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The effect of physical, chemical, and biological cues on the behavior of smooth 

muscle cells (SMCs) and attachment of marine organisms was investigated. Both 

hydrophilic and amphiphilic crosslinked polymer networks with varying chemical and 

mechanical properties were used to direct biological responses. Poly(2-hydroxyethyl 

methacrylate) (PHEMA) hydrogels were fabricated with tunable mechanical properties 

by varying the di-functional monomer concentration in the feed composition. Amphiphilic 

hydrogels composed of 2-hydroxyethyl methacrylate (HEMA), 1,3-bis(3-methacryloxy 

propyl)tetrakis(trimethylsiloxy)disiloxane (MPTSDS), and tris(trimethylsiloxy)-3-

methacryloxypropylsilane (TRIS) were copolymerized using ultraviolet (UV) light and a 

photo-initiator. Hydrogels prepared with varying concentration of di-functional monomer, 

MPTSDS, exhibited an order of magnitude difference in elastic moduli. Not only were 

the bulk material properties influenced by the crosslinking agent concentration in the 

feed composition, but the surface properties (i.e., contact angle and hysteresis) were 

influenced as well.  

Modulus (E) has been reported to be positively correlated with the settlement of 

marine organisms. However, this was not the case for the amphiphilic gels tested 
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against biomolecules and marine organisms. Stiffer gels inhibited fouling of proteins and 

marine organism, Ulva linza, to a greater extent than the softer gels. Furthermore, the 

network structure, in regards to the molecular weight between crosslinks Mc, was found 

to have a greater influence on fouling. A strong correlation was observed between 

protein adsorption and Mc of the amphiphilic crosslinked networks compared to just the 

modulus and surface energy (ϒ) alone. A higher correlation was also obtained between 

Mc and Ulva sporeling biomass than between sporeling biomass and elastic modulus E, 

exhibiting R2 value of 0.98 and 0.38, respectively. The percent removal of sporeling 

biomass growth was shown to be positively correlated with the (E ϒ)1/2, which is a 

contrast to what has previously been reported. Again, there was a higher correlation 

between Mc and percent removal of sporeling biomass than between (E ϒ)1/2 and 

percent removal of sporelings (R2 value of 0.83 and 0.57, respectively). The differences 

in biofouling ability is most likely due to differences in mesh size between hydrogel 

compositions. Biomolecule accumulation and absorption was made easier by the larger 

mesh size in hydrogels with lower crosslinking concentration in the feed composition.    

The influence of chemical and physical properties on mammalian cells was also 

investigated. Amphiphilic crosslinked networks were fabricated with tunable mechanical 

properties and their ability to modulate smooth muscle cell (SMC) phenotype was 

studied by assessing cell proliferation. Bioactive molecules, Arg-Gly-Asp-Ser (RGDS), 

were incorporated into the crosslinked matrix to promote adhesion and facilitate cell 

growth. The elastic modulus of the substrate and the concentration of RGDS were 

shown to positively correlate with the attachment and proliferation of SMCs; indicating 
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that the physic-chemical network properties play a large role in behavior of unicellular 

organisms.      
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CHAPTER 1  
INTRODUCTION 

Physicochemical Factors that Influence Biological Responses 

When developing anti-microbial coatings and biomaterials, the interaction between 

the surface of a material and biomolecules or cells must be considered. Studies have 

shown that biological interaction influences the performance of man-made materials in 

various environments. Although the mechanisms for adhesion and criteria for settlement 

may differ between species, the physicochemical factors that control attachment must 

be energetically favorable for survival; so understanding what conditions promote 

adsorption of biomolecules and attachment and growth of cells is necessary.  

For this reason, hydrogels were fabricated to investigate the effect of physico-

chemical properties on the biological responses of two model systems: Ulva zoospores 

and smooth muscle cells (SMCs). Smooth muscle cells are found in the native blood 

vessel and tend to play a large role in cardiovascular diseases. These cells are often 

used in tissue engineered constructs for replacement of damaged blood vessels; 

therefore, controlling the behavior of these cells is done to create physiologically 

functioning tissue engineered constructs 1. Ulva linza was examined because it is the 

most common macroalga fouler on marine vessels and structures in the ocean 2. 

Amphiphilic networks were made with tunable mechanical properties to assess the 

effect of network properties on fouling-release properties towards Ulva zoospores. The 

same networks were functionalized with the peptide, Arg-Asp-Ser-Gly (RGDS), and the 

effect of elastic modulus and chemistry on biological responses of smooth muscle cells 

was investigated.  
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Scope of Research 

In the marine environment, fouling of biomolecules and unicellular organisms on 

the hulls of vessels is problematic for the Navy. The increased roughness of the biofilms 

and presence of macrofoulers leads to increased frictional drag and affects the 

hydrodynamics of ships.; accounting for an estimated total cost of 56 million dollars per 

year for all DDG-51 class ships due to heavy slime hull fouling and increases to 119 

million dollars for small calcareous fouling 3. Surfaces that are environmentally benign 

and foul-resistant are being investigated to curtail these issues. In the following work, 

materials were developed with tunable mechanical properties to investigate the effect of 

network properties on the adhesion of marine organisms and proteins. 

These same materials were used to investigate the biological responses of 

mammalian cells. Controlling the behavior of mammalian cells is necessary to obtain 

physiologically functioning tissue. Constructs made out of synthetic and biological 

materials have been used to grow cells in easily tailored scaffolds. These types of 

constructs have been used previously as vascular grafts, which are used to replace 

damaged blood vessels that impair blood circulation due to atherosclerosis. The 

biological responses of SMCs to chemical and mechanical cues will be investigated, 

due to their importance in controlling vasoconstriction and ECM production in the native 

blood vessel.  
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Specific Aims 

Specific Aim 1: Develop an amphiphilic hydrogel with tunable mechanical 
properties that inhibits settlement of Ulva zoospores and sporelings greater 
than the poly(dimethylsiloxane) elastomer (PDMSe) control. Determine the 
relationship between substrate modulus and fouling of spores and sporelings. 

Hydrogels have been shown to inhibit fouling  of bacteria, and marine organisms 4, 

5, 6. However, these materials tend to exhibit poor mechanical integrity 5, 7. An approach 

used to endow hydrogels with improved elastic modulus was done by incorporating 

hydrophobic di-functional and mono-functional monomers into the crosslinked networks 

8. This type of network may also exhibit unique antifouling and fouling-release properties 

due to the presence of hydrophobic and hydrophilic domains at the surface. These 

types of amphiphilic coatings are postulated to create an uninhabitable surface for 

settlement of many types of marine organisms that adhere strongly to either hydrophilic 

or hydrophobic surfaces, i.e.: Ulva spores and diatoms, respectively 9. 

 Novel amphiphilic hydrogels were made with tunable mechanical properties with 

the intent of studying the material properties that influence bioadhesion. The elastic 

moduli of a series of these crossilnked systems were characterized. The surface energy 

of these materials was determined by contact angle measurements. Both parameters 

were influenced by the concentration of di-functional monomer in the feed composition. 

The ability of these hydrogels to deter settlement of Ulva spores and attachment of 

proteins was assessed. It was hypothesized that a better correlation would be found 

between percent removal and (E  )1/2, than between percent removal of Ulva spores 

and modulus E or surface energy    alone. The amphiphilic hydrogels should exhibit a 

statistically significant lower Ulva spore settlement. A greater Ulva spore percent 
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removal will be observed on the hydrogel with the lowest crosslink molar ratio compared 

to the smooth PDMSe control.  

Specific Aim 2: Determine whether the modulus and concentration of peptide 
correlate with higher levels of attachment and proliferation of smooth muscle 
cells. 

Peptide type and concentration have been shown to influence SMC attachment, 

proliferation, and migration. In order to promote the mature phenotype of SMCs, certain 

chemical and mechanical cues must be sent to the cells via integrins. Chemical 

composition, in the form of peptide ligands can induce certain responses from cells. For 

example, a negative correlation between peptide (RGDS) concentration and number of 

proliferating cells has been reported and stiff substrates appear to induce proliferation in 

SMCs10, 11. Expression of contractile markers (calponin and caldesmon) appears to 

decrease with higher modulus 12. There appears to be a critical ligand density and 

substrate modulus that promotes heightened expression of the contractile phenotype 

markers and proliferation that is indicative of the contractile phenotype.  

These chemical and mechanical cues were studied for their influence on smooth 

muscle cells behavior with amphiphilic hydrogels. Amphiphilic hydrogels with tunable 

mechanical properties were fabricated and functionalized with varying RGDS 

concentration: 0.05 mM, 0.5 mM, 5 mM. Modulation of SMC phenotype was studied on 

amphiphilic gels with differing elastic modulus and peptide concentration by examining 

SMC proliferation. It was hypothesized that the substrate with the highest concentration 

of peptide RGDS (5 mM) will exhibit the highest proliferation rate in cells. In addition, the 

hydrogels exhibiting the highest modulus will also result in the highest proliferation rate 

in cells compared to the substrate with the lowest modulus.  
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CHAPTER 2 
BACKGROUND 

Significance of Biofouling in the Marine Environment 

The importance of studying biofouling of biomolecules and unicellular organisms 

stems from the fact that it occurs quite frequently in the marine environment. This issue 

becomes especially problematic for marine coatings that are used for Navy vessels. The 

enhanced roughness from the biofilms and presence of macrofoulers leads to increased 

frictional drag and affects the hydrodynamics of ships. For example, the change in total 

resistance between a hydraulically smooth Arleigh Burke class destroyer (DDG-51, a 

ship that accounts for 30% of all US Navy ships) moving at a speed of 7.7 m·s-1 and an 

Arleigh Burke class destroyer with small, medium, or heavy calcareous fouling is 29%, 

44%, and 69%, respectively.  

The fuel costs associated with the hull condition of DDG-51 class ships increases 

to 1.15 million dollars per ship per year when the hull is coated with heavy slime as 

opposed to hydraulically smooth ships, due to an increase in fuel consumption by 

10.3%. The estimated total cost for all DDG-51 class ships due to heavy slime hull 

fouling is 56 million dollars per year and increases to 119 million dollars for small 

calcareous fouling or weed 3. Factors that contribute to fouling of biomolecules and 

marine organisms onto man-made materials are being investigated to curtail these 

issues.  

Settlement of marine organisms (i.e., spores of macroalgae and larvae of 

barnacles) onto surfaces has been reported to be preceded by a conditioning film 

composed of biomolecules and bacteria 13. In some instances, successional 

colonization has not been observed; thus, the elimination of preliminary colonization of 
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biofilm will not always lead to the inhibition of macrofoulers 2. This behavior has been 

observed with the crustacean, Balanus amphitrite (B. amphitrite). B. amphitrite has been 

reported to exhibit low settlement on surfaces in the presence of biofilms 13. Another 

approach to controlling biofouling of marine organisms involves disrupting their life 

cycle. In the case of algae, the zygote that forms from the fusion of the sperm and egg 

from released spores must develop and compete for settlement and recruit other 

sporelings or larvae to the corresponding area. It is the last stage that is pursued to 

control biofouling 13.  

Currently, coatings are being developed with antifouling (AF) and fouling-release 

(FR) properties. Antifouling coatings are those that inhibit initial settlement of marine 

organisms. Fouling-release coatings exhibit minimal adhesion between the material and 

fouling organisms, which results in easy release when subjected to hydrodynamic 

forces2. For example, 0.2 to 1 MPa is needed to remove barnacles from the PDMS 

coatings14. 

The coatings that are currently used to deter settlement of marine organisms by 

emission of chemicals into the marine environment are known as AF biocides. The AF 

biocides that are currently used include copper, copper/zinc pyrithione, triphenylborane 

pyridine (TPBP), chlorothlonil, cichlofluanid, cuprous thiocyanate, diuron, SeaNine 211 

(DCOIT), Iragrol 1051, naphthenic acid copper salts, thiram, etc. Many of these coatings 

have been reported to be deleterious to the marine environment. Copper based 

biocides are considered to be toxic to mussel, oyster, sea urchin, and cyanobacteria. 

Organic biocides, such as Irgarol 1051 and diuron, inhibit photosynthesis of marine 
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organisms. Irgarol 1051 is also toxic to diatom Navicula pelliculosa, macrophytes Chara 

vulgaris, Apium nodiflorum, and some marine animals15.  

Natural fouling agents have been shown to deter marine organism settlement as 

by using mechanical, chemical, and physical strategies16. For example, the analogues 

of natural organic compounds (3-acetyl-2,5-dimethyl furan, ethyl-3-furoate, and 2-furyl-

n-pentyl ketone) that are released from octocorals inhibit diatom Nitzschia settlement 

equivalent to inorganic copper (CuSO4·5H20) 16. Microencapsulated octocoral extract 

(Renilla reniformis) fouled substantially slower than the bare fiberglass  rods, but fouled 

faster than the Navy standard copper paint and was deemed non-fouling (as determined 

by percent coverage of marine organisms in the ocean) by day 93 17. Remnants of 

sponges Decitopsis ceylonia, Haliclona cribricutis, Sprastella vagabunda, and Aplysina 

fistularis, as well as an unidentified gorgonian were shown to be antifouling towards the 

tubeworm Protolaespira eximia in the Los Angeles harbor 18.  

Although, there has been some success with natural compounds and their 

analogs, their limited availability is what makes these compounds unpractical as AF 

coatings. Furthermore, the goal is to provide surfaces that are non-toxic, non-eluting, 

and will not induce significant changes to the marine ecology. These natural coatings do 

not meet those criteria. Coatings that do not contain biocides have been studied for their 

AF and FR properties. The goal is to create a surface that either prevents attachment of 

marine organisms or reduce attachment strength so that shear force can be used for 

easy removal2.  

Significance of Vascular Grafts for Blood Vessel Replacement 

Directing mammalian cell behavior using chemical and mechanical cues at the 

biomaterial interface can facilitate integration and regeneration of new tissue, which 
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may increase the likelihood of a physiologically functional tissue engineered construct. 

Recently, vascular grafts have been designed using this approach. Vascular grafts have 

been utilized to replace damaged blood vessels that impair blood circulation due to 

atherosclerosis, which is a disease of the vessel where the thickening and stiffening of 

the arterial wall adversely affects the blood circulation. The atherosclerotic plaque 

consists of a central core of lipid and cholesterol crystals, which is separated from the 

lumen by fibrous tissue 19. The mature plaque also contains cells (macrophages, 

smooth muscle cells, etc.), proteins, and necrotic debris. All of these components 

contribute to the occlusion of the vessel if left untreated20. 

Current Treatment for Arthrosclerosis 

Many patients treated for coronary atherosclerosis received percutaneous 

coronary intervention or cardiac revascularization, such as a coronary artery bypass 

graft 19. Autologous (i.e., saphenous vein) or synthetic (i.e., Dacron or ePTFE) blood 

vessels can be used to replace damaged blood vessels. Autologous vessels are the 

primary choice for damaged or diseased blood vessels, because they rarely provoke an 

immune response and they contain all of the components found in the native blood 

vessel. However, these blood vessels are not used if accessibility is limited or if the 

blood vessel is in a disease-ridden state. If these blood vessels are unavailable or 

inadequate, surgeons turn to synthetic grafts for treatment 21.  

Synthetic grafts, such as expanded polytetrafluoroethylene (ePTFE) or 

poly(ethylene terephthalate) (Dacron), are used to replace damaged vessels. Expanded 

PTFE is a fluorocarbon polymer that was patented by Gore in 1969. This non-

biodegradable material is made by an extruding and sintering process, which endows 
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the material with a tensile modulus of 0.5 GPa 22, 23. The graft is produced by stretching 

the melt-extruded solid polymer tube, forming a porous tube. The structure can be 

described as a node-fibril structure, where solid nodes are connected through fibrils. 

The average distance between nodes is 30 µm.  

The Dacron fiber material was patented by DuPont in 1950 and used as a material 

for a vascular graft in 1957 22. Dacron grafts are available in knitted or woven forms, 

which have a tensile modulus of 14 GPa 23. The woven grafts have low porosity and 

minimal creep, due to the over-and-under pattern of the threads. The knitted grafts have 

higher porosity and high ability to stretch or dilate, which is due to the way the threads 

are looped. To prevent leakage of blood to the surrounding milieu, the knitted Dacron is 

usually coated with gelatin, albumin, and collagen 22.  

The patency of synthetic grafts to replace large diameter vessels located in a high 

blood flow area is relatively high, reaching a 5 to 10 year patency rate of 90% for 

aortofemoral bypass. This is not the case with synthetic small diameter grafts. Poor 

performance of synthetic vascular grafts is prevalent when their diameter is less than 6 

mm, exhibiting a 5-year patency rate of less than 50% 20. Complications stem from 

adhesion of platelets and the presence of this fibrin on the inner wall, creating a layer 

called the pseudointima. Reduction of the cross-sectional area of the graft adversely 

affects the blood circulation due to the higher resistance to blood flow 19. Polyurethane 

is another material that has been studied for its use as a vascular graft. However, 

polyurethane vascular grafts and PTFE grafts have been reported to have similar 

patency rates 24.  
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Biological-inspired materials have been used more recently to improve 

biocompatibility. The tissue engineering approach to regenerate functional tissue has 

increased the popularity of biodegradable polymers such as polylactic acid (PLA), 

polycaprolactone (PCL), and polyglycolic acid (PGA). Composites, constructs made out 

of synthetic material and biological material, have become popular as of late; where the 

goal is to provide mammalian cells with a highly reliable and easily tailored scaffold to 

promote growth and restore function. The tissue engineering approach has been used 

for controlling organogenesis of vascular graft constructs.     

Development and Composition of Blood Vessels  

In order to obtain tissue engineered vascular constructs (TECV), many 

developmental processes (e.g., angiogenesis) have been mimicked. Angiogenesis 

describes the formation of blood vessels from pre-existing vasculature. The endothelial 

cells (ECs) migrate along a certain direction and proliferate to reach a certain length. 

The layers of the blood vessel are formed by the recruitment and differentiation of 

smooth muscle cells (SMCs), fibroblasts, and pericytes by growth factors secreted by 

the ECs 25, 26. Vasculogenesis involves the formation of blood vessels in the embryo 

from ECs or in an avascular area; whereby stem cells, angioblasts, and hemangioblasts 

(precursor ECs) form blood vessels from environmental cues (i.e., vascular growth 

factors, extracellular matrix) 27.  

The walls of these newly formed blood vessels will consist of three layers: the 

adventitia, media, and intima. The adventitia, or outside layer, is composed of 

connective tissue with elastic fibers which imparts the vessel with the ability to stretch 

and recoil. The intima, or inner layer, consists of a confluent layer of endothelial cells 

and the basement membrane and is pivotal in preventing blood clots. The media, or 
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middle layer, provides mechanical strength and vessel size control and consists of 

layers of SMCs, collagen, and elastic fibers 28.  

Collagen, elastin, proteoglycans, glycosaminoglycans, and glycoproteins are 

secreted by SMCs to make the extracellular matrix (ECM) in the media layer 29. The 

manner in which the SMCs and ECM components are organized affects the structural 

integrity as well as the vasoactivity, which is the constriction and dilation of the blood 

vessel 26. The ECM is an important component of tissue because it provides bioactive 

molecules and a 3-dimensional structure for cell adhesion. It is these cells and this layer 

that will be the focus of this study. 

Phenotype Modulation of Smooth Muscle Cells 

SMCs must be considered when developing tissue-engineered vascular grafts. 

Modulation of the SMCs to their mature phenotype is necessary to provide 

physiologically functional tissue engineered vascular construct. SMCs play a key role in 

contraction and ECM production by synthesis and degradation of the matrix 

components when expressing their mature phenotype, the contractile phenotype.  The 

media layer can provide mechanical support for the blood vessel and exhibit a bipolar 

spindle shape once the contractile phenotype is expressed 30, 31. This can be tricky due 

to the phenotype that is displayed during the developmental stages of tissue 

regeneration (in vivo and in vitro).  

