted on each slide using an image analysis system attached to a fluorescence 

microscope. Counts were made for 30 fields of view (each 0.064 mm2) on each slide.  

The attachment data for zoospores of the green alga U. linza, the bacterium C. 

marina, and the barnacle cyprid B. amphitrite were taken from previously published 

results 116,117,124,128,131.  The data from 116,117,128 have all been reported in previous 

papers from our group as having reduced attachment densities compared to smooth 

that can be predicted by the ERI model (Equation 3-1).  We have also included in our 

analysis the attachment data from Hoipkemeier-Wilson et al.131 showing enhanced 

attachment of spores of U. linza relative to smooth on pillar and channel topographies of 

similar size to the spores as well as the attachment data for U. linza and B. amphitrite  

on patterns with different aspect ratios from Schumacher et al.124.  These data do not fit 

the ERI model and therefore provide good basis for analyzing the extent to which the 

SEA model can replace the ERI model for predicting both enhanced and reduced cell 

attachment density on a variety of topographies. 
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Cell Attachment Area Calculations 

Area calculations for U. linza attaching to topographies with spacing wider than 

the spore were made using the topography dimensions relative to an idealized version 

of the spore.  Zoospores of U. linza are pyriform in shape while swimming and become 

spherical upon attachment.  Zoospores are also pleomorphic since the deformable 

membrane is not surrounded by a more rigid cell wall.  However, to simplify 

calculations, for the purposes of this paper, zoospores were idealized as rigid spheres 

with 5 μm diameter28.  The result of this simplification will be to underestimate the area 

of contact, however the simplification did not introduce appreciable error into the 

calculations. A spore in contact with a curved sidewall (i.e. a pillar) was assumed to 

have a contact area equal to half the value for its smooth counterpart.  Spores were 

assumed to only attach in the spaces between topographic features due to the reported 

attachment pattern on these topographies33. 

The relative attachment area for organisms attaching to topographies with width 

and spacing much (>2μm) smaller or larger than the size of the organism (in this case, 

all organisms other than U. linza) was set to the φs value for the topography. 

Topographic dimensions were assumed to be constant throughout the patterned area 

and equal to the intended value stated in the reference.  Measured dimensions deviate 

±0.2 μm from the intended value116,117.   

Two different methods of calculated the available sites for attachment were 

explored.  The first was to assign every topography the number of sites the zoospores 

were able to occupy.  For example, a 2x2 topography in which the zoospores were able 

to colonize the entire surface would have the same number of available sites as a 
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smooth surface.  In this scenario, 5x5 channels where the Ulva only colonize the area 

between the channels will have a half the number of sites a smooth surface would. 

The other method for determining the number of available sites was to take into 

account the wetted surface available to the organism.  The idea behind this method is 

that the interfacial energy between the organism and the surface will only be the same 

for wetted areas of the topography.  Therefore, fully wetted topographies would be the 

only ones with the number of sites equal to a smooth surface.  Topographies likely to 

not be fully wetted based at the time of the experiment were assigned a gs/gt value 

equal to 1/φs, and set to one for all other topographies.  The stability of the non-wetted 

state was calculated using the equation derived by Marmur for the minimum wenzel 

roughness value rmin required for underwater superhydrophobicity135: 

 𝒓𝒎𝒊𝒏 = −
𝟏

𝒄𝒐𝒔(𝜽)
+ 𝝋𝒔 (𝟏 +

𝟏

𝒄𝒐𝒔(𝜽)
) (3-12) 

Topographies with a measured r ≥ 0.15 compared to the calculated rmin were 

considered to be in the Cassie wetting state during the experiment.  The 0.15 factor was 

added to ensure that additional wetting effects from the organisms (for example, forces 

from the Ulva probing the surface while searching for an attachment point) were 

accounted for when determining the wetting state for the topography.  

Simulation 

A Monte Carlo simulation was performed using MATLAB® software for points on 

a two-dimensional lattice.  The simulation was meant to examine the SEA model’s 

ability to predict attach maps of U. linza on narrow topographies.  Metropolis Monte 

Carlo sampling was used to determine the equilibrium distribution of points on a 

topographic unit cell.  The unit cell lattice was defined based on the asymmetric unit cell 
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defined by Long et al.111 (Figure 3-9), where each site was defined as 1 μm2 with 

topography dimensions of 2 μm by 2 μm.  Fixed boundary conditions were used to 

define the edges of the unit cell. 

 

Figure 3-9. Asymmetric unit cell of the Sharklet topography. 

The site energy was defined by the attachment area, as seen in Equation 3-3. 

The area of attachment predicted by using a ‘points of contact’ simplification, where the 

number of contact points for a 5 μm diameter sphere at a site was used as the effective 

contact area.  Probability was calculated by equation 9 with kT set to a reference value 

of one for a smooth surface as described previously.  Equilibrium was determined by 

monitoring the ensemble energy at different simulation lengths.   

Simulations were performed for 10,000 points for each topography.  Points were 

randomly distributed to start the simulation. The number of points was selected because 

it provided good uniformity throughout the unit cell at equilibrium while still allowing the 

simulation to run in a timely manner.   

The output from each simulation was subsequently turned into a histogram using 

the method described Long et al.111  Briefly, this method involves assigning vector 

coordinates to each simulated cell relative to the origin of the unit cell (the lower left 

corner of Figure 3-9).  These vector coordinates are then reflected and rotate to 
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superimpose a histogram of cell density for each location over a representation of a 

topographic unit cell. 

Results and Discussion 

Unit Cell Modeling 

The starting point selected for the evaluation of our SEA model was simulation of 

the attachment maps for zoospores of U. linza 111.  A simple Monte Carlo simulation 

gave a qualitative agreement between maps using the SEA model with those generated 

from the experimentally derived data (Figure 3-10). 

 

Figure 3-10. Comparison between simulated and experimentally measured attachment 
maps for U. linza.   
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Areal attachment density predictions 

The SEA model was used to predict the areal attachment density for U. linza, N. 

incerta, C. marina and B. amphitrite on different topographies.  The two methods of 

calculating the number of available attachment sites were explored separately. The 

simple, equivalent site method (not taking into account the wetting state) was used to 

effectively predict the attachment density of U. linza and N. incerta (Figure 3-11). The 

change in attachment density between a smooth and patterned surface for N. incerta on 

narrow topographies (patterns with feature width and spacing smaller than the cell 

body) and U. linza on wide topographies (patterns with feature width and spacing larger 

than the spore body) was predicted by the model with high correlation coefficient (R2 = 

0.97). These same topographies do not fit the ERI model (R2 = 0.12) (Figure 3-11).   

The same parameters do not predict the attachment density for U. linza and C. 

marina to relatively narrow topographies (2 μm feature dimensions, R2 = 0.34).  These 

are topographies that have been previously shown to fit the ERI model in terms of 

attachment density (R2 = 0.84 for Ulva, R2 = 0.78 for Cobetia) (Figure 3-12). 

The results indicate that for topographies with well-defined contact areas, i.e. 

topographies where every site is more or less identical, the SEA model can be used 

easily to calculate the attachment density without incorporating the wetting state of the 

topography.  There appears to be some dependence on configuration as to whether or 

not the SEA model effectively predicts the attachment density.  The topographies which 

are not effectively predicted (Figure 3-14) all have sites with different numbers of 

attachment points, such as the case of U. linza on the Sharklet AF topography (Figure 

3-2).  Interestingly, these topographies are accurately predicted by the ERI model 

(Figure 3-14).  The observation that the SEA model and the ERI model may act as 
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complimentary descriptions of the effect of topographies (Figure 3-13, Figure 3-14) 

raises the possibility of combining these two models into one equation that can be 

applied to all organisms and topographies.   

 

Figure 3-11. Correlation between relative permanent attachment density of zoospores of 
U. linza and cells of the diatom N. incerta to topographies with one unique 
site.    

-1

-0.5

0

0.5

1

1.5

2

-1.00 0.00 1.00 2.00 3.00

ln
(A

tt
ac

h
m

en
t 

R
el

at
iv

e 
to

 S
m

o
o

th
)

ΔAts/As

Attachment Point Model Plot for Wide 
Topographies

Ulva - Wide Topographies

Navicula - N Series

Navicula - S Series

Navicula - ERI Series

Navicula - Pillar Series

-1

-0.5

0

0.5

1

1.5

2

0 10 20 30 40

ln
(A

tt
ac

h
m

en
t 

R
el

at
iv

e 
to

 S
m

o
o

th
)

ERI

Wide Topographies - ERI Plot

Ulva - Wide Topographies

Navicula - N Series

Navicula - S Series

Navicula -ERI Series

Navicula - Pillar Series

ln (
𝑁𝑡𝑔𝑠

𝑁𝑠𝑔𝑡
) = 0.91 

∆𝐴𝑡𝑠

𝐴𝑠
+  0.02 

R2 = 0.97 

ln (
𝑁𝑡

𝑁𝑠
) = −0.03 𝐸𝑅𝐼 +  0.20 

R2 = 0.12 



 

77 

 

 

Figure 3-12. Correlation between relative attachment densities of zoospores of U. linza 
and cells of C. marina to topographies with narrow features.  
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The relative attachment density for spores of U. linza on topographies such as 

those seen in Figure 3-8 is difficult to predict from Equation 3-11 due to the 

aforementioned impact of these topographies on gregarious settlement.  To 

compensate for this effect, as well as the non-uniform attachment density over the 

topographic unit cell seen in Figure 3-8, we introduced the n from the ERI model 

(Equation 3-1).  The n term is the only term in the ERI model that describes the 

configuration of the topography.  The configuration of the topography is related to the 

number of contact points available for an organism, which is an important factor for 

attachment probability (Figure 3-8).  Thus, n is added as a prefactor, along with 

substituting <At> in place of At in Equation 3-11, to account for the non-uniform 

attachment behavior observed in Figure 3-8.  The result is Equation 3-14. 

 
𝐥𝐧 (

𝑵𝒕 ∗ 𝒈𝒐

𝑵𝒐 ∗ 𝒈𝒕
) = 𝒏 ∗

(< 𝑨𝒕 >  − 𝑨𝒐)

𝑨𝒐
 (3-14) 

Equation 3-14 can be applied to the topographies examined in Figures 2 and 7 to 

yield a single plot predicting both attachment enhancement and inhibition for spores of 

U. linza and attachment inhibition for cells of N. incerta and C. marina (Figure 3-13).  

The n term was set to one for all N. incerta experiments since they show uniform 

attachment over the topography and initially attach in random orientation as they do on 

a smooth surface, and thusly only effectively sense topographies the same regardless 

of configuration and number of features. 

The agreement between predicted relative attachment from the Attachment Point 

Model and experimentally measured values for relative attachment is extremely good 

(R2 = 0.93), and the slope of 0.99 is very nearly the predicted value of 1.  Figure 3-13 
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demonstrates the predictive power of this model for three different species of fouling 

organisms. 

 

Figure 3-13. Modified thermodynamic model to include contribution of number of 
features to the attachment density distribution. 

The addition of the n term into the SEA model is not the ideal solution for a new 

model since it does not point to a mechanism through which antifouling topographies 

are effective.  The second method for determining site concentration (taking into 

account the wetting state of the topography) showed a similar correlation to the one 

seen in Figure 3-13 with the advantage of no added terms to the model (Figure 3-14). 

The change in attachment density between a smooth and patterned surface for N. 

incerta, C. marina and B. amphitrite on narrow topographies (topographies with spacing 

smaller than the cell body), zoospores of U. linza on both wide (spacing wider than the 

spore body) and narrow (spacing less than the spore body) topographies is predicted by 

the model with high correlation coefficient (R2 = 0.83) and a slope of 1.05, near to the 

predicted value of 1 in Equation 3-11 (Figure 3-14).  
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Figure 3-14. Comparison between the SEA model and experimentally measured 
attachment density data for U. linza, N. incerta, C. marina and B. amphitrite. 
The data can be compared to Equation 3-11.   

The results demonstrate that the SEA model predicts the attachment density for 

a number of different topographies and organisms.  The model suggests the antifouling 

mechanism for effective topographies stems from the surface’s ability to maintain the air 

pockets between the features, i.e., non-wetting state, which reduces the potential 

attachment sites (the ln(gt/gs) term in the model) for the cell/organism.  This is 

consistent with our previous evaluations of the wetting/dewetting properties of these 

patterns138, and corresponds with more recent observations made by other authors 

regarding antifouling topographies114,115.  Conversely, the model suggests that the best 

way to increase cell attachment, such as for applications in aquaculture, is to present a 

topography that maximizes attachment area.  The model therefore predicts the 

observations that led to the Attachment Point Theory112,113.   

The attachment area changes based on the way organisms settled.  Zoospores 

of U. linza, for example, attached to topographies with larger feature spacings by 
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inserting themselves between the features, fully wetting the topography. This increases 

the attachment area ‘atopography’ such that it equals the surface area covered by the 

spore, which includes the sidewalls.  Contrast this with the attachment area of the spore 

‘aplanar’ that attaches to a smooth surface.  This allows us to simplify Equation 11 so that 

the local r value of a site can be expressed in terms of the size of the organism 

(assuming the number of attachment sites is constant). 

 𝐥𝐧 (
𝑵𝒕

𝑵𝒔
) =

𝒂𝒕𝒐𝒑𝒐𝒈𝒓𝒂𝒑𝒉𝒚

𝒂𝒑𝒍𝒂𝒏𝒂𝒓
− 

𝒂𝒑𝒍𝒂𝒏𝒂𝒓

𝒂𝒑𝒍𝒂𝒏𝒂𝒓
= 𝒓 − 𝟏 (3-12) 

Interestingly, Equation 3-12 predicts an increase in attachment as r increases, 

which is the trend observed by Xiao, et al.132, which incidentally also used topographies 

that were not accurately described by the ERI model.  The case of cells of the diatom N. 

incerta attaching to topographies with narrow spacing is a special case of Equation 3-

12.  In this scenario, the cells are only in contact with the tops of the features.  The r 

term is then equal to the fractional area of feature tops for the area covered by the cell 

(Equation 3-13) 

 𝐥𝐧 (
𝑵𝒕 ∗ 𝒈𝒔

𝑵𝒔 ∗ 𝒈𝒕
) =

𝒂𝒕𝒐𝒑𝒐𝒈𝒓𝒂𝒑𝒉𝒚

𝒂𝒑𝒍𝒂𝒏𝒂𝒓
− 

𝒂𝒑𝒍𝒂𝒏𝒂𝒓

𝒂𝒑𝒍𝒂𝒏𝒂𝒓
= 𝝋𝒔 − 𝟏 (3-13) 

In both cases the term driving the relative attachment density in the SEA model is 

also found in the ERI model (Equation 3-1): r for the case of zoospore attachment to 

wide topographies (and subsequent increase in attachment density) and φs for the case 

of diatom attachment to narrow topographies (and subsequent decrease in attachment 

density).  The predictive power of the ERI model for certain topographies is potentially 

derived from these similarities.   
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Interestingly, these two regimes correspond to the analogous regime for a liquid 

spreading on a topography. The spore, which settles between features, effectively 'wets' 

all of the available surface area.  The attachment density of these spores is best 

described by the Wenzel term and is analogous to a liquid that is in “the Wenzel non-

wetting state.”  Conversely, the diatom cell attachment only "wets" the tops of features.  

Thus, the surface area of contact, for the diatom, is best described by the φs term in an 

analogous manner to a liquid in “the Cassie wetting state.” 

Summary 

The Surface Energetics Attachment (SEA) model, described in this manuscript, 

represents the first time one is able to predict both enhancement of cell attachment and 

inhibition of cell attachment to a microtopography.  The SEA model is based upon 

statistical mechanics, in which the probability of attachment was related to the relative 

attachment energy at a specific site.  The attachment energy for different topographies 

was estimated in a simple way by relating attachment energy to attachment area.  The 

relative attachment area was also shown to be a good predictor of both total attachment 

density for four disparate organisms, zoospores of Ulva linza, the benthic diatom 

Navicula incerta, the marine bacterium Cobetia marina, and cypris larvae of the 

barnacle Balanus amphitrite.   Interestingly, all four species follow the same relationship 

with attachment area, indicating that this model may be applied to a wide variety of 

applications, including aquaculture and antifouling coating technologies.  We believe 

that this approach offers the opportunity to further develop antifouling strategies that are 

nontoxic, environmentally neutral, and more stable in a biological environment. 
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CHAPTER 4 
RADIAL DISTRIBUTION OF ATTACHED ZOOSPORES AS A FUNCTION OF 

TOPOGRAPHY 

Background 

Marine biofouling remains a major financial burden on our world mostly through 

numerous industries, including shipping, aquaculture and power generation12,14,139. The 

financial impact requires that we continue to investigate relationships between the 

fouling species and materials used in the marine environment in an attempt to mitigate 

fouling.  As part of our continuing effort to develop an understanding of the role of 

topography in preventing biofouling we present an analysis of the spatial relationships 

between topographical sites and the density distribution of attached organisms, i.e., 

zoospores of the green algae U. linza. 

Our work, as well as that of other research groups, has clearly demonstrated the 

influence of topography on the settlement behavior of numerous organisms140,141. 

Systematic variations in pattern size, height and configuration has been proven to cause 

significant differences in attached organism adhesion strength41,142, attachment 

density37,117, and distribution111,134.  Attachment density, of particular importance for the 

application of biofouling, can be enhanced30,37 or inhibited103,114,143 for a wide range of 

organisms.  Organism density fluctuates as a function of surface topography both 

globally and locally depending upon the characteristics of both the organism and the 

pattern under investigation. 

The effect of topography on cell attachment density has been closely linked with 

the local configuration and dimensions of the pattern.  Long et al.111 and Cooper et al.32 

mapped preferential attachment sites for the zoospores of the U. linza within a single 

topographic unit cell.  These mapping studies showed zoospores preferentially 
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attaching to locations where the number of attachment points could be maximized.  This 

phenomenon has been observed for other organisms as well.  Xiao et al. 144 observed a 

preference for U. linza to attach to ‘kink sites’ on a hexagonal microtopography 

compared to edge sites on the same topography.  This segregation phenomenon 

extends to larger organisms as well. Carl et al.134 observed a preference for the mussel 

Mytilus galloprovincialis to segregate itself on different sections of an aquaculture net 

based on organism size and maturity.  Additionally, Aldred et al.37 observed in a choice 

assay the preference for cyprids of Balanus amphitrite to avoid topographies with 

dimensions similar to the cyprid body size and instead selectively colonize topographies 

with smaller dimensions. 

An understanding of the surface properties necessary to provide preferential 

sites for cell attachment, and the effect the spatial distribution of these sites may have 

on attachment, is of fundamental importance towards the design of new antifouling 

topographies.  Subsequently, many studies have used physical models to in an attempt 

to predict the effect of surface topography on cell attachment28,32,127,144.  We have 

introduced the Surface Energetics Attachment (SEA) model as a method to relate the 

relative size and shape of an organism as it relates to the topography to attachment 

density145.  The SEA model uses the relative change in area between a smooth surface 

and a topographically modified surface to predict the change in attachment density 

(Equation 4-1) 

 𝐥𝐧 (
𝑵𝒕 ∗ 𝒈𝒔

𝑵𝒔 ∗ 𝒈𝒕
) =

∆𝑨𝒕𝒔

𝑨𝒔
 (4-1) 

The SEA model predicted effectively the inhibition of attachment density for four 

different organisms, i.e., Navicula incerta, Cobetia marina, Balanus amphitrite, and Ulva 



 

85 

linza.  Additionally, a series of surface topographies, shown previously to increase the 

attachment density of U. linza, were fit with the model.  Thus the SEA model was 

demonstrated effective at predicting both the inhibition and enhancement of cell 

attachment to a series of microtopographies.   

The ability to predict the entire range of attachment density allows the SEA 

model to be used to explore the relationship between the configuration of the 

topographic unit cell and preferential attachment sites.  Previously, the model was 

applied to the mapping studies for U. linza with good qualitative agreement with 

experimental results123.  In both the experimental and modeled cases the local 

topographic characteristics, which increase fouling were identified.  However, these 

studies were confined to the individual zoospores, and only mapped a single unit cell.  

