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Microorganisms affect many aspects of human life.  When microorganisms 

colonize a surface, the resulting microbial community is called a biofilm.  Biofilms can 

negatively affect human health and productivity.  Osteomyelitis is caused by biofilms of 

bacteria attached to the bone.  These biofilms pose a threat to human life and lead to 

the loss of healthy tissue.  Biofilms attached to marine vessels decrease the fuel 

economy of ships, resulting in a significant economic cost.  There is a need to develop 

new materials which eradicate and prevent biofouling.  Nanocomposites and mixed-

phase organic/inorganic materials are presented in various embodiments as a means to 

limit biofouling. 

Antibiotic-filled microspheres are created to improve the treatment of 

osteomyelitis.  These microspheres consist of bioactive glass and poly(n-

vinylpyrrolidone) (PVP) or gelatin.  Bioactive glasses have historically been shown to 

promote the regeneration of bone.  Sol-gel chemistry is used to make the bioactive 

glass component, in this case a calcium silicate.  The low temperature of the reaction 

allows organic molecules such as drugs and polymers to be blended with the glass. 



 

19 

The catalyst used during the sol-gel reaction affects the structure and composition 

of the microspheres.  Base catalysis leads to microspheres that exhibit behavior 

indicative of a nanocomposite structure.  Acid catalysis produces microspheres that 

appear to exist as more as a mixed phase between silica and PVP.  These structures 

directly affect the stability of the microspheres in simulated body fluid (SBF): base-

catalyzed microspheres degrade within the first day in SBF, while acid-catalyzed 

microspheres are stable for at least one week. 

The morphology of acid-catalyzed microspheres is directly affected by the 

following compositional parameters: molecular weight of PVP, concentration of PVP, 

and concentration of calcium.  Solid, hollow, and core/shell morphologies are produced 

by adjusting these parameters.  These morphologies are likely caused by various rates 

of silicate hydrolysis, condensation, and hydrogen bonding to PVP.  Viscosity of the sol 

plays little role in determining the diameter of the dried microspheres. 

An antibiotic, vancomycin, is successfully incorporated into these hybrid 

microspheres.  Vancomycin is released for 5-7 days as measured by UV absorption.  

An in vitro assay against cultures of Staphylococcus aureus demonstrates that the drug 

remains effective for 4 days. 

Marine biofouling is addressed by imparting topography onto silica-reinforced 

poly(dimethylsiloxane) elastomeric (PDMSe) films.  Swimming zoospores from the 

green alga Ulva are used as a model fouling organism.  A bio-inspired topography 

deterred attachment of the zoospores by 70-80% over a 4-hr assay.  Image analysis of 

the zoospores suggests that the topography may inhibit biofilm formation by disrupting 

the early-stage aggregation of spores on the surface.  The attachment kinetics fit, with 
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high correlation, equations used to describe that adsorption of bacteria to surfaces.  

This suggests the same physical phenomena drives the attachment of bacteria and 

swimming algal zoospores to solid surfaces. 
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CHAPTER 1 
INTRODUCTION 

Biofouling on Medical and Marine Surfaces 

The earliest form of life to appear on earth was cyanobacteria, also known as blue-

green algae.  These organisms thrived approximately 3.5 billion years ago and 

produced the oxygen that later allowed animal and human life to flourish.  The only 

record of these early microorganisms is found in the oldest known fossils, stromatolites.  

These fossils have a multi-layered structure which is caused by calcified mats or 

“biofilms” of bacteria.1  It is likely that the cyanobacteria aggregated into biofilms as a 

defense mechanism from the harsh environment of the early Earth.  Approximately 3.5 

billion years later, biofilms are still one of the most predominant forms of life on earth. 

“Biofouling” is the process by which microscopic organisms colonize a surface.  

These organisms are bound together with a layer of extracellular polysaccharide (EPS) 

to form a dynamic community called a biofilm.  The EPS protects the organisms and 

allows life to exist in extreme environments.  For example, the bacteria found in 

superheated hydrothermal vents or freezing polar ice are nearly always exist as 

biofilms.2  Biofilms also offer other advantages beyond protection from the environment.  

Individual cells within the biofilm can perform specific tasks, allowing the microbial 

community to behave like a higher, complex organism. This allows biofilms to exist 

ubiquitously in diverse environments that would otherwise be uninhabitable for 

individual cells. 

Coexisting with microorganisms often comes at a cost to human health and 

productivity. Biomedical infections are one example.  Human tissue would be an ideal 

surface for biofouling to occur if not for the body’s immune system that constantly 
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eliminates foreign organisms.  When the immune system is compromised, however, 

biofilms can proliferate in human tissue, resulting in an infection.  If left unchecked, the 

infection poses a serious risk for sepsis (systemic infection) and death.  Patients are 

often hospitalized at the first sign of an infection and given extensive antibiotic therapy.  

This can be costly and dangerous, especially if numerous surgical procedures are 

required to clear the infection. 

Biofouling negatively impacts productivity in other sectors as well.  The marine 

environment is full of organisms such as algae, barnacles, and tubeworms which form 

biofilms as part of their life cycle3.  Marine vessels that become coated with these 

organisms suffer a significant loss in efficiency4.  Fouling on ship hulls places an 

economic burden on international commerce and can compromise naval defense 

capability5.  Marine fouling is also harmful to the environment because it serves a 

mechanism by which invasive species spread into new ecosystems6. 

Biofilm Mitigation and Prevention 

There are three general strategies that are used to control biofilms today.  The first 

is to use lethal compounds that kill the fouling organisms.  Some compounds such as 

antibiotics are lethal to a narrow range of organisms, while compounds such as copper 

are toxic to many organisms.  Another approach is to create a material that forms a very 

weak bond with the early biofilm.  The idea is that only a small mechanical force is 

required to slough off weakly attached organisms.  These “fouling-release” (FR) 

coatings are gaining popularity in the marine industry, but have limited use in biomedical 

applications.  Finally, “antifouling” (AF) technologies prevent biofouling by avoiding the 

initial attachment altogether.  One approach is to use the topography, or roughness, of a 

surface to deter the initial attachment of marine and biomedical organisms.3 
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Scope of Research 

This research uses organic/inorganic materials to eradicate or limit biofouling 

utilizing the various strategies listed above.  The materials presented herein all contain 

silica as an inorganic phase.  Silica is one of the most ubiquitous minerals on earth and 

has found numerous uses in composite materials. 

This work targets two applications in which biofouling poses a significant problem.  

The first application is osteomyelitis, which is an infection of bacterial biofilms on bone 

tissue.  There is currently a need for a material that delivers drugs, degrades in the 

body, and regenerates natural tissue.  Bioactive glass has historically been shown to 

slowly degrade and regenerate bone7 and is therefore used in this work to improve 

osteomyelitis treatment.  Low temperature processing is used to form the bioactive 

glass, which allows organic molecules such as antibiotics to be incorporated. 

The second application is marine biofouling.  The Brennan Research Group has 

found that a topography inspired by shark skin is particularly effective at inhibiting the 

attachment of marine organisms.  This topography, called Sharklet, is formed by 

patterning the surface of silica-filled poly(dimethylsiloxane) elastomer (PDMSe).  These 

nanocomposite materials are attractive for marine applications because of their 

toughness and low surface energy.   The ability of PDMSe topographies to inhibit 

fouling of algae spores is evaluated in an extended laboratory assay. 

Specific Aim 1: Identify the synthesis parameters that affect the size, morphology, 
and stability of microspheres containing bioactive glass and water-soluble 
polymers. 

A process for forming organic/inorganic microspheres is presented.   Microspheres 

are formed by sol-gel synthesis in a water-in-oil (W/O) emulsion.  Polymers are 

dissolved in the aqueous droplets to act as a binder for the calcium silicate glass.  This 
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results in a hybrid organic/inorganic microsphere.  Poly(n-vinylpyrrolidone) (PVP), 

poly(ethylene glycol) (PEG), and gelatin are tested for their ability to form microspheres.  

The effects of pH are examined with respect to the organic/inorganic ratio of the final 

microspheres.  PVP molecular weight, PVP concentration, and calcium concentration 

are varied to identify the parameters that influence the diameter and morphology of the 

resulting microspheres.  Since the microspheres are derived from droplets in an 

emulsion, the hypothesis is that the diameter of the microspheres will vary 

logarithmically with the viscosity of the aqueous droplets according to a relationship 

described in the literature. 

Specific Aim 2: Demonstrate that vancomycin maintains its effectiveness against 
Staphylococcus aureus and is released from glass microspheres for at least 1 
week in vitro. 

Vancomycin is loaded into the microspheres and released into simulated body 

fluid (SBF).  Drug release kinetics are measured by UV absorption.  The efficacy of the 

released vancomycin is tested against cultures of S. aureus.  The hypothesis is that 

microspheres will release a statistically significant concentration of vancomycin for at 

least 1 week as determined by 1-tailed t-test (α = 0.05). 

Specific Aim 3: Determine if the density of zoospores of Ulva is lower on 
micropatterned PDMSe versus smooth PDMSe over a 4-hr period. 

Zoospores of the green algae Ulva are used as a model marine fouling organism.  

The kinetics of fouling are measured on smooth and micropatterned PDMSe.  The 

percent inhibition is compared between the two surfaces for up to 4 hrs.  A 4 hr assay is 

chosen because it is believed that zoospores become less selective at periods longer 

than 1 hr.  Previous results show that the Sharklet topography inhibits attachment by 

approximately 80% over smooth surfaces.  The hypothesis is that the fouling on PDMSe 
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with the Sharklet microtopography will remain consistently lower (~ 80 %) lower than 

smooth PDMSe for up to 4 hrs, as determined by an ANOVA test (α = 0.05) 
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CHAPTER 2 
BACKGROUND 

Introductory Remarks 

The term “biofouling” refers to the undesirable process by which a surface 

becomes coated with biological substances.  These substances include living 

organisms that can come from various kingdoms of life such as Bacteria, Animalia, 

Plantae, and Fungi.  Biomolecules produced by these organisms (including proteins, 

polysaccharides, lipids, and nucleic acids) are critical components because they 

mediate adhesion to the surface.  The resulting encrustation creates a coating called a 

biofilm.  Biofilms are dynamic communities that can respond to environmental stimuli 

and interaction with other organisms. 

Biofilms can negatively affect human health, the environment, and the 

performance of engineered devices.  Therefore, eradication and prevention of biofilms is 

desirable in many applications.  Eliminating a biofilm that is already established typically 

requires careful selection of chemical compounds that will kill the problematic 

organisms.  Preventing biofilms altogether poses a significant engineering challenge 

due to the diversity of fouling species.  This typically involves intervention at the early 

stages of the fouling process. 