During initial stages of blood vessel formation, the SMCs exhibit a ‘synthetic’ 

phenotype which is considered to be in a migratory, highly proliferative state, and 

exhibits a fibroblast-like morphology. The synthetic phenotype is also observed in 

diseased blood vessels, such as those afflicted by atherosclerosis. These diseased 

regions display a lack of myofilaments compared to the surrounding “normal” cells 32. In 
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order to promote phenotype modulation from the synthetic phenotype to the contractile 

phenotype, the SMCs will need to be directed by environmental cues (i.e., chemistry, 

topography, mechanical stimulus).  

Influence of Physical and Chemical Factors on Mammalian Cell Behavior 

Biomolecules have been utilized in the past to direct cells towards tissue 

regeneration. Proteins, which consist of 20 or more amino acids, are polymerized from 

the condensation reaction of an amino group of one amino acid and a carboxyl group of 

another amino acid 19. This linear sequence of the polypeptide chain is called the 

primary structure.  This sequence of amino acids will dictate folding and coiling of the 

polypeptide chain through hydrogen bonding between an amine and a carbonyl group in 

the polypeptide backbone, creating the secondary structure. These functional groups in 

the backbone chain can participate in intramolecular interaction or engage in interaction 

with the surrounding milieu (such as water molecules) 33. Further intramolecular 

interaction (hydrogen bonding, ionic bonding, disulfide bonding, and hydrophobic 

interactions) of side chains results in a tertiary structure, which governs the 3-

dimensional structure of the protein. Intermolecular interactions between multiple 

polypeptide subunits create the quaternary structure 19. This conformation of the protein 

can determine its ability to adsorb strongly to a substrate.  

Proteins, along with growth factors and synthetic compounds can act as chemical 

cues. These chemical cues are sent by means of transmembrane molecules, such as 

integrins. Integrins are glycoproteins consisting of two subunits: α and β 34, 35. These 

transmembrane molecules can bind to amino acid sequences to act as anchors to the 

cytoskeleton 36. Each αβ subunit pairing exhibits a unique ligand-binding specificity 34. 
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Integrins have been stated to exist in 3 conformational states: (1) bent conformer, 

(2) intermediate conformer, (3) and the extended conformer. The bent conformer and 

the extended conformer are indicative of an integrin exhibiting low and high affinity, 

respectively. The intermediate conformer is a transitional state. To induce cell adhesion, 

integrin activation is needed. The bent conformer is energetically favorable. Peng et al 

describes the reaction rates of activation ka+ and inactivation ka- as a reversible 

stochastic process,  

 

   

   
  

(
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where Ea, kB, and T represent the total activation energy, Boltzmann’s constant, and 

temperature, respectively. The energy in the form of chemical factors Ec or mechanical 

factors Em are needed for the transition to the extended conformer 37.  

         

The chemical composition and mechanical behavior of the 3-dimensional network 

of bioactive molecules, known as the extracellular matrix (ECM), has been shown to 

influence adhesion and proliferation of cells38. Naito et al. showed a positive correlation 

between fibronectin and type I collagen concentration and cell adhesion  39. Laminin has 

been shown to resist cell proliferation in the presence of platelet-derived growth factor 

(PDGF), which suggests modulation of phenotype to the contractile state 40, 32. The 

linkage between this protein and the α7β1 integrin is postulated to induce enhanced 

contractile phenotype 41.  

ka+

ka-

integrin + ligand              bound ligand 
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 Peptides presence, type, and concentration have been shown to influence SMC 

proliferation. SMCs were found to adhere at a higher rate to glass slides coated with the 

peptide, KQAGDV, compared to slides coated with RGDS. Cell migration for KQAGDV 

and RGDS-conjugated glass slides decreased as the protein concentration increased 

from 0.2 nmol/cm2 - 2.0 nmol/cm2 10. 

In regards to SMC modulation, fibronectin does not seem to promote maturation to 

the contractile phenotype. Laminin has been shown to promote the contractile 

phenotype 40, 32. Beamish et al. observed higher levels of expression of contractile 

markers (α-actin, calponin, and SM-22α) for cells cultured on laminin coated glass cover 

slips compared to those on RGD -incorporated hydrogels. However, contraction was not 

observed in response to exposure to carbachol, which was used to examine ligand 

induced contraction 42. Heparin is another biomolecule that has been found to promote 

phenotypic modulation of SMCs towards the contractile state, by perhaps the inhibition 

of signaling of exogenous or autocrine bFGF and inducing expression of smooth muscle 

α-actin 42.  

It is well known that mammalian cells can also sense and respond to physical 

forces. Mechanical signals can be sent across the cell membrane via integrins. The 

amount of stress exerted by the cell at the adhesion sites and the deformation of the 

substratum in response to the stress is a way in which cells retrieve information about 

their mechanical environment. The amount of deformation at the adhesion site can 

control cell behavior, which is known as mechanosensitivity 36. The modulus or stiffness 

of a substrate has been shown to effect the phenotypic expression of differentiated 

tissue cells and stem cells 43, 44, 45. The matrix elasticity of collagen-coated 
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polyacrylamide (PA) gels appeared to affect the differentiation lineage of human 

mesenchymal stem cells (MSCs). The collagen-coated PA gels exhibiting an elastic 

modulus of 0.1-1 kPA, 8-17 kPa, and 25-40 kPa induced differentiation of MSCs to 

neurogenic, muscle, and bone -like cells, respectively. They confirmed that once the 

MSCs can feel and respond to the matrix, differentiation into their expected lineage 

follows 43.  

The effect of substrate properties on SMC spreading has also been investigated, 

to see if the morphology in the native tissue can be mimicked on biologically inspired 

materials. The spreading of SMCs was similar on materials with a range of moduli 

between 0.001 - 0.008 MPa for polyacrylamide (PA) gels and for poly(L-

lysine)/hyaluronic acid (PLL/HA) gels exhibiting a modulus of 0.085 MPa 

(uncrosslinked) and 1.30 MPa (crosslinked) 46. Modulus did not influence SMC 

spreading on poly(ethylene glycol) PEG –based hydrogels exhibiting moduli in the 

range of 0.014 – 0.423 MPa. However, modulus was found to have a more profound 

effect on cell spreading than ligand density. RGDS concentration was found to have a 

statistically significant effect on cell spreading, which increased with increasing peptide 

coverage (ranging from 33-200 nmol/cm2). Although there was a positive correlation 

between modulus and proliferation, it wasn’t found to be statistically significant. 

Interestingly enough, Peyton et al. found that there was a negative correlation between 

expression of contractile markers (calponin and caldesmon) and modulus 12. It seems 

that at a critical ligand density and modulus of the substrate (in the range of 0.014-0.423 

MPa) has a substantial effect on SMC morphology, but it does not guarantee a 
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statistically significant difference in cell shape or SMC marker expression of the 

contractile phenotype.  

Physicochemical Factors that Influence Marine Organism Adhesion 

Hydrophilic materials, such as hydrogels, have been used because of their 

antifouling abilities towards proteins, bacteria (i.e.: Escherichia coli and Pseudomonas 

aeruginosa), and problematic marine organisms (i.e.: Ulva linza, Balanus amphitrite) 4, 5, 

6. It has previously been shown that poly(ethylene glycol) dimethacrylate (PEGDMA) -

based hydrogels outperformed poly(dimethylsiloxane) elastomer (PDMSe) substrates in 

inhibition of Ulva spore settlement. The antifouling ability of the PEG -based hydrogels 

was postulated to stem from their low modulus (approximately 0.01 MPa) and chemical 

composition 47. 

The hydrophilicity, or wettability, of these PEG based hydrogels stems from the 

presence of ethylene oxide (EO) in the side chains or backbone chain. These EO 

chains bind water strongly via hydrogen bonding. These strongly bound water 

molecules aren’t easily displaced by biomolecules 48, 49. Superhydrophilic materials, 

such as zwitterionic materials, have shown great antifouling potential towards proteins 

and marine organisms. These chemistries, i.e.: poly(sulfobetaine) and 

poly(carboxybetaine), possess negative and positive charges that are believed to create 

a water layer via electrostatic attraction 2. 

Hydrophobic surfaces tend to exhibit FR properties. A positive correlation was 

found between percent removal of sporelings and degree of hydrophobicity of polyolefin 

coatings: Polypropylene (PP), high-density polyethylene (HDPE), polypropylene-

polyethylene (PPPE) copolymer, and ethylene vinyl acetate (EVA-12). A correlation of 

0.93 was found between the contact angles (ranging from 93˚- 116˚) of these polyolefin 



 

33 

surfaces and Ulva spore percent removal. The percent removal in this assay was 22.4, 

14.2, 23.8, 31.3, 35.3 for PDMSe, EVA-12, PPPE, HDPE, and PP coatings, respectively 

50. PDMSe samples with topographically modified channels were found to exhibit a 

positive correlation between hydrophobicity (i.e.: contact angle measurements) and 

Ulva spore density. However, the most hydrophobic surface, the PDMSe with the 

Sharklet AF™ pattern, exhibited the lowest density of spores 51. 

Superhydrophobic surfaces usually exhibit a contact angle greater than 150˚. 

These surfaces are appealing as foul-resistant surfaces due to their inherent self-

cleaning capabilities. These surfaces tend to carry away dirt as the droplets roll away off 

the surface. This phenomenon is observed in nature with the lotus leaf. This leaf has 

hierarchical topography consisting of microtopography (3-10 µm protrusions), as well as 

nanotopography (70-100 nm features of epicuticular wax crystalloids). The lotus leaf 

has been reported to have a contact angle of approximately 162˚. Surfaces with micro-

scale topography and absence of hierarchy, such as the rame leaf, have also been 

reported to exhibit superhydrophobic characteristics (exhibiting a contact angle of 164˚) 

due to presence of 1-2 μm fibers. Wet chemistry has been used to create 

superhydrophobic surfaces from materials made out of metals and polymers. Exposure 

of copper to n-tetradecanoic acid or exposure of nickel to monoalkylphosphonic acid 

has been proven to create superhydrophobic surfaces. Furthermore, Polycrystalline 

metals exposed to basic or acidic solutions create superhydrophobic surfaces due 

mainly to topography 52.   

Not all organisms found in the marine environment are inhibited from settlement by 

hydrophobic surfaces though. Diatoms adhere strongly to hydrophobic surfaces 
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compared to hydrophilic surfaces 2. Differences in the substrata settlement preference 

even exists between species. For instance, B. amphitrite tend to exhibit higher 

settlement on hydrophilic surfaces, while Balanus improvises (B. improvises) prefer to 

settle on hydrophobic surfaces 13. This is why amphiphilic coatings have gained 

popularity. An amphiphilic coating contains both hydrophobic (i.e.: fluoropolymer) and 

hydrophilic (i.e.: poly(ethylene oxide)) moieties. Incorporating both of these components 

into the coatings is postulated to create an uninhabitable surface for settlement of many 

types of marine organisms that adhere strongly to either hydrophilic or hydrophobic 

surfaces, i.e., Ulva spores and diatoms, respectively 9.  

A majority of the amphiphilic coatings tested against Ulva zoospores contain a 

combination of hydrophilic PEG and hydrophobic fluoropolymers (FP). Low Ulva spore 

settlement tends to be found on PEG-FP brushes with the highest PEG content; 

however, this type of surface also requires high water jet pressure for spore removal 53, 

54. Other marine organisms, e.g., diatoms and barnacles, seem to be inhibited by 

amphiphilic coatings as well, performing well in laboratory barnacle settlement assays 

and in field tests by panel immersion in the marine environment 9, 55, 56. PEG-FP -based 

crosslinked networks tested against Ulva spores and diatom Nitzschia exhibited lower 

density compared to the glass standards or PDMSe control 57, 58. It has been reported 

that incorporating a high concentration of low molecular weight, hydrophilic monomers 

like hydroxyethyl acrylate (HEA) in PDMS-co-polyisocyanate crosslinked networks 

exhibited high percent removal of diatom Navicula and Ulva spores 59.  
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Physical and Chemical Factors that Influence Bioadhesion 

Influence of Surface Energy on Fouling 

Bio-adhesion has been reported to be influenced by surface wettability. Wettability 

is a term used to describe the tendency of a liquid (i.e., water) to spread on a surface 60. 

This parameter can be assessed by performing contact angle measurements; whereby, 

droplets are placed onto a surface and the contact angle between the solid-vapor 

interface and the liquid-vapor interface is measured. The contact angle of the droplet on 

the surface is shaped by the balance of forces between the liquid, solid, and vapor. 

Contact angle measurements are commonly used to determine the surface energy of a 

substratum, which is described in Young’s equation 61, 62, 

                

where          and    represents the interfacial free energies of the solid-vapor, solid-

liquid, and liquid-vapor interfaces, respectively. The Owens and Wendt two-liquid 

geometric mean approach can be used to calculate the dispersive and the polar force 

components from contact angle measurements performed using liquid pairs, such as 

methylene iodide-water (MeI2-water) and methylene iodide-ethylene glycol (MeI2-EG).  

(      )  

 
  (  

   
 )

 
  (  

   
 )

 
  

     
    

 
 

The    and   represent the surface free energies of the solid and liquid, respectively. 
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 represent the dispersion force components and polar 

force components of the solid and liquid, respectively 63.  
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Figure 2-1.  Relationship between relative bioadhesion and critical surface tension of a 
material. Adapted from Baier et al. 64. 

Baier et al. determined that the critical surface tension needed to act as a fouling-

release coating should be between 20 and 30 mN·m-1, as seen in Figure 2-1. The rate 

of fouling was reported to be low for surfaces within that surface tension range; in 

addition, cleaning of the surface was deemed to be easy as well. PDMS was shown to 

be the best (compared to fluorinated polymers, polyurethanes, epoxides, copper –based 

polymer, and antibiotic containing polymer) at providing low toxicity to marine organisms 

and exhibiting low fouling properties 65.  

The foul-resistant nature of these materials stem from poor adhesion between the 

substratum and the fouling organisms. This phenomenon is supported by the work of 

adhesion     equation which describes the amount of work needed to separate a solid 

from a liquid. The level of adhesive strength is described in the following equation, 
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where    and   represents the surface energy of the solid and liquid, respectively, and 

the     represents the interfacial tension between the solid and liquid. Based on the 

work of adhesion equation, it would be advantageous to design a material with very low 

surface energy in order to obtain weak adhesion 66. 

Influence of Mechanical Properties on Fouling 

However, this does not explain the fouling-release properties seen for coatings 

with varying degree of hydrophobicity. RTV 3140 silicone (Dow Corning), a commercial 

silicon, FEP Teflon® (Dupont), and epoxy Mil Spec F150 required a shear water jet 

removal pressure of 0.11 ± 0.02, 0.12 ± 0.4, 0.87 ± 0.33, and 2.23 ± 0.55 Pa, 

respectively. The FEP Teflon® coating with the lowest surface (17 mN·m-1) energy did 

not possess weaker adhesion to barnacles 14. To receive a better correlation between 

adhesion and surface properties, it has been reported that the elastic modulus must be 

considered. The weaker adhesion between the barnacles and the silicone, compared to 

Teflon®, is most likely due to the low modulus of the silicone. Berglin et al. have shown 

that the detachment stress of pseudobarnacles is proportional to (E  )1/2 67. The 

correlation between the relative adhesion and (E  )1/2 has been found to be greater (R2 

= 0.89) compared to the relative adhesion versus the surface energy or elastic modulus 

alone (R2 = 0.75 and 0.82, respectively) 68. 

Griffith’s equation has been used to describe this phenomenon. The critical pull off 

force Pc required for formation of an elliptical cavity of a substrate, 

    √      (    )⁄  
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where E represents the elastic modulus of the substrate,   represents Poisson’s ratio,   

represents the contact radius, and Gc represents the critical fracture energy. The Gc can 

be calculated from the following equation, 

     
 

 

   

  
 

where A represents the area at which the pull off force is acting on and δUe represents 

the elastic energy stored in an object. Kendall’s modification to this equation describes 

the pull off force required for a rigid disk from a thin elastomer film (t << a) attached to a 

rigid material, 
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where t, a, and K, represent the film thickness, contact radius, bulk modulus of the film, 

respectively. In the instance when the elastomeric adhesive film is thick (t >> a), the 

equation modified further 68.  

   √       (    )⁄  

The influence of substrate on other marine organisms has also been investigated. 

Ulva spore settlement has been shown to be influenced by the mechanical properties of 

crosslinked networks. Chaudhury et al. have shown that the percent removal of spores 

was negatively correlated with the elastic modulus of the PDMS crosslinked networks 69. 

Crosslinked Network Systems 

Hydrogels have gained immense popularity as a biomaterial due to their low 

antigenicity and hydrophilicity. Hydrogels are insoluble, crosslinked networks that are 

synthesized often times from monomers with acrylate or methacrylate groups, such as 

2-hydroxyethyl methacrylate (HEMA). Hydrogels can be polymerized by heat, ultraviolet 
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(UV), or gamma radiation in the presence of redox-initiators (i.e.: ammonium persulfate-

sodium metabisulfite), photo-initiators (i.e.: Irgacure 2949), or no initiators, respectively. 

This type of crosslinked network is highly permeable and tends to imbibe large amounts 

of water, which is why these materials have been studied for their use in drug delivery, 

wound healing, and ophthalmic applications 70, 71. The amount of water that can be 

imbibed is dependent upon steric effects of the polymer chains and polarity effects of 

the chain. The polarity effects are determined by the chemical composition of the 

polymer chain in the network system.  

A disadvantage of using hydrogels lies in their poor mechanical integrity, which 

stem from their high swelling capabilities. The water in the hydrogels acts as a 

plasticizer, decreasing the stiffness of the material. In order to improve the robustness 

of hydrogels, hydrophobic monomers have been incorporated into hydrogels to reduce 

the plasticizing effect of water. Siloxane-based mono-functional and di-functional 

monomers have been reported to impart hydrogels with improved mechanical 

properties, i.e. elastic modulus and tear strength 8. Flexibility of the network will still be 

intact through the presence of Si-O-Si linkages. The flexibility of the Si-O bond is 

attributed its length of 0.164 nm, compared to the C-C bond length of 0.154 nm. In 

addition, the Si-O-Si linkage exhibits a larger bond angle (143˚) compared to the C-C-C 

linkage (112˚) 72. 

The molecular weight or the concentration of the mono-functional and di-functional 

monomers in a crosslinked network can affect the elastic modulus of the network as 

well. There is a direct correlation between the network structure and the mechanical 
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properties of the network system according to the following equation that describes 

shear modulus G, 

  
   

  
 

where  ,  , T, and Mc represents the density of the polymer, gas constant, temperature, 

and molecular weight between crosslinks, respectively. The shear modulus is related to 

the Young’s modulus E in the following manner, 

    (   ) 

where   represents poisson’s ratio. Therefore, if stiffer gels are desired, increasing the 

concentration of the siloxane crosslinker should create a network that is ‘tighter’ (i.e., 

Mc) and more dense.  

Amphiphilic hydrogels composed of 2-hydroxyethyl methacrylate (HEMA), 1,3-

bis(3-methacryloxypropy(trimethyl siloxy)disiloxane (MPTSDS), and tris(trimethylsiloxy)-

3-methacryloxypropylsilane (TRIS) were copolymerized using ultraviolet (UV) light and 

Irgacure 2959 as the photo-initiator.  The siloxane monomers, MPTSDS and TRIS, will 

impart the PHEMA –based hydrogels with hydrophobic moieties. TRIS is included in the 

network to maintain the concentration of the siloxane in the material, while not 

contributing to crosslinking. This allows for changes in mechanical properties without 

there being noticeable changes in the chemical composition of hydrogel.  

The influence of the hydrogel network structure on protein adsorption and Ulva 

linza settlement was studied. The surface properties (i.e., surface energy, hysteresis, 

mesh size) were postulated to have a higher impact on protein adsorption compared to 

the bulk properties (i.e., elastic modulus). On the other hand, the bulk mechanical 

properties (i.e., elastic modulus) were postulated to generate a more profound effect on 
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fouling of Ulva linza. Similarities in trends found between fouling of protein and fouling of 

the marine organism may mean that the mechanism for fouling for the unicellular marine 

organism is controlled by the presence of adhesive pad that is produced by the Ulva 

organism that contains high molecular weight glycoproteins 73.  