The effect of adjacent unit cells on the spatial distribution of cells is still an unknown and 

should be explored further. It is our contention that by developing a more global picture 

of the settlement density patterns, we may be able to further enhance the effect of 

material gradient attributes on antifouling technologies. 

The results indicating that different locations within the unit cell provide 

preferential attachment sites lead to the observation that engineered topographies can 

have an effect on the gregarious attachment and growth of organisms.  Many fouling 

organisms depend on the formation of biofilms to survive and thrive on a surface.  

Others, such as U. linza, must attach gregariously to develop into mature, zoospore 

producing plants.  Engineered microtopographies have been observed to both 

enhance33 and inhibit32,126 the ability for organisms to attach gregariously, either as a 

function of roughness scale or the configuration of the pattern. For example, Cooper et 
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al.32 showed that the Sharklet microtopography inhibits gregarious attachment of U. 

linza for a duration up to 240 minutes, while Callow et al.33 showed channels and pillars 

with dimensions similar to that of the zoospore can enhance aggregation.  As a result, 

topographies have been empirically observed to have a substantial effect on the fouling 

process beyond initial attachment of organisms. Currently, no quantitative measure of 

the effect of topographies on gregarious attachment behavior has been recorded in the 

literature. 

The radial distribution function (RDF) is often used in material science to 

describe the relative locations of atoms in a solid or liquid.  The RDF is able to 

quantitatively describe the relative probabilities of different positions within a solid 

relative to a fixed point; that is, it provides a measurement of the relative distances 

between atoms.   Additionally, the RDF is often used to determine the measure the 

effect of different treatments on cell spacing and orientation83,88,89, and can be used in 

cell biology to measure changes in cell grouping behavior146 or rearrangement of 

intracellular structures147.  The RDF function is a powerful tool for measuring spatial 

effects in cell behavior caused by surfaces, and can be used effectively to quantify the 

effects of topography on the distribution of attached cells.   

This study utilized the radial distribution function to quantitatively examine the 

spatial arrangement of zoospores of U. linza attached to engineered microtopographies.  

Experimental data for different topographies was examined to determine the effect of 

pattern configuration of the spatial distribution.  The zoospore radial distribution function 

mapping technique developed in this paper was then combined with the mapping 

technique developed by Long et al.111.  Together, these three data sets should improve 
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our understanding of factors that can affect the spatial attachment behavior of U. linza 

on microtopographies. 

Materials and Methods 

U. linza Zoospore Attachment Methodology 

The experimental data for this study were taken from the work of Cooper et al.32 

and Long et al.117   The experimental details for attachment studies were described 

previously and so are only briefly summarized here. A series of five different 

topographies were used in these two studies (Figure 4-1).  For the U. linza assay, 10 ml 

of zoospore was released into a Quadriperm dish contacting the test surface.  

Zoospores were allowed to attach for the prescribed length of time, after which the 

surfaces were removed and the zoospores fixed with glutaraldehyde. Slides were then 

shipped back to the University of Florida for analysis. 

 

Figure 4-1.  N series topographies analyzed in this study and described previously32,117.  

Image processing 

Images of all surfaces were acquired using a Zeiss AxioCam microscope.  Each 

surface and timepoint had a total of 36 images analyzed, with an average of 3000 
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spores per surface.  Images were analyzed using MATLAB®, where zoospores were 

identified through fluorescence and had locations assigned to them (Figure 4-2).  The 

assigned points provided the basis for the zoospore centroid, which would be used to 

calculate the radial distribution function.  Spores within a grouping were identified 

through a watershed transform. Spores within 25 μm of the image edges were excluded 

from the analysis. The radial distribution function was then calculated for each surface 

using MATLAB® to tabulate the relative position of all observed zoospores.   

 

Figure 4-2.  Representative images for zoospores of U. linza on the n1 topography (left) 
and a smooth surface (right) 

Radial Distribution Function 

The radial distribution function was mapped by a ratio of the number of 

zoospores dn in a ring with area da a distance r from the reference zoospore to the total 

number of counted zoospores N and the average density of zoospores in an image <𝜎> 

(Equation 4-2, Figure 4-3). 

 

Figure 4-3.  The pair distribution function measures the relative probability of a zoospore 
attaching a distance r away from the reference.   
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 𝑔𝑑𝑟(𝒓) =  
𝟏

𝑵 < 𝝈 >

𝒅𝒏(𝒓 + 𝒅𝒓)

𝒅𝒂(𝒓 + 𝒅𝒓)
 (4-2) 

Equation 4-2 sets the average density of zoospores at a given distance to a 

value of one. All values of gdr(r) that are above one indicate a relatively high probability, 

and values of below one indicate relatively low probability compared to the average.  

The bin size used for this study was 1 μm. 

Two different schemes of measuring zoospore distances were used for this study 

(Figure 4-4).  Measurement of individual zoospores gives a measure of the tendency for 

the zoospores to aggregate and can give insight into how the zoospore aggregates are 

shaped as well as their relative size.  The RDF for groups of zoospores eliminates the 

contribution from zoospore-zoospore contacts to the overall distribution.  Since U. linza 

tend to settle gregariously the contribution to the RDF from zoospore-zoospore contacts 

comprises the dominant contribution to the plot.  Mapping of the zoospore groups 

eliminates this contribution and allows us to probe further distances and identify any 

screening effects caused by the topography. 

 

Figure 4-4.  Zoospore mapping schematics for the radial distribution function.. 

Surfaces were compared for their rmax, screening distance and in the case of the 

individual spore distribution first to second peak ratio values to explore the distribution of 

cells on the surface.  The variation inherent in cell attachment experiments was 
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minimized through the large number of zoospores and zoospore groupings included in 

this analysis. Previous studies examining radial distribution function of bacteria on glass 

substrates also combined experiments for analysis, and these studies indicated the 

number of zoospores counted in this study (3000/surface) is sufficient to draw 

meaningful conclusions from the measured screening distance and rmax values83,88  

In general, screening distance and rmax values varied very little between similar 

surfaces (±1 μm for individual zoospores, ±5 μm for zoospore aggregates).  The 

variation between surfaces was examined by comparing the distributions between 

replicate ‘n series’ surfaces.  Data for individual replicates from the kinetic study were 

unavailable for analysis.  Reported values for screening distance and rmax for both 

studies are the result of combining individual replicates into one calculated distribution.  

Differences between screening distances and rmax values on different topographies were 

compared for significance using the replicate distributions and the Tukey test (α=0.05). 

Zoospore Distribution Unit Cell Mapping 

In order to fully explore the effect of local unit cell structure on zoospore 

distributions, and in particular differences observed for the n4 topography, the RDF was 

mapped as a function of the zoospores’ location within the unit cell, specifically on the 

n4 topography from the “n series” study117.  The unit cell is the same asymmetric cell 

used by Long111 to map preferential sites for individual zoospores.  Groups of zoospores 

were mapped for both rmax and screening distance to determine the locations within the 

unit cell that match the global averages observed for the topography.  These maps were 

based on 2 μm x 2 μm areas of the unit cell, and were mapped based on their relative 

distance from the average value on both the n4 topography and the smooth reference 

surface.  Bright green squares represent distances much larger than average, bright red 
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squares represent distances much shorter than average, and dark areas represent 

average distances. 

Modeling 

Monte Carlo simulation was performed for points on a two-dimensional lattice 

similar to that used in Chapter 3.  The simulation was designed to test the SEA model’s 

ability to reproduce the experimental data observed in the images taken of zoospores 

on the topography.  An energy value was assigned to each point in the lattice based on 

the number of contact points at that point on the topography.  A second energy function, 

based on a Lennard-Jones potential, was used to simulate attractive forces between 

zoospores (Equation 4-3).  Zoospores have been observed to attach gregariously, and 

although there is likely not a physically attractive force between cells their interactions 

can be effectively modeled in this way. 

 𝑬𝒏𝒆𝒓𝒈𝒚𝒔𝒑𝒐𝒓𝒆−𝒔𝒑𝒐𝒓𝒆 = −𝟒 [(
𝝈

𝒅
)

𝟏𝟐

− (
𝝈

𝒅
)

𝟐

] (4-3) 

Metropolis Monte Carlo sampling was used to determine the equilibrium 

distribution of spores on the surface.  Probability was determined using Equation 4-4, 

where the energy was equal to the number of contact points defined by the lattice plus 

the sum of the spore-spore interactions from Equation 4-3.  The number of contact 

points is a simplification of the area of attachment and has been successfully applied 

previously to simulation of Ulva spores123.  The value of kT was set to one for all 

simulations. 

 𝑷𝒓𝒐𝒃𝒂𝒃𝒊𝒍𝒊𝒕𝒚 = 𝒆−
∆𝑬
𝒌𝑻 (4-4) 

The simulation was structured to mimic the experimental results.  As such, the 

simulation was set up as a series of ‘images’ with a varying number of spores.  A 
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normal distribution was used, with an average of 50 with a standard deviation of 20 

(approximately equal to experimentally observed values).  Additionally, the size of the 

spores was varied, with an average of 5 μm and standard deviation of 0.5 μm. 

Results and Discussion  

N Series Distribution 

The effect of topography configuration on Ulva spore spatial configuration was 

examined by analyzing the distribution of attached spores on the ‘n series’ topography 

from Long et al.117.  The distribution in Figure 4-4 corresponds to the relative 

probabilities for different packing orders for the spores, and would likely change if a 

topography were to force spores to attach in a non-close packed arrangement. The 

RDF for individual spores attached to these surfaces shows a slight difference from the 

smooth surface.  A slight difference in rmax and screening distance exists between the 

surfaces (Table 4-1).  However, these differences may be a result of the imaging 

techniques used and should not be considered statistically significant.   

A difference in the relative intensities between the first and second peaks can be 

seen for the different surfaces in Figure 4-4.  The first two peaks in the distribution 

function correspond to spores that are one and two spore body widths away, 

respectively.  The n1 and n2 topographies have lower peak ratios than the other 

surfaces (Table 4-1).  This may indicate that these two topographies have a difference 

packing density than the other surfaces.  Ulva spores tend to be pack hexagonally on a 

smooth surface (Figure 4-3).  However, the n1 and n2 topographies have configurations 

that are essentially square packed, particularly when considering the intersections 

between features where spores have been found to preferentially attach111.  Visual 
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inspection of attached spores supports the idea that the arrangement of preferential 

sites can lead to a change in packing order for the spores (Figure 4-3).  

 

Figure 4-5.  Radial distribution function for five different topographically modified 
surfaces as well as a smooth surface.  The plots are offset by an arbitrary 
amount to more clearly illustrate the shape of the curve. The horizontal lines 
denote a g(r) value of one 

A second contribution to the difference in peak ratios could be an increased 

contribution from spores that are ‘screened’ by the topography—that is, spores that 

would be part of an aggregate on a smooth surface but are merely close by on a 

patterned surface due to the physical barrier posed by the topography.  The screening 

effect can be quantified by mapping the pair distribution function of spore groups (Figure 

4-6).  This distribution will eliminate contributions from adjacent spores, and increases 

the contrast between different surfaces.   

The lack of obstacles impeding aggregation leads to a random distribution of 

spore groups on a smooth surface, as seen in Figure 4-6.  However, the topographically 

modified surfaces show a large deviation from the random behavior on smooth.  In 

particular, rmax and screening distance both decrease dramatically for spore groups 

attached to topographies.  Additionally, there is a trend for both screening distance and 
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rmax to increase as the ‘n’ value of the topography increases.  It is possible that the 

increased distance between preferential sites as ‘n’ increases (and thusly an increase in 

the distance between likely nucleation sites for aggregates) in the cause the observed 

increase in rmax and screening distance.   

Table 4-1.  Pair distribution function data for individual and groups of spores on different 
topographies 

 

 

Figure 4-6.  Pair distribution function for groups of spores on the five n series 
topographies as well as a smooth surface.  Distributions are stacked by an 
arbitrary amount for clarity 
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Statistical Comparison between N Series Surfaces 

The differences observed in the analysis for the combined distributions from all 

available surfaces appear to hold somewhat when the variation between individual test 

surfaces is taken into account.  Analysis of the individual replicates found no significant 

differences between screening distance and rmax for individual spores on any of the 

topographies (Figure 4-7).  Aggregates of zoospores varied significantly in terms of both 

screening distance and rmax.  The screening distance was found be significantly longer 

on smooth compared to topographically modified surfaces, with no significant 

differences between topographies.  This may indicate that the topography has a 

“screening” effect on attaching zoospores which allow aggregates to form in closer 

proximity to other existing aggregates when compared to the smooth surface.   

For the rmax measurements, no clear trend is apparent when comparing smooth 

and topographically modified surfaces, as well as topographically modified surfaces with 

different configurations.  The rmax distance on the n4 topography is significantly shorter 

than on the smooth, n1 and n5 surfaces.  However, every topography other than n4 

does not show any differences.  The differences in rmax do not correlate with observed 

attachment density, nor do they correlate any of the surface roughness aspects that 

have been measured.  This may indicate that rmax is unaffected by topography for 

zoospore aggregates, or possibly that rmax is a random value for aggregates regardless 

of the surface.  Further mapping of the rmax values on the n4 topography (see Figure 4-

8) indicates that locations of high and low rmax values. 
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Figure 4-7.  Comparison between measures values of the radial distribution function. A) 
screening distance  B) rmax for different surfaces from Long et al.117  Stars 
indicate statistically distinct groups. 

Kinetic Study Distributions 

The temporal evolution of the pair distribution function was also monitored for 

individual spores attaching to the n4 topography as well as smooth surface (Figure 4-6).  

The rmax value for each time point is approximately at the distance of one spore body (5 

μm), with the largest difference between time points as the ratio between the first and 

second peak (Table 4-2, Table 4-3).   A trend towards lower peak ratios was observed 

as time increased, indicating that spore groups are likely growing during the experiment.  

Interestingly, there is a large difference between the peak ratios between smooth and 

topography at the low time points, while the difference is minimized at long time points, 
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with the smooth surface having the lower ratio for the early time points and the 

topography having the lower time point at the upper time point.  It is likely that spore 

aggregates occur more quickly on the smooth surface simply based on the spore 

density at each time point.  This would explain the lower peak ratio.  Additionally, these 

results indicate that as Ulva spores reach an equilibrium spore density the probability for 

large spore aggregates is approximately the same between the smooth and 

topographically modified surfaces examined here. 

 

Figure 4-8.  Radial distribution function for individual spores on the n4 topography at 
different settlement times.  Distributions are stacked by an arbitrary amount 
for clarity 

The distribution of spore groups was also examined for the kinetic study (Figure 

4-9).  A trend towards lower screening distance was seen as the experiment time 

increased, while the rmax value does not seem to follow a trend.  The trend observed for 

screening distance indicates the screening effect observed in Figure 4-6 for different 

topographies evolves over time as more spores attach to the surface.  The spore 

density is very low at the 30 and 45 minute timepoints due to the short experiment time.  

However, the similarity between the individual spore RDF at different timepoints 
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indicates the low spore densities are not the primary cause for the difference between 

observed spatial distributions.  It is possible that as initial aggregates grow the ability for 

spores to attract other spores extends over a longer distance.  As that distance 

increases, spores are attracted to more favorable sites near to an aggregate and are 

effectively screened by the topography from attaching adjacent to an existing spore. 

Table 4-2.  Ratio between the first and second peak in the pair distribution function for 
the n4 topography and smooth measured at different settlement times 

 

Time 
First/second peak 

ratio Topography 

First/second peak 

ratio smooth 

30 

minutes 
27.86 3.04 

45 

minutes 
3.96 2.77 

60 

minutes 
6.48 NA 

120 

minutes 
3.15 NA 

240 

minutes 
2.36 2.63 
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Figure 4-9. Pair distribution function for the spore aggregates on the n4 topography as a 
function of time. Distributions are stacked by an arbitrary amount for clarity 

 

Figure 4-10.  Pair distribution function for individual spores on a smooth surface as a 
function of time. Distributions are stacked by an arbitrary amount for clarity 
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Table 4-3. Pair distribution function data for individual and groups of spores as a 
function of time on the n4 topography and smooth PDMSe 

Time 

Screening 

Distance 

Groups (𝛍m) 

Screen 

distance 

individual 

(𝛍m) 

rmax 

groups(𝛍m) 

30 minutes 16 4 16 

45 minutes 13 3 19 

60 minutes 8 4 27 

120 minutes 7 4 13 

240 minutes 7 3 15 

 

Simulated Distributions 

Simulated results for the spore distribution shows good qualitative agreement 

with experimental results, with some discrepancies.  All examined configurations show a 

similar shape in the distribution.  In particular, n2, n3, n4 and n5 were not measurably 

different from smooth in anyway (Table 4-4).  However, the n1 topography shows 

differences in the rmax for groups of spores, as well as the first/second peak ratio.  The 

difference in peak ratio is also seen for the experimental data—the n1 and n2 

topography has experimentally lower peak-peak ratios compared to the other tested 

surfaces.  However, while the simulation was able to reproduce the peak ratio for a 

smooth surface effectively, the ratios for n2 and n1 both increased relative to smooth 

rather than decreased as observed experimentally.  However, the fact that a difference 

is observed is important for establishing effective strengths and weaknesses of our 

model (Figure 4-11). 
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Figure 4-11.  Simulated radial distribution function for 5 μm zoospores on the n series 
topographies.  Distributions stacked by an arbitrary amount for clarity 

An additional discrepancy between the simulation and experimental results deals 

with the difference between group distributions on smooth.  Experimentally, the 

distribution for groups of spores on smooth is essentially random.  The screening 

distance increases relative to the topographies, and the rmax goes to 40 μm, indicating a 

very large distance between groups is most probable.  This is very different from what is 

observed in the simulation, where the results for the smooth surface are very similar to 

those of the topographies, with a low screening distance and rmax values.   

The discrepancy between the experimental and simulation results for smooth 

indicate an insufficient description of the spore-spore interaction potential.  The SEA 

model does not attempt to describe this interaction directly, instead focusing on the 

effect of surface topography on initial attachment.  The spore distribution will be affected 

both by topography configuration (e.g. the location of the most preferential sites, and the 

affinity the spores have for those sites) as well as the preference for spores to attach 

gregariously. 
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Table 4-4.  Simulated results for spore distributions on different surfaces 

Topography 

Screening 

Distance 

Individual 

(𝛍m) 

Screening 

Distance 

Groups (𝛍m) 

rmax 

individual 

(𝛍m) 

rmax 

groups(𝛍m) 

first/second 

peak ratio 

n1 4 9 5 11 4.19 

n2 4 9 5 9 2.98 

n3 4 9 5 9 2.70 

n4 4 9 5 9 2.60 

n5 4 9 5 9 2.64 

Smooth 4 9 5 9 2.65 

 
Zoospore Distribution Unit Cell Mapping 

Aggregates of zoospores were mapped for both rmax and screening distance to 

determine the locations within the unit cell that match the global averages observed for 

the topography (Figure 4-12).  This mapping technique allowed for simultaneous 

measurement of zoospore locations relative to the topography, similar to the previous 

mapping, as well as zoospore mapping relative to each other, which provided insight 

into the differing effects observed by the disparate locations on the topography. 

Clear differences between locations on the unit cell related screening distance, 

but not as much for rmax in Figure 4-12. When normalized against the global averages 

reported in Table 4-2, rmax shows a range of values both greater and less than the 

mean.  Rmax appears to have a general trend of less than the mean on the tops of 

features and greater than or equal to the mean between features, however this trend 

does not hold for all locations.  Normalization against the smooth control shows all 
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locations of the unit cell (save the gap between the second and third longest features) 

have an rmax less than smooth. 

 

Figure 4-12.  Mapping of rmax and screening distance for different locations within the n4 
unit cell.  Images are normalized against global averages for n4 (top) and 
smooth (bottom) to show differences between sites.  Colors are scaled based 
on intensity from red (relatively low value) to green (relatively high value)  

The screening distance map shows a dependence on location within the unit cell.  

The general trend within the unit cell is for the majority of locations to have screening 

distances equal or greater than the global average.  The degree to which the screening 

distance deviates from the average is apparent from the intensity at each location, 

particularly at the end of the shortest feature and the center of the longest feature.  