The Process of Biofouling 

Biofouling is a dynamic process that spans many length scales (Figure 2-1).  

When a synthetic material is placed in an aqueous environment, ions from the liquid 

adsorb to the surface within fractions of a second.  An electric double layer is 

established in this manner, the properties of which are dictated by the surface charge 

and ion concentration in solution.  Larger molecules such as polypeptides interact with  
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Figure 2-1.  Schematic of the biofouling process.  Note that the time and length scales 
increase from (A) to (E).  Adapted from Magin, et al.3 with permission.  (A)  
Ions adsorb from solution to form an electric double layer on a surface, in this 
case a linear polymer.  (B) This electric layer mediates the interaction of 
larger molecules, such as peptide sequences (in this case Type II subunits of 
fibronectin).  (C)  The protein assumes a low energy conformation, which may 
expose certain parts of the protein to the microorganisms (in this case, 
fibronectin is shown interacting with α and β integrins of a larger cell).  (D)  
Small organisms such as bacteria and secrete extracellular polysaccharide 
(EPS) which provides protection from the environment and increase adhesion 
to the substrate.  (E)  After a period of several days, a bacterial biofilm 
community is established which is covered by the EPS.  Cells within the 
biofilm will differentiate to perform different functions, such as swarmer cells 
that seek out new surfaces (shown in red).  Larger cells (such as white blood 
cells) may interact with this initial biofilm. 

the surface through the electric double layer.  These large molecules can be attracted to 

the surface by van der Waals forces, electrostatic, and hydrophobic interactions.  This 

occurs within a range of seconds to minutes.  If the polypeptide is part of a protein, the 



 

28 

lowest energy conformation of the protein may expose certain domains to binding by 

microorganisms.  Small organisms such as bacteria will come in close contact with the 

surface via van der Waals forces.  Strong bonds are then established via specific 

interactions between the organism and the proteins. 

The small organisms then begin establish a biofilm by secreting the EPS, which 

increases adhesion to the substrate and offers protection from the environment.  As a 

result, bacteria in biofilms are more resistant to antiseptic8 and antibiotic9 treatments 

than free floating (planktonic) cells.  Bacteria undergo phenotypic changes as the biofilm 

grows.  Cells deep in the biofilm become less metabolically active while cells near the 

surface of the biofilm can differentiate into motile cells which can leave the biofilm and 

colonize new surfaces. 

Large cells or other organisms may subsequently interact with this initial biofilm.  

In the body, these may be white blood cells which attempt to eliminate the biofilm.  In 

the marine environment, it may be unicellular organisms such as zoospores of algae or 

multicellular species such as tubeworms or barnacles.  The result is a dynamic 

microbial community that can contain a multitude of species.  The species within this 

community are continually interacting and competing with one another to survive on the 

surface. 

Properties of Biofilms 

Biofilms possess unique properties which set them apart from planktonic cells.  

Bacteria in biofilms tend to be more resistant to attack from chemicals and biological 

organisms.10  This is attributed to the EPS, which is a complex polysaccharide network 

that contains lipids, surfactants and DNA.  Biofilms of Bacillus subtilis, a bacteria found 

in soil, have recently been shown to be resistant to solutions containing 70% alcohol 
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(which is commonly used to sterilize surfaces).8  This demonstrates how difficult it may 

be to kill biofilms by chemical methods alone.  The variety species that are often found 

within a biofilm also makes chemical treatments challenging.  Dental plaque, for 

example, is known to consist of many species that co-aggregate to form complex biofilm 

structures.11  Since bacteria have different susceptibilities to chemical treatments, 

identifying a single compound that can eradicate a diverse community can prove 

especially challenging. 

Instances of Biofouling 

Biofouling has negative consequences in numerous applications. One example is 

tooth decay.  Tooth decay is caused by biofilms of acid-producing bacteria such as 

Streptococcus mutans and Lactobacillus which lower the local pH until the tooth 

dissolves.11  It has been shown that 92% of adults in the US will have a tooth decay by 

age 6412 and that the necessary treatment (dental restorations) costs $46 billion per 

year in the US.13  Biofouling has a dramatic impact on other industries as well. 

Biofilm growth on heat exchangers causes a loss in efficiency of up to 10%.9  The 

critical nature of heat exchangers in power plants and industrial processes makes 

fouling on these devices extremely costly.  A 1985 estimate of the total cost of fouling 

on heat exchangers was in the range of $3-10 billion dollars per year – a number that 

has certainly grown along with the demand for energy.14 

Two applications in which biofouling has a significant impact are marine biofouling 

and persistent infections.  These two applications are the focus of this research and are 

explained in greater detail below. 
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Marine biofouling 

Fouling on ship hulls has been recognized as a significant problem since ancient 

times.  The first-century Greek historian Plutarch wrote:15 

When weeds, ooze, and filth stick upon its sides, the stroke of the ship is 
more obtuse and weak; and the water, coming upon this clammy matter, 
doth not so easily part from it; and this is the reason why they usually 
scrape the sides of their ships. 

Ancient shipbuilders used tar, pitch, sulfur, and sheets of lead to prevent fouling on 

their hulls.  Copper was later discovered as a compound that is highly effective at 

preventing fouling.  By the mid-1700s, ship bottoms were covered with copper plates or 

made entirely out of copper. 

The drawback of copper plates was that they corroded when placed in contact with 

iron or steel.  This was a significant problem because the nails used to attach the 

copper sheets to wooden ships were made of iron.  While performing galvanic 

protection experiments on copper surfaces in the early 1800s, Sir Humphry Davy noted 

that copper’s ability to prevent fouling was related to its ability to slightly dissolve in 

seawater.  He was the first to establish a correlation between copper leaching from a 

surface and its ability to prevent biofilms.  The use of copper plates became more 

challenging in the 19th century as more ships were built from iron.16  Copper continues 

to be used in marine paints even today, although in the form of an oxide.  Despite the 

effectiveness of copper-based coatings, marine biofouling still occurs and comes at a 

significant cost. 

There are many factors that contribute to the economic impact of marine 

biofouling.  A detailed analysis by Schultz, et al.5 estimated that biofouling on the mid-

size US Navy destroyer class of ships (Arleigh Burke class, DDG-51) costs $56 million 
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per year and up to $1 billion over 15 years.  This analysis showed that increased fuel 

consumption due to drag is the primary expense, with dry docking, repainting, and hull 

cleaning also contributing to the cost.  The cost of biofouling to all marine activity (naval 

as well as commercial) is much higher.  The $56 million/year estimate accounts for only 

1/5th (approximately 60 ships) of the US Navy fleet.17  The number of cargo ships 

currently active in the world exceeds 50,00018.  Although cargo ships have different 

service lives than Navy vessels, a conservative extension of Schultz’s estimate puts the 

total cost of marine fouling on the order of tens of billions of dollars per year.  

Beyond the economic penalties of marine biofouling, there are also troubling 

environmental consequences.  Hull fouling acts as a transport mechanism for the 

spread of invasive species.  A study by Hewitt, et al.6 revealed that hull fouling was the 

primary mechanism for the delivery of invasive species at four ports around the world.  

Hull fouling is responsible for the spread of nonindigenous species over thousands of 

miles via intercontinental cargo ships.  Species can also be spread between nearby 

freshwater lakes by overland transport of small, recreational boats.19  Small boats have 

been attributed to the spread of the zebra mussel in North America, for example.20  

Evaluating the cost of damages caused by invasive species is difficult due to the 

complex interactions of with the new ecosystem.  Colautti, et al.21 have estimated that 

six invasive, aquatic species in Canada are responsible for damages of $343 

million/year. 

Algae are one of the most common types of marine fouling organisms.  Algae are 

commonly referred to as “soft foulers” or “slime” (Figure 2-2B).  This is in contrast to 

barnacles, tubeworms, and mussels which are described as “hard foulers” (Figure 
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2-2A).  Hard foulers create calcified structures that can be centimeters in length, 

generating a very rough surface that dramatically increases drag.4  Algae, however, are 

more ubiquitously observed on ship hulls than hard foulers, partially because algae are 

more resistant to copper-based coatings.22  Soft foulers have been found to be the 

predominant type found on US Navy vessels.5  It is therefore necessary to have a 

model organism to study soft fouling. 

 

Figure 2-2.  Example of macroscopic fouling on marine surfaces (A) Hard fouling of 
organisms such as barnacles and muscles encrust the bow of a ship.  Image 
courtesy of Jacksonville Shipyards. (B)  The soft fouling algae Ulva covers the 
surface of a submarine.  Reprinted with permission from Nature Publishing 
Group (http://www.nature.com/ncomms/index.html): Nat Commun. 2:244, 
copyright 2011. 

Ulva (formerly called Enteromorpha) is one of the most common types of algae 

found on ships.  Algae from this genus are widespread, tolerant to various types of 

salinity, and are commonly found on copper-based coatings.22  Ulva plants release 

zoospores as part of their reproductive cycle.  These zoospores are 5-7 μm in diameter, 

have flagella, and can swim up to 100 μm/second.23  Zoospores of Ulva will probe a 

surface to find a suitable site for attachment and can respond to light, chemical species, 

http://www.nature.com/ncomms/index.html
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and texture.  The zoospores spin on the surface to secrete their EPS and subsequently 

start the process of growing into a plant (Figure 2-3A).24,25 

 Medical biofouling 

The first recorded observations of medically-relevant biofilms were made by the 

inventor of the microscope, Antonie van Leeuwenhoek.  In 1684, van Leeuwenhoek 

scraped the plaque of his teeth and observed a number of swimming organisms which 

he termed “animalcules.”26  Yet the link between human healthcare and bacterial grown 

in an attached (sessile) state was not recognized until much later.   

A major breakthrough came in the mid-1800s when the German bacteriologist 

Robert Koch postulated that diseases were caused by single types of bacteria that 

could be isolated, grown in pure culture, and would cause disease when inoculated into 

a healthy organism.  Koch made significant contributions to establishing the methods of 

bacterial culture and to correlating infection with disease.27  However, his postulates 

could not explain diseases, particularly those that involved a community of organisms or 

bacteria that cannot be grown in a culture plate.  The concept of bacteria flourishing on 

a surface was not introduced until the early 1900s when Henrici28 and ZoBell29 noted 

that aquatic bacteria preferred to grow on surface, rather than free-floating in 

suspension. 