Proteins and peptides have previously been grafted (by plasma, IR/gamma 

radiation, or chemical modification) or physi-adsorbed to hydrogels with improved 

results in regards to biocompatibility 74, 75, 76. The advantages of using peptide 

sequences as opposed to protein molecules include lower likelihood of conformational 

changes, higher control of ligand density and orientation, lower prevalence of immune 

responses, and stability during sterilization 77. For example, surface coverage was 

higher for fibronectin adhesion peptide (FAP)-tethered poly(HEMA-co-MMA) hydrogels 

(0.161 μg/cm2) compared to laminin or fibronectin,-tethered poly(HEMA-co-MMA) 

hydrogels (0.072 and 0.084 μg/cm2), which may have been due to the lower molecular 

weight of the peptide compared to the protein molecule 78. 

In order to fabricate a material that is suitable for smooth muscle cell growth and 

maturation the mechanical properties were also considered in order to induce 

physiologically functional smooth muscle cells (SMCs). Amphiphilic crosslinked 

networks were fabricated  to have tunable elastic moduli in the range that is relevant for 

native small-diameter blood vessel tissue 79. Peptide conjugation to the hydrogels was 

performed by reaction of the epoxy group in the glycidyl methacrylate to the peptide, 

RGDS. The influence of mechanical and chemical cues on SMC attachment and 

proliferation was studied.   

 
 



 

42 

CHAPTER 3 
PHYSICAL AND CHEMICAL PROPERTIES OF POLY(2-HYDROXYETHYL 

METHACRYLATE) HYDROGELS 

Introduction 

Poly(2-hydroxyethyl methacrylate) (PHEMA) based hydrogels have numerous 

applications in medicine, due to their similarity to the native tissue. High water content, 

low modulus, high wettability are just some of the reasons this type of crosslinked 

network have been studied for drug delivery, ophthalmological applications, and artificial 

skin 80. This water imbibing material has been shown to display resistance to protein, 

which makes them desirable for applications that require implantation into the body.  

Aside from the biomedical applications, hydrogels have been studied as marine 

antifouling applications due to their resistance to biomolecules and bacteria. PHEMA –

based hydrogels have been shown to exhibit resistance to attachment of bacteria, 

Escherichia coli and Pseudomonas Aeruginosa4. These hydrogels have been shown to 

inhibit settlement of marine organisms: cyprids of barnacles (Balanus amphitrite), 

zoospores (Enteromorpha intestinalis), and diatoms (Melosira nummuloides) 81, 6. The 

antifouling abilities of these brushes and crosslinked networks stem from the hydroxyl 

and carbonyl moieties which engage in hydrogen bonding with water molecules in 

aqueous environments. Biomolecules, such as proteins, cannot easily displace the 

tightly bound layer of water that is formed 48, 49. This resistance to protein adsorption 

may be why these hydrophilic crosslinked networks tend to exhibit antifouling properties 

towards marine organisms 49.  

The low modulus (approximately 0.01 MPa) of PEGDMA-based hydrogels has 

also been postulated to play a role in antifouling towards marine organisms 47. Elastic 

modulus was shown to influence percent removal of marine organisms on poly(dimethyl 
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siloxane) (PDMS). Chaudhury et al. found that the percent removal of Ulva spores and 

sporelings tends to be negatively correlated with substrate elastic modulus (ranging 

from 0.2 - 9.4 MPa). However, the percent removal leveled off at a certain critical 

modulus, 0.8 MPa and 2.4 MPa, for spores and sporelings, respectively 69. To date, the 

correlation between modulus of hydrogels towards resistance of marine organisms has 

not been investigated.  

The mechanical properties of hydrogels stem from their network structure.  

Physical or chemical linkages are needed to form the 3-dimensional network of a 

hydrogel. Physical crosslinks can be formed through van der Waals bonding, hydrogen 

bonding, or even physical entanglements. Chemical crosslinking of hydrogels is quite 

popular since it provides improved mechanical integrity over physical crosslinks in 

various environments. Chemical crosslinks are formed by covalent bonding with a 

monomer that has a functionality greater than 2. PHEMA hydrogels can be polymerized 

by heat, ultraviolet (UV) light, or gamma radiation in the presence of redox-initiators, 

photo-initiators, or no initiators, respectively. Heat and the redox initiators, ammonium 

persulfate and sodium metabisulfite, were used to polymerize PHEMA hydrogels.  

The molecular weight between crosslink junctions and density of crosslink 

junctions has been shown to influence the mechanical properties of PHEMA hydrogels 

82, 83. Since hydrogels are crosslinked elastomeric materials the shear modulus G and 

the molecular weight between crosslinks Mc is related in the following manner, 

  
   

  
 

where ρ, R, and T represents the density of the polymer network, gas constant, and 

absolute temperature, respectively. The molecular weight between crosslinks Mc is 



 

44 

related to the number of active network chain segments per unit volume n in the 

following manner 84.  

   
 

 
 

Either increasing the crosslink density or decreasing the Mc, results in a hydrogel with 

increased modulus. PHEMA hydrogels were fabricated with tunable mechanical 

properties by varying the di-functional monomer, di(ethylene glycol) dimethacrylate 

(DEGDMA), concentration in the feed composition to vary the Mc. 

Many of the parameters that influence the mechanical properties also affect the 

swelling behavior. The swelling behavior of hydrogels has been shown to be influenced 

by the prepolymerization parameters: chemical composition of monomers, crosslinking 

concentration and molecular weight, curing method, and diluent concentration and type 

70, 85, 86. After polymerization, the hydrogel network may be affected by solvent 

composition, pH, and temperature. The equilibrium swelling behavior of crosslinked 

networks can be described by the Flory and Rehner equation. The swelling behavior 

was theorized to be dictated by the (1) entropy changes from the polymer and swelling 

agent interaction, (2) entropy changes from the reduction in possible chain 

conformations upon swelling, and (3) the heat of mixing of the polymer and swelling 

agent. 

 [  (    )         
 ]     [  

   
 

  

 
]   

 The equation is often times used to calculate number of active network chain 

segments per unit volume n, by performing some swelling tests; whereby the volume 

fraction of the polymer   , the molar volume of the solvent V1, and the Flory-Huggins 

polymer-solvent interaction parameter  𝛘1 is either obtained or known. The interaction 
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parameter 𝛘1 for the fabricated PHEMA hydrogels, which is influenced by the molecular 

interactions between the solvent and the network chains, was calculated from the 

following equation 87. 

                 

The molecular interactions between the solvent and network chains influence the 

wettability of the PHEMA hydrogels. These hydrogels should exhibit hydrophilic 

characteristics in a swollen state, as seen by captive air bubble measurements. The 

hydrophilicity stems from the hydroxyl and carbonyl groups, which participate in 

hydrogen bonding. The presence of these hydrophilic moieties was detected using 

Fourier transform infrared (FTIR) spectroscopy. FTIR-ATR uses measurements made 

about the reflected signal from the sample-crystal interface. The attenuated total 

reflectance (ATR) mode was used to assess the presence of hydrophilic moieties within 

approximately 2 μm of the surface. The depth of penetration dp for this material was 

calculated from the following equation, 

   
 

    √      (    ⁄ ) 
 

where  , θ,   , and    represent the wavelength, incident angle, and index of refraction 

of the crystal (diamond, n1 ≈ 2.4 ) and sample (n2 ≈ 1.5), respectively 
88. 

Hydrogels were fabricated with varying di-functional monomer, DEGDMA, 

concentration with the intention of obtaining a range in modulus. The network properties 

of HEMA hydrogels were investigated, to determine if this is a suitable composition to 

study the effect of mechanical properties on biofouling. The effect of DEGDMA 

concentration on the surface properties, network structure, and mechanical properties 
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was investigated using contact angle measurements, swell testing, and compression 

testing.   

Experimental Section 

Materials 

Diethylene glycol dimethacrylate (DEGDMA) and 2-hydroxyethyl methacrylate 

(HEMA) were purchased from Sigma Aldrich and used as received. Sodium 

metabisulfite (SMBS) and ammonium persulfate (APS) were purchased from Fisher 

Scientific and Sigma Aldrich, respectively. N-octane was obtained from Fisher Scientific. 

Deionized water (>17.8 MΩ-cm) was obtained from the Thermo Scientific Branstead 

EASYpure II system and was used for all polymerization mixtures and swelling 

experiments.  

HEMA Hydrogel Preparation 

HEMA (9 grams) and DEGDMA were added to glass bottles. Initiators, APS – 

SMBS (1:1 ratio, 0.3 mol% relative to monomer), and DI water were added to the glass 

bottles (Table 3-1). The prepolymerization mixtures contained a DEGDMA molar ratio 

(DEGDMA/HEMA molar ratio = mol DEGDMA/mol HEMA) of 1, 5, 10, and 25 

mmol/mmol. The prepolymerization mixtures were purged with nitrogen for 

approximately 2 minutes and then placed in a centrifuge (2000 RPM) to degas 

approximately 2 minutes. The prepolymerization mixture was transferred by a pipette 

into a mold consisting of a polydimethylsiloxane elastomer gasket sandwiched between 

two hexamethyldisilazane –treated glass plates, which were held together with paper 

clamps. The mold was then placed in the oven in a vertical position for 3 hours at 50 C. 

After curing, the hydrogel films were soaked in deionized water for 24 hours to remove 

residual monomer and initiator.  
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Table 3-1.  Composition of poly(HEMA) -based hydrogels 
 

 

Volume Fraction of Polymer 

Discs (6 mm) were punched out of the hydrogel films. The weight after 

polymerization was obtained in water Wa,r and hexane Wh,r. The samples were soaked 

in water until an equilibrium water content was reached, which occurred when the 

weight of the hydrogel remained constant over time. The weight of the hydrogels in a 

swollen state was measured in water Wa,s and hexane Wh,s. The samples were then 

placed in a vacuum oven and left under vacuum (28 in Hg) until an equilibrium dry 

weight Wa,d was reached, which occurred when the weight of the hydrogel remained 

constant over time. The volume fraction of the sample after the reaction    was 

calculated from the following equation, 

   (
    

  
)(

   

         
) 

where ρp represents the density of the hydrogel and ρs represents the density of the 

non-swelling solvent. The water -equilibrated weight measurements and the volume of 

the polymer Vp were used to calculate the volume fraction of the polymer in the swollen 

state    87. 

   (
    

  
) 

DEGDMA/HEMA 
Molar Ratio 

(mmol/mmol) 

HEMA 
(g) 

Water 
(g) 

APS 
(g) 

SMBS 
(g) 

DEGDMA 
(mL) 

1 9 6 0.02 0.02 0.02 

5 9 6 0.02 0.02 0.08 

10 9 6 0.02 0.02 0.15 

25 9 6 0.02 0.02 0.39 
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   (
    

         
 ) 

Compression Testing 

The moduli of the crosslinked networks were determined by compression testing 

using the TA.XT.plus Texture Analyzer. Discs (8mm) were punched out from swollen 

gels. Mechanical testing was performed in compression at a 1 mm/min strain rate in DI 

water at room temperature. The compression modulus of the crosslinked networks was 

calculated from the stress-strain (σ-ε) curve corresponding to the linear region 89.  

Contact Angle Measurements 

Contact angle measurements were performed using the captive air bubble 

technique with the Ramé Hart Goniometer; whereby swollen samples were placed 

upside-down on top of rubber stoppers in a tank filled with DI water.  Air or n-octane 

bubbles (3 µl) were placed in five different spots for each composition. The two-liquid 

geometric mean approach was used to calculate the surface energy of the solid   ,  

  
  

[              ]
 

   
  

where   
 ,   

 
,   

 , and   
 
 represent the dispersion surface tension components and 

polar surface tension components of the solid and water, respectively 90. 
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The   ,    ,    , and    represent the surface free energy of octane, the water-octane 

interfacial tension, and contact angle for octane and air as the probe liquid, respectively. 

The surface free energy polar and dispersion force components for water are 50.8 
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mNm-1 and 21.8 mN·m-1, respectively. The surface energy of n-octane and interfacial 

tension for water-octane is 21.8 mN·m-1 and 50.8 mN·m-1, respectively 90, 91. 

Fourier Transform Infrared Spectroscopy-Attenuated Total Reflectance (FTIR-
ATR) 

Dried samples were evaluated with the Thermo Scientific Nicolet 6700 FTIR-ATR 

equipped with a diamond crystal flat plate. The scan number and scan resolution was 

set at 36 and 4 cm-1, respectively. The OMNIC software was used for spectrum 

analysis. 

Amido Black Assay 

The amido black assay was performed to evaluate the protein adsorption onto the 

PHEMA hydrogels, as well as the assay standards (TCP = tissue culture polystyrene 

and NC = nitrocellulose). The following assay was adapted from a previous report 92. All 

of the samples were coated with 100 μL of a 3 mg/mL BSA in PBS solution. The 

samples were left in an incubator for 60 minutes at 37 ˚C. The protein solution was 

rinsed with DI water to remove unadsorbed protein. The samples were soaked in the 

amido black stain solution (methanol, DI water, Naphthol Blue Black) for 3 minutes.  

After rinsing with DI water, the samples were rinsed with the wash solution (90 v/v% 

methanol, 8 v/v% water, and 2 v/v % acetic acid) twice to remove unbound dye. The 

samples were rinsed with DI water once again. This was followed by soaking the 

hydrogels in the eluent solution (50 v/v% ethanol, 50 v/v% 50 mM NaOH with 0.1 mM 

EDTA) for 30 minutes on a plate shaker (at 300 RPM). The BioTek microplate reader 

equipped with a Gen5 Software was used to measure the UV absorbance at a 

wavelength of 620 nm (with a 450 nm reference filter) of a 100μL aliquot of the dye -

labeled protein that was previously adsorbed to the samples. Five replicates of each 
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composition were used for the protein adsorption assay. A standard curve was made 

from serial dilutions of 6 mg/mL of naphthol blue dye –conjugated BSA in PBS.   

 

Figure 3-1.  Standard curve for amido black protein adsorption assay.  

Statistical Analysis 

The data was reported as mean ± standard deviation. Analysis of variance 

(ANOVA) was used to make inferences about the sample means and Tukey’s W 

procedure was used to make multiple comparisons between sample means (α = 0.05). 

Results 

The poly(HEMA-co-DEGDMA) hydrogels with varying crosslink molar ratio were 

found to exhibit differing crosslink structure, as indicated by the difference in volume 

fraction of polymer in a swollen state   , as well as differing molecular weight between 

crosslinks Mc (Table 3-2). The    increased with increasing concentration of crosslinker 

in the feed composition. Changes in the volume fraction of the polymer were not 

substantial enough to make any conclusions about the effect of the crosslink molar ratio 

and the network structure. As expected, there was a negative correlation between the 
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crosslink molar ratio and the Mc. The increased concentration of the di-functional 

monomer, DEGDMA, resulted in a ‘tighter’ network, most likely due to the higher 

presence of crosslink junctions. This ‘tighter’ network results in a network with lower 

EWC as seen in Figure 3-2; although, the EWC doesn’t change significantly between 

networks with different chemical composition. 

The molecular weight of the crosslinker is shown to influence the network 

structure. As expected, the Mc increased with crosslinking agents exhibiting a higher 

molecular weight. A Mc of 1000 g/mol was not obtained due to the high concentration of 

low molecular weight monomer, HEMA. It seems as though the    directly affected the 

EWC of the gels, which was expected.  The increase in the volume fraction of polymer 

results in lower water adsorption due in part to the denser network. 

Table 3-2.  Swelling and mechanical properties of PHEMA hydrogels 

DEGDMA/HEMA 
Molar Ratio 

(mmol/mmol) 
   𝛘 

Mc 
(g/mol) 

EWC (%) 

DEGDMA_1 0.69 ± 0.04 0.85 149 29 ± 1 
DEGDMA _5 0.67 ± 0.02 0.83 180 25 ± 5 
DEGDMA _10 0.73 ± 0.04 0.88 110 26 ± 3 
DEGDMA _25 0.75 ± 0.04 0.90 89 22 ± 2 

 

The higher presence of crosslink junctions, as the crosslink molar ratio is 

increased, resulted in hydrogels with higher modulus (as seen in Figure 3-2 and Figure 

3-3). The higher number of chains contributing to the resistance of the compressive 

stress explains the higher modulus obtained for the hydrogels with increased crosslink 

molar ratio. This behavior is consistent with what has been reported in the literature 

concerning PHEMA -based hydrogels 82. Although there was a statistically significant 

difference in modulus between hydrogels prepared, the modulus range (0.4 – 1.1 MPa) 
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does not seem to vary as much as anticipated. A hydrogel with a modulus lower than 

0.4 MPa that didn’t degrade upon handling could not be obtained with the monomers 

that are utilized in the prepolymerization mixture. A molar ratio of more than 50 

mmol/mmol was found to lead to defects (i.e., cracks) that compromised the mechanical 

integrity of the gels.  

The initial water content, crosslinking agent concentration, and molecular weight 

of monomer in the feed composition have been used to obtain hydrogels varying 

modulus 70, 93. An increase in crosslinking agent concentration has been shown to 

increase tensile strength of poly(HEMA-co-EGDMA) hydrogels. The largest increase in 

tensile strength (0.73 - 4.8 MPa) was seen at higher crosslinking concentrations (0.4 – 

5.7 mol/cm3) 83. The same behavior was observed with the fabricated poly(HEMA-co-

DEGDMA) hydrogels.  

 

 
Figure 3-2.  Compression modulus and Mc of PHEMA hydrogels with varying 

DEGDMA/HEMA molar ratio (mmol/mmol). Modulus is statistically significant 
(p < 0.05) between all gels. 
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Figure 3-3. Compression stress-deflection curve of PHEMA hydrogels with varying 
DEGDMA/HEMA molar ratio (mmol/mmol). 

 
 

Figure 3-4.  FTIR-ATR spectra of PHEMA hydrogels of varying DEGDMA/HEMA molar 
ratio (mmol/mmol). 
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The chemical composition of the crosslinked networks was evaluated using FTIR-

ATR spectroscopy (Figure 3-4). As expected, the spectra of all of the compositions 

looked similar. The hydroxyl group in the HEMA was detected at the characteristic peak, 

3400 cm-1. The peak around 1700 cm-1 originates from the carbonyl group and the 

signal at approximately 1100 cm-1 comes from ethylene oxide group. The CH stretching 

and CH2 bending peak was present at 2949 and 1452cm-1, respectively. These 

hydrophilic moieties are what give the hydrogels high wettability, which is defined as the 

ability of water to spread on a surface. 

As seen in Table 3-3, the hydrogels exhibit low contact angles using the captive air 

bubble technique. This indicates that hydrophilic moieties are present at the surface in 

an aqueous environment. Furthermore, these surfaces do not appear to be oleophilic 

due to the low contact angle obtained when n-octane is used as a probe liquid. The 

surface energy calculated from the contact angle measurements with air and n-octane 

as probe liquids confirm that the surfaces of these hydrogels are hydrophilic in water, 

exhibiting a surface energy ≥ 61 mN·m-1. The surface energies determined for these 

PHEMA hydrogels is consistent with what was found in the literature with similar 

compositions 94. The increased hydrophilicity observed for the hydrogel with the higher 

DEGDMA/HEMA molar ratio most likely stems from the higher concentration of ethylene 

oxide groups in the crosslinked network, due to the higher concentration of the 

DEGDMA and HEMA. The only hydrogel that is deemed statistically different (p < 0.05) 

from the others is the hydrogel with a DEGDMA/HEMA molar ratio of 25 mmol/mmol. 
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Table 3-3.  Surface properties of poly(HEMA-co-DEGDMA) hydrogels. 