These differences become more apparent when the sites are normalized against 

smooth, where these locations are shown to be equal to or greater than the smooth 

global average, with the other locations less than smooth. 
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The fact that the local site geometry appears to play a role in screening distance, 

but not rmax, should be discussed.  The screening distance for groups of zoospores on a 

smooth surface is 13 μm.  Additionally, plotting the RDF for groups on a smooth surface 

indicates the distribution is random beyond the screening distance.  Taken together, it 

appears as though a single group of zoospores does not have much influence on any 

zoospore landing beyond 13 μm from the center of the zoospore aggregate.  The 

screening distance for all topographically modified surfaces fell below the 13 μm 

threshold, whereas the rmax for n4 falls beyond that threshold.  The n4 unit cell is much 

larger than 13 μm, however there are many preferential locations located within that 

distance from any location in the unit cell.  The observations in this study indicate that 

topography has more of an influence on the screening distance based on the local site 

geometry, and these differences lead to a difference in measured rmax, however that 

difference is likely not relevant for antifouling. 

Since the site geometry appears to play a role in determining the screening 

distance for zoospores at a given site it is useful to examine the locations in which the 

measured screening distance deviates from the rest of the unit cell.  Both of the 

locations indicated as having long screening distances have experimental analogs that 

have been tested.  The end of the shortest feature resembles the n1 topography, while 

the center of the longest features resembles the channels topography.  It is interesting 

to note that these two topographies have similar attachment densities for U. linza, and 

that both of those attachment densities are similar to a smooth surface.  However, the 

full n1 topography shows both screening distance and rmax much lower than smooth, 

indicating that the geometry of that unit cell still screens zoospores from each other.  
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Further work is necessary to understand the relationship between local site geometry 

effects on zoospore settlement. 

Conclusion 

The spatial arrangement of U. linza zoospores on a surface was examined 

through the use of the radial distribution function.  The measurements taken in this 

study indicated the spatial distribution of attached zoospores is affected by surface 

topography, particularly in terms of the spacing and distribution of aggregates of 

zoospores.  While no significant differences were observed in terms of the location of 

individual zoospores, the screening distance and rmax values for aggregates of 

zoospores were found to vary with by topography and, in the case of rmax, configuration 

of the topography. The topography appears to have a screening effect on the zoospores 

based on the screening distance measurements, and the configuration of preferential 

surface sites can lead to different spatial arrangements for the zoospores.  The 

screening effect of the topography develops over time, and the effect of measuring the 

spatial distribution before equilibrium settlement density is more pronounced on the 

topography.  Mapping of the RDF as a function of aggregate location within the unit cell 

showed variations in both screening distance and rmax as a function of local geometry.  

The differences in rmax appeared to be randomly distributed, while screening distance 

increased for locations with local configurations similar to topographies with 

experimental zoospore attachment density similar to smooth surfaces.  This observation 

matched the fact that the screening distance on a smooth surface is longer than that of 

the topographies, indicating that ability for the topography to influence the distance 

between zoospore aggregates may contribute to antifouling. Combined, it is apparent 
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that the distribution of U. linza zoospores on a surface can be controlled through the use 

of surface topography in ways that may be relevant for antifouling. 
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CHAPTER 5 
EXAMINATION OF THE WORK OF ADHESION ON ENGINEERED 

MICROTOPOGRAPHIES 

 
Background 

The design of nontoxic antifouling surfaces requires an understanding of the 

relationship between surface properties and cell attachment.  Measurable surface 

properties, such as surface energy and surface roughness, are frequently used as 

indicators for antifouling efficacy1-7.   Surface energy, for example, has been empirically 

correlated with attachment density for a variety of organisms1,4.  

The work of adhesion has been used to directly tie measured surface energy to 

cell attachment2,8,9.  Work of adhesion is related to the surface energy of the two 

adhering bodies (γ1 and γ2) and the interfacial energy between the two bodies (γ12) 

(Equation 5-1). 

 𝑾𝒂𝒅𝒉 = 𝜸𝟏 + 𝜸𝟐 − 𝜸𝟏𝟐 (5-1) 

 The studies that have previously used work of adhesion to predict cell 

attachment simply used the term as an indication for attachment.  The value provided a 

measurement for the change in energy upon attachment for an organism, thus providing 

a means to determine the thermodynamic feasibility of attachment.  Attachment has 

been observed with unfavorable values for work of adhesion, however, and 

measurements of the work of adhesion for fouling organisms alone has not been 

sufficient to predict biofouling9. 

Surface roughness has also been directly related to attachment density through 

the ERI model. The limitations of this relationship have been discussed previously6,10,11 

(see Chapter 2).  The ERI model provides an advantage over the work of adhesion in 
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that the fouling density can be directly predicted through surface measurements.  The 

work of adhesion, on the other hand, provides a first-principles based approach to 

predicting fouling that should, in principle, work universally with all antifouling surfaces 

to a degree not possible with the ERI model. 

The Surface Energetics Attachment (SEA) model bridges the gap between the 

direct predictions of the ERI model and the indirect predictions gained from measuring 

the work of adhesion.  The SEA model uses a lattice to directly relate the work of 

adhesion W to the relative cell attachment density (Nt/Ns) (see Chapter 3) (Equation 5-

2).  

 𝒍𝒏 (
𝑵𝒕

𝑵𝒔
) =

∆𝑾𝒕𝒔

𝑾𝒔
+ 𝒍𝒏 (

𝒈𝒕

𝒈𝒔
) (5-2) 

The area term was factored out of the work of adhesion to form the SEA model 

relationship between attachment area and antifouling potential for engineered 

topographies.  This area relationship provided excellent agreement with experimental 

data, as evidenced by an R2 value on the order of 0.83. 

The predictions from the SEA model in Chapter 3 were made with the 

assumption that the difference in work of adhesion between a cell attaching to a smooth 

surface and cell attaching to a patterned surface is solely a function of the change in 

attachment area.  The relative change in work of adhesion was not measured for each 

topography and therefore may actually deviate more than the area relationship 

suggests.  Measurement of the work of adhesion of water on the topography would 

examine this assumption. 

The work of adhesion for water on a smooth surface can be related to the contact 

angle through the Young-Dupré equation12.  The work of adhesion here is a function of 
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the liquid-vapor surface energy γlv (equal to 72 mN/m for water) and the measured 

contact angle θ (Equation 5-3). 

 𝑾𝒂𝒅𝒉 = 𝜸𝒍𝒗(𝟏 + 𝒄𝒐𝒔(𝜽)) (5-3) 

The contact angle in Equation 5-3 is the Young’s contact angle.  The Young’s 

contact angle assumes a perfectly smooth surface and thus indicates the balance 

between the liquid-vapor, surface-vapor, and liquid-surface interfacial energies.  The 

work of adhesion in Equation 5-3 can therefore only be evaluated for contact angles 

measured on a smooth surface. 

Surface roughness can have a significant effect on the wetting of liquid on the 

surface and subsequently the measured contact angle.  Wenzel13 formulated the first 

relationship between Young’s contact angle and the measured contact angle on a rough 

surface.  The Wenzel equation relates surface roughness (defined as the ratio between 

the total area and planar area r) directly to the measured contact angle θ* through the 

contact angle predicted by Young’s equation θ (Equation 5-4).  

 𝒄𝒐𝒔(𝜽∗) = 𝒓 ∗ 𝒄𝒐𝒔(𝜽) (5-4) 

The assumption in Equation 5-4 is that the surface is fully wetted.  This is not the 

case for many topographies, particularly engineered topographies with tall features.  

These topographies will have wetting only on the tops of the features, with airgaps in 

between the features.  Cassie and Baxter14 formulated a relationship between the 

Young contact angle, the observed contact angle and the fractional area for the feature 

tops φs to help describe this wetting state (Equation 5-5).   

 𝒄𝒐𝒔(𝜽∗) = 𝝋𝒔 ∗ 𝒄𝒐𝒔(𝜽) +  𝝋𝒔 − 𝟏 (5-5) 
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The measured contact angle on a rough surface can be related to the work of 

adhesion through the Young’s contact angle. Equations 5-4 and 5-5 can be substituted 

into Equation 5-3 to relate the observed contact angle to the work of adhesion 

(Equations 5-6 and 5-7).  

 𝑾𝒂𝒅𝒉 = 𝜸𝒍𝒗 (𝟏 +
𝒄𝒐𝒔(𝜽∗) + 𝟏 − 𝝋𝒔

𝝋𝒔
) (5-6) 

 𝑾𝒂𝒅𝒉 = 𝜸𝒍𝒗 (𝟏 +
𝒄𝒐𝒔(𝜽∗)

𝒓
) (5-7) 

In Equations 5-6 and 5-7 the work of adhesion for the liquid is a function both of 

the observed contact angle on the topography as well as the dimensions and 

configuration of the pattern.  Mathematically, these two relationships are equivalent to 

the Young-Dupré equation.  Any change to the topography will result in a change in the 

observed contact angle; for example, it is impossible to hold all variables constant in 

Equation 5-6 and only change the r value of the surface since the 𝜃* value will change 

as well.  As a result, the work of adhesion should be the same for a smooth surface and 

a patterned surface of the same chemistry as measured by Equations 5-3 and 5-6 

assuming that Equation 5-5 accurately relates the observed contact angle and the 

Young’s contact angle. 

Contact angles measured on a flat surface are referred to as ‘static’ contact 

angles.  If the surface is tilted the drop will remain pinned for a time before slipping from 

the surface.  The leading edge will see the contact angle increase while the trailing edge 

will see the contact angle decrease.  These are referred to as the advancing and 

receding contact angles, respectively.  The difference between these measurements is 

the contact angle hysteresis.  The advancing and receding angles refer to the maximum 
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and minimum values for the contact angle measured before the drop begins to move 

and can be used as more complete measurements of the wetting behavior of a surface.  

Choi et al.15 related the local φs at the leading and trailing edge of the drop to the 

observed advancing and receding contact angles.  Their relationship substituted the 

global φs value used in Equation 5-5 for the local fractional area of feature tops φsl for 

the drop contact line at the leading or trailing edge of the drop (Equation 5-8).  

 𝒄𝒐𝒔(𝜽∗) = 𝝋𝒔𝒍 ∗ 𝒄𝒐𝒔(𝜽) + 𝝋𝒔𝒍 − 𝟏 (5-8) 

Equation 5-6 can be used to relate the Cassie-Baxter relationship, and therefore 

the work of adhesion, to the observed advancing and receding contact angle.  The φsl 

value can also be used to predict the contact angle for the drop spreading in different 

directions on an anisotropic topography.  Topographies with features that are not similar 

in all directions will have different contact angles depending on the perspective of the 

measurement16. Channels, for example, have elongated drops and can have 

significantly different contact angle measurements depending on the viewing 

orientation.  Equation 5-8 extends Equation 5-5 to explain these observations and can 

be used to elucidate directional differences in the work of adhesion on a patterned 

surface. 

The contact angle measurements relate to the work of adhesion averaged over a 

large area on the topography due to the scale of the measurement.  A 5 μl water drop 

contacts over 2000 different features on the Sharklet topography, which makes the 

measurement excellent for detecting average properties across the pattern.  However, 

local interactions have been shown to play an important role in the attachment of fouling 

organisms.  Ulva linza, for example, have been shown to preferentially attach to the 
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intersections between the diamond unit cell on the n series topographies (see Chapter 

3).   The SEA model was shown to predict this preferentially settlement behavior.  The 

contact angle measurements are not sensitive to the local changes in the work of 

adhesion and therefore a secondary technique should be used to probe the local 

differences within the topographic unit cell. 

The atomic force microscopy (AFM) can be used to measure specific interactions 

between a probe and a surface. The AFM uses a tip on a cantilever to probe surface 

interactions.  The tip is brought down to, and subsequently pulled from, the surface.  

The deflection in the cantilever is measured and from that deflection the surface forces 

are calculated.  The tip can be functionalized with different chemistries or fabricated to 

different geometries.  For example, the tip can be a 5 μm sphere, similar to how the 

SEA model treats the Ulva spore. AFM has been previously implemented in the study of 

bacterial adhesion by several authors, with relevant forces mapped for antifouling17-19.  

In this case we can measure the force between a probe that is similar to the Ulva spore 

and the surface at different locations within a topography. These forces can be used to 

examine the magnitude of forces as the sphere approaches the surface and, relevant 

for the work here, the adhesive force required to remove the probe from the surface 

which is related to the work of adhesion. 

The work of adhesion between the AFM probe and the surface can be calculated 

using the Johnson-Kendall-Roberts (JKR) model for contact between elastic bodies.  

The JKR model relates the work of adhesion W to the adhesive force Fadh and the 

radius of the probe R (Equation 5-7).  The model assumes adhesive contact between 

the probe and the surface and is valid for surfaces with low elastic moduli18,20.  A large 
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work of adhesion indicates a stable bond i.e. a large force is required to separate the 

bonded surfaces.  The AFM can be used to measure the Fadh term in Equation 5-9 at 

different locations on the surface, and from that data the work of adhesion can be 

calculated.  The work of adhesion calculated in Equation 5-9 is the same term that is 

related to the contact angle in Equation 5-3. 

 𝑾𝒂𝒅𝒉 =
2𝐹𝑎𝑑ℎ

3𝜋𝑅
 (5-9) 

This chapter will use two complimentary techniques to characterize the work of 

adhesion to engineered microtopographies.  The first, contact angle, will examine the 

average work of adhesion between a liquid (DI water) and the patterned surface.  The 

work of adhesion will be analyzed for direction dependence and the contact angle 

measurements will be evaluated for how well they agree with the established 

relationships for contact angle and topography. This method will examine the average 

predictions from the SEA model and grant a deeper understanding of the average work 

of adhesion on a topographically modified surface.  

The second technique, AFM, will measure the work of adhesion between a 5 μm 

borosilicate glass sphere and a PDMSe patterned film at different locations within a 

single unit cell (the n4 unit cell).  The AFM will probe the specific differences between 

the sites on the unit cell and provide a better understanding of the work of adhesion on 

site configuration.  These measurements will help validate the SEA model prediction 

that the work of adhesion will be different depending on the local geometry of the 

topography. 
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Materials and Methods 

Pattern Selection 

Four different series of patterns were designed to test the SEA model for Ulva 

attachment density.  The logic behind the design of these topographies is described in 

detail in Chapter 6.  Three of the series were selected for contact angle analysis. 

Contact angles were measured on the channel series, n series and angle series 

(Figures 5-1 through 5-3).  These patterns varied the width of the channels (channel 

series), the number of unique features in the Sharklet unit cell (n series) and the ratio 

between feature lengths, and therefore the angle of the diagonal, for the Sharklet unit 

cell (angle series). 

 

Figure 5-1.  Channel series topographies used contact angle measurements 
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Figure 5-2.  N series topographies used contact angle measurements 

 

Figure 5-3.  Angle series topographies used contact angle measurements 

 The patterns used for the contact angle study are asymmetric and therefore 

have different measured contact angles depending on the orientation of the pattern.  

Subsequently, the patterns were examined in two different orientations, one with the 

spreading direction parallel to the long axis of the features and one with the spreading 

direction perpendicular to the long axis of the features (Figure 5-4). 

 



 

116 

 

Figure 5-4.  The Sharklet topography indicating the different directions for measurement 
of contact angles and adhesion data.   

AFM measurements were taken on the +2.6SK2x2_n4 topography.  This 

topography offered a variety of sites for Ulva attachment and has been shown to have 

preferential sites for attachment.  All tested patterns were replicated in PDMSe 

(Xiameter T2 from Dow Corning). Details on mold preparation and pattern replication 

can be found in Chapter 6. 

Contact Angle Measurements 

Contact angles were measured using a custom built video goniometer.  This 

system has an automatic pump system and was equipped with an Edmund Optics 1312 

½” CCD color USB camera and an InfiniStix 1.5X, 44mm WD video lens.  An LED light 

source was used to illuminate the drops.  The stage was connected to a motor to have a 

dynamic tilting stage.  DI water (>17 MΩ) was used as the probe liquid.  Drops with 10 

μl volume were placed on the surface and the stage tilted to 90o at a rate of 5o/second.  

Continuous video was taken of the drop during this time.  Five measurements were 

taken for each patterned area in each direction. 
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Video data was analyzed using a freely available contact angle analysis program 

developed by the EMSG research group at the University of Edinburgh.  This program 

thresholds the image of the drop and has the user identify the edges where the contact 

angle measurements should be calculated.  A parabola was fit to the edge and from that 

equation a contact angle is calculated for both the advancing and receding edges of the 

drop.  This process was repeated for every frame of the video, allowing a single video to 

be analyzed in the span of about 20 seconds.  Comparison with ImageJ measurements 

of contact angles showed differences on the order of ±1o which validated the accuracy 

of this measurement program. 

Contact Line Images 

The contact line of liquid drops were visualized on engineered topographies 

using fluorescently dyed DI water.  Rhodamine B (1 wt%) was dissolved in DI water.  A 

5 μl drop was placed on a topography and visualized on an inverted microscope.  The 

fluorescence of the drop was used to visualize the contact line at low (4x) and high 

(40x) magnification. 

AFM Measurements 

AFM was used to map the surface interactions between the Sharklet 

microtopography (+2.6SK2x2) with a 5 μm diameter borosilicate glass sphere in DI 

water (NanoandMore USA).  The sphere was cleaned with ethanol before use. The 

spring constant of the cantilever was calibrated using the thermal noise method21. A 

force – volume map of the topography was acquired.  Force-distance curves were 

measured at every point on the Sharklet lattice, an area of 20 μm x 20 μm, with 64 

measurements per line and 64 lines comprising the entire image. A 10 nm threshold 

was used for the indentation into the surface.  Each pixel on the image is the result of 
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one force curve.  Attractive and adhesive forces were identified and mapped for the 

different locations within the unit cell. 

Statistical Analysis 

Contact angle measurements were compared to each other using ANOVA and 

the Tukey test.  Significance was determined using α value of 0.05.  The standard error 

was calculated for work of adhesion values calculated from the contact angle 

measurements.  A two-tailed t-test was used to compare differences between the 

contact angles measured in the parallel and perpendicular orientations. 

Results and Discussion 

Contact Angle Measurements 

The contact angle measurements are summarized in Figures 5-5 through 5-7.  

The channel series (Figure 5-5) showed differences between the perpendicular and 

parallel directions in terms of the three contact angle measurements and the contact 

angle hysteresis.  The difference was observed for all of the measurements except the 

receding contact angle on the 2x2 μm channels.  All other measurements were higher in 

the perpendicular direction 

A statistically significant trend was observed for decreasing static, advancing and 

receding contact angles as the channel width increased.  The values ranged from 119o 

to 98o for static, 130o to 107o for advancing and 102o to 85o for receding.  The trend for 

decreasing angles with increasing channel width did not exist in the perpendicular 

direction.  These results indicated the channel width affected the contact angle more in 

the direction of the channels compared with the direction perpendicular to the channels.  

This makes sense from the perspective of the φsl, which would depend on the channel 

width in the parallel direction and would not in the perpendicular direction. 
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Figure 5-5.  Summarized results for contact angle measurements on the eight channels 
series topographies.  Bars represent the standard deviation of the 
measurements 

The angle series topographies also showed differences between the parallel and 

perpendicular directions (Figure 5-6).  The perpendicular direction was, in general, 

higher in terms of static and advancing contact angles (for example, 137o perpendicular 

and 130o parallel for the a1 topography static contact angle).  The receding contact 

angle had five topographies that showed equivalence between the two directions (a1, 

a5, a6, a7 and a8) and three topographies where the perpendicular contact angles was 

measured to be larger than the parallel contact angle (a2, a3 and a4). 
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A statistically significant trend was observed for lower static contact angles in the 

parallel direction as the angle of the diagonal increased (from a1 at the high end with 

130o to a6 at the low end with 120o
, p = .0003).  No trend was observed in the 

perpendicular direction.  A similar trend, for lower contact angles as the angle of the 

diagonal increased, was observed for the advancing contact angle. However this trend 

was not statistically significant.   

The trend for decreasing contact angle as the feature length increases in the 

parallel direction is similar to the trend that was observed for the channel topographies.  

However, the reasoning for the trend does not appear to be the same.  As the angle of 

the diagonal increases and the individual features become longer the φsl changes most 

in the perpendicular direction.  The drop is likely pinned more by the small angle 

topographies compared with the larger angled topographies.  These topographies have 

a higher density of intersections between diamond unit cells in the parallel direction.  