Biofilms were not recognized as a predominant mode of existence for disease-

causing bacteria until the 1970s.30  It is now recognized that biofilms are responsible for 

afflictions such as tooth decay, periodontal disease, cystic fibrosis, pneumonia, urinary 

tract infections, and chronic wounds.10,31  The Center for Disease Control estimates that 

approximately 65% of all human infections involve biofilms.32  Patients often acquire 

such infections while in the hospital being treated for a separate condition.  There were 
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1.7 million hospital-acquired infections in 2002, which resulted in nearly 100,000 

deaths.33  The financial costs associated with hospital-acquired infections include longer 

hospital stays, more laboratory diagnoses, and extensive antibiotic therapy.  These 

costs amount to an annual total of ~$4.5 billion (1995 estimate).34 

 

Figure 2-3.  Common fouling organisms in the marine and biomedical environment.  (A) 
Transmitted light micrograph of zoospores of Ulva attached to smooth 
PDMSe after 240 mins of exposure.  Image taken by John Finlay, University 
of Birmingham.  (B) Scanning electron micrograph of a biofilm of S. aureus 
grown in culture.  Image taken from Biofilms: The Hypertextbook, Montana 
State University with permission.26  Although the biofilms appear similar, note 
that the images are taken at different magnifications.  The zoospores (~5 μm 
diameter) are actually larger than the bacteria cells (<1 μm diameter). 

Chronic infections are examples of biofilms that persist on human tissue.35  These 

wounds typically originate in soft tissues, but cause significant complications when they 

proliferate into hard tissue such as bone.  One example is periodontal disease that 

originates from the plaque in the mouth but spreads to infect the cementum of the tooth 

or the alveolar bone.  Another example is diabetic ulcers.  A lack of blood supply in the 

ulcerated region allows bacteria to proliferate until they spread to bone.  The condition 

of infected bone is called osteomyelitis.  Osteomyelitis is caused by Staphylococcus 

aureus in more than half of all cases.36,37  S. aureus is a bacterial species that is 
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commonly found as a biofilm (Figure 2-3B).  Bacterial biofilms produce acid as a 

byproduct of their metabolism, lowering the pH of the local environment.38  

Hydroxyapatite, the crystalline component of bone, dissolves below a pH of 

approximately 5.8.11  Therefore, bone is dissolved in cases of chronic osteomyelitis, 

leaving the patient with a serious defect region that requires restoration. 

Approaches to Limit Biofouling 

There are many ways to limit biofouling.  The traditional method has been to 

eradicate the biofilm by using a lethal compound.  The toxicity of the compounds can 

operate by any number of mechanisms including: lysis of cell membrane, inhibition of 

cell wall synthesis, or induction of apoptosis.  Historically, lethal methods have been 

widely used in marine and biomedical industries and are effective at removing biofilms 

that have already established.  Current trends, however, have been to move away from 

lethal approaches due to long-range environmental and health concerns surrounding 

these compounds. 

Many non-lethal approaches focus on weakening the protein interaction with the 

surface, allowing the organisms and biomolecules to easily slough off.  Other 

approaches use the physical structure of a surface to deter attachment.  The long-term 

efficacy of these non-lethal approaches are still being evaluated. 

Lethal Approaches  

One of the most widely used methods to eliminate or prevent biofouling is the use 

of compounds that kill fouling organisms.  Many marine and biomedical approaches still 

rely on lethal compounds to prevent or remove biofilms from surfaces.  The specificity of 

these compounds varies widely, which makes them effective in different scenarios. 
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Figure 2-4.  Chemical structures of lethal compounds used to inhibit biofouling.  (A) 
Cuprous oxide, typically dispersed as a powder in acrylate paints.  Image 
provided by North Carolina State University under Creative Commons 
license.  (B) Tributyltin (TBT) copolymerized with methyl methacrylate form 
self-polishing coatings that have been used in the marine industry.39  (C) 
Tetradecyldimethylammoniumchloride is one example of a quaternary 
ammonium compound (QAC) that lyses cells on contact.  The specificity of 
these compounds is often related to the alkyl chain length.  (D) Vancomycin, 
a glycopeptide antibiotic, inhibits cell wall synthesis of gram positive bacteria. 

Non-specific Compounds 

Copper is one is one of the oldest broad-spectrum, lethal compounds to be used in 

antifouling (AF) coatings.  Modern AF paints typically contain copper in the form of 

cuprous oxide (Cu2O), rather than the metallic form used by ancient shipbuilders.  Such 

paints are often red in color and can be commonly seen on commercial shipping 
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vessels as the paint used below the waterline.  Cuprous oxide is blended with film-

forming vinyl or acrylic polymers with rosin added to slightly increase the solubility of the 

film in sea water.  Once dissolved in the sea water, the copper oxidizes to form the 

cupric (Cu2+) ion, which is toxic to nearly all forms of marine life.40,41  Some species of 

algae, including Ulva, have demonstrated resistance to copper.  Therefore, other broad-

spectrum toxic compounds are typically used to increase the performance against 

algae.  The incorporation of tributyltin (TBT) into marine paints was based on this 

principle. 

The development of coatings containing TBT was a landmark in the development 

of AF paints because it significantly extended the lifetime of the coatings.  TBT is 

typically polymerized into the backbone of an acrylate polymer via carboxylate ester 

groups.39  The dissolution of these coatings is based on the hydrolysis of the TBT 

molecule and occurs at only the outermost molecular layer.  These coatings are called 

self-polishing because the top layer slowly erodes, keeping the surface 

hydrodynamically smooth.  This is environmentally problematic because the carboxylic 

acid of tributyltin is soluble in seawater and highly toxic to marine life.  TBT has been 

indicated in the impotence of bivalves and has the ability to bioaccumulate in organisms 

higher in the food chain.  The International Maritime Organization banned use of TBT in 

paints in 2008 due to environmental concerns40,41.  However, the US Navy still uses 

TBT for critical underwater components such as sonar domes. 

Semi-Specific Compounds 

The environmental and health concerns over metals like copper and tin have led to 

an increased interest in biocides with a narrower range of toxicity, such as quaternary 

ammonium compounds (QACs).  QACs are typically formulated as salts containing a 
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positively charged quaternary ammonium with one or two long alkyl chains.  

Electrostatic and hydrophobic interactions cause the molecule to insert itself into the 

membrane.  This increases permeability of the membrane, causing cell lysis and 

death.42 

The sensitivity of bacteria to various formulations of QACs differs from one 

organism to another.  For example, QACs have limited effectiveness against gram-

negative bacteria such as Pseudomonas aeruginosa, which have an additional 

lipopolysaccharide layer with limited permeability.43  On the other hand, QACs 

dispersed in solution are typically effective against gram positive bacteria such as 

Staphylococcus and are commonly used in disinfectants such as hand soap.  A 

relatively new strategy to limit biofouling is to covalently bind QACs into polymers or 

onto surfaces to kill the cells on contact.44  This strategy has been shown effective 

against both marine and biomedical organisms.44,45 

Other lethal compounds with semi-specific toxicity are antibiotics.  Antibiotics such 

as penicillin and vancomycin kill bacteria by binding to the peptidoglycans on the 

surface of the cell wall, arresting assembly of the cell wall and causing autolysis.46  

Since eukaryotic cells do not have cell walls, these types of antibiotics can be safely 

used to kill bacteria infecting a larger organism.  One serious disadvantage to using 

antibiotics is the ability of bacteria to develop resistance to these compounds.  

Approximately half of hospital isolates of Staphylococcus aureus are methicillin-resistant 

S. aureus (MRSA), which indicates a resistance to the β-lactam class of antibiotics 

(such as penicillin).  Recent reports have also indicated cases of S. aureus resistant to 
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vancomycin, commonly viewed as the last line-of-defense against antibiotic resistant 

bacteria.47 

Antibiotics present a dilemma in that they are currently the only defense against 

serious infections such as osteomyelitis, yet their use leads to the creation of drug-

resistant strains of bacteria.  There are currently no other alternatives to removing 

established biofilms from underlying tissue except for amputation.  The best practice for 

using antibiotics is to characterize the infecting species and to deliver a high antibiotic 

dose over an extended period of time.  Doing so gives the best chance that no bacteria 

will survive to develop drug resistance. 

Non-Lethal Approaches 

Concerns over the environmental effects of broad-spectrum toxins (such as 

copper and organotin) as well as antibiotic resistance have led to an increased interest 

in non-lethal strategies.  Weakening the initial adhesion of the biofilm to the surface is 

typically the approach that these strategies utilize.  These concepts hold promise for 

both marine and biomedical applications. 

Chemical Cues 

One of the earliest attempts to correlate surface chemistry with the degree of 

biofouling was made by Baier in the 1960s.  This empirical relationship identified the 

regions of high and low fouling retention (Figure 2-5)48 based on the critical surface 

tensions (γc) of the substrate as determined by the method described by Zisman.49  The 

Baier curve shows a minima in fouling retention in the range of γc = 20-25 mN/m.  This 

critical surface tension corresponds to the dispersive component of the surface tension 

of water.  This energy corresponds to the lowest thermodynamic “cost” for water to re-

wet a surface after removing proteins or cells.3,48 
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Figure 2-5.  The “Baier curve,” established a relationship between retention of fouling 
organisms and critical surface energy.  Image taken from Baier48 with 
permission. 

Coatings in this range of surface energy are called “fouling release” (FR) and are 

typically made of silicones such as PDMSe.  Organisms may attach to FR coatings, but 

only require a small shear force to remove them from the surface.  Hard fouling 

organisms such as barnacles are removed more easily from surfaces because their 

bodies are larger and more rigid than soft foulers.  As a result, hard foulers experience a 

greater shear force over the length of their body than soft foulers.40 

The Baier curve presented in Figure 2-5 also recognizes a low level of biofouling 

for highly hydrated surfaces with γc > 60 mN/m.  One of the most ubiquitous hydrated 

materials used for AF applications is poly(ethylene glycol) (PEG).  PEG molecules have 

repeatedly demonstrated a resistance to non-specific protein adsorption, regardless of 
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whether the polymer is chemically bound or physically adsorbed onto a surface.50  Jeon 

and de Gennes proposed that the antifouling nature of PEG is due to the high affinity of 

water for the PEG molecule.51  Energy is required to displace water from the polymer 

chain, resulting in an enthalpic energy barrier.  The polymer chain must also undergo a 

conformation change upon dehydration, which is entropically unfavorable.  The result is 

a polymer that binds water so strongly that biological molecules often cannot overcome 

the high energy barrier to adsorb onto the surface.  Jeon and de Gennes predicted that 

the greatest resistance to protein adsorption would be caused by high molecular weight 

PEG.  Szleifer modified this analysis to show that low molecular weight PEG at a high 

density could achieve the same effect.52 

PEG can be implemented as an AF surface in many ways.  Self-assembled 

monolayers (SAMs) with only a few ethylene glycol units have been shown to prevent 

protein adsorption53,54 as well as attachment of larger organisms such as zoospores of 

Ulva.55,56  Another approach is to create cross-linked hydrogels from PEG.  These gels 

swell in water and present a surface that is nearly 100% water, making protein 

adsorption very difficult.  Such gels can be made by methacrylate57 or thiol-ene58 

chemistry and have proven effective at lowering the attachment of marine bacteria and 

algae zoospores. 