DEGDMA/HEMA 
Molar Ratio 

(mmol/mmol) 

Captive Bubble Contact Angle (˚) 
Surface Energy 

(mN·m-1) 
Air n-Octane 

1 33 ± 4 34 ± 10 62 ± 2 
5 35 ± 2 42 ± 9 61 ± 2 

10 32 ± 3 41 ± 7 63 ± 2 
25 26 ± 2 34 ± 6 66 ± 1 

 

The hydrophilicity (   > 60 mN·m-1) and low modulus (E < 1.1 MPa) may endow 

these hydrogels with antifouling properties towards biomolecules and marine 

organisms. The hydrophilicity and low modulus most likely stem from the three states of 

water that can exist in a polymer network in most hydrogels: (1) bound water, (2) 

interfacial water, and (3) bulk water. The bulk water is not associated with the network 

system and the interfacial water is loosely associated with the network, while the bound 

water is strongly associated with the chain segments 95, 96. Bulk water and interfacial 

water tend to decrease with decreasing molecular weight between crosslinks and higher 

crosslink density 83. However, the bound water has been postulated to remain constant 

and has been detected in PHEMA –based hydrogels with low water content (i.e.: <  18 

% EWC) 95. 
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Figure 3-5.  Protein adsorption of BSA onto PHEMA of varying DEGDMA/HEMA molar 

ratio (mmol/mmol), TCP, and NC. Asterisk (*) denotes protein adsorption that 
is statistically significant (p < 0.05) from TCP. 

The amido black assay was used to assess protein adsorption of the different 

hydrogel compositions and assay controls, NC and TCP. The protein coverage between 

all of the hydrogels was deemed not statistically different (Figure 3-5). The protein 

coverage of all of the hydrogel samples were not statistically different to the protein 

coverage found on the TCP samples. The protein coverage found on NC surfaces was 

statistically different from protein coverage found on all other surfaces (α = 0.05).  This 

sort of preliminary bio-adhesion study shows that the gels may have similar fouling 

abilities, which may stem from the similarity between gels in regards to wettability 

(captive air bubble measurements ranging from 62 to 66 mN·m-1). Interestingly enough, 

the adsorption between the hydrophilic surfaces was similar to the hydrophobic surface, 

TCP, which is composed of polystyrene. The albumin has been shown to prefer more 
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hydrophobic surfaces, which may be a result of the presence of hydrophobic domains 

on the protein itself 97, 98.  

The modulus was not expected to have an effect on the protein adsorption, due to 

the narrow range in bulk modulus of the samples and also due to the small size of the 

protein. The R2 value for the surface energy    or modulus E versus the protein 

concentration is 0.16 and 0.43, respectively (Figure 3-6). 

 
Figure 3-6.  The relationship between protein adsorption and either modulus (blue 

diamond) or surface energy (red square) of amphiphilic crosslinked networks. 

Conclusion 

No noticeable changes in the volume fraction of polymer were observed by varying 

crosslinker concentration in the feed composition. The water content between hydrogels 

also did not differ substantially between compositions and were found to correspond 

well to what is reported in the literature 86, 70. The compression modulus for these 

hydrogels did not vary as much as anticipated, which was also the case for the surface 

energy. The protein adsorption was not statistically different between all hydrogels. 

R² = 0.4315 

R² = 0.1568 

0

10

20

30

40

50

60

70

80

0

0.5

1

1.5

2

0 2 4 6 8 10

S
u

rf
a

c
e

 E
n

e
rg

y
 (

m
N

/m
) 

M
o

d
u

lu
s
 (

M
P

a
) 

Protein Coverage (µg/cm2) 



 

58 

Surprisingly enough, the amount of protein attaching onto a sample correlated the 

strongest (R2 = 0.43) with the modulus of the hydrogel. The protein adhesion may be 

dictated by a surface parameter, such as hysteresis, that is influenced by the network 

structure of the hydrogel. 

A hydrogel with a wider range in elastic modulus will be created and tested with 

unicellular organisms in order to investigate the validity of the claim that (E  )1/2 exhibits 

a stronger correlation to relative adhesion than modulus and surface energy of the 

substrate alone.  
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CHAPTER 4 
SURFACE PROPERTIES OF AMPHIPHILIC CROSSLINKED NETWORKS WITH 

TUNABLE MECHANICAL PROPERTIES 

Introduction 

Biofouling, which is defined as the attachment of macromolecules and living 

organisms onto a surface, occurs quite frequently in the marine environment. Fouling on 

the hull of navy vessels is problematic, because it results in high operation and 

maintenance costs. The antifouling coatings currently used to curtail this problem are 

deemed harmful to the marine environment due to the release of toxic biocides; 

therefore, non-toxic, foul-resistant materials are being studied as an alternative 2. 

Hydrophilic coatings, such as hydrogels, have shown great potential as an antifouling 

material towards proteins, bacteria (i.e.: Escherichia coli and Pseudomonas 

aeruginosa), Ulva spores, and barnacles 4, 5, 6, 47. The antifouling ability of the 

hydrophilic, ethylene oxide (EO)-based coatings stem from the steric effects of the long 

EO chains and the strong interaction of water with the hydrophilic chains 48. This strong 

interaction with the water molecules, known as hydrogen bonding, may be inhibiting 

adsorption of biomolecules and consequently marine organism settlement onto EO 

chains 48, 49.  

Hydrogels possess favorable antifouling properties in short laboratory assays, but 

have been shown to be unsuitable for long-term assays in a marine environment, due 

surface instability and degradation5, 7. Hydrogels that have been fabricated as 

interpenetrating polymer networks (IPN) tend to exhibit improved mechanical 

robustness compared to the hydrogels composed of only one of the two monomers. An 

interpenetrating polymer network of poly(2-acrylamide-2-methyl-1-propanesulfonate)/ 

polyacrylamide (PAMPS/PAAm DN) hydrogels have been shown to be resistant to 
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degradation in the marine environment for up to 3 months and exhibit acceptable 

antifouling properties towards barnacles (resulting in barnacle surface area coverage < 

50 %) 7. Another approach to creating robust hydrogels involves incorporating 

hydrophobic moieties into the hydrophilic crosslinked network to lower the uptake of 

water and reduce the prevalence of hydrolysis. The presence of water has a plasticizing 

effect on the network structure and can compromises the mechanical integrity of the 

material, which limits their use for many applications. The increased hydrophobicity of 

the crosslinked structure should in fact lead to improved mechanical integrity of 

hydrogels in an aqueous environment 8. 

In this work, amphiphilic crosslinked networks were fabricated as potential 

antifouling materials. HEMA was copolymerized with hydrophobic monomers, 1,3-bis(3-

methacryloxy propyl)tetrakis(trimethylsiloxy)disiloxane (MPTSDS) and tris(trimethyl 

siloxy)-3-methacryloxy propylsilane (TRIS). The amphiphilicity of the gels stems from 

the inclusion of hydrophilic monomer, HEMA, and the hydrophobic monomers, TRIS 

and MPTSDS in the crosslinked networks. The surface properties of these crosslinked 

networks were studied as a function of the di-functional monomer (MPTSDS) 

concentration. These properties are important to characterize due to their influence on 

biofouling 99, 100, 101.  

The MPTSDS concentration was defined as the MPTSDS/(TRIS+HEMA) molar 

ratio (equivalent to mol MPTSDS/(mol HEMA + mol TRIS)). Since these materials have 

hydrophobic and hydrophilic moieties, the surface properties may vary with differing 

feed composition, but not by much. There shouldn’t be any significant changes in the 
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chemical composition of the hydrogel, due to the inclusion of TRIS in the network to 

keep the siloxane concentration in the material constant.  

The surface properties of amphiphilic coatings are highly dependent upon the 

surrounding milieu. For example, when the surface is exposed to a polar solvent (such 

as water) the surface will reconfigure to lower the total free energy of the system by 

exposing the polar moieties to the polar solvent. For HEMA-based hydrogels in 

particular, the hydroxyl and carbonyl groups will interact with water molecules via 

hydrogen bonding. When the material is exposed to air, or a nonpolar solvent, the 

nonpolar moieties (such as the ethylene backbone, methyl and siloxane pendant 

groups) of the hydrogel will be exposed to the surface. This reconfiguration is possible 

due to the flexibility of the polymer chains 90, 102, 103.   

When the di-functional monomer (MPTSDS/(TRIS+HEMA)) molar ratio is varied, 

the chain mobility, chemical composition, and topography of a surface may vary as well. 

All of these surface characteristics influence the hysteresis of a substrate 103, 104. 

Karlsson et al. reported that hydrogels possessing a higher crosslinker concentration 

exhibited lower measured hysteresis due to the lower mobility of polymer chains and 

decreased ability of the probe liquid to penetrate the substrate 103. Similar behavior is 

expected to be seen with the following amphiphilic hydrogels. The hysteresis in the 

siloxane-crosslinked hydrogels should be influenced by the very mobile pendant groups 

and the crosslinker concentration.  

The motivation for investigating this surface parameter stems from the belief that it 

may also influence the foul-resistant properties of a material. Previous studies suggest 

that the magnitude of the substrate’s hysteresis can influence the antifouling and 
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fouling-release properties of marine-foulers. The dynamic contact angle –derived 

hysteresis was reported to be positively correlated with the percent removal of Ulva 

spores on polyolefin coatings: high-density polyethylene, polypropylene, polypropylene-

polyethylene, and ethylene vinyl acetate 50. It has also been reported that the hysteresis 

of perfluoroalkyl coatings was positively correlated with fouling of marine organisms in 

the Chesapeake Bay 105.   

In order to evaluate the surface properties of the siloxane-crosslinked amphiphilic 

crosslinked networks, static and dynamic contact angle measurements were performed. 

Swelling tests were performed to determine the equilibrium water content and 

mechanical testing was done to examine the effect of crosslinker concentration on the 

compression modulus of the amphiphilic crosslinked networks. The amido black assay 

was used to evaluate the fouling properties of these crosslinked networks toward 

protein. 

Experimental Section 

Materials 

Hexanol and 2-hydroxyethyl methacrylate (HEMA) were used as purchased from 

Fisher Scientific and Sigma Aldrich, respectively. Tris(trimethylsiloxy)-3-

methacryloxypropyl silane (TRIS) and 1,3-bis(3-methacryloxypropyl)tetrakis (trimethyl 

siloxy)disiloxane (MPTSDS) were purchased from Sigma-Aldrich and Gelest Inc., 

respectively. Irgacure 2959 was purchased from Ciba Specialty Chemicals. Deionized 

(DI) water (>17.8 MΩ-cm) obtained from Thermo Scientific Branstead EASYpure II 

system was used for contact angle measurements, swelling tests, compression tests, 

and the protein adsorption assay.   
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Sample Preparation 

The monomers (as shown in Figure 4-1 and Table 4-1), diluent, and photo-initiator 

were transferred to glass bottles and mixed until the photo-initiator dissolved 

completely. The prepolymerization mixtures were purged with nitrogen for 

approximately 2 minutes. The prepolymerization mixtures were then transferred by a 

pipette into the molds. These molds consisted of a poly(dimethylsiloxane) elastomer 

(PDMSe) gasket sandwiched between two hexamethyldisilazane-treated quartz crystal 

plates, held together with paper clamps. The prepolymerization mixtures were then 

exposed to ultraviolet (UV) light (BLAK-RAY Lamp, Model UVL-56, 365nm wavelength, 

6.75 mW/cm2 at 2”) for 70 minutes at room temperature. To remove residual monomer 

and hexanol from the hydrogels, the hydrogels were soaked in swelling solvents. The 

amphiphilic hydrogels were submerged in 50 v/v % ethanol in water solution for 24 

hours, a 25 v/v % ethanol in water solution for 24 additional hours, followed by DI water 

until characterization or protein adsorption assays were performed. 

 

 

 

 

 

 

Figure 4-1.  Monomers included in the polymerization of amphiphilic crosslinked 
networks. 
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Table 4-1.  Chemical composition of amphiphilic crosslinked networks with varying 
crosslink ratio. 

MPTSDS/(TRIS+HEMA) 
Molar Ratio (mmol/mmol) 

HEMA MPTSDS TRIS 

(mol %) (mol %) (mol %) 

2.5 91.7 0.3 8.0 

5.0 91.7 0.5 7.8 

10.0 91.7 1.0 7.3 

25.0 91.7 2.4 5.9 

50.0 91.7 4.8 3.5 

75.0 91.7 7.0 1.3 

 

Equilibrium Water Content 

Discs (8mm) were punched out of the water-equilibrated films. The crosslinked 

networks were weighed wd after an equilibrium dry weight was reached in a vacuum 

oven (28 mmHg) at room temperature. The crosslinked networks were then soaked in 

DI water until an equilibrium swollen weight ws was reached. The weight measurements 

were used to calculate the equilibrium water content EWC.  

    
     

  
 

Volume Fraction of Polymer 

Discs (8 mm) were punched out of the hydrogel films. The samples were soaked 

in water until an equilibrium water content was reached, which occurred when the 

weight of the hydrogel remained constant over time. The weight of the hydrogels in a 

swollen state was measured in water Wa,s and toluene Wt,s. The samples were then 

placed in a vacuum oven and left under vacuum (28 in Hg) until an equilibrium dry 

weight Wa,d was reached, which occurred when the weight of the hydrogel remained 

constant over time. The water -equilibrated weight measurements and the volume of the 

polymer Vp were used to calculate the volume fraction of the polymer in the swollen 

state   , 
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) 

   (
    

         
 ) 

where ρp represents the density of the hydrogel and ρt represents the density of the 

non-swelling solvent (toluene) 87. 

Compression Testing 

The elastic modulus of the crosslinked networks was determined by compression 

testing using the TA.XT.plus Texture Analyzer. Discs (8mm) were punched out from the 

water-equilibrated gels. Mechanical testing was performed in compression at a 1 

mm/min strain rate in DI water at room temperature. The compression modulus of the 

crosslinked networks was calculated from the stress-deflection curve corresponding to 

the linear elastic region of the curve.  

Tensile Testing 

The elastic modulus of the water-equilibrated crosslinked networks was 

determined by tensile testing using the method described in ASTM D638 and the 

Instron 1122 frame with MTS ReNew package and extensometer. The Instron frame 

was equipped with a 1000 lb load cell and the samples were subjected to a tensile force 

at a rate of 2 mm/min at room temperature. The elastic modulus of each composition 

was calculated from the linear elastic region from the stress-strain (σ-ε) curve. 

Contact Angle Measurements 

Static contact angle analysis was performed using the Ramé Hart Goniometer 

equipped with DropAdvance Software. Before any measurements were recorded, water 

film/drops were blown off the samples with nitrogen gas. The initial drop size was set at 
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3 μL. Five water drops were placed on each sample and three samples of each 

composition were evaluated. The Owens and Wendt two-liquid geometric mean 

approach was used to calculate the surface energy for contact angle measurements 

performed using the methylene iodide-water (MeI2-water) and methylene iodide-

ethylene glycol (MeI2-EG) liquid pairs 63.  

(      )  

 
  (  

   
 )

 
  (  

   
 )

 
  

     
    

 
 

The    and    represent the surface free energies of the solid and liquid, 

respectively. The following variables   
 ,   

 
,   

 , and   
 
 represent the dispersion force 

components and polar force components of the solid and liquid, respectively 63. The 

surface free energy polar and dispersion force components for water are 50.8 mNm-1 

and 21.8 mN·m-1, respectively. The surface energy dispersion force component and 

polar force component for methylene iodide (MeI2) are 48.5 mN·m-1 and 2.3 mN·m-1, 

respectively. The dispersion force component and polar force component of the surface 

energy for ethylene glycol (EG) are 29.3 mN·m-1 and 18.9 mN·m-1
, respectively 90, 57.  

Contact angle measurements using the captive air bubble technique were 

obtained with the Ramé Hart Goniometer; whereby swollen samples were placed 

upside-down on top of rubber stoppers in a tank filled with DI water.  Air bubbles (3 µl) 

were placed in five different spots for each composition. Three samples of the same 

composition were evaluated. The method used to determine the surface energy of the 

hydrogels has previously been reported by Nguyen 90.  

Dynamic contact angle measurements were performed using the Krüss DSA 100 

drop shape analysis instrument equipped with DSA3 software. The advancing contact 
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angle was obtained by placing 3 μL drops on the surfaces and adding water at a rate of 

15 μL/min. The receding contact angle was obtained by placing a 6 μL drop on the 

surfaces and withdrawing water at a rate of 15 μL/min.  

Fourier Transform Infrared-Attenuated Total Reflectance (FTIR-ATR) 

Dried samples were evaluated with the Thermo Scientific Nicolet 6700 FTIR-ATR 

equipped with OMNIC software. A diamond crystal flat plate was utilized, and the scan 

number and scan resolution were set at 36 and 4 cm-1, respectively.  

Atomic Force Microscopy 

The surface morphology and the root mean square average of the vertical 

deviations from the data plane (Rq) of dry films were examined using the Veeco 

Dimension 3100 AFM equipped with a silicon tip operating under tapping mode. The 

scan rate was set at 1 Hz. The Rq is described in the following equation, was obtained 

using the Nanoscope Software 7.0 

   √∑ (  )   

 

   

 

where  (  )  is the height of the surface at point    and N represents the number of 

values 106. The samples were dried in the vacuum oven prior to analysis in air at room 

temperature. 

X-ray Photoelectron Spectroscopy 

The elemental composition of dry films was examined using the Perkin Elmer PH1 

5100 ESCA System equipped with a magnesium Kα x-ray source at a take-off angle of 

45˚. The system was operated at a pressure < 10-8 Torr. AugerScan 3.2 was used to 

perform data analysis for each composition. 
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Amido Black Assay 

The amido black assay was performed to evaluate the protein adsorption of the 

amphiphilic hydrogels, as well as the assay standards (TCP and NC). The following 

assay was adapted from a previous report 92. All of the samples were coated with 100 

μL of a 3 mg/mL BSA in PBS solution. The samples were left in an incubator for 60 

minutes at 37 ˚C. The protein solution was rinsed with DI water to remove unadsorbed 

protein. The samples were soaked in the amido black stain solution (methanol, DI 

water, Naphthol Blue Black) for 3 minutes.  After rinsing with DI water, the samples 

were washed with the wash solution (90 v/v% methanol, 8 v/v% water, and 2 v/v % 

acetic acid) twice to remove unbound dye. The samples were rinsed with DI water once 

again. This was followed by soaking the hydrogels in the eluent solution (50 v/v% 

ethanol, 50 v/v% 50 mM NaOH with 0.1 mM EDTA) for 30 minutes on a plate shaker (at 

300 RPM). The BioTek microplate reader equipped with Gen5 Software was used to 

measure the UV absorbance at a wavelength of 620 nm (with a 450 nm reference filter) 

of a 100μL aliquot of the dye -labeled protein that was adsorbed to the samples. Five 

replicates of each composition were used for the protein adsorption assay. A standard 

curve was made from serial dilutions of 6 mg/mL of naphthol blue dye –conjugated BSA 

in PBS.   
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Figure 4-2.  Standard curve for amido black protein adsorption assay.  

Statistical Analysis 

The data was reported as mean ± standard deviation. Analysis of variance 

(ANOVA) was used to make inferences about sample means and multiple comparisons 

were made using Tukey’s W procedure. The p-value of 0.05 was used for determining 

statistical significance. 

Results 

As expected, the crosslink molar ratio influenced the modulus and the swelling 

behavior. The correlation between the crosslinker molar ratio and the equilibrium water 

content EWC and modulus is shown in Figure 4-3 and Figure 4-4. There hydrogels were 

not statistically different in regards to EWC, which did not surpass 10% for any 

compositions. The low EWC stems from the presence of hydrophobic moieties in the 

bulk material inhibiting the uptake of large quantities of water. Furthermore, the 
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diminished swelling capabilities with increasing crosslinker molar ratio most likely a 

result of the “tighter” network or lower molecular weight between crosslinks Mc.  

 

Figure 4-3.  EWC(%) of amphiphilic hydrogels with varying MPTSDS/(TRIS+HEMA) 
molar ratio. Asterisk (*) denotes statistically significant EWC (%) from gel with 
molar ratio of 50 (mmol/mmol). Double asterisk (**) denotes statistically 
significant EWC (%) from gel with molar ratio of 25 (mmol/mmol) (p < 0.05). 
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Figure 4-4.  Compression modulus (red square) and Mc of amphiphilic hydrogels of 

varying MPTSDS/(TRIS+HEMA) molar ratio. All moduli were statistically 
significant (p < 0.05) between all gels.  

 

Figure 4-5.  Stress – deflection curve from compression testing of amphiphilic 
crosslinked networks with varying MPTSDS/(TRIS+HEMA) molar ratio 
(mmol/mmol). 
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An increase in crosslinker concentration resulted in network structures with higher 

modulus. This sort of behavior has been reported previously with siloxane-based 

hydrogels 8. This behavior can be attributed to the ‘tighter’ network as a result of an 

increase in crosslink junctions in the network, which results in a higher concentration of 

chain segments contributing to the retractive stress or deformation. In contrast to the 

EWC, each fabricated amphiphilic hydrogel had a statistically different compression 

modulus.  