These intersections could act as pinning defects for the spreading drop, leading to a 

larger observed contact angle in the parallel direction for the low angle patterns.  

The n series topographies showed the least difference between the parallel and 

perpendicular directions in terms of magnitude (Figure 5-7). The trend for the 

perpendicular angles to be larger than the parallel angles observed for the angle and 

channel series was also observed for the n series.  The receding contact angle was 

found to be larger for some of the n series topographies, however only n7 showed a 

statistically significant difference in this regard (p = 0.03).  No trends were observed 

related to contact angle and the n value of the topography. 
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Figure 5-6.  Summarized results for contact angle measurements on the eight angle 
series topographies.  Bars represent the standard deviation of the 
measurements 

Many similarities exist between the contact angles measured in these three 

series of patterns.  The results are similar to what Long et al.22 observed on the gradient 

series topographies (see Chapter 3 for images of the gradient series).  In Long’s study 

differences were only found after examining the slip angle of the drop on the surfaces.  

The slip angle was not measured by goniometer used for this study.  It is possible that 

differences in the wetting behavior of the angle, n and channel series topographies 

would become clear if these measurements were obtained.  Future wetting studies on 

Angle Series 
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these patterns should examine this aspect and relate the results to the differences 

between the patterns. 

 

Figure 5-7.  Summarized results for contact angle measurements on the eight angle 
series topographies.  Bars represent the standard deviation of the 
measurements 

Comparison of Contact Angle Data to 𝛗s 

The work of adhesion can only be evaluated based on the contact angle 

measurements if the stated relationships between the Young’s contact angle and the 

measured contact angle on the topography are followed.  The predicted values of the 

contact angle were compared to the measured contact angles for the different patterns 

(Figure 5-8).   The φsl term was used to predict the advancing and receding contact 

N Series 
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angle as described by Choi et al.15 The φsl term accurately predicted some of the 

contact angle, in particular receding angles in the perpendicular direction.  Additionally, 

the advancing angles for the channel series in the parallel direction were also predicted 

well (within 10o of the predicted value).  

 Topographies with a φsl value of 0 had measured advancing contact angles 20o 

and 40o lower than the predicted value of 180o.  This is possibly due to the fact that an 

advancing angle of 180o would be almost impossible to physically achieve without the 

drop reaching an adjacent feature.  Deviations were seen for receding angles on the 

topographies in the parallel direction.  The measured angle was between 20o and 50o 

lower than the predicted value of 126o for these measurements (Figure 5-8). 

 

Figure 5-8.  Predicted contact angles compared to experimentally measured contact 
angles for the 27 patterns in this study.   

The deviations, between the measured and predicted receding contact angles in 

the parallel direction, may be explained by the shape of the contact line. It has been 
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suggested that the contact angle of a drop, on a particular topography, is controlled by 

the triple line.  The triple line is the point where the drop makes contact with the 

topography23.  The topographies analyzed for this study caused the contact line to 

assume an irregular shape which indicated the need to take the local structure of the 

topography into account during analysis (Figure 5-9 and Figure 5-10). 

 

 

Figure 5-9.  Irregular contact line shape on the +2.6SK2x2_n9 topography.   

 

Figure 5-10.  Drop on the +2.6CH8x2 topography.  

The tortuous contact line structure caused a larger than predicted φs value for 

the drop, particularly on the advancing and receding edges of the drop in the parallel 

direction. The local φsl value for the edges of the angle and n series topography in the 

parallel direction was estimated to be 0.3 less than the predicted value based on the 
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measured contact angle (a change from a local φsl value of 0.5 to 0.8).  The φsl value 

was calculated using a simple straight-line relationship along the diamond of the unit 

cell (Figure 5-11A).  Images of the contact line showed that it follows a much longer 

path (Figure 5-9).  A fractal analysis of the unit cell, seen in Figure 5-11B, identified the 

increased path length for the contact line of the drop of the topography.  This analysis 

considered each feature individually rather than examining the entire diamond as one 

structure.  The examination of every feature led to a longer path, and subsequently 

larger local φs, for the drop in the parallel direction of the topography. 

 

Figure 5-11.  The contact line can be drawn in two different ways to estimate the local 

φs value for the topography.  A) The method used to calculate Figure 5-8 
used a simple straight line relationship that underestimated the contact 
between the drop and surface.  B) Capturing the tortuosity of the contact line 

led to a larger measured φs value that more close predicted the measured 
contact angles. 

The calculated contact angles for the parallel direction of the angle and n series 

topographies fit much more closely (Figure 5-12).  The receding angles for the n and 

channel series are still overestimated by the model, however the other adjusted values 

fit more closely.  The difference in receding angle on the n series could be explained by 

nano-roughness of silicone.  The smooth PDMSe had an advancing angle of 115o and a 

receding angle of 81o.  The Choi model becomes the Cassie-Baxter model with a φsl 

A)                                                                     B) 
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value of zero.  The Cassie-Baxter model predicts no hysteresis on a smooth surface.  

Nano-roughness in the smooth surface could lead to a decreased receding angle 

relative to the model predictions.  Nanoroughness would also lead to increased 

advancing angles relative to the model, as observed for the angle and channel series, in 

the parallel direction, which supported Choi’s prediction.  

 

Figure 5-12.  Predicted contact angles compared to experimentally measured contact 

angles for the 27 patterns in this study.  The φs values were calculated using 
the method shown in Figure 5-11 B.   

However, the fact remains that a range of receding contact angles were 

observed for the n series in the parallel direction.  The φsl value of these surfaces did 

not predict a difference in terms of contact angle.  This fact indicates that the contact 

angle in the receding direction was not described by Equation 5-8 and thus should not 

be included in subsequent work of adhesion calculations.  It is unclear as to the exact 

reason why these topographies do not fit with the Choi model, although a likely 
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explanation is an incomplete description of the contact line geometry for these patterns.  

Appendix D, which has a series of contact line images, shows that the geometry can 

noticeably vary between patterns, lending credence to this hypothesis. 

Work of Adhesion Calculations from Contact Angle Data 

The work of adhesion was calculated based on the measured contact angles and 

the local φs value of the topographies.  The average of the four different directions was 

used to examine the work of adhesion of the drop, with the exception of the n series in 

which the receding contact angle in the parallel direction was omitted.  In general the 

work of adhesion on the topography was found to be no more than 20% different than 

the work of adhesion on the smooth surface.  The largest deviation from this trend was 

seen for the higher angle series (a5 through a8), which was the result of higher than 

expected contact angles in the parallel direction. However, the t-test found these values 

to be statistically equivalent to smooth (p = 0.47 for a8, which had the largest deviation 

from the smooth value). 

The work of adhesion was not statistically different from the value on smooth for 

the topographies examined here as calculated by a Tukey test (α=0.05).  This 

observation agrees with the assumption of the SEA model, where work of adhesion was 

assumed to be a function of area.  Since the area effects were accounted for in the 

calculation the hypothesis was that the work of adhesion should be the same on the 

topographies as on the smooth surface.  The results in Figure 5-13 indicated that this is 

the case. 
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Figure 5-13.  Normalized work of adhesion Wt/Ws for DI water on different topographies 
based on the measured advancing and receding contact angles. 

AFM Measurements 

The AFM force measurements detected differences in terms of adhesion at 

different locations within the topography (Figure 5-14).  The lowest adhesion (about 70 

nN) was observed at the corners of the features where the probe made the least contact 

with the features.  Adhesion was also low on the edges of the features.  Adhesion was 

the highest (about 180 nN) in the areas between the features.   

 

Figure 5-14.  Map of the maximum adhesion forces measured by the AFM on the 
Sharklet microtopography in water.  The scale bar is in units of nN 
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Localized areas of large attraction forces between the probe and the surface (12-

18 nN) were observed at the intersections between Sharklet diamonds (Figure 5-15).  A 

step down in attractive force is observed between features (6-14 nN).  The lowest 

attractive force is observed on the tops of the features (1-5 nN).   

 

Figure 5-15. Map of the maximum attractive force measured by the AFM on the Sharklet 
microtopography in water.  The scale bar is in units of nN 

The AFM measurements revealed a site dependence of the force of adhesion on 

the probe at different locations within the topographic unit cell.  The observed 

differences between sites appeared to be a function of the contact area between the 

probe and the surface.  The adhesion in these cases was less than the observed 

adhesion on the smooth surface.  Additionally, the differences in attractive forces (the 

forces relevant for attachment) show a dependence on location, specifically that 

locations with a large number of contact points have a measurable higher attractive 

force in terms of the AFM measurements.  The dissimilarity between the forces at 

different locations on the topography was attributed to the geometry of the surface since 

the ion concentrations, probe size/chemistry and other relevant parameters are all 

constant as defined by the experimental parameters.  These measurements confirmed 
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the predictions of the SEA model in terms of the effects of local geometry on probe 

interaction. 

The patterns examined in Chapter 3 and subsequently in this chapter were cast 

in polydimethyl siloxane elastomer (PDMSe), which has a modulus of 1-3 MPa. The 

work of adhesion for the smooth PDMSe surface calculated using the JKR model 

(Equation 5-9) was 22 mJ/m2, or approximately the surface energy of the PDMSe.  We 

can use that result to validate the use of the JKR model for the work of adhesion on 

these surfaces.  Tabor24 developed a nondimensional parameter to determine the 

relative applicability of the JKR and Derjaguin-Muller-Toporov (DMT) models for 

adhesion between a sphere and a surface.  The DMT model is an alternative to the JKR 

model that describes contact between a relatively small sphere and a surface. The 

Tabor parameter μt is related to the radius of the sphere R, the work of adhesion W, the 

mechanical properties of the tips and surface K and the distance at which the adhesive 

forces are interacting (equal to the distance at which the tip snaps to the surface or 

approximately 10 nm in this case). 

 𝝁𝒕 = (
16𝑅𝑊2

9𝐾2𝑧2
)

1
3

 (5-10) 

In Equation 10 the K parameter is a function of the Poisson ratio and Young’s 

modulus of the tip and the sample (Equation 5-11).  The tip is borosilicate glass, which 

has a modulus of approximately 50 GPa and a Poisson’s ratio of approximately 0.225.  

The surface is PDMSe, which has a modulus of 1.25 MPa and a Poisson’s ratio of 0.48.    

 𝑲 =
𝟒

𝟑
(

𝟏 − 𝝂𝟏
𝟐

𝑬𝟏
+

𝟏 − 𝝂𝟐
𝟐

𝑬𝟐
)

−𝟏

 (5-11) 
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The calculated value for μt is 5.7 which indicated the contact between the probe 

and the surface could be modeled using the JKR model26.  The value for the force of 

adhesion on the different locations on the topography were used to map the work of 

adhesion using the JKR model at the different locations.  The map of the different work 

of adhesion values was then used to create a map of work of adhesion relative to the 

smooth control surface (Figure 5-13).  The map shows that all sites on the Sharklet 

microtopography have lower work of adhesion compared to the smooth surface with a 

normalized average for the image of 0.87.   

Locations between the features were the most similar to the smooth surface and 

locations on the tops of the features showed the largest change from the smooth 

surface.  The measured values of Wadh showed almost no difference from the between 

feature sites and smooth (ratio of ~1.001) while the tops of the features were slightly 

lower (ratio ~0.97) and the edges of the features were much lower (ratio ~0.5).  These 

values resulted in the feature tops showing strong inhibitory tendencies towards 

adhesion while the between feature sites showed approximately the same value 

compared to smooth.  These results are consistent with the SEA model calculations that 

assumed similar work of adhesion for the patterned area and the smooth.  The area of 

attachment was determined to be the major factor that variation in the attachment 

densities. 

The adhesion of the AFM probe to the surface appears to be minimized at the 

edges of the features.  This indicates that the feature edges (in this case, the areas 

where the probe makes the least amount of contact with the surface) were the locations 

where the fouling release properties were the highest.  It would be extremely difficult, 
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however, for cell attachment on the feature edges considering a much more favorable 

location was present immediately adjacent to that site. In this case, the area between 

the features where adhesion was much higher and the spore could form two or three 

contact points with the surface.  Therefore, the best fouling release topography should 

be comprised entirely of edges, either very sharp ridges with narrow spacing or pillars 

that are narrow and spaced very close together.   

 

Figure 5-16.  Work of adhesion at different locations within the Sharklet (+2.6SK2x2) 
microtopography.  Red sites indicate sites with a lower work of adhesion than 
the smooth surface and green sites indicate sites with a higher work of 
adhesion.   

Summary 

Topographically modified silicone surfaces increased the static and advancing 

contact angles and reduced the receding water contact angle relative to a smooth 

surface.  The contact line geometry was altered by the shape of the topographies, which 
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led to a need to closely examine the contact line in order to properly assign the φsl value 

for the topography. Once this value was identified the work of adhesion could be 

properly calculated, which was found to be lower, but statistically similar, to a smooth 

surface.  The n series, in the receding-parallel configuration, still did not match the 

model predictions after the change was made and were omitted from work of adhesion 

calculations The observation that the work of adhesion for liquid was similar on the 

topographies agreed with the assumptions used for the SEA model. 

 AFM measurements showed site dependent adhesion at different locations 

within the Sharklet microtopography.  The work of adhesion at these different sites 

indicated the adhesive energy was lower than on the smooth surface. The results of the 

AFM experiment indicated that the ideal fouling release topography would minimize the 

area of interaction between the surface and the cell (as predicted by the SEA model) 

and would also have features that are much smaller than the size of the cell body.   
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CHAPTER 6 
HIGH THROUGHPUT METHODS OF EXAMING THE ATTACHMENT OF ULVA LINZA 

TO ENGINEERED MICROTOPOGRAPHIES 

Background 

Strategies to prevent biofouling by Ulva linza include the use of biocidal agents, 

antifouling topographies, and non-fouling chemistries.  Numerous techniques have been 

utilized to direct the design of these surfaces, in particular those methods that are 

nontoxic to the algae31,148-150.  These antifouling strategies are in general based on 

published literature and build off of previous results for Ulva as well as other organisms. 

 Systematic studies of different pattern configurations and dimensions have 

identified pattern characteristics that will enhance and inhibit fouling16,30,33,116,124.  In 

general it has been found that topography with width and spacing less than that of the 

organism is ideal for antifouling.  Conversely, patterns with feature dimensions on the 

order of the Ulva spore will increase fouling density.  Configuration also plays a role, 

although it is less clear the pattern configuration properties that lead to antifouling. 

The SEA model was developed to provide a means to rationally design surfaces 

in terms of ideal topography.  The SEA model relates the area available to the organism 

for attachment, both in terms of wetted area of the pattern and wetted area by the 

organism (Equation 6-1). 

 
𝐥𝐧 (

𝑵𝒕

𝑵𝒔
) =

(< 𝑨𝒕 >  − 𝑨𝒔)

𝑨𝒔
+ 𝐥𝐧 (

𝒈𝒕

𝒈𝒔
) (6-1) 

  Previously (see Chapter 3) the SEA model was shown to accurately predict the 

fouling density of Ulva as well as other organisms on antifouling topographies.  These 

model predictions agree well with the experimentally measured attachment densities for 
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all of the patterns examined.  However, more testing on a wider range of patterns is 

necessary to fully explore all aspects of the model. 

The SEA model should be validated and tested on a range of patterns designed 

to both fit within the expected model parameters as well as push the limits of what the 

model predicts to be effective and ineffective antifouling surfaces.  The current spore 

attachment assay does not provide an efficient is extremely time consuming.  New 

antifouling coatings are currently screened individually (Figure 6-1).  Microscope slides 

coated with the topography or chemistry under investigation, allowed to equilibrate in 

artificial sea water for 24 hours, and are subsequently submerged in a spore solution.  

Spores are allowed to attach for a predetermined period of time after which the slides 

are removed from the solution, gently rinsed to remove lightly adhered spores.  Spores 

are then fixed with glutaraldehyde and counted.  Spores are identified through 

fluorescent imaging – the chlorophyll in the spores fluoresces when excited which 

allows the spores to be easily identified and tabulated. 

 

Figure 6-1.  Traditional slide schematic for testing engineered microtopographies.  

The Brennan lab has only examined about 15 different patterns in the past 10 

years of antifouling study as a result of the current pattern screening procedures.  A 

high throughput technique would alleviate some of the inefficiencies inherent in the 

current design of antifouling topographies and allow for rapid screening of the SEA 

model predictions and development of new antifouling topographies. High throughput 

PatternSmooth Smooth
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techniques have been widely used in the pharmaceutical industry and have recently 

been used effectively to screen biomaterials104,151-157.  Anti-biofouling materials were 

first screened in a high throughput manner by the Langer group in an attempt to identify 

chemistries that would be effective at preventing protein adsorption, and have since 

been expanded to the development of novel coatings for biomedical devices104,157.  

These studies found that Lewis base containing monomers were the most effective at 

preventing attachment of proteins.  The Webster group at North Dakota State University 

has done extensive work on combinatorial methods for the design of antifouling 

chemistries for marine applications153,155,158-160.  Their technique involved combining 

silicone and urethane coatings to create tough, low surface energy coatings that will be 

effective against a range of organisms.  These experiments have yielded promising 

results that have led to the development of commercially viable antifouling coatings. 

Topographies are screened less often in a high throughput manner, possibly due 

to the difficulty in scaling up traditional photolithographic techniques.  A recent example 

is the use of a topographic array, called the TopoChip, to screen patterns for directed 

stem cell differentiation161.  These authors used a set of feature dimensions and 

configurations to create a library of patterns that could be screened for the desired stem 

cell lineage.  This study was successful in creating the library of patterns and data 

analysis strategy that has led to a commercial product based on this technology. 

High throughput techniques generally rely on combinatorial methods to create 

the surfaces.  Combinatorial methods involve identifying several different factors (for 

example, feature shape, dimension and spacing) and then using random combinations 

of these factors to generate new surfaces.  Combinatorial techniques can be used to 
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create nearly infinite different surfaces and are therefore good for high throughput 

studies.  However, the randomness of the technique does not allow for precise control 

over the different patterns in a way that will allow for rational examination of different 

parameters for a given purpose.  Since we are currently interested in examining the 

SEA model, the predictions of the SEA model and the ability of the model to generate 

new surfaces it makes more sense for us to use the model to rationally generate several 

series of surfaces rather than creating a library of thousands of different patterns that do 

not separate out different aspects of the topography. 

Another concern in the design of high throughput experiments is the statistics 

involved in measuring the cell response.  The combinatorial methods used to screen 

topographies, such as those used to develop the Topochip, combine as many patterns 

as possible into a small area in hopes that the different patterned areas do not affect the 

results on the adjacent patterns.  These patterns are randomly arranged and extremely 

small.  The Ulva have been shown previously to have an effect on adjacent sites in 

terms of attachment32, particularly in terms of immediately adjacent sites.  These effects 

appear to extend at least four time the spore body size beyond the location of the 

individual spore.  Previous studies have shown anomalous results of patterned areas 

based on the background chemistry143.  However, studies from our group have 

indicated that smooth areas adjacent to a topography have attachment densities similar 

to a full smooth slide, and that patterned areas that are 1 inch by 1 inch have 

attachment densities similar to full smooth slides, indicating that it is appropriate to 

examine multiple surfaces on a single slide. Additionally, there is a real concern 

regarding the number of spores that are available to be imaged in a given area.  The 
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spore density on the Sharklet topography is, in general, about 100 spores/mm2, or an 

85% reduction from the smooth surface.  Techniques such as the mapping require a 

large number of spores to produce accurate results, and density measurements may be 

artificially low based on the arrangement of the patterned areas and the size if the area 

of attachment is too low (see the SEA model for a better description of how the 

available attachment area may influence attachment density). 

This study will develop a high throughput method for screening antifouling 

topographies for effectiveness against the fouling algae Ulva linza.  This study will 

examine 31 different topographic configurations rationally designed from the SEA model 

predictions divided into four different categories.  The results of the attachment on these 

patterns will be compared to larger patterns to ensure that no anomalous attachment is 

occurring.  The spore density and distribution of the spores relative to each other and 

the pattern will be mapped to determine the relative effects of different pattern 

configurations and dimensions.  Finally, these results will be compared to the 

predictions of the SEA model to determine the efficacy of the model and identify areas 

in which the predictive power of the SEA model may be improved. 