Recent efforts have focused on creating “amphiphilic” surfaces in which both high 

and low surface energy groups are dispersed on the nanoscale.  Several amphiphilic 

coatings are based on fluorocarbon (γc ≈ 18 mN/m) and PEG (γc ≈ 70 mN/m) groups.59  

Ober’s research group created a variety of polystyrene copolymers with pendant side 

chains of consisting of PEG and fluoropolymer blocks.60  These PEG-fluoropolymer 
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coatings have higher removal of Ulva spores and diatoms than PDMSe.  The authors 

proposed a dynamic nature of these surfaces, such that either PEG or fluoropolymer 

can be presented at the surface depending on the environment.  Similar work by 

Wooley’s group have shown that hyperbranched fluoropolymers copolymerized with 

PEG display nanoscale phase separation.61  These cross-linked materials have 

demonstrated resistance to protein adsorption as well as low settlement and high 

removal of Ulva zoospores and sporelings62.  Similar chemistries are currently being 

used in the Intersleek series of paints (International Paint), which is one of the most 

commercially successful FR coatings.40 

Physical Cues 

New approaches to create non-lethal AF coatings focus on using the physical, 

rather than chemical, attributes of a surface to prevent adhesion.  Nature serves as an 

inspiration for some of these physical attributes, since many marine organisms such as 

sharks do not foul.  The reason why living organisms do not foul while synthetic 

materials quickly become encrusted with biofilms is still an unanswered question.  

Recent studies indicate that both physical and chemical mechanisms are responsible.63  

The topography, or roughness, of a surface is a crucial feature that can dictate how an 

organism attaches to the surface.  A wide range of marine organisms including mussels, 

crabs, oysters, sea stars, porpoises, and sharks all have defined topographies on their 

surfaces, typically on the micron scale.  Some of these organisms are also reported to 

have surface energies in the range associated with minimum fouling (20-30 mN/m) as 

well as unique topographies.64 
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Figure 2-6.  Scanning electron micrographs of the skin of a spinner shark and Sharklet 
topography.  The skin is covered with denticles, which are tooth-like scales 
with a regular series of ridges.  (A) Top-down (B) and side-on view of 
denticles from a spinner shark.  A PDMSe film with the bio-inspired 
topography Sharklet is shown from top-down (C) and side-on (D).  The 
Sharklet topography has a repeating diamond pattern of ridges, although they 
are smaller than those of the shark and are not offset at different heights. 

Previous work has shown that a topographic pattern inspired by shark skin, called 

Sharklet (Figure 2-6), is effective at deterring attachment of a variety of organisms.  

Reductions in attachment density were 86% for zoospores of Ulva65, 97% for cyprids of 

the barnacle Balanus amphitrite66, and up to 99% for cells of the marine bacteria 

Cobetia marina.57  The Sharklet topography has also been effective at slowing the 
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biofilm growth of biomedically-relevant bacteria.  Chung, et al.67 showed that the 

Sharklet topography reduced the growth of biofilms of S. aureus for up to 3 weeks. 

The mechanism behind AF topographies such as Sharklet deter settlement has 

not been clearly identified, but some trends have been observed.  Topographies that 

have spacing narrower than the size of the fouling organism reduce attachment, while 

spaces wider than the organism may increase the attachment (compared to smooth 

surfaces).25,68  Scardino, et al.69 proposed a model correlating the attachment strength 

of diatoms to the number of attachment points the organism makes with the surface.  

The number of attachment points in this model serve as a proxy to the attachment area 

that the organism makes with the surface.  Schumacher et al. used areal terms which 

are typically used to describe wetting behavior [Wenzel’s roughness, (r) and depressed 

area fraction, (fd)] to correlate surface topography with fouling behavior.68  This model 

produces a unitless number called the “Engineered Roughness Index” (ERI), which 

correlates to settlement reduction.  The ERI model has since been extended to include 

the Reynolds number of the particular organism moving through the fluid above the 

surface.  The resulting ERI model describes, with good correlation (r2 = 0.77), the 

fouling behavior of a variety of organisms on textured surfaces.57 

Nanocomposite Materials 

A composite is a blend of two different materials which exist in separate domains 

(or phases).  The reason for creating a composite is typically to achieve a desired 

property that could not be achieved be either material individually.  Composites often 

take the form of one material dispersed within a matrix as a second material.  This can 

be in the form of particles, whiskers, or fibers.  Fiberglass composites are one example.  

These composites have high strength and toughness that allows them to be used in 



 

45 

applications which would otherwise not be suitable for either the glass or polymer 

materials alone. The term “nanocomposite” refers to the case when the dispersed 

phase is on the order of hundreds of nanometers or less in size.  The high interfacial 

area between components in a nanocomposite can offer desirable properties, but may 

pose challenges such as effective dispersion on the discontinuous phase. 

Bone is one example of a nanocomposite commonly found in nature that has 

outstanding properties. Bone is composed of approximately 65% hydroxyapatite 

[Ca10(PO4)6(OH)2], 30% proteins, and 5% water by weight.70  The majority of the protein 

in bone is Type I collagen, a protein that forms a rod-shaped triple helix with a molecular 

weight of approximately 300,000 g/mol.71  These triple helices self-assemble into fibrils 

with narrow gaps that allow for the intercalation of hydroxyapatite plates that are 

approximately 25 nm wide and 2-3 nm thick.  The dispersion of hydroxyapatite within 

the collagen fibril and the layering of these nanocomposite fibrils within the bone imparts 

considerable strength, toughness, and elongation to failure.72 

Nanocomposites have unique structural, optical, and biological properties and are 

thus desirable to create synthetically.  There are various methods to create 

organic/inorganic nanocomposites.73  Hybrid materials can be created by polymerizing 

organic molecules in the presence of inorganic particles.  Inorganic particles can also be 

formed in situ within a polymer.74  The result in either case is often a network with 

elastomeric properties.  The organic and inorganic phases can be polymerized 

simultaneously to create an interpenetrating network with unique mechanical and optical 

properties.75  Sol-gel chemistry is the method typically used to create the inorganic 

phase and therefore necessitates further discussion. 
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Sol-gel Chemistry 

Sol-gel chemistry76 is a solution-based method of making oxide ceramics. The 

most common precursors for these ceramics are metal alkoxides with the general 

formula Mn+(OR)n in which R is an alkyl group.  Alkoxysilanes, Si(OR)4, are used to 

create silica, which is one of the most ubiquitous ceramic phases used in 

nanocomposites. 

 

Figure 2-7.  Chemical reactions that form silica from TEOS.  (A) Hydrolysis of TEOS 
occurs by nucleophilic attack (SN mechanism) of water at the silicon atom.  
(B) Condensation can occur between two silanol groups, producing water or 
(C) between a silanol and alkoxy group, producing ethanol.  Reaction arrows 
are shown as bidirectional, however all reactions (A-C) heavily favor the 
product side. 

Tetraethylorthosilicate (TEOS), which has R = CH2CH3, is one of the most 

common alkoxysilanes used in sol-gel chemistry. TEOS will hydrolyze in the presence 

of water, creating a silanol group (Figure 2-7A).  Siloxane (Si-O-Si) bonds are formed by 
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condensation of a silanol group with either another silanol (Figure 2-7B) or an alkoxy 

group (Figure 2-7C). 

A sol is created as the hydrolysis and condensation reactions produce a colloidal 

suspension of silica.  The molecular weight of silica increases as the colloidal particles 

begin to condense together.  The silica polymer has infinite molecular weight at the 

point of gelation.  The resulting gel is porous, with water or alcohol occupying the pores.  

When dried, the solid material is called a “xerogel” and typically has a very high surface 

area.  There are numerous factors that influence the structure of gels prepared by sol-

gel chemistry. 

One of the most critical parameters that affect gel morphology is pH.  Under acidic 

conditions, the hydrolysis reaction occurs very quickly, while condensation occurs more 

slowly.  The result is that gels polymerized under acidic conditions tend to form 

branched chains, much like organic polymers.  These chains cross-link to form a 

network structure.  Under basic conditions, hydrolysis is the rate-limiting step, while 

condensation occurs readily.  Therefore sols created at high pH tend to be more 

particulate in nature and gelation occurs as these particles aggregate. 

At high pH, sols tend to be very stable and the colloidal particles can remain in 

solution for months.  This is because the surface of silica has a significant negative 

charge at high pH and the electrostatic repulsion between particles allows the solution 

to be stable.  Salts will cause the sol to gel as well as lowering the pH of the solution.  At 

the pH ≈ 2, sols are metastable.   This pH corresponds to the isoelectric point of silica, 

where particle growth is very slow due to low solubility of silica. 
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Another crucial parameter is the molar ratio water to alkoxysilane (R ratio).  

Technically, R = 2 is sufficient to fully hydrolyze an alkoxysilane.  However, hydrolysis is 

rarely complete, leaving a mixture of silanol and alkoxy groups on the silica surface.  

Generally, higher R ratios result in a greater degree of hydrolysis.  Low R ratios (R < 4) 

create polymeric sols that can be spun into fibers while higher R ratios (R >> 4) 

encourage more of a particulate morphology (similar to the track B shown in Figure 2-8). 

 
Figure 2-8.  Polymerization of silica under various solution conditions.  (A) Acid catalysis 

produces polymer-like network structures.  (B) Base catalysis encourages 
particle formation.  Image from Iler77, with permission from John Wiley and 
Sons. 

Silane coupling agents can be used to bring organic functionality into the inorganic 

network.  These compounds have the general formula R’-Si-(OR)3 in which R’ may be a 
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polymer, oligomer, or functional group capable of bonding with organic species.  

Covalently binding the organic and inorganic phases typically enhances the mechanical 

properties of the nanocomposite. 

Examples of Nanocomposites in Non-Fouling Applications 

Sol-gel chemistry can be utilized to create hybrid materials with unique properties 

such as low surface energy and controlled drug release.  Often, these materials are 

phase separated in a nanocomposite structure.  Below are examples of mixed phase 

hybrid materials and nanocomposites aimed at preventing fouling in the marine and 

medical environments. 