This increase in modulus with increasing MPTSDS/(TRIS+HEMA) molar ratio is 

mirrored in the data obtained through tensile testing, as seen in Table 4-2 and Figure4-

6. The gel with 75 mmol/mmol molar ratio is statistically different (p < 0.05) from all gels, 

except for the gel with an MPTSDS/(TRIS+HEMA) molar ratio of 50 mmol/mmol. The 

gel with 50 mmol/mmol molar ratio of crosslinking agent is statistically different (p < 

0.05) from gels with an MPTSDS/(TRIS+HEMA) molar ratio of 2.5, 5, and 10 

mmol/mmol. Lastly, the gel with 25 mmol/mmol molar ratio is statistically different (p < 

0.05) from the gel that has a molar ratio of 2.5 mmol/mmol. As expected, the increase in 

stiffness of a hydrogel resulted in a lower measured elongation to break. High 

crosslinking agent in the feed composition lead to higher measured tensile and yield 

stress.   

Table 4-2.  Mechanical properties of amphiphilic networks from tensile tests. 

MPTSDS/(TRIS+HEMA) 
Molar Ratio 

(mmol/mmol) 

Elastic 
Modulus 
(MPa) 

Tensile 
Stress (MPa) 

Yield Stress 
(MPa) 

Elongation at 
Break (%) 

2.5 0.17 ± 0.02 0.23 ± 0.01 0.06 ± 0.01 153 ± 6 
5.0 0.61 ± 0.05 0.32 ± 0.01 0.11 ± 0.01 107 ± 10 

10.0 1.21 ± 0.23 0.54 ± 0.03 0.15 ± 0.02 85 ± 6 
25.0 3.72 ± 1.10 0.80 ± 0.04 0.27 ± 0.04  52 ± 12 
50.0 5.48 ± 0.92  0.66 ± 0.05 0.34 ± 0.04 20 ± 2 
75.0 8.55 ± 3.98 0.65 ± 0.02 0.35 ± 0.14  8 ± 2 
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Figure 4-6.  Stress – strain curve from tensile testing of amphiphilic crosslinked 
networks with varying MPTSDS/(TRIS+HEMA) molar ratio (mmol/mmol). 

Contact angle measurements performed on the amphiphilic crosslinked networks 

indicate that all of these surfaces display a hydrophobic surface (contact angle > 90˚) in 

air. When exposed to a nonpolar environment, the hydrophobic moieties presented 

themselves to achieve a low interfacial surface energy. As expected, the surface 

properties were dependent upon the feed composition. High MPTSDS/(TRIS+HEMA) 

molar ratio in the feed composition resulted in lower measured sessile water drop 

contact angles (Table 4-3). Furthermore, the crosslink molar ratio and surface energy 

were positively correlated; indicating that the hydrophobic moieties were present to a 

high extent on the surface with highly crosslinked networks.  
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Table 4-3.  Surface properties of amphiphilic gels with varying MPTSDS/(TRIS+HEMA) 
molar ratio using the sessile contact angle technique 

MPTSDS/(TRIS+HEMA) 
Molar Ratio 

(mmol/mmol) 

Sessile Contact Angle 
(˚) 

Surface Energy 
(mN·m-1) 

Water EG MeI
2
 Water- 

MeI
2
 

EG- 
MeI

2
 

2.5 110 ± 4 93 ± 3 55 ± 5 30 ± 3 33 ± 3 
5 104 ± 3 90 ± 2 65 ± 4 25 ± 2 27 ± 3 

10 101 ± 2 85 ± 3 63 ± 4 27 ± 2 29 ± 3 
25 95 ± 2 75 ± 5 53 ± 5 33 ± 3 35 ± 3 
50 93 ± 2 65 ± 4 41 ± 4 39 ± 2 42 ± 3 
75 91 ± 2 65 ± 2 33 ± 3 42 ± 1 46 ± 2 

 

 

 

Figure 4-7.  Sessile water drop and captive air droplet on crosslinked networks with an 
MPTSDS/(TRIS+HEMA) molar ratio of 2.5 mmol/mmol. 

The contact angle measurements were most likely influenced by the mobility of the 

crosslinked network, which is influenced by the MPTSDS/(TRIS+HEMA) molar ratio. 

The gels with a lower crosslinker concentration most likely consist of a network structure 

with higher Mc. This ‘looser’ network will be able to expose the most energetically 

favorable moieties to the surrounding milieu in a quicker fashion than those gels with a 

higher crosslinker concentration or ‘tighter’ network structure. This behavior was 

observed in the contact angle measurements using the dynamic contact angle 

technique as well.  
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The advancing contact angles θadv were greater than 90˚ for all crosslinked 

networks (Table 4-4). The θadv were higher than those contact angles reported for 

PHEMA hydrogels, which tend to exhibit θadv in the range of 58-84˚ 107.  The high 

contact angles may be attributed to the surface roughness and chemical heterogeneity. 

These surfaces exhibit behavior as those described in the Wenzel regime; where the 

contact angle measured is influenced by the chemical composition and enhanced by the 

surface roughness. This behavior is described in the following equation, 

where the roughness   is correlated to the contact angle in the following manner. 

  
     

     
 

 

The    and    represent the contact angle of the smooth and rough surfaces 

respectively. In the Wenzel state, the probe liquid layer follows the topography of the 

surface. Here the enhanced hydrophobicity would be explained by the higher surface 

area involved in creating the solid-liquid interface 108. However, problems arise due to 

assumptions made about the surface in this regime. This regime exists on 

homogeneously rough surfaces, which may not be the case for these random 

copolymers.  

The receding contact angles θrec are less than 60°, which is indicative of 

hydrophilic surfaces. The θrec is low due to the wetting that occurs on the surface. The 

presence of hydrophilic domains is caused by the hydration and penetration of the water 

droplet into the surface. Pinning of the water droplet to this hydrated region leads to low 

contact angles 109. As seen in Table 4-4, the θrec decreases with increasing crosslinker 

molar ratio. It seems as though the hydrophilic domains are constrained to the surface 
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to a higher extent with increasing crosslinker in the network, as detected by the lower 

θadv and θrec. 

Table 4-4.  Surface properties of amphiphilic crosslinked networks using the dynamic 
contact angle technique. 

MPTSDS/(TRIS+HEMA) 
Molar Ratio 

(mmol/mmol) 

Dynamic Contact 
Angle 
(˚) 

Hysteresis 

Advancing Receding |θa-θr| 

2.5 134 ± 6 52 ± 7 82 ± 8 
5 124 ± 5 44 ± 6 80 ± 9 
10 115 ± 6 41 ± 4 74 ± 10 
25 109 ± 4 33 ± 4 77 ± 4 
50 102 ± 4 30 ± 4 71 ± 6 
75 96 ± 4 32 ± 5 64 ± 5 

 
The hysteresis, calculated from the difference in measurements between the 

advancing and receding contact angles, was influenced by the crosslinker concentration 

as well (as shown in Table 4-4). The hysteresis was inversely proportional to the 

MPTSDS/(TRIS+HEMA) molar ratio. This has been previously reported with rubber 

materials, mainly natural rubber and butadiene rubber; increased crosslink 

concentration resulted in increased measured hysteresis 110. The gels presented here 

show no substantial changes in hysteresis between compositions. The lower hysteresis 

of the highly crosslinked networks may be due to higher crosslink junctions created with 

increased MPTSDS concentration; which would then reduce the ability of chains to 

reorient upon hydration. Deformation at the contact line due to contact with the probe 

liquid can cause this instability 110.   

 The captive air bubble measurements show a surface that is more hydrophilic. 

The contact angles in an aqueous environment increase with increasing 

MPTSDS/(TRIS+HEMA) molar ratio (Table 4-5). This is in contrast with contact angle 

measurements in air. This behavior is again the result of chain mobility. The restricted 
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mobility doesn’t display the moieties that are energetically stable (such as hydroxyl 

groups), resulting in a surface that is more hydrophobic than others. The surface 

energy, ranging from 56 – 66 mN·m-1, obtained for all compositions is similar to what is 

found in the literature for PHEMA hydrogels 94. The gels with an 

MPTSDS/(TRIS+HEMA) molar ratio of 75 mmol/mmol were statistically significant (p < 

0.05) from all of the other gels. Furthermore, the gel with an MPTSDS/(TRIS+HEMA) 

molar ratio of 50 mmol/mmol is statistically significant (p < 0.05) from all gels, with an 

exception for the gel with a molar ratio of 25 mmol/mmol.  

Table 4-5.  Captive bubble measurements for amphiphilic crosslinked networks.  

MPTSDS/(TRIS+HEMA) 
Molar Ratio 

(mmol/mmol) 

Captive Bubble Contact Angle (˚) Surface Energy 
(mN·m-1) Air n-Octane 

  2.5 25 ± 2 21 ± 2 66 ± 1 
  5.0 25 ± 2 26 ± 2 66 ± 1 
10.0 28 ± 2 27 ± 3 65 ± 1 
25.0 30 ± 2 31 ± 3 63 ± 1 
50.0 34 ± 3 36 ± 4 61 ± 2 
75.0 41 ± 5 44 ± 4 56 ± 4 

 

Chemical composition analysis of the amphiphilic networks was performed using 

FTIR-ATR and XPS to determine which functional groups are present at the surface 

when the gels are in a dehydrated state. The hydroxyl groups, indicating the presence 

of HEMA, are detected at 3400 cm-1 in the ATR-FTIR spectrum (Figure 4-8). CH 

stretching, CO stretching, and CH2 bending are found in all monomers and are present 

at 2956 cm-1, 1721cm-1, and 1402 cm-1, respectively. The characteristic peaks for Si-

CH3 and Si-O-Si are seen at 1251 and 1053 cm-1, respectively. The chemical 

composition of the hydrogels was not expected to deviate substantially between 

compositions due to the constant siloxane concentration in all gels.  As the MPTSDS 
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concentration increased, the TRIS concentration decreased and vice versa. The TRIS 

acting as mono-functional monomer was used so it didn’t contribute to the stiffness of 

the gel by providing additional crosslink junctions. 

 

Figure 4-8.  FTIR-ATR spectra of amphiphilic crosslinked networks with varying 
MPTSDS/(TRIS+HEMA) molar ratio (mmol/mmol). 

Table 4-6 shows that the detected elemental composition of amphiphilic 

crosslinked networks using XPS. The concentration of TRIS and/or MPTSDS at the 

surface is higher than what was predicted theoretically (as seen in Table 4-6 and Table 

4-7). In regards to elemental composition, there seems to be no stark difference 

between crosslinked networks and no trends were found. 
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Table 4-6.  Theoretical elemental composition of amphiphilic networks. 

MTSDS/(TRIS+HEMA) 
Molar Ratio 

(mmol/mmol) 

Si 
(%) 

O 
(%) 

C 
(%) 

C/O C/Si 

2.5 1.3 32.2 66.4 2.1 51.1 
5.0 1.3 32.2 66.4 2.1 51.1 

10.0 1.3 32.2 66.4 2.1 51.1 
25.0 1.3 32.3 66.4 2.1 51.1 
50.0 1.3 32.3 66.4 2.1 51.1 
75.0 1.2 32.3 66.4 2.1 55.3 

PHEMA 0.0 33.3 66.7 2.0 - 

 

Table 4-7.  Elemental composition of amphiphilic crosslinked networks using XPS. 

MPTSDS/(TRIS+HEMA) 
Molar Ratio 

(mmol/mmol) 

Si  
(%) 

O  
(%) 

C 
(%) 

C/O C/Si 

2.5 10.0 25.3 64.7 2.6 6.5 
5.0 9.7 25.9 64.4 2.5 6.6 

10.0 9.2 28.0 62.8 2.2 6.8 
25.0 11.1 27.1 61.8 2.3 5.6 
50.0 9.0 27.9 63.1 2.3 7.0 
75.0 8.4 28.2 63.4 2.2 7.5 

 

The morphology of the crosslinked networks was examined using the AFM. 

Nanotopograpy was observed for all surfaces, as seen in Figure 4-9. Furthermore, the 

molar ratio of MPTSDS/(TRIS+HEMA) influenced the surface morphology of the 

crosslinked networks. The root-mean square roughness (Rq) generally decreased with 

increasing MPTSDS, as seen in Table 4-8. The composition that didn’t follow the trend 

was the hydrogel with the lowest crosslinker concentration. The difference in 

morphology is most likely influenced by the network structure, which is heavily 

influenced by the crosslink molar ratio. The lower crosslinking concentration in the 

network structure resulted in a network with phase segregation, comprising of 

hydrophilic and hydrophobic domains.  
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This may explain the varying hysteresis obtained between compositions. More 

likely than not, the roughness is perhaps too small (less than 100 nm) to influence the 

relatively high sessile contact angle and advancing contact angle in air in polymers with 

lower MPTSDS concentration. There was no apparent correlation between hysteresis 

and varying levels of nanotopography (less than 100 nm) on polyvinylpyrrolidone (PVP) 

and polyvinyl acetate (PVAc) grafted silicon wafers and fluoropolymer coated silicon 

wafer 111, 112. 

 
Figure 4-9.  Morphology of crosslinked networks with an MPTSDS/(TRIS+HEMA) molar 

ratio of (a) 2.5, (b) 5, (c) 10, (d) 25, (e) 50, and (f) 75 mmol/mmol was 
examined using the Veeco Dimension 3100 AFM equipped with a Si3N4 
cantilever. 

 

(a)

(c)

(b)

(d)

(e)

(f)
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Table 4-8.  Roughness Rq of amphiphilic crosslinked networks in a dehydrated state. 

MPTSDS/(TRIS+HEMA) 
Molar Ratio 

(mmol/mmol) 
Rq (nm) 

  2.5 14.6 
  5.0 39.1 
10.0 26.6 
25.0 20.9 
50.0 22.9 
75.0 10.8 

 

The results for the amido black assay show that the adsorption differed between 

hydrogels, as shown in Figure 4-10. Lower protein adsorption was observed on 

hydrogels with high crosslinking concentration; however, the protein adsorption was not 

statistically different between all compositions except that obtained on NC. The R2 value 

between protein adsorption versus surface energy   (captive bubble technique) and 

modulus E was found to be 0.66 and 0.67, respectively.  

  
Figure 4-10.  Protein adsorption on NC, TCP, and amphiphilic hydrogels of varying 

MPTSDS/(TRIS+HEMA) molar ratio (mmol/mmol).  Asterisk (*) denotes 
statistically significant difference with the TCP control (p < 0.05). 
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The chain mobility and roughness of the surface each have been shown to play a 

role in protein adsorption, which tends to be a function of the hysteresis 113. However, it 

has been reported that the roughness needs to be > 100 nm in order to affect the 

hysteresis of a surface. Since this is not the case with the amphiphilic crosslinked 

networks, the hysteresis most likely stems from the chain mobility and chemical 

heterogeneities. Otsuka et al. observed this phenomenon on polyethylene glycol-block-

polylactide (PEG-b-PL) copolymer brushes. BSA adsorption onto PEG-b-PL based 

brushes was negatively correlated to surface hysteresis 109. In this assay, the positive 

correlation between hysteresis and BSA adsorption was seen; the R2 value for the 

protein adsorption versus hysteresis was 0.72.  

In regards to the amido black assay, the macroporous structure may be entrapping 

protein molecules, resulting in higher protein adsorption or absorption. This has 

previously been observed with BSA by Mequanint et al; whereby coatings with larger 

molecular weight between crosslinks Mc (6,253 g/mol) were shown to exhibit higher 

BSA adsorption than coatings with smaller Mc (177g/mol) 114.  

The relationship between the shear modulus G and the molecular weight between 

crosslinks Mc can be seen in the following equation, 

  
   

  
 

where ρ, R, and T represents the density of the polymer network, gas constant, and 

absolute temperature, respectively. According to this equation, the Mc decreased almost 

50-fold as the crosslinker molar ratio increased from 2.5 mmol/mmol to 75 mmol/mmol. 

The Mc of these amphiphilic gels ranged from 999 - 47,846 g/mol. It is possible that the 

least crosslinked amphiphilic gels would result in BSA penetration as well, if protein 
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absorption was observed in hydrogels exhibiting a Mc of 6,253 g/mol. This parameter 

was found to exhibit a high correlation with protein adsorption (Figure 4-11), with an R2 

value of 0.93.  

 

Figure 4-11.  The relationship between protein adsorption and Mc of amphiphilic 
hydrogels. 

The mesh size    of the crosslinked networks was obtained by first calculating the 

unperturbed end-to-end distance ( ̅ 
 )    of the PHEMA chains, 

  
   

  
 

   
 ̅ 

 

   
 

where   ,   ,  ,    and represent the molecular weight of the repeating unit of HEMA, 

the  Flory characteristic ratio, number of chains between two crosslinks, and the carbon-

carbon bond length (0.154 nm).  The characteristic ratio of 6.9 was used because of the 

R² = 0.9318 
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similarities between PHEMA and poly(methyl methacrylate) 87. The mesh size was 

calculated from the following equation (Table 4-9).  

     
    ( ̅ 

 )    

Table 4-9.  Network parameters of amphiphilic crosslinked networks. 

MPTSDS/(TRIS+HEMA) 
Molar Ratio 

(mmol/mmol) 

   

 
( ̅ 

 )     
(nm) 

   
(nm) 

2.5 0.75 ± 0.04 11.0 12.1 
5 0.77 ± 0.01 5.9 6.5 

10 0.74 ± 0.01 4.3 4.7 
25 0.81 ± 0.01 2.4 2.6 
50 0.86 ± 0.01 2.0 2.1 
75 0.87 ± 0.01 1.9 2.0 

 

The radius of BSA has been reported to have a hydrodynamic radius of 3.4 nm 

115. It seems this protein may be more easily absorbed by gels exhibiting an 

MPTSDS/(TRIS+HEMA) molar ratio of 10 mmol/mmol or less.  

Conclusion 

Amphiphilic hydrogels composed of 2-hydroxyethyl methacrylate (HEMA), 1,3-

bis(3-methacryloxypropyl)tetrakis(trimethylsiloxy)disiloxane (MPTSDS), and 

tris(trimethylsiloxy)-3-methacryloxypropylsilane (TRIS) were copolymerized using 

ultraviolet (UV) light and Irgacure 2959 as the photo-initiator. Swelling tests reveal that 

all of these hydrogels exhibit low water content (< 10%) that is dependent upon the 

crosslinker (MPTSDS) concentration.  Hydrogels prepared with varying concentration of 

di-functional monomer (MPTSDS) exhibited tunable mechanical properties, with a 

compression modulus ranging from 0.4 to 4.7 MPa. Not only were the bulk properties 

influenced by the crosslinker concentration in the feed composition, but the surface 
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properties were affected as well. AFM images show nanotopography that is dependent 

upon the crosslinker concentration in the dehydrated state. 

Static contact angle measurements indicate that the networks displayed a 

hydrophobic surface in air. The hydrophobic moieties, such as the siloxane groups or 

alkyl backbone chain, were exposed to air to a greater extent in the networks with low 

crosslink molar ratio than the hydrogels with higher crosslinking concentration due to 

the lower restriction in mobility of the surface. Furthermore, reconstruction at the surface 

was evident from dynamic contact angle measurements. The advancing and receding 

contact angle measurements indicate that the hydrophilic moieties that are initially 

buried in the bulk phase in the gas environment present themselves at the surface when 

de-wetting occurs. The hysteresis was large for all gels and is inversely proportional to 

the crosslinking concentration.  

The protein adsorption assay indicates that the highly crosslinked networks exhibit 

better anti-fouling properties than the networks with a lower crosslink molar ratio. 

However, differences in protein adsorption between gels were not statistically 

significant. Network hysteresis and Mc seems to play a large role in adsorption of BSA. 