Materials and Methods 

Pattern Design 

All patterns were mapped using Layout Editor, a freely available tool for drawing 

and formatting patterns for photolithography.  The patterns for this study were designed 

based on specific criteria laid out by the SEA model123.  The model predicts a 

relationship between relative organism size and attachment density.  To explore this 

relationship further and determine the limits of the predictive power of the model we 

used a series of channel topographies (Figure 6-2).  Previously, channels have been 
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shown to have little to no effect on attachment density of Ulva116.  However, the SEA 

model predicts a decrease in attachment density on 2x2 μm channels by approximately 

50%.  The channel series expanded the range of channel topographies that have been 

tested with the Ulva to attempt to pinpoint the channel width at which the SEA model 

fails to predict fouling. 

 

Figure 6-2.  Channel series topographies used for the 32 pattern array 

A second series is based on the ‘n series’ topography introduced in Long et 

al.117.  Long’s study examined the effect of the number of features ‘n’ value in the ERI 

model by altering the Sharklet unit cell to include different numbers of distinct features in 

the diamond unit cell (Figure 6-3). 

 

Figure 6-3.  N series topographies used for the 32 pattern array 
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  The study previously showed excellent agreement with the ERI model in terms 

of changing the n value – the design of the patterns does not significantly alter the r 

value and only slightly changes the φs value of the topographies.  The SEA model does 

predict the trend observed in Long’s paper regarding the n series.  However, it differs 

from the ERI by predicting diminishing returns as the n value increases; this is the 

opposite of what is expected from the ERI model, which predicts a linear decrease in 

attachment density with increasing n values.  Testing the n series allowed us to probe 

the effect of pattern configuration for Sharklet-like patterns more fully and identify 

interesting aspects of spore distribution as they relate to increased spacing of 

preferential sites. 

A third series, referred to in this study as the angle series, systematically altered 

the ratio between feature lengths in a four feature diamond unit cell.  The result in a 

change in the ‘angle’ of the diamond, hence the name for the series of patterns (Figure 

6-4).  The change in the ratio of feature lengths altered the distance between the 

predicted preferential sites in the topography.  It is unclear if the spatial distribution of 

these sites has an effect on fouling.  The SEA model predicts that these sites will attract 

more spores, however the overall attachment density is controlled by the global φs and 

the spatial distribution of the sites should be unimportant.  However, previous studies 

examining the radial distribution of spores on topographies indicated that the 

arrangement of these sites is important at least on the scale of local spore distributions.  

Furthermore, it has been suggested that one of the reasons the n1 topography is 

ineffective is the spacing of the preferential sites – spores are allowed to attach in the 

preferential sites without disrupting the spore-spore contact necessary for high spore 
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densities.  The angle series systematically probed this relationship in a way that yielded 

insight into the mechanism of antifouling for topographies. 

 

Figure 6-4.  Angle series topographies for the 32 pattern array 

The final series tested in this study is a group of mixed asymmetric and 

geometric shapes.  In this group there are two subgroups (Figure 5-5).  The first is a 

group of geometric shapes with different sizes and spacings.  These patterns consist of 

triangles, squares, pentagons and hexagons and uses these different configurations of 

feature shapes to test the effect of changing the feature configuration without 

dramatically altering the SEA model-relevant properties of the pattern.  Additionally, the 

pentagon features are spaced wider than the spore body, which should increase 

attachment as predicted by the SEA model.  The other set of patterns are asymmetric 

variations on the Sharklet pattern.  These patterns systematically fill in preferential sites 

or create asymmetric new sites which will have an effect on the fouling density and 

distribution of the spores.  The end result many novel patterns that have not yet been 

explored that have a high potential for antifouling efficacy based on the model 

predictions.  
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Figure 6-5.  Asymmetric and geometric patterns for the 32 pattern array 

Patterns are named in such a way as to indicate the height, width, spacing and 

configuration of the pattern.  The general scheme for these designations is: 

Height_Category_WidthxSpacing_SpecificDesignation 

Topography height is noted in microns with a + or – designation denoting 

whether the features are protruding or recessed relative to the plane of the slide, 

respectively.  The category designation refers to the general configuration of the pattern 

i.e. SK for Sharklet-like patterns, CH for channels, etc.  Width and spacing are reported 

in microns.  Specific designation labels the exact topography within the series i.e. n2 or 

a2 if it is the second topography in the n or angle series, respectively (Table 6-1). 

Slide Design 

The patterns were arranged symmetrically on a microscope slide for assay 

(Figure 6-6).  The traditional set up for assaying surfaces with Ulva has been to provide 

a 3 inch x 1 inch microscope slide.  The same format was used for this study, with the 

only modification being the number of different patterns on the slide.  Each series of 

patterns included 8 different patterns, for a total of 32 different patterns.  Each patterned 

area was 5mm x 5 mm and spaced 1 mm apart.  These dimensions were selected as 

1-6 Contact Points SK2x2 Asymmetric 1 SK2x2 Asymmetric 2 SK2x2 Asymmetric 3

Triangles2x2 Squares2x2 Pentagons2x2 Hexagons2x2
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the minimum reasonable size for accurate measurement of Ulva attachment density and 

distribution. 

Table 6-1.  Topography designations for this study.  The height, width and spacing refer 
to the April 2013 assay 

List 

No. 
Channel Width List No. Asymmetric patterns 

1 +2.6CH2x2 9 +2.6 1-6 Contact Points 

2 +2.6CH4x2 10 +2.6SK2x2 Asymmetric 1 

3 +2.6CH6x2 11 +2.6SK2x2 Asymmetric 2 

4 +2.6CH8x2 12 +2.6SK2x2 Asymmetric 3 

5 +2.6CH10x2 13 +2.6Triangles 

6 +2.6CH12x2 14 +2.6Squares 

7 +2.6CH14x2 15 +2.6Pentagons 

8 +2.6CH16x2 16 +2.6Hexagons 

 n-Series  Angle of Diagonal 

17 +2.6SK2x2_n2 25 +2.6SK2x2_a1 

18 +2.6SK2x2_n3 26 +2.6SK2x2_a2 

19 +2.6SK2x2_n4 27 +2.6SK2x2_a3 

20 +2.6SK2x2_n5 28 +2.6SK2x2_a4 

21 +2.6SK2x2_n6 29 +2.6SK2x2_a5 

22 +2.6SK2x2_n7 30 +2.6SK2x2_a6 

23 +2.6SK2x2_n8 31 +2.6SK2x2_a7 

24 +2.6SK2x2_n9 32 +2.6SK2x2_a8 

 

 

Figure 6-6.  Schematic for the high throughput Ulva experiments. 32 5x5 mm patterned 
areas are spaced 1 mm apart on a microscope slide 
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The April 2013 assay used two different pattern arrays.  Two versions of the 32 

pattern array, one with recessed features and one with protruding features, were tested 

(Figure 6-7).  These two patterns differed only in the configuration of the features 

relative to the plane of the slide. 

 

 

Figure 6-7.  Two different pattern configurations used for the April 2013 assay. 

The April 2014 tested two different pattern configurations.  One had the four 

different pattern series grouped in the four quadrants of the slide and the other had the 

patterns randomly configured.  The polyurethane molding process led to two different 

spacing and width measurements on the two sets of slides.  The configured slides were 

2x2 μm with a height of 2 μm and the random slides were 1.8x2 μm with a height of 2 

μm. 

Mold Fabrication 

Silicon wafer molds were used to create the microtopography.  Single side 

polished silicon wafers (prime grade, 100 orientation) were treated with 

hexamethyldisilazane (HMDS) under heat for 5 minutes. Photoresist (Shipley S1813) 

was spin coated to 1.3 μm thickness and baked at 112oC for two minutes.  Wafers were 
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exposed using the Heidelberg Laser Writer.  Exposure took approximately two hours for 

one 32 pattern array.  Post exposure wafers were developed in 300 MIF photoresist 

developer for one minute.  After rinsing with DI water the wafer was baked at 125oC for 

15 minutes.  Wafers were then etched in a deep reactive ion etcher to 2.5 μm depth.   

Photoresist was stripped using oxygen plasma.  Wafers were treated for eight minutes 

with HMDS post-etch. 

Repeated attempts to test randomized pattern arrangements led to extremely low 

attachment to the silicone.  This was determined to be related to the two step molding 

method employed for the April 2013 assay (see Appendix B for details).  As such, the 

slides for the April 2014 assay were cast from polyurethane molds using a one step 

process. Polyurethane resin (Estane 58212 from Lubrizol) was dried at 104o C for 2 

hours. Approximately 2g of resin was heated to 170oC and pressed in a Carver hot 

press.  Aluminum plates lined with Teflon sheets were used as platens for the hot press.  

Polyurethane resin was pressed for 5 minutes at 1000 PSI to form sheets for molding.  

Silicon wafer molds were used as the master for embossing the pattern onto the 

polyurethane.  The polyurethane sheet and silicon wafer mold were heated to 170o 

using the same aluminum platens as before.  Once heated, the polyurethane was 

embossed by applying a small amount of pressure (5 PSI) for 30 seconds followed by 

removal from the platens.  Pattern fidelity on the urethane mold was examine by optical 

microscopy prior to casting. 

Bioassay Sample Preparation    

Xiameter T2 poly (dimethylsiloxane) elastomer (PDMSe) from Dow Corning was 

used as the substrate surface for this study.  Xiameter T2 is a platinum catalyzed, 

addition cured resin with added silica particles, and is chemically equivalent to the 
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Silastic T2 used in previous Brennan lab studies32.  Silicone resin was mixed a 10.1 

base to curing agent ratio and mixed for five minutes.  The silicone was subsequently 

degassed for 16-20 minutes.  Silicone was poured onto the wafer mold and allowed to 

cure for 24 hours. 

Glass microscope slides were prepared for coating by applying a tie coat of 

allyltrimethoxy silane (ATS).  The pH of 95% ethanol was adjusted to five and a 

stoichiometric amount of ATS was added to the solution.  The solution was stirred for 

five minutes.  Glass slides were passed over a flame 2-3 times before the ATS solution 

was applied to the surface.  The ATS was allowed to react for four minutes.  The slides 

were subsequently rinsed and baked for 10 minutes at 110oC.  Patterned silicone films 

were then applied to silane treated glass slides and bonded with a fresh batch of 

uncured silicone.  The silicone was then allowed to cure for 24 hours. 

The samples cast on the polyurethane molds were cast using a one step 

process.  Silicone and glass microscope slides were prepared as described previously.  

Silicone was poured onto the urethane mold and allowed to cure between the mold and 

the glass slide for 24 hours. 

Scanning Electron Microscopy 

Feature fidelity and feature height was verified using scanning electron 

microscopy (SEM).  Silicone samples were sputter coated with Au-Pd.  An FEI XL-40 

field emission SEM was used for this study.  The microscope was operated at 10 kV 

and the samples imaged in secondary electron mode. 

Ulva Bioassay 

The Ulva bioassay was performed using standard techniques by the Callow and 

Clare labs at the University of Birmingham and Newcastle University, respectively.  The 
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April 2013 assay was performed at the University of Birmingham and the April 2014 

assay was performed at Newcastle University. All coatings were equilibrated in 0.22μm 

filtered artificial seawater for 24 hours prior to testing. Zoospores were obtained from 

mature plants of U. linza by the standard method. A suspension of zoospores (10 ml; 

1x106 spores ml-1) was added to individual compartments of quadriperm dishes, in the 

dark. After 45 minutes in darkness at c. 20oC, the slides were washed by passing 10 

times through a beaker of seawater to remove unsettled (i.e. swimming) spores. Slides 

were fixed using 2.5% glutaraldehyde in seawater. The density of zoospores attached to 

the surface was counted on each patterned square on 6 replicate slides using an image 

analysis system attached to a fluorescence microscope. Spores were visualized by 

autofluorescence of chlorophyll. Counts were made for 10 fields of view (each 0.15 

mm2) on each patterned square on each slide. 

Image Processing 

Brightfield and fluorescent images (10x magnification, 1 mm2 area) were taken 

for all locations on a patterned area (5 images per pattern replicate).  Spore locations 

were identified using the fluorescent images. The assigned points provided the basis for 

the zoospore centroid, which would be used to calculate the radial distribution function.  

Spores that were part of an aggregate were identified using a watershed transform. 

Spores within 25 μm of the image edges were excluded from the analysis. Pattern 

locations were identified using the brightfield image.  Applying a threshold to these 

images left only the patterned features as objects.  The smallest features were identified 

and then used as the basis for mapping the locations of the spores relative to the 

topography.  See Appendix A for a more detailed description of the program used to 

analyze the image data. 
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Image Data Analysis 

The mapping technique used in Chapter 4 was applied to the data to determine 

the relative positions of the spores on the topography and relative to other attached 

spores.  This analysis was performed for the n series and angle series topographies for 

the configured array from April 2014.  Briefly, vector coordinates were calculated for 

spore centroids relative to the unit cell and used to map the position of the spore relative 

to the topography.  The radial distribution function was then applied to calculate the 

distribution of attached zoospores relative to the different positions on the unit cell.  

Screening distance was evaluated for spores within 2 μm bins on the unit cell.  A more 

complete description of the method used can be found in Chapter 4 and Appendix A.    

Statistical Analysis of the Effect of Pattern Location 

The effect of pattern placement on the slide was examined by comparing the 

density of a reference area compared with the density of the surrounding patterns.  This 

analysis was performed on the random array from the April 2014 assay.  The average 

density of the surrounding patterns was compared with the density of reference pattern.  

The Pearson correlation coefficient was calculated for these two values to determine if 

any correlation was present.  Correlation was determined by a t-test on the data relative 

to the correlation coefficient (α=0.05).  Identical patterns on the same slide were also 

compared for both assays.  The spore density values for these areas was compared 

using a t-test (α=0.05). 

Results and Discussion 

Assay 1 – April 2013 Assay 

The two configurations tested in the April 2013 assay were used to examine the 

edge effects of the patterns.  The area surrounding a protruding pattern has been 
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observed to accumulate more zoospores than the surrounding areas, possibly effecting 

attachment on the patterns.  The recessed pattern array was developed to eliminate 

that effect and provide a comparison to identify the ideal pattern configuration for 

testing.   

The assay from April 2013 showed attachment of U. linza to all examined 

topographies in both the protruding and recessed configurations.  The protruding 

configuration maintained better feature fidelity throughout the experiment compared to 

the recessed features (Figure 6-8).  This is possibly due to over exposure of the 

features on the recessed slide.   

Protruding +2.6SK2x2_n4 pattern          Recessed +2.6SK2x2_n4 pattern 

  

Figure 6-8.  Post-assay images of protruding (left) and recessed (right) features.  
Images courtesy of John Finlay 

There was contrast between the different patterns on the slide in the sense that 

there were different number of spores attached to the different patterns i.e. the pattern 

configuration appeared to have an effect on attachment (Figure 6-9).  The fact that there 

were different spore densities on different patterned areas of the slide indicates that the 

assay can effectively show differences between patterns.  Additionally, the similarities 

between two identical patterns (n4 and a1) indicate that the attachment density results 

are reproducible at different locations on the slide.   
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Figure 6-9.  Attachment density of U. linza to topographies on the 32 pattern array slide.  
Error bars correspond to the standard error of the measurements. 

The channel topographies were shown to increase attachment density relative to 

the smooth control (the control in this case is the smooth shoulder surrounding the 

slide).   It is not clear why this should be the case.  The SEA model predicts the 

channels should decrease the attachment density of the spores for all of the tested 

dimensions.  The increase in attachment density peaked for the 8x2 μm configuration.  

It is possible that the spores are attaching in large numbers between the features up to 

this point, either because the spores themselves are smaller or the features are more 

easily moved out of the way by an attaching spore.  Alternately, the spores may be able 

to attach to the tops of the features, which could be their preferred attachment position.  

Either explanation does not fully address the observation that the channel topographies 

increase the attachment density. 

The n series topography showed no relationship between ‘n’ value and 

attachment density for the n values tested in this study (n2-n9).  Previously the Brennan 

group has observed an inverse correlation between the n value of a topography and 
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attachment density of Ulva.  Those results were not reproduced here, indicating that the 

n value does not play a direct role in the attachment density.  Previously observed 

changes in attachment density with the n value were adequately explained by the 

predicted wetting state of the topography as predicted by the SEA model in Chapter 3.  

The results of this assay therefore align with the predictions of the SEA model. 

The angle series showed a correlation between increasing angle and attachment 

density, particularly on the protruding topographies.  The correlation corresponds to 

increasing φs as the angle increases, therefore matching the predictions of the SEA 

model.  The recessed features have a similar trend, however the relationship is not as 

well defined.  There is a systematic increase in attachment density from a1-a3 followed 

by a jump in attachment density at a4 to what appears to be an average value for the 

remaining angle series topographies.  The difference can be attributed to the difference 

in feature fidelity between the protruding and recessed features. 

The asymmetric patterns showed differences between the protruding and 

recessed features, particularly for the triangles and squares topographies.  The squares 

have been tested previously under the designation of pillars and have shown to be 

ineffective at preventing fouling116.  Here, we show that the squares are effective when 

in the protruding arrangement with high fidelity and ineffective when recessed with poor 

fidelity.  The triangles topography has been tested previously as well as a combination 

of triangles and pillars.  That topography was shown to reduce fouling by about 60% 

compared to a smooth control.  Here, the triangles by themselves show the same 

behavior as the squares, with the protruding features limiting attachment and the 
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recessed features enhancing it.  These two results point to the importance of feature 

fidelity in preventing attachment of fouling organisms 

Assay 2 – April 2014 Assay 

A second assay was performed to examine the effect of the pattern arrangement 

on the attachment density to different topographies.  It was hypothesized that the 

proximity to an antifouling topography would have an effect on the observed fouling 

density for the surrounding patterns.  Thus, two arrangements were tested, one with 

randomized patterns and another with patterns in the same configuration as the April 

2013 assay.  These two patterns surfaces acted as separate tests since the feature 

dimensions were not exactly reproduced between the two samples.  The result is one 

sample (the nonrandom configuration) with dimensions that are 2x2 and equal to what 

has been shown to prevent attachment and another sample with slightly wider 

dimensions (1.5x2.5) that will allow the Ulva to fit between the features.  Additionally, 

the features for both sets of topographies were only 2 μm tall, which will lead to the 

nonwetting state being unstable for all of the topographies except the channels on the 

nonrandom slide.  The expectation is that the wider features will increase the 

attachment density relative to the control while the narrow dimensions will prevent 

fouling, although to a lesser degree than what was observed previously.  The 

experimental results agree with these predictions.  
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Figure 6-10.  Ulva density results from the April 2014 assay.  Error bars are ± the 
standard error of the measurement 

The unexpected results from the April 2013 assay were not reproduced, namely 

the increase in attachment density on the channels and the low attachment density on 

the squares.  Instead, these results are more similar to what is expected based on the 

SEA model in terms of attachment.  It is possible that the feature height played a role in 

the April 2013 study regarding the unexpected observations.   

Effect of Pattern Location on Spore Density 

Maps relative to the average attachment density were generated for the four 

different surface examined in this study (Figure 6-11).  These maps clearly show the 

differences in attachment density between the different topographies on the slide.  The 

configured arrays (B, C and D in Figure 6-11) clearly show the relationships between 

the topography series and the attachment density.  The arrays from April 2013 show a 
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difference between the sides of the slide, specifically the side with the angle and n 

series on the left and the side with the channel and asymmetric series on the right.  

Similar grouping is seen on the configured slide from April 2014, however only for one 

series (the channel series in this case). 

 

Figure 6-11.  Each different 32 pattern array has a different distribution of spore 
densities.  A) Randomly configured array from April 2014 B) Configured Array 
from April 2014 C) Recessed array from April 2013 D) Protruding array from 
April 2013 

The question remains as to why the large blocks of relatively high and low 

density exist on the configured arrays.  It is possible that the different topographic areas 

cause surrounding areas to have spore attachment densities similar to themselves i.e. 

effective antifouling topographies cause surrounding topographies to be artificially 

effective.  The random array was used to address this concern  The randomly 

configured array from April 2014 does not show obvious areas of relatively high or low 

density, particularly when compared to the other three arrays.  This indicates that the 

blocks observed for the other arrays are the result of the groups of similar patterns and 

not necessarily the result of the spore density of the adjacent patterns. 