Antifouling/Fouling-Release Nanocomposites 

PDMSe has historically been one of the most widely used nanocomposite 

materials for AF/FR applications.  The surface energy of PDMSe is typically ~22 mN/m, 

in the “fouling release” zone shown previously.  Cross-linked PDMS is soft and gum-

like.  Silica fillers are commonly added to increase the modulus and strength of the 

material.  The strength can increase by a factor of 40, with a dramatic increase for 

particles less than 100 nm in diameter.78 

Silica-filled PDMSe is an attractive material for marine coating applications 

because it has a low surface energy and high toughness.  However, the retention of 

fouling organisms changes with modulus.  One study has shown that psuedobarnacle 

adhesion increases with the concentration of silica filler79.   Brady used a fracture 

analysis model to predict that higher modulus materials would retain more fouling 

organisms.80  This was later experimentally demonstrated with silicones by Chaudhury, 

et al.81  Schumacher, et al.82 attempted to overcome fouling on silica-filled PDMSe by 

patterning the surface with a heterogeneous microtopography.  The idea behind these 
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surfaces was that deflection of adjacent, dissimilar features imparts a force gradient of 

~100s nN on the organism.  These gradients represent the mismatch in the force 

required to uniformly deform two adjacent features with different lengths.  Indeed, the 

force gradients appeared to loosely correlate to the lowest settlement of zoospores of 

Ulva. 

More recent work has been focused on blending other chemistries with silica.  

Specifically, hybrid xerogels have been examined as AF/FR coatings.  Xerogels 

containing alkyl, fluoroalkyl, and aminoalkyl groups performed better than glass at 

releasing of zoospores of Ulva (up to 65%) and preventing settlement barnacle cyprids 

(as low as 10%). Coatings with a critical surface tension (γc) of approximately 20 mN/m 

had the highest release of Ulva sporelings and lowest settlement of barnacle cyprids.83  

A later study supported this result by demonstrating a distinct Baier curve behavior for 

the adhesion of protein-coated AFM tips to xerogel surfaces.  This work showed that 

barnacle cyprid settlement decreased with γc, although the release of diatoms showed 

the opposite behavior.84  Most of these hybrid materials appear to be a single, mixed 

phase.  However, a later study identified xerogels with phase separation on the 

nanoscale.  These materials contained a blend of n-octane and n-octadecane groups 

with a critical surface tension of γc = 21-23 mN/m.  These phase segregated materials 

had higher release of zoospores of Ulva (up to 90 %) and lower settlement of barnacle 

cyprids (<10%) than previous hybrid xerogels.85 

Because nanocomposites allow the incorporation of many different chemical 

species, it is possible to vary the surface energy over a wide range.  This has allowed 

detailed studies on the particular components of surface energy (γ) that contribute to AF 
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or FR behavior.  Liu, et al86 plated 316 L stainless steel surfaces with various 

compositions of Ni-P-TiO2-polytetrafluoroethylene (PTFE) from a solution containing 

colloidal TiO2, an emulsion of PTFE, and salts of Ni and P.  The coatings ranged in 

surface energy from 20-45 mN/m.  The adhesion of Pseudomonas fluorescens, Cobetia 

marina, and Vibrio alginolyticus bacteria was directly proportional (r2 = 0.82-0.92) to the 

ratio γ2
LW/ γ2

-.  γ2
LW and γ2

- are components of surface energy representing nonpolar 

and electron-donor interactions, respectively.  This analysis supports the results by 

Bennett, et al.87 which established a strong (r2 = 0.94) relationship between the 

attachment density of zoospores of Ulva and the percent of the surface energy 

contributed by polar interactions of xerogel surfaces.  While these two studies used 

different theories to calculate surface energies, they both arrived at the same 

conclusion: lower biological attachment is achieved by increasing the polar contribution 

to the surface energy. 

Sol-gel chemistry has the advantage of being a low temperature process.  This 

allows sensitive organic molecules such as enzymes to be encapsulated in the material.  

Proteolytic enzymes, which digest the proteins that organisms use to adhere to 

surfaces, are promising non-toxic compounds that are gaining interests as components 

of AF coatings88.  Luckarift, et al.89 used silica and titania xerogels to encapsulate 

lysozyme.  The lysozyme containing-gels maintained 70-100% of their ability to lyse 

Micrococcus lysodeikticus and had better resistance to heat treatment that the free 

molecule.  Kim, et al.90 covalently bound α-chymotrypsin into silicate gels and found that 

it could digest human serum albumin.  An extensive review on the subject states that 

polymers and oligomers can be incorporated into xerogels to protect the enzyme from 
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being denatured.  These studies show that while some enzyme activity may be lost in 

the process of encapsulating enzymes in a nanocomposite, the activity is generally 

more resistant to aging and environmental degradation.91 

Drug-Eluting Nanocomposites 

Sol-gel chemistry is also conducive to encapsulating drugs.  Aughenbaugh, et al.92 

demonstrated that vancomycin can be incorporated into silica xerogels.  Vancomycin 

release rate was directly proportional to the R ratio (moles H2O:moles alkoxysilane) in 

the range of R = 4-10.  The extent of vancomycin released from the material was also 

proportional to R ratio, with R = 10 gels releasing 90% of the initial amount of 

vancomycin.  Radin, et al.93 continued this work and showed that higher vancomycin 

loading produced a longer extent of first-order release kinetics.  Vancomycin released 

from these xerogels was effective against S. aureus for up to 21 days.  These silica 

xerogels were made into microspheres (100-700 μm) in a later study by Radin, et al.94 

by emulsifying the gel containing vancomycin in vegetable oil.  But microspheres 

prepared by this method had slower release and less cumulative release of vancomycin 

than ground xerogel.  It should be noted that these studies investigated vancomycin in 

silica xerogels without the addition of any polymer or salts. 

Blending polymers with xerogels has the ability to change the release rate of 

encapsulated drugs.  Costache, et al.95 demonstrated that zero-order release rates for 

anesthetic drugs could be obtained by blending silica xerogels with poly(ether 

carbonate)-PEG block copolymers.  Similar results were obtained by Ahola, et al.96 who 

demonstrated that adding PEG to a silica xerogel slowed the release of an anti-cancer 

drug.  The authors cite dissolution of the PEG/silica matrix as the reason for the 

observed first-order release kinetics.  However, this group also found that the same 
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drug had a higher release rate from poly(ε-caprolactone-co-DL-lactide) when it was 

encapsulated into a silica xerogel.97  This indicates that drug release from 

nanocomposites is dependent on complex interactions between the components (drug, 

polymer, inorganic phase) as well as the method by which the material is made. 

Summary 

Biofouling is a complex process that involves a wide variety of biomolecules and 

living organisms.  Once a biofilm establishes on a surface, it is often difficult to remove 

due to the defense mechanism inherent in the biofilm phenotype.  Therefore, there is 

significant interest in creating AF coatings that prevent the initial adhesion event from 

taking place.  This has been effective in some instances; however due to the long 

working life of these coatings and the diversity of fouling species, attachment does still 

occur.  FR surfaces that require a low amount of energy to release any attached 

organisms are also of great interest for this reason.  Recent efforts have focused on 

developing materials that have limited toxicity.  However, in some cases, such as a life-

threatening infection, the use of toxic antibiotics is necessary. 

Nanocomposites are a class of materials that combine the benefits of polymers 

and ceramics.  There are a wide range of chemistries that can be created by using 

nanocomposites due to the flexible nature of sol-gel processing.  Nanocomposites 

created by sol-gel processing have shown promising results as both AF and FR 

materials in the marine environment.  Drugs have also been successfully encapsulated 

in nanocomposites to treat biofilms present in wounds or infected tissue.  
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CHAPTER 3 
NANOCOMPOSITE BIOACTIVE GLASS MICROSPHERES CREATED BY A BASE-

CATALYZED WATER-IN-OIL EMULSION 

Introductory Remarks 

Osteomyelitis is the infection of bone caused by biofilms of bacteria.  These 

biofilms lower the local pH and destroy the underlying tissue.  The current treatment is 

to administer antibiotics locally over several weeks to achieve a high, sustained 

dosage.37,98  Poly(methyl methacrylate) (PMMA) beads have been used in as the drug 

delivery material for osteomyelitis treatment for decades.99,100  However, there are 

several drawbacks to using PMMA.  First, the material tends to exhibit rapid, burst-

release kinetics.101  Second, PMMA is not bioresorbable and a second surgery must be 

performed to prevent fibrous encapsulation.  Finally, PMMA does not stimulate 

regeneration of bone tissue that has been lost due to the infection.  Bioceramics have 

been proposed as drug carriers because they can remain at the site and would 

encourage bone growth.102 

Bioceramics such as the bioactive glasses in the SiO2 – Na2O – CaO – P2O5 

system are promising candidates for this application because they are well tolerated in 

the body.7  One reason why these glasses are tolerated so well is that they slowly 

dissolve into ionic byproducts such as Ca2+, PO4
3-, and Si(OH)4.  These small molecules 

are easily metabolized.  These ions also allow the glass to physically bond the to the 

bone tissue.  This occurs through a series of surface-mediated reactions in which Ca2+ 

and PO4
3- precipitate as an amorphous solid on the glass.103  The amorphous calcium 

phosphate subsequently crystallizes into an apatite by incorporating OH-, CO3
2-, or F- 

ions from solution.  Bioactive glasses and their dissolution products have been shown to 

increase the proliferation104 and collagen production105 of the bone precursor cells.  This 
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produces a mineralized interface that forms a strong bond between the glass and the 

surrounding tissue. 

Melt-derived bioactive glasses have been proposed as drug delivery materials.106  

However, drugs cannot be encapsulated into the glass matrix due to the high 

temperature processing.  Instead, drugs must be adsorbed onto the surface of the 

material.  Silanol groups on the surface of silicate materials offer sites for hydrogen 

bonding to occur with the drug.  However, this leads to the adsorption of a monolayer of 

drug at the surface.  The low surface area and of melt-derived glasses does not allow 

for an appreciable amount of drugs to be adsorbed.  However, mesoporous silicates 

have very high surface areas and have attracted attention as drug-release materials. 