The network properties of the gels with lower crosslinking agent concentration may 

facilitate absorption of proteins due to the mesh size that is larger in size than the 

protein. 
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CHAPTER 5 
ANTIFOULING PROPERTIES OF AMPHIPHILIC CROSSLINKED NETWORKS 

Introduction 

Fouling of macromolecules and living organisms occurs frequently in the marine 

environment, which can be problematic for navy vessels. In order to combat issues such 

as this, coatings that serve as antifouling (AF) and foul-release (FR) materials have 

been studied extensively. Green macroalga, Ulva linza, are common foulers of natural 

and man-made surfaces. These organisms, that are present in the upper intertidal zone 

of the ocean, are readily found on the hull of ships and for this reason are used as a 

model system to study the foul-resistant properties of marine coatings 100. Settlement 

and recruitment of spores or larvae is a vital part of the algae life cycle; without success 

at this stage survival is minimal 13. It is this stage that was targeted to control biofouling 

of Ulva.  

As stated previously, low modulus and high wettability of hydrogels provides these 

crosslinked networks with AF properties towards marine organisms 47, 116. Hydrogels 

contain hydrophilic moieties that participate in hydrogen bonding with water molecules. 

The water molecules closely associated with the polymer chain plays a large role in 

protein resistance 99. The lack of presence of a conditioning layer composed of 

biomolecules may be the reason for inhibition of permanent settlement of marine 

organisms.  However, there are some marine organisms that adhere rather strongly to 

hydrophilic surfaces, i.e.: Balanus Amphitrite 66. To inhibit settlement of these types of 

organisms, the surfaces should exhibit FR properties as well.  

An approach that has been used to produce coatings with FR properties involves 

creating a chemically ambiguous surface. This can be done by creating an amphiphilic 



 

87 

coating, which contains both hydrophilic (> 50 mN·m-1) and hydrophobic (< 25 mN·m-1) 

domains. This is believed to create uninhabitable surfaces for settlement of different 

types of marine organisms that adhere strongly to either hydrophilic or hydrophobic 

surfaces, i.e.: Ulva spores and diatoms, respectively 9. A majority of the amphiphilic 

coatings tested against Ulva zoospores contain a combination of hydrophilic 

poly(ethylene glycol) PEG and hydrophobic fluoropolymers (FP).  

It has been reported that settlement and percent removal of Ulva spores are 

dependent upon chain length and concentration of PEG in these amphiphilic brushes. 

Low spore settlement tends to be found on high molecular weight brushes with the high 

PEG content. Unfortunately, these surfaces may require high critical pressure due to the 

strong intermolecular interactions between the settling organism and the surface. Park 

et al. found this to be the case with amphiphilic brushes containing PEG chains 

exhibiting a molecular weight of 20 kg/mol. In contrast, the brushes with a lowest 

molecular weight (10 kg/mol) of PEG required lower critical pressure (< 21 kPa) to 

remove spores compared to the PDMSe control, but this was only the case for the 

coating with the highest PEG content 53. An amphiphilic brush coating consisting of 

polyoxyethylene-polytetrafluoroethylene (PEO-PTFE) side groups exhibited similar Ulva 

spore settlement compared to the poly(styrene-b-(ethylene-co-butylene)-b-polystyrene) 

(SEBS) control. These coatings were found to have FR properties; percent removal of 

spores was higher for PEO-PTFE coatings (50-80 %) compared to the SEBS coating 

(30%) and PDMSe control (30%) 9. Coatings composed of dendritic diisocyanate 

tethered with the amphiphilic functional moiety, PEO and fluoroalkyl chains, exhibited 
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lowest density of spores and highest percent removal compared to PDMSe and glass 

samples 54.  

Other marine organisms, i.e. diatoms and barnacles, seem to be inhibited by 

amphiphilic brushes as well 55. Poly(poly(ethylene glycol)methyl ether methacrylate)-

block-poly(2,3,4,5,6-pentafluorostyrene) (P(PEGMA)-b-PPFS) brushes were reported to 

inhibit barnacle settlement in laboratory settlement assays and field tests by panel 

immersion in the marine environment 56. The percent removal of diatom Navicula 

exposed to the PEO-PTFE brushes was lower (ranging from 60 to 85 %) than the SEBS 

control (which was ~90%). Diatoms have been reported to adhere more strongly to 

hydrophobic surfaces. This was perhaps why the they were hard to remove from the 

amphiphilic surfaces, which was more hydrophobic than the SEBS control 9.  

Crosslinked networks have also been successful at inhibiting settlement of marine 

organisms. A PEG and perfluoropolyether crosslinked network had a 29% reduction of 

diatom Nitzschia density compared to the PDMSe control 58.  Moreover, spore 

settlement was lowest on polyethylene glycol-hyperbranched fluoropolymers 

crosslinked networks (HBFP-PEG) surfaces with the highest PEG content (45 and 55 wt 

%), exhibiting an 83% reduction of Ulva spore settlement compared to the glass 

standard. The HBFP-PEG45 hydrogel with 45 wt% PEG had the highest percent 

removal of spores, reaching 40 %. Percent removal for 8-day old Ulva was 90% for 

HFPE-PEG45 surface, which was twice as much as that for the PDMSe surface 57. 

Percent removal of diatom Navicula and Ulva spores was higher with acrylic polyol-

grafted PDMS polyisocyanate crosslinked coatings containing a high concentration of 
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hydroxyethyl acrylate (HEA) (and to a lesser extent butyl acrylate (BA)). The highest 

percent removal of Ulva spores observed was 100% 59.  

The modulus of a substrate has also been shown to play a role in attachment 

strength of marine organisms. This phenomenon was observed by Berglin et al. 

hydrophobic materials were studied for their fouling-release abilities towards barnacles. 

They found that the adhesion was weaker for the barnacles attached to silicone 

(possessing a    = 22 mN·m-1), compared to the barnacles attached to Teflon®. 

According to the work of adhesion Wsl equation,  

               

(where   ,    , and     represents the surface energy of the solid, the surface energy of 

the liquid, and the interfacial tension between the solid and liquid, respectively) the 

surface with the lowest surface energy (Teflon®    = 17 mN·m-1) will generate a weaker 

adhesion 14. However this was not observed. The low modulus of the silicone coatings 

was reported to be the reason for the lower adhesive strength between the silicone and 

the barnacles. Berglin et al. determined that the detachment stress of barnacles is 

proportional to (E  )1/2 67. The correlation between the relative adhesion and (E  )1/2 was 

found to be greater (R2 = 0.89) than the correlation between to the relative adhesion 

versus the surface energy or elastic modulus alone, R2 = 0.75 and 0.82, respectively 68. 

Amphiphilic crosslinked gels were fabricated to investigate its AF and FR 

capabilities towards marine organism, Ulva linza. These amphiphilic hydrogels were 

tested against Ulva to evaluate the effect of modulus, which is influenced by the network 

structure parameter Mc, on settlement density and strength of adhesion. The hydrogels 

were composed of 2-hydroxyethyl methacrylate (HEMA), 1,3-bis(3-methacryloxy 
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propyl)tetrakis(trimethylsiloxy)disiloxane (MPTSDS), and tris(trimethylsiloxy)-3-

methacryloxy propylsilane (TRIS). These three monomers were copolymerized using 

molar ratios of MPTSDS to the sum of TRIS plus HEMA ranging from 2.5 - 75 

mmol/mmol. The HEMA concentration was kept constant at 91.7 mol %. These gels 

exhibit tunable mechanical properties due to the differences in the feed composition, 

which influences the Mc.   

Experimental Section 

Materials 

Allyltrimethoxysilane, 2-hydroxyethyl methacrylate (HEMA), and 

tris(trimethylsiloxy)-3-methacryloxypropylsilane (TRIS) were purchased from Sigma 

Aldrich and used as received. The crosslinker, 1,3-bis(3-methacryloxypropyl)tetrakis 

(trimethyl siloxy)disiloxane (MPTSDS), was purchased from Gelest, Inc. Sodium 

metabisulfite (SMBS) and ammonium persulfate (APS) were purchased from Fisher 

Scientific and Sigma Aldrich, respectively. Irgacure 2959 was purchased from Ciba 

Specialty Chemicals. N-octane and 1-hexanol were obtained from Fisher Scientific. 

Deionized water (>17.8 MΩ-cm) was obtained from the Thermo Scientific Branstead 

EASYpure II system.  Silastic T2 resin and curing agent was purchased from Dow 

Corning. 

Preparation of Amphiphilic Hydrogels 

The monomers, diluent, and photo-initiator (Table 5-1) were transferred to glass 

bottles and mixed until the photo-initiator dissolved. The prepolymerization mixtures 

were purged with nitrogen for approximately 2 minutes. Methacryloxypropyltriethoxy 

silane treated glass slides were prepared and included in a mold consisting of a PDMSe 

gasket sandwiched between two hexamethyldisilazane-treated quartz crystal plates 
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(held together with clamps).The prepolymerization mixtures were then transferred by a 

pipette into the molds. The prepolymerization mixtures were then exposed to ultraviolet 

(UV) light (BLAK-RAY Lamp, Model UVL-56, 365 nm, 6.75 mW/cm2 at 2”) with the mold 

in a vertical position for approximately 70 minutes at room temperature. 

To remove residual monomer and hexanol from the hydrogels, the hydrogels were 

soaked in swelling solvents. The amphiphilic hydrogels were submerged in 50 v/v % 

ethanol in water solution for 24 hours, a 25 v/v % ethanol in water solution for 24 

additional hours, followed by DI water until assays were performed. 

Table 5-1.  Feed composition of amphiphilic crosslinked networks.  

MPTSDS/(TRIS+HEMA) 
Molar Ratio 

(mmol/mmol) 

HEMA MPTSDS TRIS 

(mol %) (mol %) (mol %) 

2.5 91.68 0.25 8.07 

5 91.68 0.50 7.82 

10 91.68 0.99 7.33 

25 91.68 2.44 5.88 

50 91.68 4.77 3.55 

75 91.68 6.98 1.34 

 

Synthesis of PDMS samples 

Silastic T2 resin and curing agent were weighed out at a 10:1 weight ratio and 

mixed for 5 minutes. The mixture was then placed in desiccator under vacuum for 20 

minutes to degas. Glass slides were treated with allyltrimethoxysilane (APS) to enable 

adhesion of the siloxane mixture to the glass slide. The PDMS was poured over the 

treated glass slides and pressure was applied to the mold consisting of two glass slides 

and 2 mm spacers. The siloxane mixture was allowed to cure for 24h at room 

temperature.  
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Ulva Spore Assay 

Three replicates of each composition were soaked in DI water prior to being 

equilibrated in artificial seawater (ASW) for 2 hours. Three replicates of each 

composition were tested in the Ulva spore assay. Ulva linza was collected from mature 

plants in the Llantwit Major. Preparation of Ulva linza is described elsewhere69. The 

samples were soaked in a 1 x 106 spores/mL suspension for 45 minutes in the dark at 

20 °C. Unattached spores were washed away by passing 10 times through a beaker 

filled with seawater.  

Three replicates from each composition were fixed with 2.5% glutaraldehyde in 

seawater solution. Thirty counts were taken from three of the replicates (n = 90). A 

Zeiss Kontron 3000 imaging system equipped with a Zeiss epi-fluorescence microscope 

with a 10 x objective was used to count the attached spores on the samples.  

Ulva Sporeling Assay 

The zoospores of Ulva linza plants were the source of the sporelings and were 

prepared as described previously 69. These zoospores were suspended in seawater at a 

concentration of 0.1 (OD 66nm). Six replicates of each composition were soaked in the 

zoospore suspension for 45 minutes, followed by a gentle washing to remove 

unattached zoospores. The samples were transferred to a dish with enriched seawater 

and incubated at 18 °C with 16:8 light: dark cycle, while media was replaced every 2 

days. Cell density was measured at day 8 via chlorophyll a extraction.  Before 

chlorophyll a extraction and spectrophotometric evaluation the slides were subjected to 

a wall shear stress of 52 Pa for 5 minutes. A water jet apparatus operating at a water 

pressure of 100 kPa was used to assess the sporeling biomass removal on amphiphilic 

coatings (3 replicates) and the PDMSe control (3 replicates).  
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Statistical Analysis 

The data was reported in mean ± standard deviation. Analysis of variance 

(ANOVA) and Tukey’s test was used to make inferences about sample means, as well 

as make multiple comparisons between sample means. A p-value of 0.05 was used to 

determine statistical significance. 

Results 

 Ulva spore attachment and sporeling biomass assays were performed to assess 

the antifouling and fouling-release properties of amphiphilic crosslinked gels with 

varying crosslinking agent in the feed composition. The assay to evaluate spore density 

on the various test surfaces show that all of the gels perform better than the PDMS 

control, as seen in Figure 5-1. The lowest settlement observed was with the 

composition that has an MPTSDS/(TRIS+HEMA) molar ratio of 50 mmol/mmol 

exhibiting an 80 % reduction of spore settlement compared to the PDMSe control. This 

gel has excellent antifouling abilities due most likely to the high surface energy of 61 

mN·m-1. However, the surface energy between gels with an MPTSDS/(TRIS+HEMA) 

molar ratio of 50 and 25 mmol/mmol were not statistically different (p > 0.05) and both 

received noticeably different density of spore settlement. The surface energy between 

gels was shown to be statistically different between some compositions, but the 

differences were not expected to influence a biological response. Another substrate 

parameter(s) must account for the difference in settlement density of spores between 

these gels. 
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Figure 5-1.  Settlement density of spores on amphiphilic crosslinked networks with 
varying MPTSDS/(TRIS+HEMA) molar ratio (mmol/mmol) and the PDMSe 
control. Asterisk (*) denotes statistical significance from PDMSe control (p < 
0.05). 

A general trend was observed; the spore density decreased with increasing 

MPTSDS/(TRIS+HEMA) molar ratio. However, the least crosslinked gel did not follow 

this trend. The influence of substrate modulus on marine settlement has been 

documented previously. However, these results contradict what has been described in 

the literature. For example, the settlement density of bryozoan, Bugula neritina (B. 

neritina), has previously been shown to be positively correlated with substrate modulus 

of dimethyl silicones (possessing an elastic modulus ranging from 0.01-0.1 MPa). Only 

the surface with the lowest moduli was statistically different. The same behavior was 

seen with Zoothamnium sp., Astylozoon sp., Folliculina sp. in field experiments at the 

Rhode River estuary 117.  

A similar trend was observed with sporeling biomass after 7 days of settlement 

onto test samples (Figure 5-2 and Figure 5-3), further substantiating the evidence found 
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with the Ulva spore settlement onto the test surfaces. These young plants were found to 

preferentially adhere to PDMSe and the hydrogel with the lowest crosslinking agent in 

the feed composition (2.5 mmol/mmol). In this experiment, the coating with an 

MPTSDS/(TRIS+HEMA) molar ratio of 75 mmol/mmol exhibited the lowest biomass of 

sporelings; with a percent reduction compared to the PDMSe control of 70.  Again, the 

surface energy of the substrate is not the only parameter influencing the settlement 

behavior on these substrates. The compositions with an MPTSDS/(TRIS+HEMA) molar 

ratio of 2.5, 5, 10, and 25 mmol/mmol did not exhibit statistically different surface energy 

(p > 0.05).  

 

Figure 5-2.  Biomass of sporeling biomass after 7 days of growth on amphiphilic 
crosslinked networks of varying MPTSDS/(TRIS+HEMA) molar ratio 
(mmol/mmol) and PDMSe. The RFU represents relative fluorescence units. 
Asterisk (*) denotes statistical significance from the gel with an 
MPTSDS/(TRIS+HEMA) molar ratio of 75 mmol/mmol (p < 0.05). 
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Figure 5-3.  Images of sporeling biomass on amphiphilic crosslinked networks with 
varying MPTSDS/(TRIS+HEMA) molar ratio and PDMSe after 7 days of 
growth. Left to Right: PDMSe, 2.5, 5, 10, 25, 50, and 75 mmol/mmol.  

Ulva spore adhesion has been shown to be influenced by the mechanical 

properties of crosslinked networks. The percent removal of spores and sporeling 

biomass, not settlement density, has previously been shown to be influenced by 

substrate modulus in the range of 0.2 to 9.4 MPa. Chaudhury et al. have reported that 

the percent removal of spores was negatively correlated with the elastic modulus of the 

PDMS crosslinked networks. It was the softest modulus that had the only statistically 

significant (p < 0.05) percent removal of these marine organisms on the PDMS 

substrates 69. This behavior was also observed with the sporeling biomass on the 

PDMS substrates.  

Kendall’s equation has been used to describe this phenomenon. The critical pull 

off force Pc required for removal of a rigid disk from a thin elastomer film (t << a) 

attached to a rigid material. 

       √(
    

 
) 

When the elastomeric adhesive film is thick (t >> a) the Pc is described as the following, 
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   √      
 (    )⁄  

where t, a, K, ν, and Gc represent the film thickness, contact radius, bulk modulus of the 

film, Poisson’s ratio, and the critical fracture energy, respectively. In the instance the 

equation modified further 68. According to this equation the pull off force Pc is related to 

the substrate modulus E, as well as the surface energy   (which is equivalent to 1/2Gc). 

Kendall’s equation was tested by Berglin et al. using pseudobarnacles and 

poly(butylmethacrylate-co-allylmethacrylate) crosslinked networks as the test surface. 

The attachment strength was positively correlated with storage modulus, as was the 

term (G’  )1/2. It was postulated that the higher chain mobility of the crosslinked network 

could enable interfacial slip at lower modulus, resulting in lower adhesion strength 

between the substrate and pseudobarnacles 67.  

However, the amphiphilic samples show behavior that contradicts what was 

described in the Chaudhury and Berglin paper and was is predicted by the Kendall 

equation. Substrates with higher modulus exhibited lower percent removal of sporeling 

biomass. Furthermore, the spores were strongly adhered to the amphiphilic gels 

compared to the PDMSe samples. So much so, that the wall stress had to be increased 

from 52 kPa to 100 kPa to remove sporelings from the amphiphilic gels. These gels 

ability to strongly attach to these organisms may be due to the hydrophilicity of these 

samples. Ulva spores have been reported to adhere strongly to hydrophilic samples 100. 

This was seen with self-assembled monolayers with varying wettability. The wettability 

of CH3/OH terminated SAMs was found to influence percent removal of spores; 

whereby, the percent removal of spores increased with increasing hydrophobicity of the 

mixed CH3/OH terminated self-assembled monolayers (SAMs).  
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If surface energy did play a role in the strength of attachment of the sporelings to 

the substrates, it was seen in the detachment strength assay (Figure 5-4). Captive 

bubble contact angle measurements show that the amphiphilic gels possess greater 

hydrophobicity as the crosslinking concentration in the feed composition is increased, it 

is not surprising then that the percent removal is higher for those highly crosslinked 

networks. However, the correlation between surface energy is low (R2 value of 0.31).  

 

Figure 5-4.  Percent removal of sporeling biomass on amphiphilic crosslinked networks 
of varying MPTSDS/(TRIS+HEMA) molar ratio (mmol/mmol) and PDMSe. 
Asterisk (*) denotes statistical significance to PDMSe control (p < 0.05). 

The correlation R2 between percent removal and the term (E )1/2 was found to be 

0.57 which was higher than that for just modulus alone, which was 0.39. As stated 

previously, the network structure may have played a role in the fouling abilities of these 

amphiphilic gels. The Mc of the gels was found to decrease almost 50-fold, when the 

crosslinking agent molar ratio increased from 2.5 mmol/mmol to 75 mmol/mmol. The 
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correlation R2 between the Mc and percent removal of sporeling biomass and sporeling 

biomass was found to be 0.83 and 0.98, respectively (Figure 5-5). 

 

Figure 5-5.  Relationship between percent removal of sporeling biomass and Mc 

(top).Correlation between percent removal of sporeling biomass and 
substrate modulus (bottom).  

 
R² = 0.83 

0

10

20

30

40

50

60

70

80

90

0 10 20 30 40 50

%
 R

e
m

o
v
a

l 
 

Mc (kg/mol) 

R² = 0.3931 

0

10

20

30

40

50

60

70

80

90

0 1 2 3 4 5 6 7 8 9

%
 R

e
m

o
v
a

l 

Modulus (MPa) 



 

100 

 

Figure 5-6.  Relationship between percent removal of sporeling biomasss and Mc (top) 
of crosslinked networks. Relationship between sporeling biomass and 
substrate modulus (bottom) of crosslinked networks.  