 

A.  B.  

C.  D.  
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The relationship between spore attachment density to a reference topography 

and the adjacent topographies was further explored by calculating the Pearson product 

moment correlation coefficient between the two variables.  This coefficient determines if 

two variables are linearly correlated and can be used to test the statistical significance 

of any observed correlation. The Pearson coefficient is the R value commonly 

calculated to determine the fit of a linear regression to a data set, however in this 

instance it is usually reported as R2 to describe the variance of the data points from the 

regression values (Figure 6-12).  R values range between -1 and 1, the extremes of 

which indicate that the two variables are perfectly correlated.  Therefore a value of 0 

indicates no correlation between the two variables.   

 

Figure 6-12.  The correlation between the attachment density to one topography and the 
attachment density to the surrounding topographies on a randomly configured 
sample is very low (R2 = 0.0028). 

The R value for the relationship between the attachment density on one 

topography and the attachment density on adjacent topographies on a randomly 

configured sample is -0.052.  The significance of the relationship can be tested using a 

R² = 0.0028
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T-test by relating the R value and the degrees of freedom df to the t statistic (Equation 

6-2) 

 

𝑡 = 𝑹√
𝒅𝒇

𝟏 − 𝑹𝟐
 (6-2) 

The t-test indicated that the value of R is not statistically different from a random 

distribution with a 95% confidence interval (p = 0.79).  The statistics concluded that 

there is no relationship between the spore density on one topography and the spore 

densities on the adjacent topographies. 

A second concern related to the validity of the measured attachment densities 

stems from differences for different locations within the slide.  It is possible that the 

measured attachment density is a function of both the pattern configuration as well as 

the patterns location on the slide.  This issue was addressed by including two replicates 

of the Sharklet pattern in the arrays.  Both the n4 pattern from the n series and the a1 

pattern from the angle series are the traditional Sharklet pattern used as a standard in 

previous assays.  These two patterned areas were located on opposite sides of the 

slide for both the configured and random arrays.  Comparison of the attachment density 

between the two Sharklet patterns on the four different arrays showed no statistical 

difference between the similar patterns (Figure 6-13).  This indicates that comparisons 

between topographies that are not near each other on the slide are appropriate. The 

tests detailed above established the independence of the different topographies in 

terms of attachment density.   Previous studies by the Callow and Brennan groups have 

shown that the spores attach gregariously, which indicated that the spores 

communicate with each other during attachment31-33.  The communication between 
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spores is shown by the gregarious attachment behavior – if one spore attaches to the 

surface, the adjacent sites become more probable for attachment.  The cooperative 

attachment of the zoospores led to concerns that communication between spores on 

one topography and spores on an adjacent topography will cause different attachment 

density than what would be observed with the pattern by itself.  The fact that the 

patterns appear to be independent raises the question of how long of a distance the 

spores can effect adjacent areas.  The spore distribution data from Chapter 4 indicated 

the influence of a single spore on attachment density ranged from approximately 5 μm 

(the size of one spore body) and about 20 μm.  The distribution function for spores on 

the smooth control for this study showed the same result (Figure 6-14).   

 

Figure 6-13.  Comparison between Sharklet patterns at different locations within the 32 

pattern array shows no statistical differences within the slide (𝛼 = 0.05). 

The influence of one patterned area over another would therefore be expected to 

extend approximately 20 μm from the edge of the patterned area.  This result points to a 

minimum spacing and density between patterns where the results would be expected to 

be independent of the surroundings of approximately 20 μm.  The patterns in this study 
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are spaced 1000 μm apart, far beyond the expected minimum distance for 

independence.    

 

 

Figure 6-14.  The radial distribution function for zoospores of Ulva linza on smooth 
PDMSe surface from Chapter 4 showed average attachment density about 20 

𝜇m from the reference spore.  

Comparison to SEA Model Prediction 

The SEA model was used to predict the attachment density for the 128 different 

patterned areas tested in this study (Figure 6-16).  The same assumptions regarding 

wetting state were used as stated in Chapter 3.  The Ulva were assumed to be able to 

fit fully between the features for the random array from the April 2014 assay, thus 

gaining extra contact area from the side walls.  Optical microscopy images of the 

patterns corroborates this assumption (Figure 6-15).  

The relationship between the SEA model predictions and the experimental data 

showed similar results to those observed for previously published work in Chapter 3 

(Figure 6-16).  The correlation coefficient and slope agree with the model predictions 

(R2 = 0.85). The four different patterned areas have values that span the range from 

-5

0

5

10

15

20

25

30

0 5 10 15 20 25 30

g(
r)

 (
ar

b
it

ra
ry

 u
n

it
s)

r (μm)



 

159 

effective antifouling to effective enhancement of attachment.  These patterns are 

therefore able to explore the range of predictions from the SEA model and provide 

evidence for its validation. 

 

Figure 6-15.  Spores (dark spots in image) fit between the channels on the 4x2 
channels topography for the randomly configured array 

 

Figure 6-16.  Plot of the relationship between area of attachment, available attachment 
sites and observed attachment density for Ulva linza to the topographies in 
this study 

There is a clustering of spores around the ∆Ats/As value of 0.4, which 

corresponds to the φs value of the Sharklet derivatives tested in this study.  The results 

look to be somewhat inconsistent, with a large number of patterns reducing fouling far 

more than would be expected.  It is possible that this is evidence of the patterns not 

ln(Nt/Ns) = 1.06[ΔAts/As + ln(gt/gs) ]+ 0.1
R² = 0.85
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being fully wetted for these experiments.  The assumption is that all patterns with an r 

value less the critical r value are wetted during the experiment.  It is possible that some 

of these patterns are not in fact fully wetted during the experiment, however whether 

they are partially or fully dewetted is impossible to say.  The opposite may be true as 

well.  Some of the patterns where the reduction in fouling density is lower than expected 

may be wetted despite the assumptions stating that they should be.  It is also possible 

that the assumption of the spore body always being 5 μm is inadequate.  Smaller 

spores could potentially fit between the features.  There is a distribution of spore sizes 

in reality, and it is possible that the accuracy of the model could be improved if this 

distribution is taken into account.  

Spore Distribution Maps 

The n and angle series topographies from the configured April 2014 assay were 

mapped for the spore locations as well as the local screening distance (Figure 6-17).  

Performing this measurement provided a measure against published data to validate 

the assay as well as further insight into the effect of the site locations on preferential 

attachment.  Spore maps relative to the topography agree with previous maps for the n 

series.  The angle series shows the same preference for intersection sites seen in the n 

series, despite the change in distance between the sites as well as the decreased 

density of these sites. 
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Figure 6-17.  Mapped spore locations (left column) and screening distances (right 
column) for the n and angle series (up to a6) for the configured array from the 
April 2014 assay.  
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Mapping of the screening distance did not show any obvious correlations 

between site location and screening distance.  For the n series there appears to be a 

trend toward longer screening distances at the interior of the unit cell (near the center of 
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the longest feature).  This same trend was observed in Chapter 4, where the Sharklet 

unit cell showed the longest screening distances at the center of the longest feature for 

groups of spores.  The angle series does not show any obvious trends in screening 

distance. The spore maps coupled with the distribution maps indicate that the observed 

long screening distances may be the result of the low spore density surrounding these 

sites.  The spores attach to the intersections at a much higher density than the interior 

of the unit cell diamond.  The higher density at the intersections may be the cause of the 

short screening distances.  The screening distances reported here are for groups of 

spores, while the spore maps are for individual spores.  The differences between the 

spore map for groups and individual spores is neglible.  The spores attaching at the 

interior of the diamond may be more aggregated than the spores at the intersections.  

The majority of the spores on the topographies are attached as single spores (for 

comparison, the number of spore groups on the a2 topography is 192 spores/mm2 with 

an areal spore density of 224 spores/mm2).  The change in distributions therefore is 

likely caused by local site preferences and not a change in the spore aggregation 

probability. 

Summary 

A high throughput array for testing new antifouling topographies was developed.  

This array tested 32 patterns simultaneously and was tested with four different pattern 

dimensions for a total of 128 patterns.  Analysis of the effects of spore density on 

surrounding topographies showed no correlation between adjacent topographies.  

Additionally, similar patterns at different locations within the assay yielded statistically 

similar results which validated the assay’s effectiveness at discerning the difference 

between topographies.  The SEA model predictions for the different patterns showed 
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good agreement with the experimental data (R2 = 0.85).  Mapping of the preferential 

sites for the n and angle series topographies showed similar behavior in terms of 

preferential sites at the intersections between diamonds.  Mapping the screening 

distance within the unit cell showed relatively shorter screening distances at the 

preferential sites.  The lack of spore aggregates on these topogarphies indicated the 

observed differences in screening distance are the result of the preferential sites for 

individual spore attachment and not the result of increased probability for aggregation. 
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CHAPTER 7 
BARNACLE ATTACHMENT AND PROBING BEHAVIOR ON TOPOGRAPHICALLY 

MODIFIED SURFACES 

 
Background 

The relationship between marine biofouling and topographic dimensions has 

been described in terms of the area of attachment through the Surface Energetics 

Attachment (SEA) model. Previous chapters (Chapter 3 and Chapter 6) demonstrated 

the utility of the SEA model relationship to predict attachment of microfouling organisms, 

specifically U. linza, N. incerta and C. marina.  Microfouling comprises an important 

component of the marine biofilm.  A second group, macrofouling organisms, make up 

another component of the marine biofilm.  These organisms are multicellular and 

include organisms such as barnacles, tubeworms and mussels.  Macrofouling leads to 

more significant increases in drag and fuel consumption than microfouling and as such 

is important to target with an antifouling coating1.  The SEA model provides a means to 

predict the ability of a topography to prevent attachment, however Chapter 3 included 

three data points for macrofouling organisms, specifically attachment of Balanus 

amphitrite to channels and Sharklet topography.  The relationship between attachment 

of this organism and the area of attachment must be more fully explored to determine 

the ability of the SEA model to predict attachment of large fouling organisms. 

Balanus amphitrite (B. amphitrite) has been studied extensively as a model 

organism for barnacle fouling2-8.  The cypris larvae of B. amphitrite probes a surface 

before secreting a proteinaceous adhesive to form a permanent attachment.  The cyprid 

has a foot-like appendage that is used to probe the surface in search of an ideal 

attachment location.  This searching behavior includes swimming above the surface as 
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well as ‘walking’ along the surface6.  The foot is comprised of microscopic appendages 

similar to those of gecko feet, however it is not believed that these appendages have 

the same function as the setae of the gecko6. 

The attachment and adhesion processes of B. amphitrite have been shown to be 

affected by surface topography in terms of attachment density2,5,7,9.  The effect of 

topography on the attachment of barnacle cyprids is of interest to us as we examine the 

mechanisms that lead to antifouling by engineered microtopographies.  Several works 

chronicle the empirical effect of topography on the attachment of barnacles4,10,11. 

Schumacher et al.10 investigated the effect of Sharklet and channel topographies on the 

attachment of B. amphitrite.  This study examined two pattern sizes, 20x20 μm and 

40x40 μm, designed to be similar to the size of the cyprid foot.  The study also 

examined the effect of feature aspect ratio on cyprid attachment.  The study found that 

all patterns inhibited the attachment of the barnacle cyprid, with the larger feature 

dimensions being more effective.  Additionally, larger feature aspect ratios were found 

to be more effective than smaller aspect ratios, with a trend very similar to what was 

observed for Ulva spores10 (Figure 7-1A and 7-1B).  

The effect of topography on the attachment of B. amphitrite was further examined 

by Aldred et al.4.  This study attempted to optimize the dimensions of a ridges-like 

topography to promote antifouling and fouling release of the barnacle cyprid.  The 

features for this study were sinusoidal ridges that were laser machined into a mold, and 

therefore did not have straight sidewalls as the features in the Schumacher study did.  

The study by Aldred showed a preference for cyprids to attach to locations where the 

strongest bond could form4.  In this case, antifouling topographies were found to have 
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A) 
 
 
 
 
 
 
 
B) 

dimensions on the order of 40-60 μm and 200-500 μm.  These distances correspond to 

the dimensions of the cyprid foot on the short end (50 μm) and also the dimensions of 

the cyprid body on the long end (500 μm). 

 

Figure 7-1.  A) Both channels and Sharklet topography inhibited the attachment of B. 
amphitrite. Stars are statistically significant groups B) B. amphitrite and U. 
linza have a similar relationship between topographical aspect ratio and 
attachment density reduction.  [Reprinted with permission from Schumacher, 
J. F. et al. Species-specific engineered antifouling topographies: correlations 
between the settlement of algal zoospores and barnacle cyprids. Biofouling 
23, 307-317 (2007)]. 
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Clearly, topography has an effect on the attachment of the barnacle cyprid. The 

literature suggests that this effect is a function of the organism size.  The relevant size 

for the inhibition of the barnacle cyprid appears to be both on the order of the searching 

foot appendage and the cyprid body. The SEA model is well equipped to describe the 

relationship between topography and organism on the basis of the relative size of the 

two.  The lattice for the SEA model can be drawn both on the basis of the foot or the 

body, but the results are the same, in which dimensions slightly less than the size in 

question will lead to the greatest degree of attachment reduction. 

The data from Schumacher10 was included in the first analysis of the efficacy of 

the SEA model.  This data included both the effect of aspect ratio on the wetting 

behavior and also the effect of the different topography sizes on the organism.  The 

40x40 μm channels and Sharklet offer much less area for attachment than the 20x20 

μm channels and Sharklet due to the scale of the topography relative to the size of the 

organism foot.  The antifouling effect is increased as the height of the features, and 

therefore the stability of the non-wetting state, increases.  The data from Aldred is 

difficult to put into the model because the topographies are not well characterized.  It 

would seem as though the general trends from the SEA model are confirmed, however 

the exact predictions are difficult due to the shape of the features. It is unclear how 

much area is being contacted by the cyprid during attachment on this surfaces, or what 

the wetting state would be due to the shape of the side walls.  This leads to the 

conclusion that including similar features in a new study would be beneficial. 

The observed antifouling effects of the topographies for B. amphitrite may be a 

result of attachment area as predicted by the SEA model or may be caused by some 
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other mechanism such as disruption of the normal searching and attachment behavior 

of the cyprid.  It is not clear from the literature how the topographic configuration affects 

the searching behavior of the cyprid and it is also unknown how the topography effects 

on searching behavior are related to the SEA model predictions.  This study will 

systematically examine these aspects of the topography and their effect on cyprid 

attachment and searching behavior in an attempt to reconcile these discrepancies. 

Materials and Method 

 Pattern Design 

The patterns for this study were selected based on the SEA model predictions 

about the effectiveness of the relative size of the pattern as well as an attempt to 

examine the effects of configuration on barnacle attachment.  Previous studies (see 

Schumacher et al.10) showed that a difference exists between the Sharklet and the 

channels topographies in terms of barnacle attachment.  The SEA model suggests that 

the differences between these two patterns should be negligible and is worth exploring 

further. 

The ‘n series’ topographies that have been previously shown to be effective 

against Ulva were tested for this study.  The Ulva follow a pattern where attachment 

density decreases as the n value increases, and it is beneficial to examine how the 

barnacles change their attachment behavior in response to changes in n value and 

therefore configuration.  Three different sizes are to be used with similar r values for 

each: 5x5, 20x20 and 200x200.  The two larger features are on the order of the 

barnacle foot and body, respectively.  We expected, based on the SEA model and 

previous reports that these two topography sizes would inhibit attachment.  Conversely, 

the 5x5 features are much smaller than the foot and on the order of the sensory organs 
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that comprise the foot.  These appendages are 1-2 μm in diameter.  It is unlikely that the 

5x5 μm features will inhibit attachment, and may in fact enhance it by adding extra 

surface area in terms of accessible roughness by the sensory organs.  The smallest 

features act as a control in the sense that they provide a surface that we expect to 

enhance fouling rather than inhibit it as we usually try to do. 

Table 7-1.  Topographies used for the first Balanus assay 

Small Dimensions Middle Dimensions Large Dimensions 

+7.8SK5x5_n2 +26SK20x20_n2 +100SK200x200_n2 

+7.8SK5x5_n4 +26SK20x20_n4 +100SK200x200_n4 

+7.8SK5x5_n6 +26SK20x20_n6 +100SK200x200_n6 

+7.8SK5x5_n8 +26SK20x20_n8 +100SK200x200_n8 

 

Mold Fabrication 

Silicon wafer molds were made using the procedure described in Chapter 6.  

Briefly, fresh silicon wafers are spin coated with photoresist and exposed using a 

Heidelberg laser writer.  After development the wafers are baked for 15 minutes and 

etched to the desired height.  Wafers are treated with HMDS post etch to provide a 

nonstick surface for the silicone. 

Bioassay Sample Preparation    

Xiameter T2 poly (dimethylsiloxane) elastomer (PDMSe) from Dow Corning was 

used as the substrate surface for this study.  These surfaces were cast in the same 

method described in Chapter 6.  Samples were assayed as free standing silicone films. 
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Barnacle Assay 

Attachment density assays of B. amphitrite as well as video microscopy 

experiments were performed at Newcastle University by Dr. Nick Aldred using standard 

techniques10.  Cypris larvae of B. amphitrite were provided by the Ritschoff group at 

Duke University.  Prior to assay PDMSe surfaces were conditioned in artificial sea water 

for 24 hours.  Topographies were fully wetted by rubbing a metal spatula over the 

surface. A drop of artificial sea water (1 mL volume) was placed on a 1 inch square 

patterned area.  The cyprids are put into the assay by adding 500 μl of additional 

artificial sea water containing 20 three day old cyprids.  The drops and test surfaces 

were contained in a petri dish and cyprids allowed to attach in the dark for 48 or 72 

hours at 28oC. Cyprids were then counted to determine the percentage that had 

attached to the surface.  Attachment was reported as the percentage of cyprids from the 

initial 20 that had expelled their permanent adhesive.  

Barnacle Video Assay 

Two Basler high definition monochrome cameras were positioned at 90º to each 

other in the horizontal plane.  Illumination was provided by high output IR emitting 

LEDs.  The cameras were inclined by 20º in order to look down on the test 

surfaces.  The movies of exploring cyprids were tracked automatically using commercial 

software (Simi Reality Motion Systems Gmbh).  Three-dimensional tracks were 

reconstructed from the data sets for each camera and the reconstructed tracks and 

associated velocity profiles were used for analysis.  

The cyprid tracks were analyzed for step frequency, step distance and path root 

mean squared (RMS) radius of gyration.  The cyprid was said to have stepped when the 

velocity exceeded 0.7 mm/s.   Step frequency was calculated as the average number of 



 

175 

steps per second.  Step distance was calculated as the average distance the cyprid 

traveled between steps.  The RMS radius of gyration was calculated as an average of 

the distance between each measurement along the path to the average position of the 

cyprid (Equation 7-1).  This was performed by comparing the cyprid position ri to the 

average position rmean averaged for the total number of positions measured N.     

 

< 𝑅𝑔
2 >

1
2= √

1

𝑁
∑(𝑟𝑖 − 𝑟𝑚𝑒𝑎𝑛)2

𝑁

𝑖=1

 (7-1) 

Statistical Analysis 

The barnacle attachment was reported as an average percent attachment of the 

cyprids in the assay on each replicate surface.  The standard error was calculated for 

each topography.  The radius of gyration, step frequency and step length are also 

reported as an average for the available measurements with the calculated standard 

error.  Statistical significance was determined using ANOVA and the Tukey test. 

Results and Discussion 

Attachment Assay 1 

Cyprids were found to attach to all n series topographies (Figure 7-2).  The 5x5 

topographies were found to increase attachment density relative to smooth.  

Conversely, both the 20x20 and 200x200 patterns were found to decreases attachment 

density relative to a smooth control.   A significant difference in attachment was 

observed between 48 and 72 hour time points.  The cyprids appeared to have difficulty 

attaching within the shorter timeframe of the 48 hours experiment and were able to 

make more significant attachments after a longer attachment time.  The n value of the 

topography did not appear to have a significant effect on attachment.  The 200x200 and 
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5x5 topographies did not show any differences between n values, while the 20x20 had 

random fluctuations between n values and did not show any particular trend.  