Mesoporous silicates are created by sol-gel processing.  Micelles of a surfactant 

are used as templates to create the pores in the final silicate.  An alkoxysilane is 

polymerized around the micelles, which typically have spherical or tube-like 

morphology.  The micelles are removed by either heating to ~500 °C or by acid 

treatment.  The result is a xerogel with pores ~5-15 nm in diameter with extremely high 

surface area (~1,000 m2/g).  Drugs are typically physically adsorbed from solution into 

the pores of the gel.107 

The drug release rate depends on numerous factors including: the size of the drug 

relative to the pores, interaction between the drug and silica surface, and the tortuosity 

of the pores.  The first drug release study with mesoporous silica showed that ibuprofen 

(~1 nm molecule) was released over a period of 3 days when the average pore size was 

~4 nm108.  Mesoporous silicates with larger pores (~12 nm mean size) exhibited a 

complete release of ibuprofen within 1 day.109  Arcos, et al.110 demonstrated that 
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calcium can be incorporated mesoporous silicates and that these could be spray dried 

into 0.2-1 μm microspheres.  These microspheres released triclosan, an antibiotic, over 

a period of ~12 hrs.  Most studies show that untreated mesoporous silica releases drugs 

throughout a period of hours to a few days. 

 

Figure 3-1.  Chemical structures of common analgesics and antibiotics.  Approximate 
size of the drug molecules were estimated by measuring the molecule along 
the axis indicated by “d” with the software Jmol.  (A) Ibuprofen, ~0.8 nm.  (B) 
Triclosan, ~0.7 nm.  (C) Gentamycin, ~1.2 nm.  (D) Vancomycin, ~1.7 nm. 

Another approach to encapsulate a drug within a xerogel is to polymerize the 

silicate in a solution containing the drug.  Unsintered xerogels have porosity on the 

range of 1-20 nm, depending on the catalyst and processing conditions.76  Ducheyne’s 

group has demonstrated the effectiveness of this technique in numerous publications.  

One study found that vancomycin could be trapped within an acid catalyzed, 100% 

silica xerogel that produce transparent monoliths when dried.93  The release rate of 

vancomycin directly correlated to the molar ratio H2O:alkoxysilane ratio and the 

concentration of vancomycin in the gel.92 
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A later study showed that microspheres (100-700 μm) encapsulating vancomycin 

could be produced by emulsifying these sols in vegetable oil.  However, emulsifying the 

sol diminished the release rate and cumulative release of vancomycin.  This may have 

been due to vancomycin dissolving into the oil phase, because the average pore size 

(~2.5 nm) was the same xerogels regardless of whether it was emulsified. The release 

kinetics fit a model for diffusion-limited release from spherical bodies.  This model 

indicates that diffusion, rather than matrix dissolution, was responsible for driving the 

release of vancomycin (~1.7 nm molecule) from the porous xerogel.94 

Polymers have been blended with ceramics to change the nature of the drug 

release.  Xia, et al.111 demonstrated that two different drugs could be released from 

mesoporous silica depending on the pH of the surrounding media.  This was 

accomplished by coating the mesoporous silica with pH-responsive micelles of poly(γ-

benzyl-L-glutamate)-block-poly(ethylene glycol).  Ahola, et al.96 showed that release of 

an anti-cancer drug from xerogels was slower when poly(ethylene glycol) (PEG) was 

incorporated into the acid-catalyzed, silica sol. 

Most studies to date on drug-releasing ceramics have been performed on xerogels 

that did not contain polymers.  Although some studies (mentioned above) have shown 

that polymers have the ability to slow the release kinetics.  Polymer-bioactive glass 

blends have been created in various morphologies.  Hatcher, et al.112 created poly(n-

vinylpyrrolidone) (PVP) bioactive glass nanocomposites that could be sprayed or spun 

into fibers.  Costa, et al.113 produced macroporous foams of a bioactive glass-poly(vinyl 

alcohol) hybrid material.  Incorporating CaO and P2O5 generally increases the 

dissolution rate of xerogel materials.114  However, in the presence of polymers, the 



 

58 

interaction between ions and the polymerizing silicate becomes more complex.  Arcos, 

et al.110 reported that Ca2+ decreases the ordering of pores within mesoporous silica 

formed in the presence of PEO-PPO-PEO block copolymer. 

The goal of this study is to characterize the morphology of hybrid microspheres 

made by a water-in-oil (W/O) emulsion process.  This work is an extension of a 

publication by Park, et al.115,116 who created PVP/silica and PEG/silica microspheres by 

W/O emulsion.  The droplets of the emulsion serve as precursors to the microspheres in 

this method.  Tetraethylorthosilicate (TEOS) is added to the emulsion and hydrolyzes at 

the oil/water interface to become water soluble.  Polymers dissolved in the aqueous 

droplets to slow the diffusion of hydrolyzed silica.  This study showed that the 

microspheres have a hollow structure after heating to 600 °C.115  This work differs from 

that by Park, et al. in that microspheres will be made with the 77S composition114 of 

bioactive glass (80 SiO2 – 16 CaO – 4 P2O5, mole %). 

Three polymers are used in this study for the organic phase of the microsphere: 

PVP, PEG, and gelatin.  PVP is commonly used as a binder in pharmaceutical 

applications and is generally well tolerated by the body.117  PEG is a water-soluble 

polymer that is widely used as an excipient in drug formulations.  Gelatin is a naturally 

occurring polyamide found in skin and bone.  It is commonly used in drug-delivery 

applications and is generally inexpensive.118  Furthermore, gelatin has been shown to 

significantly increase the early-stage bonding strength of apatite-wollastanite bioactive 

glass to bone.119  For these reasons, gelatin is a suitable polymer filler for drug delivery 

using bioactive glass. 
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Materials and Methods 

A process was adapted from the method shown by Park, et al115 to create 

microspheres by a W/O emulsion.  The oil phase consisted of 1-octanol with 3% (wt/wt) 

Span 80 (an oil-soluble emulsifier) and 1.4% (wt/wt) hydroxypropylcellulose (a 

rheological modifier).  This was prepared by heating the 1-octanol to 80 ± 5 °C before 

slowly adding the hydroxypropylcellulose over a 5 min period while stirring.  The 

solution was stirred for an additional 4 hrs at this temperature and subsequently cooled 

to 40 ± 5 °C before adding the Span 80. 

To prepare the aqueous phase, a 2.7 M solution of Ca(NO3)2 was prepared with DI 

water (>17 MΩ·cm resistivity).  The catalyst, ammonia, was added in the form of a 

strong ammonium hydroxide solution which titration revealed [NH3] = 10.6 M.  The 

ammonium hydroxide was added to the 2.7 M Ca(NO3)2 solution until pH = 10.5 as 

measured by a Thermo Orion 2-Star Benchtop pH meter. 

Polymers were added to the aqueous solutions at concentrations of 2%, 6%, and 

10% (wt/wt) of the pH-adjusted 2.7 M Ca(NO3)2 solution.  The polymers tested in this 

study were: PVP (molar mass ~1,000 kg/mol, Polysciences #06067), PEG (molar mass 

~20 kg/mol, Alfa Aesar #A17925), and gelatin type B (molar mass ~50 kg/mol, Sigma 

#G-939).  The appropriate amounts of polymer were added to each sample and stirred 

until a transparent, homogenous mixture was achieved.  Because gelatin is more 

soluble at higher temperatures, the aqueous solution was heated to 70 ± 3°C for 40 

mins to allow the gelatin to dissolve.  The gelatin solutions then were cooled to ambient; 

i.e., below 30 °C, prior to adding it to the oil phase. 
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Emulsion Formation 

The oil phase was added by weight (46 ± 2g) to a 250 ml glass beaker.  A 

Caframo mechanical mixer was used to mix the emulsion at 500 rpm with a propeller-

type blade.  6.1 ml of the aqueous solution was added dropwise with a pipette to the 

continuously stirring oil phase.  This corresponds to an emulsion with a volume ratio of 

approximately 9:1 (oil:water).  The emulsion was stirred for 30 mins.  18.8 ml of TEOS 

was added directly to the emulsion immediately followed by 1.4 ml of triethylphosphate 

(TEP).  These reagent concentrations correspond to a 77S composition of bioactive 

glass (80 SiO2 – 16 CaO – 4 P2O5, mole %) with a H2O:TEOS molar ratio of 4.  The 

molar ratio of sol-gel reactants H2O:TEOS:Ca(NO3)2:TEP:NH3 was 4:1:0.18:0.01:0.02.  

The emulsion was stirred for 24 ± 1 hrs at 21 ± 3 °C. 

Microsphere Isolation 

The microspheres were washed three times by centrifugation at 2,000 rpm and 

were rinsed with ~20 ml of 200 proof ethanol after each centrifugation.  A vortex mixer 

was used to re-disperse the microspheres after each rinsing.  The microspheres were 

dried by placing them in a vacuum oven at 45 ± 10 °C and placing them under vacuum.  

The microspheres were dried until ethanol was no longer visible, typically 2-4 hrs. 

Scanning Electron Microscopy / Energy Dispersive Spectroscopy (SEM/EDS) 

All samples were mounted on aluminum stubs with double-sided tape for 

SEM/EDS analysis.  A layer of gold-palladium was sputter coated on a Denton Desk II 

at 38 mA for 60 seconds.  SEM/EDS analysis was performed on a JEOL 6400.  All 

images were taken in secondary electron mode with 15 mm working distance and 15 kV 

accelerating voltage.  Elemental content was determined by EDS at the following x-ray 
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energies: C Kα1 = 0.2675 keV, Si Kα1 = 1.7475 keV, Ca Kα1 = 3.7075 keV, P Kα1 = 

2.0075 keV.  EDS spectra were taken on spots are indicated on the micrographs. 

Thermal Analysis 

Thermogravimetric and differential thermal analysis (TG/DTA) was performed on a 

Seiko TG/DTA 320.  Each sample had a mass of 9-11 mg.  The samples were purged 

with air at a flow rate of 100 ml/min.  Heating was performed between 30-800 °C at a 

rate of 2 °C/min.  For DTA analysis, the reference material was 14 mg of Al2O3 powder.  

DTA curves have been baseline corrected against an empty sample pan. 

Microsphere immersion 

Microspheres were immersed in simulated body fluid (SBF) to determine if 

hydroxyapatite would precipitate at the surface.  The SBF was prepared as described 

by Kokubo, et al.120 and contained the following ions (in mM): 142.7 Na+, 5.0 K+, 1.5 

Mg2+, 2.6 Ca2+, 187.8 Cl-, 4.2 HCO3
-, 1.0 HPO4

2-, 0.5 SO4
2-.  The solution and was 

buffered to pH = 7.40 using tris(hydroxymethyl)aminomethane.120  Samples were 

immersed in a shaker bath at 37 °C for up to 7 days.  The concentration of 

microspheres to SBF was fixed at 0.001 g/ml.  Melt melt-derived, 45S5 bioactive glass7 

granules were included in these experiments (46 SiO2 – 24 Na2O – 27 CaO – 3 P2O5, 

mole %).  The granules were prepared by Mo Sci Corp (donated by Dr. Larry Hench) 

and had a particle size of 200-300 μm. 