The green algae adhere to a surface through an adhesive, composed of 

hydroxyproline-rich proteins, that is secreted as a liquid. It has been stated that the 

adhesive behaves similarly to a hydrogel, swelling when exposed to water. The green 

algae are secured to the surface when the adhesive pad has cured 73. The substrate 
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network structure may have influenced the adhesion process for the spores and 

sporeling biomass growth. The hydrogels with a higher Mc may have facilitated the 

penetration of the sporeling adhesive into the substrate. This may be the reason why 

the sporeling biomass was greater on hydrogels with low MPTSDS/(TRIS+HEMA) molar 

ratio. This may also explain why the sporeling biomass was easier to remove from the 

surfaces with higher crosslink density. 

Issues with these coatings during the assay arose due to delamination of coatings 

from glass slides. For this reason, the assay to test the percent removal of spores assay 

could not be completed. The chemical and mechanical integrity of the samples were not 

affected by sea water exposure. These contact angles were measured using the captive 

air bubble technique were shown to be similar to contact angles obtained from water 

equilibrated samples. The contact angle measurements are shown in in Table 5-2. 

Table 5-2.  Contact angle measurements of amphiphilic crosslinked networks 
equilibrated in sea water for 48h 

MPTSDS/(TRIS+HEMA) 
Molar Ratio 

(mmol/mmol) 

Captive Air Bubble 
Contact Angle  

(°) 

2.5 23 ± 2 
5 24 ± 2 

10 25 ± 2 
25 27 ± 2 
50 28 ± 3 
75 31 ± 6 

 

Conclusions 

The assays indicate that the differences between the amphiphilic gels with varying 

crosslink density influenced the zoospore settlement density, as well as sporeling mass 

and attachment strength. The spore density of the common marine fouler, Ulva linza, 

increased as the elastic modulus of the amphiphilic gels decreased. This contradicts 
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data previously described, whereby, the spore density was lower on softer surfaces. 

This behavior was also observed with the sporeling biomass growth. Furthermore, the 

attachment strength of sporeling biomass does not follow the Kendall equation. The 

spore attachment increased with decreasing substrate elastic modulus. It seems that 

the Mc plays a higher role in marine organism settlement than the modulus. Gels with a 

higher Mc possessed higher Ulva settlement and attachment.   

Interestingly enough, the fouling behavior of spores and growth of sporelings 

mirrored that of the protein, bovine serum albumin. Similar to the BSA, the difference in 

network structure, most notably Mc and mesh size, between gels may account for 

differences in antifouling abilities of the gels towards sporeling biomass growth. 

Reasons for this may stem from the ease at which biomolecules can diffuse into the 

network structure due to increases in mesh size with lower crosslink density. These 

biomolecules may originate from the surrounding milieu or may be egested from the 

spores themselves. Protein adsorption has been reported to play a role in enhancing 

fouling of marine organisms.   
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CHAPTER 6 
PEPTIDE-CONJUGATED AMPHIPHILIC CROSSLINKED NETWORKS WITH 

TUNABLE MECHANICAL PROPERTIES 

Introduction 

Organogenesis can be emulated with the aid of biomaterials for the treatment of 

atherosclerosis, a disease of the vessel where the thickening and stiffening of the 

arterial wall adversely affects blood circulation 19. In order create an effective tissue-

engineered vascular graft (TEVG) the scaffold must direct the cells to regenerate tissue. 

In the case of TEVGs, it is necessary to induce physiologically functional endothelial 

and smooth muscle cells (SMCs). To accomplish this, the scaffold must exhibit relevant 

mechanical and chemical properties. The human aorta has been reported to exhibit a 

modulus in the range of 0.3 - 1 MPa and the human saphenous vein has been reported 

to exhibit a modulus in the range of 0.03 - 2.51 MPa in the circumferential direction and 

0.16 - 0.47 in the longitudinal direction 118, 119. 

Synthetic materials, such as hydrogels, have a wide range of applications due to 

their tunable properties. These properties are dependent upon feed composition, 

processing method, and polymer volume fraction. These crosslinked gels possess high 

permeability and low stiffness. Since these synthetic materials tend to resist non-

specific adsorption of bioactive molecules (i.e.: proteins or peptides), cell adhesion and 

spreading will not be possible without suitable modification in the form of physi-

adsorption or covalent bonding of bioactive molecules to the crosslinked network prior 

to cell seeding 120. 

Extracellular matrix (ECM) products (such as collagen, fibronectin, laminin, 

fibrinogen, and matrigel) are commonly used to adhere mammalian cells to synthetic 

polymers 29. The ECM is an important component of tissue because it provides a 3-
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dimensional structure of bioactive molecules. Cells adhere to a these ECM components 

via integrins. Integrins are involved in mediating adhesion between the ECM and the 

cell cytoskeleton. They act as signaling receptors (outside-in signaling), relaying 

information about a substrate to the inside of the cell; thus, mediating cell adhesion, 

migration, and assemblage of the ECM. These processes are what make integrins 

essential for tissue regeneration 38. The presence and concentration of proteins or 

peptides physi-adsorbed or covalently bonded to the crosslinked structures has been 

shown to influence cell adhesion, proliferation, and morphology. This phenomena may 

explain why the type and amount of bioactive molecules of the ECM vary between the 

different types of tissue 121. 

During the developmental stages of a blood vessel formation, the SMCs exhibit a 

‘synthetic’ phenotype which is considered to be in a migratory, highly proliferative state, 

and exhibit a fibroblast-like morphology 29. When the contractile phenotype is 

expressed, SMCs exhibit a bipolar spindle shape 30, 31. SMCs have the ability to contract 

and balance ECM production by synthesis and degradation of the matrix components 

when expressing the contractile phenotype. In order to obtain this phenotype in a 

vascular graft, the SMCs will need to be induced by environmental cues:  chemical, 

topographical, and mechanical.   

 Proteins have previously been grafted (via plasma, IR/gamma radiation, or 

chemical modification) or physi-adsorbed to hydrogels with improved results for cell 

adhesion, morphology, and phenotype 74, 75. Fibronectin alone was shown to not affect 

proliferation or induce the contractile phenotype; however, it has been shown to 

promote cell adhesion 40, 32, 39 . Laminin has been shown to promote the contractile 
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phenotype by resisting cell proliferation in the presence of platelet-derived growth factor 

(PDGF) and inducing high volume density of myofilaments (Vvmyo ) 40, 32.  

The advantages of using peptide sequences as opposed to protein molecules 

include lower prevalence of conformational changes, improved control over ligand 

density, lower prevalence of immune response, and stability during sterilization 77. 

Surface coverage was found to also be greater for fibronectin adhesion peptide (FAP)-

tethered poly(HEMA-co-MMA) hydrogels (0.161 μg/cm2) compared to laminin/ 

fibronectin, -tethered poly(HEMA-co-MMA) hydrogels (0.072 and 0.084 μg/cm2, 

respectively) 78. 

The Arg-Gly-Asp (RGD) conjugated coatings have been previously shown to 

influence smooth muscle cell behavior. Higher adhesion of human coronary artery 

SMCs was observed on PEG hydrogels comprised of RGD-conjugated PEG (Mw 3400 

g/mol) compared to laminin and fibronectin coated cover slips. There was decreased 

expression of contractile markers (α-actin, calponin, and SM-22α) for cells cultured on 

laminin coated glass cover slips compared to those on peptide incorporated hydrogels 

42. This behavior was not expected, since laminin has been shown to enhance 

contractile properties of smooth muscle cells (SMC). Culturing cells on high modulus 

cover slips (Eglass ≈ 3 GPa) may have directed cells towards synthetic phenotype 40. 

Contraction of the SMCs was not observed on the RGD-conjugated PEG hydrogels in 

response to exposure to carbachol, which was used to examine ligand induced 

contraction 42. Mann et al. found that SMCs adhere at a higher rate to glass slides 

coated with KQAGDV, compared to slides coated with RGDS, VAPG, RGES (a non-

adhesive control peptide), or the control glass slide. Cell migration for all peptide-
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conjugated glass slides decreased, except RGES, as the protein concentration 

increased from 0.2 nmol/cm2 to 2.0 nmol/cm2. Presence of functional peptides resulted 

in lower proliferation of SMCs; in addition, proliferation of SMCs was found to be 

dependent upon peptide concentration 10.  

The mechanical properties have time and time again been shown to influence cell 

behavior. It is well known that cells can sense and respond to physical forces 43. 

Mechanical signals can be sent across the cell membrane via integrins. The amount of 

deformation at the adhesion site can control cell behavior 36. Amphiphilic gels were used 

as a substrate to grow SMCs. The effect of modulus on SMC behavior was studied on 

these gels that exhibited tunable mechanical properties by varying the di-functional 

monomer concentration (MPTSDS).  

Amphiphilic crosslinked networks that were fabricated were functionalized with 

Arg-Gly-Asp-Ser (RGDS). Peptide conjugation to the hydrogels was performed by the 

reaction of the epoxy group of glycidyl methacrylate to the peptide, RGDS. Epoxides 

can react with nucleophilic groups (i.e., amino, hydroxyl, or thiol functional groups) on 

proteins and peptides, forming secondary amino bonds, ether groups, and thioether 

bonds 122. The effect of peptide concentration and substrate modulus on SMC behavior 

was studied by examining attachment and proliferation.  

Experimental Section 

Materials 

Hexanol and 2-hydroxyethyl methacrylate (HEMA) were used as purchased from 

Fisher Scientific and Sigma Aldrich, respectively. 1,3-bis(3-methacryloxypropyl)tetrakis 

(trimethylsiloxy)disiloxane (MPTSDS) was purchased as is from Gelest, Inc. Glycidyl 

methacrylate and tris(trimethylsiloxy)-3-methacryloxypropyl silane (TRIS) were 
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purchased from and Sigma-Aldrich. Irgacure 2959 was purchased from Ciba Specialty 

Chemicals. Deionized (DI) water (>17.8 MΩ-cm), obtained from Thermo Scientific 

Branstead EASYpure II system, was used for the swelling and compression tests. 

Quant-iT PicoGreen dsDNA reagent, Lambda DNA standard, and 20X TE buffer were 

obtained from Invitrogen. Triton X-100 was obtained from Sigma Aldrich.  

Synthesis of Amphiphilic Crosslinked Networks 

The proper amounts of monomer, initiator (0.1 mol % prepolymerization mixture), 

and diluent (29 mol % prepolymerization mixture) were transferred to glass bottles 

(Table 6-1). The prepolymerization mixtures were stirred on a stir plate using a stir bar. 

The prepolymerization mixtures were purged with nitrogen for approximately 2 minutes. 

The prepolymerization mixtures were be transferred by a pipette into molds, consisting 

of a PDMSe gasket sandwiched between two hexamethyldisilizane-treated quartz 

crystal plates (held together with clamps). The prepolymerization mixtures were 

exposed to ultraviolet (UV) light (BLAK-RAY Lamp, Model UVL-56, 365 nm, 6.75 

mW/cm2 at 2”) with the mold in a vertical position for approximately 70 minutes at room 

temperature.  
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Figure 6-1.  Synthesis of amphiphilic crosslinked networks 

Table 6-1.  Chemical composition of amphiphilic crosslinked networks 

MPTSDS/(TRIS+HEMA) 
Molar Ratio 

(mmol/mmol) 

Composition (mol %) 

HEMA GMA MPTSDS TRIS 

  2.5 77.5 14.1 0.25 8.07 
10.0 77.5 14.1 0.99 7.32 
75.0 77.5 14.1 6.98 1.34 

 

RGDS Functionalization of Crosslinked Networks 

The samples were exposed to a 400 µL aliquot of a 0.05 mM, 0.5mM, and 5.0 mM 

RGDS/0.1 M Na2CO3 solution for 24 hours. To remove residual monomer and hexanol 

from the hydrogels, the hydrogels were soaked in swelling solvents. The amphiphilic 

hydrogels were submerged in 50 v/v % ethanol in water solution for 24 hours, a 25 v/v 

% ethanol in water solution for 24 additional hours, followed by deionized (DI) water 

until characterization. 
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Figure 6-2.  Synthesis of RGDS-conjugated amphiphilic crosslinked networks 

Fourier Transform Infrared Spectroscopy - Attenuated Total Reflectance (FTIR-
ATR) 

Dried samples were loaded into the ThermoScientific Nicolet ATR-FTIR 

Spectrometer equipped with a germanium crystal. A spectrum was made from a scan 

number and scan resolution set at 32 and 4 cm-1, respectively. The characteristic peak 

at 1645 cm-1 corresponded to the amide bond of the peptide, RGDS.  

Fluorescence Microscopy 

The peptide -conjugated crosslinked networks were labeled with fluorescein 

isothiocyanate (FITC) to determine the relative peptide concentration. FITC solution 

were prepared from 100 mM carbonate solution (pH = 9.5). Each sample was coated 

with 500 µL of FITC solution, to allow for a nucleophilic reaction between the RGDS and 

FITC. The samples were allowed to react for 24h at room temperature. The samples 

were washed 3 times and soaked overnight in DI water before exposure to a light 

source exhibiting an excitation wavelength of 494 nm and recording the intensity of the 

light at an emission wavelength of 520 nm. Three spots from each gel were imaged. 

Image J was utilized to measure the fluorescence intensity of the images taken of the 

hydrogels.  
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Equilibrium Water Content 

Discs (8mm) were punched out of the peptide-conjugated films and weighed ws. 

The crosslinked networks were weighed wd after an equilibrium dry weight was obtained 

in a vacuum oven (28 in Hg) at room temperature. The weight measurements were 

used to calculate the equilibrium water content EWC.  

      
     

  
     

Compression Testing 

The elastic moduli of the peptide -conjugated crosslinked networks were 

determined by compression testing using the TA.XT.plus Texture Analyzer. Discs 

(8mm) were punched out from swollen gels. Mechanical testing was performed in 

compression at a 1 mm/min strain rate in DI water at room temperature. The 

compression modulus of the crosslinked networks was calculated from the linear region 

of the stress-deflection curve. 

Cell Culture  

Human SMCs were cultured in smooth muscle cell media (SMCM) supplemented 

with 10% fetal bovine serum (FBS), 2 mM ʟ-glutamine, 500 units of penicillin, and 100 

mg/L of streptomycin. The cells were left in the incubator at 37˚C and 5 % CO2 until 

used for the cell experiments. The media was replaced every 2 – 3 days. Cells were 

used between passage 6 and 8 42, 123.  

Cell Proliferation 

The SMCs were seeded onto the sterilized substrates at a density of 2.5 x 104 

cells/mL in SMCM. Aliquots (1 mL) of the cell suspension were transferred to each 

substrate in the 24 well plate. During this time, cells that didn’t adhere to the substrate 
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were removed when the media was replaced. The cells were allowed to grow on the 

substrates for 1, 3, and 7 days. A 1 v/v % Triton X-100 solution was used to lyse the 

cells. The cells were placed in the incubator for 10 minutes at 37 °C at 5% CO2. A 70 µL 

aliquot of TE buffer was added to 30 µL of the cell lysate; 100 µL PicoGreen solution 

was added to the cell lysate/TE solution, as well as the dsDNA standards. A dsDNA -

derived standard curve was created to determine the DNA concentration for each 

sample. The 96 well plate was placed in a microplate reader, which was used to excite 

the samples at 480 nm and record the emission wavelength at 520 nm. 

Statistical Analysis 

The data was reported in mean ± standard deviation. Analysis of variance 

(ANOVA) and Tukey’s test was used to make inferences about sample means and to 

make multiple comparisons between sample means. A p-value of 0.05 was used to 

determine statistical significance. 

Results 

 The FTIR-ATR spectra indicate that the siloxane, HEMA, and GMA monomers 

are incorporated into the network (Figure 6-3). It has been reported that the CH bending 

of the epoxide ring, symmetric ring stretching, and asymmetric stretching of the ring are 

observed at 758, 905, and 1244 cm-1, respectively 124, 125.  These peaks are present in 

the spectra, which mean that the epoxides are available near the surface for reaction 

with the peptide, RGDS.  
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Figure 6-3.  FTIR-ATR spectra of amphiphilic crosslinked networks with an 
MPTSDS/(TRIS+HEMA) molar ratio of 2.5, 10, and 75 mmol/mmol.  

To make the amphiphilic hydrogels more suitable for cell growth, RGDS was 

conjugated to the surface. The FTIR-ATR spectra of the non-functionalized and 

functionalized networks are shown in Figure 6-4. The RGDS peptide, which should 

exhibit an amide peak at 1645 cm-1 and 1590 cm-1, appears to be very small or absent 

according to the spectra. The amide peak at the surface may not have been detected 

due depth of penetration, which was expected to be approximately 2 - 3 µm.  
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Figure 6-4.  FTIR-ATR Spectra of RGDS -conjugated amphiphilic crosslinked networks 
with an MPTSDS/(TRIS+HEMA) molar ratio of (top) 2.5 and (bottom) 75 
mmol/mmol. 

Further analysis of peptide functionalization was performed using a using a 

fluorescent dye, fluorescein isothiocyanate (FITC). Fluorescence microscopy was used 

to detect the FITC labeled RGDS by emission of green visible light (520 nm) when 

exposed to light with a wavelength of 494 nm 126. The fluorescence intensity generally 

increased with increasing FITC-RGDS exposure on all gels, aside from the least 
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crosslinked network as seen in Figure 6-5. A high fluorescence signal was obtained with 

gels exhibiting an MPTSDS/(TRIS+HEMA) ratio of 2.5 mmol/mmol compared to the 

other compositions.  

 

Figure 6-5.  Fluorescence of FITC- RGDS conjugated amphiphilic crosslinked networks. 
Fluorescence signal normalized to gel with highest fluorescence signal 
amongst all hydrogels (top) and fluorescence normalized to the sample with 
highest fluorescence signal within the composition (bottom).  
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Differences in swelling abilities between gels may have also played a role in the 

fluorescence intensity emitted from the samples. The overall fluorescence signal 

decreased as the gel became more highly crosslinked. This FITC labeled RGDS 

molecule, which has a molecular weight of approximately 833 g/mol, may have 

penetrated the network with an MPTSDS/(TRIS+HEMA) molar ratio of 2.5 mmol/mmol. 

The gel with an MPTSDS/(TRIS+HEMA) molar ratio of 75 mmol/mmol exhibited the 

lowest fluorescent intensity for all peptide concentrations compared to the others. Other 

methods, such as XPS, might be better suited to quantify the concentration of peptide 

on the surfaces of these gels due to the smaller penetration depth.  

To ensure that the surface modification process did not affect the bulk properties 

of the network structure, swelling tests and mechanical tests were performed. The 

presence and concentration of peptide, RGDS, did not influence the water content of 

the amphiphilic hydrogels, except for gel with an MPTSDS/(TRIS+HEMA) of 10 

mmol/mmol exposed to a concentration of 0.05 mM RGDS as shown in Figure 6-6. This 

hydrogel also exhibited higher water content than the other gels. The modulus of this 

sample with the same composition and RGDS concentration was found to be 

statistically significant modulus compared to the other gels with higher or lower RGDS 

functionalization (Figure 6-7). It should be mentioned that the gels functionalized with 

0.05 mM RGDS were fabricated and characterized at a later date. However, differences 

between samples should not exist due to the similarities in sample size, test conditions, 

and test parameters. 
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Figure 6-6.  Swelling behavior of RGDS -conjugated amphiphilic crosslinked networks of 
varying MPTSDS/(TRIS+HEMA) molar ratio. Asterisk (*) denotes samples 
with statistical significance (p < 0.05). 