 

Figure 7-2. Attachment data from the first barnacle cyprid attachment experiment from 
July 2013.  Bars represent the standard error 

The patterns for this study were all fully wetted.  Wetting was performed 

mechanically by rubbing a metal spatula over the non-wetted surface to force water into 

the areas between features.  The rubbing was not believed to cause changes in feature 

fidelity, but the microscale of the features was not evaluated post-assay and may have 

been effected by the wetting technique.  Pre-assay wetting was necessary to promote 

normal attachment to the topographies.  Barnacle cyprids were observed to be unable 

to attach to partially wetted topographies, and in some cases were observed to become 

stuck to the features and unable to free themselves or generate normal attachments 

(Nick Aldred, personal communication).  As a result, no useful information was obtained 
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from non-wetted samples and therefore the wetted samples were necessary to probe 

the differences between feature size and configuration.  

Post assay contact angle analysis was performed to evaluate changes in the 

wetting properties of the film during the assay.  The post assay contact angles showed 

normal values for the water contact angle on both smooth and patterned areas (Figure 

7-3).   The contact angle data indicated the test surfaces did not change during the 

experiment and that differences in attachment density with time were not explained by 

changes in the surface composition. 

 

Figure 7-3.  Contact angle of test surfaces post-assay.  Samples were gently rinsed with 
DI water prior to testing.  Error bars are the standard deviation. 

Attachment Assay 2 

A second assay was performed on the same n series topographies.  In general, 

the results of the first assay were repeated (Figure 7-4).  Low attachment density was 

observed after 48 hours, with an increase after 72 hours of attachment time.  The 

increase in attachment density was most pronounced for the smooth surface.  The 

results are overall more scattered than with the first assay, but the trends between 
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increasing attachment in terms of the 5x5 topography and decreasing attachment in 

terms of the 20x20 and the 200x200 hold true.   

 

Figure 7-4. Attachment data from the second barnacle cyprid attachment experiment 
from August 2013.  Bars represent the standard error 

Comparison to the SEA model 

The SEA model predicts the trends of the barnacle cyprid attachment for the first 

assay.  The variation present in the second assay leads to some deviation from the 

model predictions at the 72 hour time point, however the general trends predicted by the 

model still hold true (Figure 7-5).  
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Figure 7-5.  SEA model predictions for the 4 timepoints measured in the two B. 
amphitrite attachment assays.  The top trend line is for Assay 1 and 48 hours 
Assay 2 and the bottom trendline is for 72 hours Assay 2 

The two lines in Figure 7-5 represent the best fit for data falling close to the SEA 

model predictions (top line) and data shifted from the SEA model predictions (bottom 

line).  The two trendlines are parallel to each other with a slope value close to the SEA 

model prediction of one.   

Video microscopy 

Barnacle cyprid searching behavior was successfully measured on the three n8 

topographies as well as smooth PDMSe.  The cyprid was observed to significantly alter 

the searching behavior when confronted with the topography.  The measured step size 

on the antifouling topography were significantly different on the topography compared to 

smooth (Figure 7-6).  The step frequency was found to be statistically equivalent for the 

four test surfaces (Figure 7-7).     

 

Figure 7-6.  Average step distance for the barnacle cyprid during a track.  Bars indicate 
standard error of available measurements.  Horizontal lines indicate 

statistically similar groups (Tukey test, 𝛼=0.05) 
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Figure 7-7.  Step frequency of the barnacle cyprids on the different topographies.  Bars 
indicate standard error of the measurements.  

The larger features (20x20 μm and 200x200 μm) appeared to cause the cyprid to 

remain in a single location without adequately probing the surface.  It is unclear if the 

cyprid was unable to probe the surface further or simply unwilling to move from a single 

location.  Cyprid steps were at regular intervals on the smooth surface based on the 

motion maps (Figure 7-11).  Conversely, maps of the motion of the cyprid showed that 

the steps were irregular and disjointed on the inhibitory (Figure 7-9, Figure 7-10). 

The cyprid followed an irregular stepping pattern on the topography (Figure 7-

11).  Plots of the cyprid velocity with time show a spike in velocity for every step the 

cyprid takes on the surface.  The smooth surface shows regularly spaced steps 

approximately 3 seconds apart.  These steps resulted in approximately straight line 

motion although some turns were observed.  The 5x5 pattern also showed steps 3 

seconds apart, however these steps appeared slightly more irregular than on the 

smooth.  The cyprid showed irregular stepping with an increased average time between 

steps on the 20x20 and 200x200 patterns. There appeared to be periods of time in 
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which the cyprid would completely cease motion on the topography followed by 

instances of rapid motion.  This is different than the regular stepping motion on the 

smooth PDMSe which indicated the topography was having an effect on the cyprid 

searching behavior. 

 

Figure 7-8. Representative tracks of surface exploration by cyprids on a smooth T2 
surface.  

 

Figure 7-9.  Representative tracks of surface exploration by cyprids on the 
+7.3SK5x5_n8 surface.  
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Figure 7-10. Representative tracks of surface exploration by cyprids on a 
+26SK20x20_n8 surface.  

 

Figure 7-11.  Representative tracks of surface exploration by cyprids on a 
+100SK200x200_n8 surface.  
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Figure 7-12. Representative velocity profiles of cyprids exploring a) Smooth T2 b) 5 x 5 
c) 20 x 20 and d) 200 x 200 SK_n8 surfaces.  

The difference between the search paths for the cyprids on the different 

topographies was quantified by examining the RMS radius of gyration of the path 

(Figure 7-13).  The radius of gyration provided a measure of the overall shape of the 

cyprid path.  The cyprid tracks on the antifouling topographies (the 20x20_n8 and 

200x200_n8) showed a statistically significant decrease in radius of gyration of the 

cyprid path.  The 5x5_n8 topography was not statistically different from smooth.  The 

change in radius of gyration quantitatively corroborated the observed paths of the 

cyprids on the different surfaces and indicated the feature dimensions had an impact on 

the searching behavior of the cyprid.  The three different topographies did not show 
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statistical differences.  The two antifouling topographies had radius of gyration values 

equal to approximately half of the 5x5_n8 values, however the large standard deviation 

in these measurements caused the results to be statistically similar.  The differences 

between the two appear to be important, however, given the similarity between the 

5x5_n8 and smooth, coupled with the attachment density data.  The shorter radius of 

gyration for this study were correlated with decreased attachment density which may be 

related to the antifouling mechanism for the topographies. 

 

Figure 7-13.  Root mean square (RMS) radius of gyration for cyprid tracks. The error 
bars are the standard error of the available measurements. Bars show 

statistically similar groups (Tukey test, 𝛼=0.05) 

Discussion 

Three sets of topographic feature sizes were used for this study.  The first was 

set to target the size of the barnacle foot (20 μm), the second was set to target the 

cyprid body (200 μm), and the third was set to be small enough to be fully probed by the 

cyprid foot and provide favorable roughness for the cyprid (5 μm).  The effectiveness of 

the patterns is shown in Figure 7-2 and Figure 7-4.  There appeared to be no significant 
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difference between the two inhibitory topography sizes in terms of attachment.  The 

searching behavior of the cyprid also appeared to be affected by the two inhibitory 

topographies in the same manner.  The change in searching behavior on the 20x20 μm 

and 200x200 μm topographies may be due to the difficulty the cyprid has in orienting 

itself on larger features compared to smaller features.  The conclusion here is that sizes 

of topography that target both the cyprid foot and the cyprid body may be used 

effectively for antifouling for the barnacle cyprid. 

Pattern configuration has long thought to be an important component for 

antifouling12.  In this study, the configuration of the pattern, at least in terms of the n 

series, did not have a significant impact on the attachment density of the barnacle 

cyprid.  There are several possible explanations for the lack of difference in attachment 

density between feature configurations.  The effect of configuration on the attachment of 

Ulva linza has been attributed, in part, to the ability of preferential attachment sites on 

the topography to disrupt the gregarious settlement of the zoospores.  This disruption 

was shown by Cooper et al.13 and was also indicated by the calculated radial 

distribution functions for attached zoospores on the topographies (Chapters 4 and 5).  

The data presented here does not indicate preferential attachment sites for the barnacle 

cyprid.  The search paths of the cyprids are not mapped relative to the topography and 

it was not possible from this data to identify if the cyprids have preferential attachment 

points on these topographies.  However, it seems unlike that they would have 

preferential attachment sites.  The 5x5 μm and 20x20 μm topographies are too small for 

one site to be preferential based on the size of the cyprid body and the 200x200 μm 

topography is too awkward for the cyprid to establish preference based on the tracking 
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data.  It is more likely that small scale roughness, on the order of the sensory organs in 

the cyprid foot, would lead to preferential attachment sites.  The conclusion therefore is 

that pattern configuration has an effect on cyprid attachment only in terms of the 

available area for attachment. 

The pattern configuration does not seem to affect the attachment density of the 

barnacle cyprids.  Pattern size, however, appeared to have an influence on the way in 

which the cyprids probe the surface.  The presence of the topography disrupted the step 

size and step frequency for the cyprid.  This effect was only seen for the topographies 

that inhibited attachment, which suggested that that the disruption of the normal 

searching behavior leads to the inhibition of attachment.  In particular it appeared as 

though certain topographies prevented the cyprid from probing the surface.  The data 

from the video microscopy experiments indicated that some of the anomalous searching 

behavior (Figure 7-5) was possibly the result of the antifouling nature of the topography 

and not the result of the physical pattern itself.  The change in the step size and radius 

of gyration indicated that the cyprid explores a smaller area on the antifouling 

topographies compared to the smooth surface during the assay.  The correlation 

between the radius of gyration and the attachment density on the topographies 

indicated the two may be related, however it has yet to be established if the one causes 

the other. 

The wetting state of the topographies and the relationship between the wetting 

state and the attachment of the barnacle cyprids is an important distinction that must be 

discussed further.  The SEA model predicts that the best surface for antifouling is a 

perfectly non-wetted surface, or a surface that has gt value of zero.  The topographies 
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used in this study will naturally be non-wetted, save for the feature tops.  The 

topographies were purposefully designed to be similar to the topographies tested with 

the Ulva in terms of the wetting state so the results could be directly compared. 

However, running the experiment with nonwetted topographies proved to be impossible 

due to the fact that the barnacle cyprids appeared to become trapped to the topography.  

It is not immediately clear why this would be the case.  The fact that the non-wetted 

topography resisted the normal attachment function of the barnacle cyprids supported 

the conclusions of the SEA model in which the non-wetted surface is the best for 

antifouling.  However, the mechanism by which the SEA model predicts non wetting will 

prevent fouling, the reduction in attachment sites, did not appear to precisely apply to 

the situation with the cyprids.  The cyprid was still able to find the surface, and was still 

able to attempt to find a location to attach but, rather than just never finding a place to 

attach, the barnacle instead became stuck and cannot free itself to search further.  It 

would appear as though there is some other force preventing the cyprid from searching.  

It is also possible that the non-wetted surface is toxic to the cyprids and the 

observations of stuck cyprids are actually cyprids that have died as a result of 

contacting the surface, however no toxicity was reported. 

The SEA model effectively predicted the attachment density for three of the four 

attachment measurements (slope 1.02, R2 = 0.74).  The fourth measurement, Assay 2 

after 72 hours, showed lower attachment than what was predicted by the SEA model.  

The plot of ∆Ats/As v. ln(Nt/Ns) for this timepoint showed a similar slope to what is 

predicted by the SEA mode (1.04 measured compared to 1.00 predicted), albeit with a 

low R2
 value of 0.36.  The similarity in slope indicated the model was still able to 
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describe the differences between the topographies for this timepoint.  The deviation 

from the model came with the y-intercept of the trendline (-1.96 measured compared to 

0 predicted). The difference between the model prediction and the experimentally 

measured response appeared to be related to the attachment kinetics of the cyprid – 

between the 48 timepoint (which fits the model) and the 72 hour timepoint (which does 

not fit the model) the attachment density on smooth increases 10-fold while the 

attachment density on the topographies do not appreciably increase (Figure 7-4).  The 

reason for the difference between the topographically modified and smooth surfaces is 

not immediately clear.  The difference may be related to the searching behavior of the 

cyprid on the topographies.  The alteration in the probing behavior led to the cyprid 

searching for longer in order to identify a suitable attachment site.  The difference 

between the two assays could be attributed then to the biological diversity of the 

cyprids, and the hypothesis would be that after 96 hours of assay the results would 

once again fit the model.   

The results of this study point to several different design techniques that may be 

used in the future to prevent the attachment of B. amphitrite.  The SEA model can 

clearly be applied on both the scale of the cyprid body and the scale of the cyprid foot to 

prevent attachment.  It is possible that hierarchical topography that combines both 

length scales will be the most effective at preventing attachment.  The hierarchical 

topography brings the possibility that a single topography can be designed to inhibit 

both the large barnacle cyprid and the small Ulva zoospore.  Schumacher previously 

attempted to apply this method to the creation of a universal antifouling surface, with 

limited success10.  In that study the Ulva were undeterred by the hierarchical 
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topography, which was a 200x200 channels with 2x2 Sharklet superimposed over the 

top.  The SEA model predicts that the Ulva will preferentially attach along the edges of 

the large pattern in a much higher density than if that pattern did not exist, thus 

mitigating the effectiveness of the Ulva-specific Sharklet pattern.  It is possible that 

adding topography along the side walls of the features, or possibly using some other 

hierarchical scheme to prevent the Ulva from colonizing between the larger features 

may work well. 

Summary 

Microtopography has an effect on the attachment and searching behavior of B. 

amphitrite.  Antifouling topographies were found to cause a decrease in the step size 

and alter the normal search path of the cyprid as measured by the radius of gyration of 

the search path.  The SEA model predicts the attachment density for three of the four 

time points and topographies examined.  The fourth, a 72 hour timepoint, did not have 

any increased attachment for the topographies while the smooth increased 10-fold.  

This led to the SEA model providing an inaccurate y-intercept.  It is possible these 

surfaces remain antifouling for longer than the time examined for this assay, leading to 

different attachment kinetics for the cyprid. 
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CHAPTER 8 
CONCLUSIONS AND FUTURE WORK 

Conclusions 

The work of adhesion was shown to relate to the attachment density of fouling 

organisms through the Surface Energetics Attachment (SEA) model.  The SEA model 

related the local work of adhesion for a cell to the geometry at an attachment site.  The 

model was related to the topographic configuration to predict the local attachment 

pattern of U. linza and the areal attachment density of U. linza, N. incerta, C. marina, 

and B. amphitrite.  Experimentally available attachment density results from these four 

organisms showed good agreement with the model predictions (R2 = 0.83).  

Additionally, the model effectively predicted the local attachment density of U. linza on 

topographically modified surfaces.  These experiments suggested that control of the 

wetting state of the topography and the fractional area of the feature tops were the most 

important factors in controlling fouling to topographies. 

The effect of topography on cell attachment was further explored by calculating 

the radial distribution function (RDF) for U. linza attached to topographies.  The RDF 

was calculated for spores on the n series topographies, from a kinetic study and also 

were simulated using the SEA model.  The n series showed similar results depending 

on topographic configuration.  Kinetic study results showed dependence on the time of 

the measurement on the calculated RDF. This effect was attributed to the increase in 

spore density leading to larger spore groupings and therefore longer-range interactions.  

Simulations reproduced a similar radial distribution function, however the noise inherent 

to the experimental measurements led to some discrepancy between simulated results 

and experimental results.  The distribution of zoospores was additionally explored by 
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combining the unit cell mapping technique and the RDF mapping technique.  These 

results showed shorter screening distance for spores attached to the intersecting sites 

on the Sharklet diamond compared to spores attached near the interior of the diamond.  

These sites correspond to areas of high attachment density and low attachment density, 

respectively. 

The work of adhesion was quantified on the topographies in terms of contact 

angle measurements and AFM adhesion measurements.  Contact angle results on the 

n series, angle series and channel series topographies showed results that depended 

more on the size of the features than the configuration of the features.  The channel 

series showed a trend towards lower contact angles for wider channels as the 

measurements were made perpendicular to the channels.  The other series and 

directions were affected by the drop pinning at the intersecting and channel gap sites of 

the topography.  The advancing and receding contact angles were compared to the φsl 

term to predict contact angle with some agreement with the theory when the contact line 

geometry was taken into account.  The work of adhesion was found to be statistically 

similar between the smooth and topographically modified surfaces.  

AFM measurements with a 5 μm colloidal probe on a 2x2 μm Sharklet 

topography showed site dependence for attractive forces and adhesive forces.  

Attractive forces showed larger attraction at the interstitial sites.  Adhesion was highest 

between the features and lowest at the edges of the features.  A map of the work of 

adhesion on the topography compared to the work of adhesion on smooth was also 

calculated.  The work of adhesion on the topography was found to be approximately 
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90% of the work of adhesion on smooth on average.  A site dependence, similar to what 

is predicted by the SEA model, was also observed. 

Further experimentation on the attachment of U. linza to engineered 

topographies was also performed.  These experiments were carried out a new, high 

throughput sample geometry that simultaneously examined 32 patterned areas.  The 

patterned areas were broken into four groups to test different aspects of the SEA model.  

These were n series, angle series, channel series and geometric/asymmetric series.  

The 32 pattern array was found to discriminate between attachment densities to 

different locations on the slide.  Additionally, the location of the pattern, and the 

arrangement of the patterns on the slide, were found to have no effect on the observed 

attachment density.  The SEA model effectively predicted the attachment density for the 

128 different patterned areas examined across the two experiments using the new 

pattern geometry (R2
 = 0.84).   Unit cell mapping for spore locations and RDF measured 

screening distance on the n and angle series topographies found similarities between 

the different patterns.  Spores preferred the intersecting sites between diamonds 

regardless of the density of intersecting sites.  The screening distance was also 

observed to be, in general, shorter at the intersecting sites.  The conclusion is that the 

change in density is related to the density of spores at these different sites. 

Bioassays were also run with the macrofouling species B. amphitrite.  Three sets 

of n series topographies were prepared with different topography dimensions.  The 

smallest set was designed to be below the critical dimensions to inhibit attachment.  The 

middle set was designed to target the cyprid foot and the largest was designed to target 

the cyprid body.  Measurements were taken at 48 and 72 hours culture for two different 
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assays for a total of four different measurements. The SEA model was found to predict 

the attachment density for 3 of the 4 assays.  The 72 hour time point in the second 

assay showed lower attachment than what was predicted with the SEA model.  The 

attachment behavior of the barnacle cyprid was further explored through the use of 

video microscopy.  Three dimensional tracks were obtained for cyprids on the n8 

topography for the three different sizes as well as a smooth surface.  The radius of 

gyration for the cyprid track, step frequency and step distance were measured for each 

track.  The radius of gyration and step distance were statistically lower on the two 

topographies that were observed to inhibit attachment and similar to smooth on the 

topography that enhanced attachment.  Step frequency was unchanged on the different 

surfaces.  The conclusion is that the low attachment density for barnacle cyprids on 

topography is related to both the area of attachment and also the ability for the 

organism to probe the surface.  The SEA model predictions are therefore only valid at 

very long time points after the cyprid has exhausted its ability to probe the surface. 

Future Work 

The SEA model predicts the two most important characteristics for an antifouling 

topography are the area available for attachment and the wetting state of the 

topography.  The most effective antifouling topography is predicted to have a φs value 

that approaches 0 and remain in the non-wetted Cassie state.  The best antifouling 

topography, therefore, should have the most stable nonwetted state.  Two ways of 

achieving this goal are to create features with large undercuts and to create features 

with nanoscale roughness.  Features with large undercuts will increase the r value for 

the topography and therefore increase the underwater stability of the superhydrophobic 

state.  The current method for etching the silicon wafer molds produces undercuts of 
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approximately 100 nm on the side walls of the features.  These undercuts could be 

increased to 150 nm by changing the etching process or could be manufactured to be 

as large as 1 μm if the method for creating the topographies was altered (Figure 8-1). 

 

Figure 8-1.  Topography in PDMSe with a 500 nm undercut.   