45S5 particles were collected for XRD analysis by filtration with 0.45 μm cellulose 

paper.  The particles were rinsed three times with ~10 ml DI water.  The samples were 

then dried at room temperature in a desiccator.  Because SBF containing microspheres 

filtered very slowly, these samples were collected by centrifugation at 1500 rpm.  The 
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pellet was rinsed with 50 mL of DI water.  This process was repeated three times before 

drying as described above. 

The SBF was analyzed by ICP-AES to determine composition changes induced by 

dissolution of the particles.  SBF was collected by filtration through 0.45 μm cellulose 

filter paper and collected in centrifuge tubes.  These solutions analyzed without any 

further modification. 

X-ray Diffraction (XRD) 

X-ray diffraction (XRD) was used to determine whether crystalline hydroxyapatite 

forms at the surface of microspheres after immersion in SBF.  The analysis was 

performed on a Philips 3720 with CuKα source with λavg = 0.154 nm.  Scans were 

performed with a step size of 0.02° and time per step of 0.5 seconds.  Powdered 

samples were mounted onto a piece of glass slides with double sided tape. 

Atomic Emission Spectroscopy 

Inductively coupled plasma atomic emission spectroscopy (ICP-AES) was used to 

monitor the presence of Ca, Si, and P in SBF as a function of time.  ICP-AES analysis 

was performed on a Perkin-Elmer Optima 3200.  A 100 ppm standard of each element 

was serially diluted in DI water (18.2 MΩ·cm) to give standards of 10 and 1 ppm.  A 

calibration curve was established using for each element using a non-linear fit to an r2 

value of 0.9999 or greater.  Each sample was measured 5 times and correlated to the 

calibration curve using a peak area algorithm.  The wavelengths used for reporting 

concentrations were λCa = 317.933 nm, λSi = 212.412 nm, and λP = 214.914 nm. 

Results 

Aqueous droplets which contained PVP (Table 3-1) at concentrations of 6 wt% 

and 10 wt%.  The microspheres made with 6 wt% PVP had diameters of approximately 
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5-20 μm, while microspheres made with 10 wt% PVP were slightly larger with diameters 

of approximately 10-40 μm.  The 2 wt% PVP composition produced few microspheres.  

The material instead appeared largely as a film. 
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Table 3-1.  SEM micrographs with corresponding EDS spectra of microspheres as a function of PVP concentration. 
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Table 3-2.  SEM micrographs and EDS spectra of microspheres with various concentrations of PEG. 
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Table 3-3.  SEM micrographs and EDS spectra of microspheres with various concentrations of gelatin. 
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Microspheres made with PEG were significantly smaller, i.e., 0.2-1 μm, at all 

concentrations tested.  Microspheres made with gelatin appeared to be 1-20 μm in 

diameter by visual inspection of the micrographs (Table 3-3).  The concentration of 

gelatin appears to affect the morphology of the microspheres.  Some microspheres 

prepared with 2-6 wt% gelatin appeared hollow, despite never having been fired.  Many 

of these microspheres also appeared collapsed.  However, microspheres prepared with 

10 wt% gelatin concentration appear more spherical and less “deflated.” 

Table 3-4.  Composition of base-catalyzed microspheres as determined by EDS and 
TG/DTA.  Ca:Si ratios with error values indicate the average and standard 
deviation of 2 measurements.  Numbers without error are a single 
measurement. 

Polymer 
Polymer 

concentration 
(%, wt/wt) 

Ca:Si ratio C:Si ratio 
Mass loss between 

150-800 °C 
(%) 

PVP 
2 0.8 ± 0.9 1.8 ± 2.3 68 
6 0.8 ± 0.4 3.2 ± 0.7 84 

10 1.1 ± 0.1 2.7 ± 0.4 85 

PEG 
2 0.1 ± 0.0 0.1 ± 0.1 28 
6 0.1 ± 0.0 0.3 ± 0.3 26 

10 0.1 ± 0.0 0.3 ± 0.2 29 

Gelatin 
2 0.3 ± 0.0 0.4 ± 0.0 65 
6 0.9 ± 0.6 2.0 ± 1.0 75 

10 0.9 0.4 81 

 

Calcium concentration in the final microspheres was dependent upon the type of 

polymer in the aqueous phase.  Silicon was used as an internal reference for comparing 

EDS signals between samples.  The ratio of Ca:Si was approximately 10 times lower for 

samples containing PEG than samples containing PVP or gelatin (Table 3-4).  The 

amount of carbon relative to silicon was also lower in samples containing PEG than 

other polymers. 
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Figure 3-2.  Mass loss versus temperature for PVP/bioactive glass microspheres. 

TG/DTA analysis was used to determine the approximate ratio of organic and 

inorganic components in the microspheres.  All samples lost approximately 10% of their 

initial mass upon heating to 150 °C.  This mass loss is largely associated with residual 

water or ethanol being driven out of the microspheres.  However, completion of the sol-

gel reaction by condensation of residual silanol or alkoxide groups will also produce a 

mass loss in this region.  Mass loss between 150-800 °C is be attributed to the removal 

of the organic polymer.  Therefore, the percent mass loss in this range (Table 3-4) is 

assumed to be the weight percent polymer in the microspheres. 

Compositions prepared with 2 wt% PVP (Figure 3-2) lost approximately 68% of its 

original mass between 150-800 °C.  Microspheres prepared with 6 and 10 wt% PVP lost 

approximately 85% of their mass.  This indicates that microspheres prepared with 6 and 

10 wt% PVP had essentially the same ratio of organic to inorganic components.  All 

nanocomposites made with PEG lost between 26-29% of their original weight.  There 
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was no correlation between PEG concentration and mass loss (Figure 3-3).  

Microspheres prepared with gelatin lost between 65-81% of its mass between 150-800 

°C.  The mass loss directly correlated to the concentration of gelatin (Figure 3-4). 

 
Figure 3-3.  Mass loss versus temperature for PEG/bioactive glass microspheres. 

The mass loss curves for the PVP microspheres showed unusual backwards loops 

at ~450 °C.  This is caused by a rapid mass loss followed by a significant exothermal 

event (Figure 3-5).  The slight delay (approximately 1 min) between mass loss and 

temperature increase creates an artifact that appears as “loops” when sample mass is 

plotted versus temperature.  This delay may have been caused by the heat capacity of 

the sample holders.  The artifact was more pronounced at faster heating rates.  

Samples containing gelatin also displayed this behavior when heated at 10 °C/min.  The 

PEG microspheres did not display this behavior at heating rates between 2-10 °C/min. 

This sharp exothermic event may correspond to microspheres that ruptured during 

heating.  SEM analysis of the remnants of the TG/DTA heat treatment reveals hollow 
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spheres, many of which had ruptured.  These hollow spheres appear similar to that 

reported by Park, et al.115 

 

Figure 3-4.  Mass versus temperature for gelatin/bioactive glass microspheres. 

 

 

Figure 3-5.  First derivative of sample mass versus time (DTG) and thermal differential 
(DTA) signals for 6 wt% PVP nanocomposite microspheres. 
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Figure 3-6.  SEM micrograph of 10wt% PVP bioactive glass microspheres after heating 
to 800 °C. 

Microspheres containing PVP and gelatin dissolved within 1 day of immersion in 

SBF.  There were no spherical particles 10s μm in diameter observed by SEM at this 

time (Figure 3-7).  The material that remained predominantly consisted of calcium and 

phosphorous at a 1.4:1 ratio as measured by EDS (Figure 3-8).  Silicon was detected in 

the remnants of the gelatin microspheres.  The remnants of the PVP microspheres had 

a weak silicon signal. 

 

Figure 3-7.  Dissolution of 10 wt% PVP microspheres.  Microspheres (A) prior to 
immersion and (B) after 1 day in SBF. 
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Figure 3-8.  Electron micrographs bioactive glass particles prior to and after immersion 
in SBF for 7 days. (A-C)  Prior to immersion in SBF.  (D-F)  Material 
remaining after 7 days immersion in SBF with corresponding EDS spectra. 

The surface of the 45S5 particles drastically changed after 7 days in SBF (Figure 

3-8D).  The surface appeared coated with a material that had a coral-like morphology.  

This morphology is commonly associated with hydroxyapatite nucleated on bioactive 

glass surfaces hydroxyapatite7,110,120-122.  This coating was also rich in calcium in 

phosphorous, with a Ca:P ratio of 1.4. 

XRD analysis was performed to examine the crystallinity of the calcium phosphate 

compounds observed after immersion in SBF (Figure 3-9).  All samples showed a weak 

peak around 2θ = 31.8°, which is the (211) reflection and strongest peak for 
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hydroxyapatite.  The peaks were broad, which indicates a small crystal size.  No other 

characteristic peaks of hydroxyapatite were observed. 

 

Figure 3-9.  XRD spectra of base-catalyzed bioactive glass microspheres after 
immersion in SBF for 1 week. 

Nucleation of hydroxyapatite occurs by reacting with ions in SBF, which was 

monitored by ICP-AES.  Hydroxyapatite formation is indicated by a decrease in 

phosphorous concentration.  This occurred for all samples, although more rapidly for 

SBF containing microspheres (Figure 3-10 B and C) than SBF containing 45S5 particles 

(Figure 3-10A).  Microspheres produced a higher calcium concentration after 1 day 

which subsequently decreased at days 3 and 7.  The calcium concentration decreased 

more slowly in SBF containing for 45S5 particles.  All of the samples released silicon 

(likely in the form of Si(OH)4).  The concentration of Si was highest for the 6 wt% gelatin 

composition, which reached a value of ~30 ppm after the first day of immersion. 
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Figure 3-10.  Elemental composition of SBF containing various compositions of 
bioactive glasses as measured by ICP-AES.  The elemental composition at 
day 0 is the composition of SBF for all samples.  Error bars indicate 95% 
confidence intervals.  A) SBF containing 45S5 glass particles.  B) SBF 
containing 6 wt% gelatin nanocomposite microspheres.  C) SBF containing 6 
wt% PVP nanocomposite microspheres. 

Discussion 

This study demonstrates, as a proof-of-concept, that microspheres consisting of 

calcium silicate and water-soluble polymers can be made by a water-in-oil process.  