 

Figure 6-7.  Compression modulus as a function of initial concentration of RGDS on 
amphiphilic crosslinked networks of varying MPTSDS/(TRIS+HEMA) molar 
ratio. Asterisk (*) denotes statistically significance between gels with differing 
peptide concentration (p < 0.05). 
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The functionalization of the crosslinked networks was not expected to influence 

the bulk properties, due to the modification of the gel taking place at the surface. If the 

peptide was conjugated into the bulk of the material the mechanical and swelling 

properties might be affected; due mainly to the molecular weight of the RGDS (Mw of 

433.42 g/mol) and the interaction between the peptide and the synthetic network 

system. This was observed with PEG based hydrogels with peptides 

(YIGSR/RGDS/IKVAV) incorporated throughout the network. The type and 

concentration of peptide in a PEG based network system was found to influence 

swelling, mesh size, and storage modulus, due to ligand interaction with the polymer 

network (i.e.: via Van der Waals or ionic bonding). The YIGSR peptide in the PEG-

based hydrogels influenced the mesh size and swelling ratio, due to the hydrogen 

bonding between the peptide’s phenolic hydroxyl group and the ether oxygen on the 

PEG. This interaction resulted in lower mesh size and reduced swelling, which in turn 

may have led to the higher elastic modulus. It was only at high concentrations (300 μM) 

of peptide incorporation that lead to differences in bulk properties (swelling ratio, mesh 

size, and storage modulus) between hydrogels with and without peptide incorporation77.  

Proliferation of SMCs on the gels with varying modulus was assessed using a 

PicoGreen Assay. This assay utilizes a fluorescent nucleic acid stain to quantify double 

stranded DNA (dsDNA) from lysed cells. SMCs were grown on hydrogels with varying 

compression modulus and peptide concentration (0.05, 0.5, and 5 mM RGDS) for 1, 3, 

and 7 days (Figure 6-8). It was hypothesized that the gels with the highest modulus 

would exhibit the highest density of cells; this positive correlation would be observed 

with peptide concentration as well.  
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Figure 6-8.  SMC proliferation on TCPS and RGDS-conjugated amphiphilic crosslinked 
networks of varying MPTSDS/(TRIS+HEMA) molar ratio (mmol/mmol) after 
(a) 1, (b) 3, and (c) 7 days. 
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Peptide concentration does not have a significant impact on SMC density at days 

1 and 3. This behavior contradicts what has been seen in the literature in regards to 

protein concentration. Cell proliferation generally increases with protein concentration at 

these time points or even earlier 40, 39. However, SMC proliferation has been shown to 

decrease with increased peptide concentration 10. Only at day 7, did the peptide 

concentration have an impact on cell density. At this time point, SMC density generally 

increased with increasing peptide concentration for all substrates.  

Moreover, the SMC DNA content is higher on gels with higher modulus for all time 

points. The gel with an MPTSDS/(TRIS+HEMA) molar ratio of 75 mmol/mmol has the 

highest cell density compared to the other crosslinked gels. It seems that the substrate 

modulus is positively correlated with cell adhesion, which has been observed previously 

on PDMS materials with varying modulus (0.05 – 1.79 MPa). The proliferation rate was 

greatest on softer siloxane coatings, with cell density increasing 20 -fold from day 2 to 

day 7 79. However, SMCs proliferation was found to be positively correlated with 

substrate modulus on polyacrylamide and PEG hydrogels coatings exhibiting a moduli 

in the range of 0.03 – 0.08 MPa and 0.01 – 0.42 MPa, respectively 11, 12. 
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Figure 6-9.  Proliferation of SMCs on conjugated amphiphilic crosslinked networks of 
varying MPTSDS/(TRIS+HEMA) molar ratio (mmol/mmol) after 1, 3, and 7 
days (peptide concentration = 5 mM). 

Interestingly enough, lower cell adhesion and growth was observed on the TCPS 

substrate compared to the hydrogel with an MPTSDS/(TRIS+HEMA) molar ratio of 75 

mmol/mmol. TCPS with a modulus of approximately 3 GPa. The TCPS substrate 

exhibited the lowest cell density at day 1 and was comparable to hydrogels with an 

MPTSDS/(TRIS+HEMA) molar ratio of 2.5 and 10 mmol/mmol at day 3. At day 7, this 

substrate surpassed those two gels in regards to cell density.  

Geometric cues from proteins have been shown to influence the proliferation of 

SMCs. Thakar et al. have shown that the bovine SMC shape on micropatterned ovals 

and circles affected the proliferation rate when the cell spreading area was kept 

constant 127. The proliferation rate of bovine SMCs grown on collagen-coated channels 

(20 to 50 µm) was affected by channel width. The SMCs grown on patterns containing 

30 to 20 µm wide channels proliferated at a statistically significant (p < 0.05) rate that 
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was slower than the others. Cells were elongated in the direction of the channels, had a 

lower cell spreading area, and exhibited less stress fiber formation on the patterns with 

smaller channel width (30 to 20 µm). Interestingly enough, there was a decrease in α-

actin expression in SMCs grown on channels with smaller width (30 to 20 µm), 

suggesting that the elongated morphology may not always induce contractile phenotype 

128.   

The attachment of SMCs onto patterned and smooth hydrogels that were coated 

with fibronectin (50 µg/mL) and not RGDS, with varying modulus was investigated 

(Figure 6-10). The amphiphilic gels were topographically modified with the Sharklet 

AFTM pattern to assess cell adhesion. The fabrication method can be seen in the 

appendix. These gels have been shown to adhere to this topography and align in a way 

that may in fact induce SMC phenotype 129. Preliminary experiments indicate that the 

modulus and pattern does not influence the SMC attachment on patterned samples 

after 24 hours. The patterned samples exhibited higher attachment on gels with 10 and 

75 mmol/mmol MPTSDS/(TRIS+HEMA) molar ratio, but were not deemed statistically 

significant (p > 0.05). The TCPS substrate exhibited the highest concentration of cells. 
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Figure 6-10.  SMC attachment on smooth or topographically modified (Sharklet AF TM 

+1SK2x2, wafer no. 5816) amphiphilic hydrogels with MPTSDS/ 
(TRIS+HEMA) molar ratio of 2.5, 10, and 75 mmol/mmol after 24h. Sm and 
SK denote samples that are smooth and patterned, respectively. Asterisks (*) 
denotes statistical significance to the TCPS control (p < 0.05). 

Conclusions 

Amphiphilic crosslinked networks were fabricated with tunable mechanical 

properties and then functionalized with the bioactive molecule, RGDS, at the surface to 

promote cell adhesion and growth. The functionalization of the surface was shown not 

to influence compression modulus or swelling behavior of most of the hydrogels, which 

was expected due to the modification occurring at the surface and not in the bulk.  

Fluorescence labeling of the peptide show a general increase in fluorescence intensity 

as the peptide concentration is increased. However, the differences in crosslink network 

resulted in vast differences in peptide concentration due to FITC absorption into the gels 

Opacity of the least crosslinked samples may have also affected the fluorescence 

intensity obtained, resulting in a higher measured protein conjugation. 
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Intimal hyperplasia, which is the excessive growth of SMCs, is a common 

condition that diminishes the effectiveness of vascular grafts due to the de-

differentiation of SMCs into a synthetic phenotype 41. The following results demonstrate 

the importance of substrate modulus and chemical cues in attachment and proliferation 

rate of mammalian cells. The elastic modulus of the material was shown to influence the 

attachment and proliferation of the SMCs on all days. The cells were able to sense the 

substrate stiffness once cell attachment was achieved through by ligand anchorage. 

Gels with higher substrate stiffness resulted in higher cell attachment and cell 

proliferation. Moreover, adhesion was generally enhanced with patterned hydrogel 

compositions compared to the smooth hydrogels, indicating that the topographically 

modified gels may be useful in facilitating cell attachment.
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CHAPTER 7 
CONCLUSIONS AND FUTURE WORK 

Conclusions 

 The material-cell/biomolecule interaction must be considered when constructing 

materials that are used to control attachment of biomolecules and unicellular organisms. 

The purpose of this research was to determine what role the physicochemical properties 

of the surface play in influencing biological responses of marine and mammalian 

organisms. The results support the notion that physical and chemical parameters of a 

substrate govern the attachment and proliferation of organisms in two model systems: 

Ulva linza and smooth muscle cells. Hydrogels were an appropriate choice as the 

substrate material to study the behavior of these organisms due to their easily tunable 

chemical and mechanical properties.  

Chemical and Mechanical Properties of Poly(HEMA-co-DEGDMA) Hydrogels  

 Poly(2-hydroxyethyl methacrylate) hydrogels were fabricated with varying di-

functional monomer concentration and found to have a compression modulus ranging 

from 0.4 – 1.1 MPa. The low swelling capabilities (EWC ≤ 30 %) and low molecular 

weight between crosslinks (Mc < 180 g/mol) endow these hydrogels with an elastic 

modulus higher than what is reported for PEG based hydrogels. The surface energy 

between different compositions did not deviate substantially between compositions; so 

the lack of variance between surface energy and compression modulus were presumed 

to lead to less than noticeable differences in bioadhesion of marine organisms. This was 

observed in the bovine serum adsorption assay. There was no statistical difference or 

obvious trends correlating crosslink molar ratio and protein adsorption. 
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Chemical and Mechanical Properties of Amphiphilic Hydrogels 

 Amphiphilic crosslinked networks, containing siloxane monomers, were 

fabricated in order to obtain a wide range in modulus. This was the case with gels 

exhibiting an order of magnitude difference in compression modulus (0.4 – 4.7 MPa) by 

varying the molar crosslink ratio in the feed composition. The di-functional monomer 

concentration in the feed composition was found to influence the sessile drop contact 

angle and hysteresis. When the contact angles were measured in air the hydrogels 

exhibited a hydrophobic surface. When the hydrogels were equilibrated in water and the 

contact angles were measured in an aqueous environment, the hydrophilic domains are 

dominant at the surface, as indicated by high surface energies. The captive bubble 

contact angle measurements indicate that the surfaces with varying 

MPTSDS/(TRIS+HEMA) molar ratio do not deviate substantially. The ability of the 

backbone chains and side groups to reorganize in order to minimize the interfacial 

tension was influenced by the crosslink concentration in the feed composition. 

Differences between gels in an aqueous environment mainly lie in their network 

structure, which influences the mechanical properties. Thus, differences in biological 

responses seen between gels must be a result of these parameters. 

Fouling Properties of Amphiphilic Hydrogels 

A trend was observed between the hydrogels with varying crosslink molar ratio 

and BSA adsorption. The R2 value between protein adsorption versus surface energy   

(captive bubble technique) and modulus E was 0.66 and 0.67, respectively. The 

hysteresis and Mc were found to exhibit a higher correlation to protein adsorption, 

exhibiting R2 value of 0.72 and 0.93, respectively. However, the differences between 

gels were not deemed statistically significant. The protein adsorption assay proved to be 
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a good predictor for the marine organism attachment assays. A similar trend between 

crosslink molar ratio and accumulation of spores and sporeling biomass growth was 

observed in the assays to determine AF and FR abilities of the gels.  

Moreover, the relative growth of sporeling biomass did not positively correlate with 

(E )1/2; contradicting the results seen previously with elastomer coatings exhibiting a 

modulus ranging from (0.2 to 9.4 MPa) 69. The settlement of Ulva zoospores and 

sporelings was negatively correlated with crosslinker molar ratio. Surface energy of the 

substrates did not differ substantially between substrates, so other networks parameters 

(i.e., Mc and elastic modulus) were postulated to play a large role in the biomass growth 

of sporelings. A higher correlation was obtained between sporeling biomass and Mc (R
2 

= 0.98), than between sporeling biomass and modulus (R2 = 0.34). This was also the 

case for the results obtained from the assay examining sporeling biomass growth on the 

hydrogels. The percent removal of sporeling biomass exhibited a higher correlation with 

Mc (R
2 = 0.83) than with the substrate modulus (R2 = 0.39). The fact that there was a 

higher correlation between Mc and biofouling of sporelings than modulus and biofouling 

suggests that surface characteristics may play a stronger role than the bulk properties.   

None of the coatings display FR properties towards sporelings compared to the 

PDMSe control. However, all of the amphiphilic coatings exhibited better antifouling 

properties towards spores compared to the PDMSe control, with one of the coatings 

exhibiting an 80% reduction in spore density compared to the PDMSe control. Sporeling 

biomass was lower on all amphiphilic coatings, except for the gel with 2.5 mmol/mmol 

crosslink ratio, compared to the PDMSe control.  



 

127 

RGDS –Functionalized Amphiphilic Hydrogels  

Hydrogels with similar mechanical and chemical properties were made with GMA 

incorporated into the network to promote a ring-opening reaction between GMA and the 

peptide, RGDS. This was done in order to promote adhesion between SMCs and the 

surface of the crosslinked networks. Determining the peptide concentration at the 

surface proved to be difficult to the opacity of the lesser crosslinked samples and the 

difference in swelling between samples. To measure the peptide concentration, FITC 

fluorescent probes were used. However, FITC absorption was present in the least 

crosslinked gels, resulting in substantially high fluorescence intensity.  

Attachment and proliferation of SMCs on hydrogels with varying RGDS initial 

concentration and substrate modulus was investigated. Cells were able to adhere and 

grow on the surface after 24 hours. The hydrogel with the highest DNA content at all 

time-points was the gel exhibiting the highest substrate modulus. This was expected 

due to the inherent nature of SMCs to proliferate at higher modulus, especially when the 

substrate modulus may resemble the stiffness observed in a diseased blood vessel. It 

would seem that this rapid proliferation is a result of cells expressing the synthetic 

phenotype. A positive correlation was seen between cell DNA content and the initial 

RGDS concentration only on Day 7. The higher initial peptide concentration may have 

facilitated higher levels of cell anchorage at the surface, which would result in enhanced 

proliferation.  

Hydrogels with the Sharklet AFTM (+1SK2x2) pattern were also shown to promote 

enhanced cell attachment; higher attachment of cells was observed on patterned gels 

with an MPTSDS/(TRIS+HEMA) molar ratio of 10 and 75 mmol/mmol. However, a 

statistically significant difference between smooth and patterned surfaces was not 
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observed for any of the compositions. All of the gels, patterned and smooth, exhibited 

higher attachment of cells than the TCPS control. Statistically significant cell attachment 

was found on the gels 2.5 Sm, 10 Sm, 10 Sk compared to TCPS. Further work will be 

done to elucidate what role these topographical features play in cell morphology and 

phenotype modulation.   

Future Work 

RGDS –Functionalized Amphiphilic Hydrogels  

Additional chemical analysis at the surface should be performed to determine the 

surface coverage of the peptide, which can be done using XPS. Other assays to detect 

biomolecule conjugation to the surface of these hydrogels should be performed. For 

example, the ninhydrin assay can be used to detect biomolecules with primary and 

secondary amines 130. 

Experiments to investigate the SMC phenotype on the RGDS crosslinked 

networks should be done in order to determine if the SMCs grown on these networks 

are indeed in a mature, contractile state. Reverse transcriptase polymerase chain 

reaction can be used to quantitatively assess differentiation markers (smooth muscle 

actin, caldesmon, and calponin) in the SMCs grown on these types of gels. This assay 

could also be used to evaluate SMC phenotypic modulation on the topographically 

modified samples over a longer period of time, that is, greater than 24 hours. In 

addition, cell spreading and shape should be studied on topographically modified gels 

with varying composition due to the importance of alignment of mature SMCs in the 

native blood vessel. 

Due to the wide and physiologically relevant range in stiffness, other cells can be 

cultured on these materials that are also present in the blood vessel (i.e., endothelial 
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cells and fibroblasts). Attachment of endothelial progenitor cells has proven to be 

problematic for tissue-engineered vascular constructs. Finding ways to circumvent such 

problems is necessary to prevent cardiovascular complications, such as thrombosis. 

This amphiphilic material can also be used to grow various types of stem cells, such as 

mesenchymal stem cells, with the intention of inducing differentiation into certain 

lineages based on the substrate modulus.  

AF and FR Properties of Amphiphilic Hydrogels 

These amphiphilic coatings that performed best in the Ulva assays should also be 

examined for the foul-resistant properties towards other marine organisms, such as 

barnacles, because tougher materials are necessary to avoid degradation by these 

hard-foulers. Fouling-resistant properties may be enhanced with topography 

(SharkletTM
), as it did with PEGDMA hydrogels and PEG –grafted PDMS coatings 129. 

Incorporation of higher concentrations of the siloxane monomers, or inclusion of 

fluoropolymers, may also improve the FR properties of the gels.  

Due to the chemical heterogeneity of the surface, more surface analysis should be 

completed in various environments. Morphological changes can be studied using the 

AFM with these amphiphilic gels in a hydrated and dehydrated state. Stark differences 

in the morphology of the substrate may be seen in the hydrated state for the lower 

crosslinked networks. Additionally, the molecular structure of these amphiphilic gels 

should be analyzed by sum-frequency generation vibrational spectroscopy.  Inferences 

about functional groups present and buried into the bulk can be made in air and in water 

using this instrument. Information gathered from this instrument can be used to support 

data obtained from contact angle measurements in both environments. 
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APPENDIX 
FABRICATION OF TOPOGRAHPICALLY MODIFIED PHEMA –BASED HYDROGELS 

Patterned hydrogels were fabricated by solvent casting of prepolymerization 

mixtures into molds that contained a silicon wafer with the negative of the desired 

pattern. Channels and the Sharklet AFTM pattern with varying feature size were 

replicated onto the hydrogel surface. The quality of the pattern was assessed by light 

microscopy and scanning electron microscopy (SEM).  

For synthesis of the poly(HEMA-co-DEGDMA) hydrogels, HEMA and DEGDMA 

were added to glass bottles. Initiators, APS – SMBS and DI water were added to the 

glass bottles. The prepolymerization mixtures were purged with nitrogen for 

approximately 2 minutes and then placed in a centrifuge (2000 RPM) to degas 

approximately 2 minutes. For synthesis of the amphiphilic gels, the monomers, diluent, 

and photo-initiator were transferred to glass bottles and mixed until the photo-initiator 

dissolved completely. The prepolymerization mixtures were purged with nitrogen for 

approximately 2 minutes.  

The glass plates used in the mold for hydrogel polymerization were treated with 

HMDS via vapor deposition to create a hydrophobic surface for easy release of 

hydrogels. The topographically modified silicon wafers (Wafer no. 7477) with the 

negative of the desired pattern were cleaned with acetone and ethanol then treated with 

HMDS via vapor deposition for 5 minutes. Prior to mold assemblage, the silicon wafers 

were treated with the appropriate prepolymerization mixtures to wet the surface. The 

molds were then assembled. The molds consisted of a poly(dimethylsiloxane) elastomer 

(PDMSe) gasket and silicon wafer sandwiched between two hexamethyldisilazane-

treated glass or quartz plates, held together with paper clamps. 
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The prepolymerization mixtures for the amphiphilic gels were then transferred by a 

pipette into the molds (Figure A-1). The prepolymerization mixtures were then exposed 

to ultraviolet (UV) light (BLAK-RAY Lamp, Model UVL-56, 366nm) for 70 minutes at 

room temperature. To remove residual monomer and hexanol from the hydrogels, the 

hydrogels were soaked in swelling solvents. The amphiphilic hydrogels were 

submerged in 50 v/v % ethanol in water solution for 24 hours, a 25 v/v % ethanol in 

water solution for 24 additional hours, followed by DI water until characterization or 

protein adsorption assays were performed. 

The prepolymerization mixtures for the HEMA gels were transferred by a pipette 

into a mold. The mold was then placed in the oven in a vertical position for 3 hours at 50 

C. After curing, the hydrogel films were soaked in deionized water for 24 hours to 

remove residual monomer and initiator.  

 

 

 

 

 

 

 

Figure A-1.  Scheme of mold used for hydrogel polymerization by UV or heat.  

Images were obtained using the Zeiss microscope (Figure A-2 and Figure A-3). 

The samples were imaged while in a hydrated state. Prior to obtaining SEM images, the 

samples were lyophilized and sputter-coated with Au/Pd to prevent charging of the 
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sample by the electron beam. The SEM was operating under secondary electron mode 

and the voltage was set at 5 kV (Figure A-2 and Figure A-3). 

 

 

Figure A-2.  Image of poly(HEMA-co-DEGDMA) hydrogel with the +2.8 SK 2x2 pattern 
using the SEM at 2000x magnification(left) and Zeiss optical microscope 
(right). The SEM was operating under secondary electron mode, using a 
voltage of 5 kV.  

 

Figure A-3.  Image of the amphiphilic gels with the +2.8 SK 2x2 pattern using the SEM 
at 2000x magnification(left) and Zeiss optical microscope (right). 
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