Nanoscale roughness can also be used to increase the r value of a surface and 

therefore the stability of the Cassie wetting state.  The scale of this roughness may have 

a detrimental effect for fouling, however, as it is likely at a scale that can be exploited by 

fouling organisms to increase attachment.  A good solution would be to combine the 

nanoscale topography with microscale topography that the SEA model predicts will 

prevent attachment.  Combining two or more roughness scales will be necessary to 

create a universally effective antifouling surface based on the SEA model predictions.  A 

large scale topography (200 μm) will target the barnacle cyprids while remaining larger 

than the 20-30 μm distance that the Ulva spores can signal each other.  A 2x2 μm 
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topography could then be superimposed on the larger topography to target the Ulva, 

and finally a nanoscale topography applied over everything to insure the stability of the 

nonwetting state as the various organisms probe the surface.  The smaller topography 

should be present on the sidewalls as well as the top surfaces of the larger topography. 

The stability of the nonwetted state could be further explored through extension 

of the AFM measurements.  The AFM measurements in this dissertation were 

performed on fully wetted topographies.  The difference in work of adhesion for wetted 

and nonwetted topographies can be probed with the AFM and would give a better 

understanding of the importance of the wetting state of the topography for antifouling.  

Additionally, the energy necessary to fully wet the topography could be probed by the 

AFM as well by measuring a series of force curves over the same well defined location 

on a nonwetted topography.  As the force is applied the area will wet and both the 

amount of force required to wet the topography as well as the change in adhesion at 

that site could be quantified.  These measurements would give a quantifiable 

observation of the difference in work of adhesion and the relative effect of different 

topographies depending on the scale of the structure and the size of the organism. 
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APPENDIX A 
MATLAB® IMAGE ANALYSIS 

 
A MATLAB® code was written to facilitate the analysis of the Ulva spore images.  

The goal of the program is to take an image of spores, identify the locations of 

topographic features, individual spores and spore groupings and run the mapping and 

RDF analysis in a streamlined manner.  As such a number of steps go into properly 

analyzing the images that are discussed here. 

First, images must be acquired for each topography in question.  The most 

accurate method is to take two pictures, a brightfield image where the topography is 

identified followed by a fluorescent image where the spores can be identified (Figure A-

1).  

       

Figure A-1.  Bright field and fluorescent images that could be analyzed with the 
MATLAB® program.  The left image shows U. linza attached to the a5 
topography and the right image shows the spores imaged with fluorescent 
imaging.   

 It is possible to separate the spores from the topography in a single brightfield 

image by controlling the threshold.  However, experience tells us that a great number of 

images will have topographic areas that are similar to the spores in terms of shading 

and will thus be inaccurately picked up by the image analysis software as spore 
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locations.  The result is having to manually go through every image to discard or alter 

the analysis for those that are not properly characterized by the software which 

somewhat defeats the purpose of using MATLAB® in the first place.  The names of the 

brightfield and fluorescent images should be numbered sequentially in order to be read 

by the MATLAB® program, for example Brightfield (1), Brightfield (2), etc. 

Once the images are taken they are placed in a folder to be referenced by 

MATLAB®.  The location of the folder is written into the code.  Depending on the 

topography in question the parameters for the topography will also need to be input.  

The mapping algorithm developed by Long depends on the calculation of the number of 

unit cells between reference points.  The number of pixels per unit cell must be added 

as an input into variables div1 and div2 in the program (Lines 107 and 108).  There is a 

table of values for the 40x magnification on the Zeiss microscope in MAE 306 included 

in the comments of the program.  Additionally, the height and width (in microns) of the 

unit cell also needs to be input into program into variable height and width (Lines 84 and 

85). 

The program reads the relevant number of figures into a variable called n1.  A for 

loop is run with this n1 value as its limit so as to cover all of the measured images.  

Initially, two images are read into the program, one brightfield into variable bw with the 

corresponding fluorescent image read into variable Spores.  The brightfield image is 

analyzed first to identify the locations of the spores.  This is accomplished by adjusting 

the contrast of the image (this step is not always necessary but has been useful for 

images taken in 306) and then converted to a binary image. 
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The binary image of the topography includes obvious distinctions between the 

different features.  The size of the different features, as well as their locations, is easily 

calculated by MATLAB using the regionprops command.  Regionprops identifies 

relevant characteristics for the white regions of a binary image, i.e. Area, Centroid, 

Orientation, etc.  The images are filtered for orientation and area to remove artifacts that 

are present in the thresholded image.   

The remaining features are calculated as a function of the area.  A plot of this 

data clearly shows different regions of area.  It is necessary for the mapping to calculate 

reference features for both the vector coordinates as well as the individual spores.  As a 

result all of the features of a certain type must be identified.  Long1 and Cooper2 used 

the longest feature in the topography as their reference which resulted in maps with the 

longest feature at the 0,0 location.  However, the shortest feature is the easiest to 

identify using this analysis, which is the reason why it acts as the 0, 0 position for the 

maps generated from the MATLAB® program. 

The range of smallest features is identified and the centroid for these features 

are stored in variable FeatureCenters.  The vector coordinates for this topography are 

then calculated using these feature centers.  Two reference features are identified for v1 

and v2.  Other features within the relevant plane are identified for both references.  

These two features form the basis for the calculation of the v1 and v2 values for the 

topography. 

After the vector coordinates are calculated the spore locations are identified.  

This is accomplished through the same procedure used to calculate the feature 

positions.  Spore locations at the edges are eliminated to prevent inaccurate counting 
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through the imclearborder command and identified spore objects are filtered for area to 

prevent noise from being measured as a spore location.  Individual spore locations are 

found using a watershed transform to separate adjacent circular objects.  Groups of 

spores are first dilated to prevent misidentification of spore groups as individuals 

followed by the centroid identification sans watershed transform. 

Centroid positions are transformed from pixel coordinates to vector coordinates 

using the small reference features previously identified to calculate the feature 

positions.  From these vector coordinates the spore map is calculated using the 

program written by Chris Long.  The spatial distribution for these spores is also 

calculated.  A bin size is identified usually equal to the size of 1 micron for ease of 

analysis.  The distances for each spore-spore pair in each image are calculated and 

converted to g(r) values using the previously defined equations.  Angular distribution 

values are also calculated for potential analysis at a later date.  The spore location 

within the unit cell as well as the relevant spore locations in terms of distance and angle 

are saved to a multidimensional matrix where each slice represents an angle and 

distance and each value represents a location within the unit cell.  The result is a 

precise map of not only spore locations but also the locations of other spores relative to 

that location. 

The data is output in several forms for analysis.  A sample analysis image is 

shown with the v1 and v2 vectors drawn along with the locations of the counted spores 

and their reference features.  The spore map histogram is generated as in previous 

studies.  Additionally, each relevant slice of the g(r) map is also displayed and saved to 

the MATLAB folder.  These images are color coded to identify areas of relatively high 
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and low density at a given distance, which is denoted by the file name (provided the bin 

size is set to 1 micron).  The angular information is too cumbersome to display in this 

manner, however it can be easily located during review of the mapped data. 
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APPENDIX B 
ANALYSIS OF DIFFERENCES BETWEEN WINGS AND SHOULDERS ON SILICONE 

RETAIN SAMPLES 

Problem Statement 

Attachment experiments with Ulva linza performed in July and September of 

2013 demonstrated a significant difference between smooth surfaces cast against a 

glass plate or a silicon wafer. These studies showed up to 97% reduction in Ulva 

attachment density on smooth PDMSe cast against a silicon wafer compared to smooth 

PDMSe cast against a glass plate (Figure B-1). 

 
Figure B-1.  Ulva attachment density as a function of casting surface on PDMSe. A and 

B are different images of the same slide showing the border between the two 
different smooth surfaces.  C shows a fluorescent micrograph of the two 
surfaces.  Figure courtesy of John Finlay. 

The differences in fouling density were not expected and the two surfaces have 

been previously observed to be the same in terms of U. linza attachment density 

A 

 

 

 

Figure B1: Images of line on recessed 

and protruding topography samples. 

A: The line delineating edge of 

topography region. 

B: Angled image showing difference 

in contrast between PDMSe surface 

either side of the line due to 

differential spore settlement. 

C: Low magnification image showing 

difference in spore settlement on 

either side of the line. Topography 

side uppermost.  
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(including in the April 2013 assay in Chapter 6).  This appendix summarizes the 

attempts to characterize and explain the differences between the two surfaces.   

Analysis of Retain Samples 

Contact angle/Surface energy 
The most obvious potential difference between the two surfaces is a change in 

surface chemistry, which results in a change in surface energy as measured by contact 

angle.  Contact angle measurements were taken using a custom built video goniometer 

and automated drop shape analysis software.  Two liquids were used (DI water and 

methylene iodide) with drop volume of 5 μl.  Dynamic contact angle was measured by 

tilting the sample. 

No statistically significant difference between static, advancing and receding 

contact angles was observed between control PDMSe smooth slides and retain slides 

from the July 2013 Ulva experiment (Figure B-2, Figure B-3, Table B-1) 

Table B-1. Average contact angle measurements on control and retain surfaces.  

Sample/liquid Static Advancing Receding 

Control/DI water 109.4o 116.6o 92.8o 
Control/Methylene iodide 72.2o 74.5o 65.9o 

Wafer cast/DI water 108.4o 116o 91.2o 
Wafer cast/Methylene iodide 72.4o 75o 65.1o 

 

 
Figure B-2.  Contact angle measurements from the two samples. Bars are the standard 

deviation of the measurements. 
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Figure B-3.  Contact angle hysteresis on the two samples 

The two different liquids allowed the surface energy for each PDMSe sample to 

be calculated using the Owens-Wendt method.  The polar and dispersive components 

of surface energy were calculated using the average static, advancing and receding 

contact angles from each sample.  In all cases the calculated values were similar 

between the control and retain surfaces, as would be expected from the contact angle 

measurements (Table B-2). 

Table B-2.  Surface energy calculated from contact angle data from the control and 
retain samples. 

 
Polar SE 
(mN/m) 

Dispersive SE 
(mN/m) 

Control Static 0.14 21.56 
Control advancing 0.04 15.91 
Control receding 3.04 22.58 

Retain static 0.22 21.27 
Retain advancing 0.01 17.63 
Retain receding 3.49 22.78 

 
ATR-FTIR 

Chemical analysis of the control and retain surfaces was conducted using 

Attenuated Total Reflectance Fourier Transform Infrared Spectroscopy (ATR-FTIR).  A 
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germanium crystal was used to collect the absorbance signal from five different 

locations on each surface.  An average value was then found for the absorbance at 

each wave number (Figure B-4). No difference was observed between the two surfaces. 

 
Figure B-4. ATR-FTIR spectra for control and retain PDMSe samples.   

 
Mechanical Testing 

Several potential points of difference between control and retain samples were 

identified.  Specifically, differences in the way the casting surface is treated with 

hexamethyl disilazane (HMDS), the method the films are mounted to the glass slides, 

and the casting surface itself.  As such, six different test surfaces were identified (Table 

B-3). 

Table B-3.  Samples identified for additional testing 

Cure Surface 
HMDS deposition before 

cast? 
Second layer of PDMSe? 

Glass Yes Yes 
Glass Yes No 
Glass No Yes 
Glass No No 
Silicon Yes Yes 
Silicon No No 

 
Tensile tests were performed on the four glass cast silicone materials identified in 

Table B-3.  Tests were conducted using ASTM D 1822 type L dogbone specimens at a 

rate of 50.8 mm/minute.  Strain was measured using a laser extensometer, and load 
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through a 22 lb load cell.  No statistical difference in modulus was observed for these 

samples (Figure B-5) 

 
Figure B-5.  High strain (upper) and low strain (lower) modulus values for glass cast 

PDMSe films 

AFM 
AFM images of a patterned retain slide from the July 2013 assay showed a clear 

difference in surface morphology between the two surfaces, with an RMS roughness for 

the glass cast side at 10 nm and RMS roughness for the wafer cast side at 3 nm 

(Figures B-6 through B-9).  A retain sample from July 2010 which did not have 

attachment differences between the two smooth surfaces showed little difference in 

terms of roughness from the July 2013 samples (Figure B-10).  

Table B-4.  RMS roughness values for different test surfaces.   

Sample 
RMS 

Roughness 
(nm) 

2013 Pattern 2.75 
2010 Pattern 2.12 
2013 Control 7.15 

2010 Shoulder 5.42 
2013 Shoulder  8.23 
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Figure B-6.  AFM images from the glass cast shoulders of retain slides from July 2013 

 
Figure B-7.  AFM images from the wafer cast center of retain slides from July 2013 
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Figure B-8. AFM height images from a smooth control retain from July 2013 

 
Figure B-9.  AFM height images from the smooth shoulders of retain sample from July 

2010 
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Figure B-10. AFM height images from the wafer cast center of July 2010 retain samples 

The difference in roughness values between the surfaces (patterned surface 

form 2013 and 2010 in particular) were not enough to explain the difference in fouling 

density. 

Captive Air Bubble Measurements 

Captive air bubble experiments were performed to determine the effect of 

soaking the sample on the measured wettability.  The contact angle between the wafer 

cast portion (the ‘wing’) and the glass cast portion (the ‘shoulder’) were found to be 

statistically different immediately after placement in the water (Figure B-11).  The 

difference between the wing and shoulder regions went away after 24 hours.   

The air bubble contact angle increased on the wing region during this time and 

remained constant on the shoulder region.  This data indicated the surface was 

changing during the test.  However, subsequent sessile drop measurements in air on 

the same sample showed no difference between samples in terms of contact angle.  

Additionally, removing the sample from the water after 24 hours and subsequently 
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replacing it and running more captive bubble measurements showed no change.  While 

there appears to be a difference between the surfaces in the captive bubble 

measurement, the difference disappears during the course of the conditioning process 

used before the measurements.   

 

Figure B-11. Measured captive air bubble contact angles on the wings and shoulders 
from a retain sample from July 2013.  Bars indicate the standard deviation of 
five measurements on the same sample. 

Acrylate Grafting 

 An optical difference between the wings and shoulders of silicone slides 

was observed after grafting using the technique modified from Chen et al.3.  Shoulder 

regions appeared cloudy placed in water post-grafting, while wing regions remained 

clear (Figure B-12).  These differences were not observed on retain samples from July 

2010. 

Both the wing and the shoulder area were determined to have acrylate graft on 

the surface.  The difference in optical clarity was determined to be independent of 

HMDS treatment of the mold, silicone base/curing agent ratio, silicone batch, silicone 
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degassing time, silicone stirring time, film storage and film curing time.  No reproducible 

method was found to eliminate the difference in optical clarity between the shoulders 

and the wings. 

 

Figure B-12. Acrylate grafted silicone slide with a two-layer wing region (analogous to 
topography mounting step) and one layer shoulder region..  The optical clarity 
is different between the wing and shoulder regions of the slide (indicated with 
arrows).  Photo courtesy of Cary Kuliasha 

Summary 

No chemical or surface energy differences were detected between the shoulder 

and wing regions of the retain slides. Mechanical testing of similar films showed no 

difference in terms of material modulus.  AFM measurements showed a difference in 

roughness for these two surfaces, however the difference in roughness was also 

present on older retain samples that did not have a difference in terms of Ulva 

attachment.  Captive bubble measurements showed a difference between wings and 

shoulders immediately after submersion.  The difference between the two surfaces 

disappeared after 24 hours of conditioning in DI water.  The difference in the captive air 

bubble experiment indicated the surface was rearranging itself to a more hydrophilic 

arrangement during the time of the experiment.  Acrylate grating showed a difference in 

optical clarity between the wing and shoulder regions of the slide. The cause of the 

difference between the two surfaces was not identified by any of the analytical 

techniques used here.  The only method found to eliminate the differences was to move 
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to a one-step molding process which led to the use of the TPU molds for the April 2014 

Ulva assay in Chapter 6. 
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APPENDIX C 
MADIN DARBY CANINE KIDNEY CELL ADHESION TO TOPOGRAPHIES 

Background 

The most relevant measurement of cell adhesion stems from the actual removal 

of organisms from the surface.  The body of the dissertation characterized cell 

attachment in terms of the work of adhesion. Preliminary experiments were performed 

using eukaryotic cells (Madin Darby Canine Kidney Cells) to determine the effects of 

engineered microtopography on cell adhesion strength. 

A rotating viscometer was used to apply shear to the cells.  The shear stress τ for 

a rotating fluid is a function of the separation between the rotating disk and the surface 

h, the dynamic viscosity of the fluid μ the angular velocity ω, and the distance from the 

center of rotation r (Equation C-1).  

 𝝉 = 𝝁
𝒓𝝎

𝒉
 (C-1) 

The viscometer applied shear stress in both the parallel and perpendicular 

directions.  The goal was to measure the difference in adhesion strength in the parallel 

and perpendicular direction of the topography.  The viscometer also evenly varied the 

shear stress with radius, which allowed for the measurement of many shear stresses 

simultaneously. 

Materials and Methods 

Cell adhesion experiments were performed on +1, 2x2 channels and Sharklet.    

The channels and the Sharklet tested here provides a contrast between an antifouling 

and benign topography that may yield insight into how the specific Sharklet pattern 

creates a difference in cell attachment by means of measuring the adhesion. 
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Cell culture was performed by Steven Zehnder in the Angelini lab at the 

University of Florida.  PDMSe surfaces were conditioned with collagen for 24 hours prior 

to cell seeding.  Topographies were cut into 1 inch squares fixed into a petri dish with 

optical glue.  Madin Darby Canine Kidney (MDCK) cells were allowed to attach to a 

surface for four hours prior to adhesion testing.  Cells were dyed to facilitate counting 

post assay.  A dextran-PBS solution was created for the adhesion testing.  Dextran was 

added to a 10 wt% amount to increase the viscosity of the solution to 0.01 Pa*s.  The 

angular velocity was set at 267 rad/s and the gap between cells and disk to 0.75 mm.  

The maximum shear stress achieved with these parameters was 25 Pa which proved to 

be enough to remove 95% of the cells attached to the topographies. Post assay cells 

were imaged for density and compared to the average density at the center of the disk.  

Measurements were taken in parallel and perpendicular to the topography to compare 

the effect of pattern configuration on attachment strength. 

Results 

All measured patterns lowered the adhesion strength of the MDCK cells relative 

to the smooth control.  Variations in cell density existed around the center of the 

patterned area (Figure C-1).  At approximately 10 Pa of applied stress the cells began 

to be removed.  Normalized cell density decreased linearly on the patterned surfaces to 

the maximum measured shear stress of 23 Pa.  No cell removal was observed on the 

smooth surface.  There appears to be a directional dependence on the removal of the 

cells, with the perpendicular direction favoring release over the parallel direction at high 

shear stresses. 
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Figure C-1.  Adhesion strength of MDCK cells to the Sharklet microtopography.  The 
normalized cell density refers to the number of cells in the center of the 
sample where the applied shear stress was 0 Pa. 

Conclusion 

The shear stresses examined in this study were not sufficient to remove cells 

from the smooth PDMSe surface.  As such it was not possible to draw conclusions from 

this work.  Further studies are necessary to determine the magnitude to which 

engineered microtopography reduces adhesion strength for MDCK cells. 
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APPENDIX D 
CONTACT LINE IMAGES 

Contact line images were acquired to support the φsl analysis used in Chapter 5.  

Here, a sample of these images is shown for reference when examining the contact 

angle results in that chapter. 

 

Figure D-1.  Contact line geometry on the +2.6SK2x2_n3 topography.  This image 
shows the parallel edge of the topography 
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Figure D-2.  Contact line geometry on the +2.6SK2x2_n4 topography.  This image 

shows the parallel edge of the topography 

 

 
Figure D-3.  Contact line geometry on the +2.6SK2x2_n5 topography.  This image 

shows the parallel edge of the topography 
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Figure D-4.  Contact line geometry on the +2.6SK2x2_n7 topography.  This image 
shows the drop shape perturbed by the pattern 

 
Figure D-5.  Contact line geometry on the +2.6SK2x2_n9 topography.  This image 

shows the drop shape perturbed by the pattern 
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Figure D-6.  Contact line geometry on the +2.6CH2x2 topography.  This image shows 
the drop following the topography into a smooth curve at the parallel edge 

 
 

Figure D-7.  Contact line geometry on the +2.6CH12x2 topography.  This image shows 
an elongated drop following the topography 
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