Solutions containing PVP (6 and 10 wt%) and gelatin (2, 6 and 10 wt%) produced 

microspheres ~10s μm in diameter.  This particle size corresponds to the size of the 

droplets in the initial emulsion as shown by Park, et al.115  Calcium was detected by 
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EDS in these microspheres at a ratio of ~1:1 with silicon.  The inorganic content was 15-

32% and was consistent for microspheres over this composition range. 

However, the substitution of PVP or gelatin with PEG caused a significant change 

in morphology and composition.  First, the particles were too small (<1 μm) to be 

associated with the initial droplets of the emulsion.  EDS revealed that these particles 

contain less calcium than microspheres made with PVP or gelatin.  The PEG particles 

contained much more inorganic material (~63%) than those made with PVP or gelatin.  

Therefore, it is likely that a different phenomenon is responsible for the morphology of 

the PEG-silicate material. 

The incorporation of organic polymers into inorganic sol-gel systems can be 

described in terms of classical polymer-polymer mixing.  The silicate phase is assumed 

to be a polymeric species which has a molecular weight that is increasing with time.  

Phase separation can occur depending on the compatibility of the two polymeric 

components. This behavior can be described by the Flory-Huggins equation for a two-

component polymer mixture:123,124 

     [(
  
  
)   (  )  (

  
  
)   (  )         ] 

in which ΔG is the free energy of mixing, R is the gas constant, T is temperature, φi is 

the volume fraction of component i, Pi is the degree of polymerization of component i, 

and χ12 is the interaction parameter between the two components. 

PEG-silica gels have been shown to undergo phase separation to produce 

structures ranging from macroporous, bi-continuous structures to aggregated particles.  

Nakanishi, et al.125 reported that PEG-SiO2 phase separated gels consist of 22-32 wt% 
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organic material.  This correlates well to the polymeric content of the PEG-silicate 

particles measured in this study (26-29 wt%).   

 

Figure 3-11.  Phase behavior in the calcium nitrate tetrahydrate (CNT)-PEG-TEOS 
system.  (A-B) Particulate structures observed by Kim, et al. 126  are indicated 
by circle and star shapes.  (C-E)  Compositions produced in this study, which 
also produced submicron particulate morphology.  Phase diagram and 
images reproduced from Kim, et al. with permission. 

Kim, et al.126 demonstrated that the Ca(NO3)2-PEG-TEOS system is capable of 

producing a range of morphologies by phase separation (Figure 3-11).  Aggregated 

microparticles (Figure 3-11 A-B) were observed when PEG was present in the sol.  The 

primary particle size was inversely correlated to the concentration of PEG.  These 

aggregated particles were observed in a similar region of the phase diagram to the 
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compositions tested in this study (Figure 3-11 C-E).  Although the PEG-silicate particles 

in this chapter appear smaller than would be predicted by the phase diagram 

established by Kim, et al.  This is likely due to the catalyst that was used in this study 

(basic) compared that used by Kim, et al. (acidic).  Base-catalyzed systems encourage 

silicates to form a particulate morphology.  It is worth noting that despite using different 

catalysts, similar structures were observed in both studies. 

Kim et al.126 also showed that the Ca:Si ratio in PEG-silicate gels (as measured by 

EDS) is approximately 1/3 the molar ratio Ca:Si of the initial sol.  A similar observation 

was made in this study; the PEG-silicate particles had a Ca:Si ratio of ~½  that of the 

initial sol.  Both studies demonstrate that calcium is not completely incorporated into the 

silicate.  The slightly higher Ca:Si ratio in this study can be attributed to pH.  The water 

surrounding calcium ion is more hydrolyzed at high pH.76  This produces hydroxyl 

groups which can condense with the silicate or undergo hydrogen bonding with PEG. 

Elemental analysis of SBF showed an increase in the concentration of silicon and 

calcium within the first day for all compositions.  Calcium and silicon indicate that the 

glass is dissolving.  The concentration of phosphorous decreased more rapidly in SBF 

containing microspheres than 45S5 particles.  These results are consistent with those of 

Saravanapavan, et al.127, which showed that sol-gel derived glasses react more rapidly 

with the ions in SBF than melt derived, 45S5 glass.  The rapid loss of phosphorous 

indicates that the microspheres precipitate hydroxyapatite more quickly than the 45S5 

particles.  The rapid degradation of the microspheres likely caused a burst-release of 

calcium, which saturated the solution and drove calcium phosphate precipitation.  The 
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burst release of calcium was observed by ICP-AES on the first day of immersion (Figure 

3-18). 

The PVP and gelatin microspheres did not retain their initial shape upon 

immersion in SBF.  Rather, they appear dissolve or “fall apart,” leaving behind 

hydroxyapatite and a small amount of submicron silica particles.  Heating the 

microspheres to 800 °C led to ruptured, hollow silica shells.  These results point to a 

nanocomposite morphology (Figure 3-12) in which the organic polymer is the matrix that 

binds silicate nanoparticles at the edge of the microsphere.  The submicron silica 

particles are generated by the base-catalyzed condensation of silicate species at the 

edge of the droplet.  The interior of the particle remains largely organic. 

The interaction between the polymer and silica surface dictates the stability of the 

nanocomposite.  Microspheres made with PVP or gelatin are stable, indicating a strong 

preference of these polymers for the silica surface.  Hydrogen bonding of the carbonyl 

group of PVP to silanol groups on ammonia-catalyzed silica has been demonstrated in 

the literature by NMR spectroscopy128.  Gun’ko, et al. observed hydrogen bonding 

between PVP and fumed silica by FTIR129.  It is likely that gelatin forms a similar 

hydrogen bond to the silanol groups due to the structural similarities between gelatin 

and the amide-like bond in the PVP ring.  The free energy of the PVP-silanol hydrogen 

bond has been calculated by density functional theory as -25 kJ/mol in the presence of 

water129.  This is greater than the free energy of binding polyethylene oxide to silica 

surface, which has been estimated to be -5.9 kJ/mol in the presence of water130. 
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Figure 3-12.  Proposed structure of PVP and gelatin nanocomposite microspheres 
produced by base catalysis.  (A) Silica nanoparticles form at the surface of 
the droplet and are bound together by the polymer.  (B) Hydrogen bonding 
between the silanol groups and the carbonyl of PVP binds the organic and 
inorganic phases together.  Image adapted from Xu, et al.128 with permission.  
(C) High magnification SEM image of 10 wt% PVP microsphere, which 
exhibits a surface texture indicative of the structure shown in (A). 

The nanocomposite structure proposed in Figure 3-12 can be disrupted by water.  

Dissolution of the organic matrix leaves behind submicron silica particles.  Silicate 

material was observed in the remnants of the gelatin microspheres (Figure 3-8).  Future 

experiments should use small angle X-ray scattering (SAXS) and transmission electron 

microscopy (TEM) to confirm the nanocomposite structure of the microspheres. 
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Summary 

Three water-soluble polymers (PEG, PVP, and gelatin) were tested for their ability 

to form microspheres with sol-gel derived bioactive glasses.  PVP and gelatin produced 

microspheres 1-40 μm in diameter as dictated by the droplets of the initial emulsion.  

These microspheres contained a significant amount of calcium and dissolve within 1 

day in SBF.  Compositions made with PEG produced 0.2-1 μm aggregated silicate 

particles with low concentration of calcium and polymer concentration.  Phase 

separation appeared to be driving the formation of these PEG-silicate particles.  

Microspheres made with PVP or gelatin appear to have a nanocomposite structure in 

which the polymer acts as a matrix and binder for silicate nanoparticles.  Future work 

attempting to encapsulate drugs in bioactive glass microspheres should use PVP or 

gelatin because they produce more stable particles.  The dissolution rate of the 

microspheres should be slower if they are to be used as extended drug release 

materials. 
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CHAPTER 4 
PARAMETERS AFFECTING THE SIZE AND MORPHOLOGY OF ACID-CATALYZED 

BIOACTIVE GLASS MICROSPHERES 

Introductory Remarks 

Microspheres comprising calcium silicate glass and various water soluble 

polymers were made by a W/O emulsion in the previous chapter.  The organic polymer 

was the largest component of these microspheres by weight.   The polymer component 

seemed to act as the matrix in a nanocomposite structure, which caused the 

microspheres to rapidly degrade in SBF.  The ideal material for treating osteomyelitis 

should fight the disease and regenerate tissue lost from the infection.  The 

microspheres described in chapter 3 degraded within one day in SBF.  Microspheres 

should hold their shape over a period of at least one week to effectively stabilize a 

wound.  Increasing the glass content in the nanocomposite may slow the degradation of 

the particles.  It may be possible to do this by making microspheres at a lower pH. 

Acid-Catalyzed Microspheres 

One of the most important factors dictating the structure of sol-gel derived 

materials is the pH of the sol.  TEOS hydrolyzes more readily in acidic solutions than in 

basic solutions. Hydrolysis is restricted to the oil/water interface in this procedure.  This 

produces silicate species which become more soluble in the aqueous phase as the 

degree of hydrolysis increases.  Once drawn into the droplet, the silicate species can 

subsequently interact with PVP and/or undergo condensation.  Because hydrolysis is 

more rapid at low pH, droplets containing an acid catalyst should generate more 

hydrolyzed silica, resulting in microspheres with more inorganic material.  This may also 

change the structure of the microsphere from discrete, silica particles dispersed in an 

organic coating to a more cross-linked and interconnected network.  The first goal of 
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this chapter is to identify the differences between microspheres presented in chapter 3 

(base catalyst) with those made with an acid catalyst. 

An initial study was performed to evaluate the effects of acid-catalysis on 

microsphere formation and composition.  Three compositions of microspheres were 

made for this study: compositions containing PVP (molar mass ~1,000 kg/mol), gelatin 

(molar mass ~50 kg/mol), and one composition without any polymer present in the 

aqueous phase.  SEM/EDS and thermogravimetric analysis was performed to examine 

the general structure and composition of these acid-catalyzed microspheres. 

Compositional Effects on Size and Morphology 

The second goal of this chapter is to identify how the initial sol composition affects 

the final microsphere size and morphology.  Size and morphology are important factors 

that can affect the release rate of drugs and attachment of cells.  Therefore, it is 

important to understand how the composition affects the size and shape of the final 

microsphere. 

The relationship between sol composition and microsphere size is examined in the 

context of droplet formation.  The emulsion is crucial in this procedure because the 

droplets act as templates for the final microspheres.  An emulsion is a mixture of two 

immiscible liquids consisting of a discontinuous phase dispersed in a continuous phase.  

Stirring the emulsion leads to the formation of droplets of the discontinuous phase.  The 

work required for forming droplets is given by: 

          

where ΔA is the change in interfacial area between the two liquids and γint is the 

interfacial tension.  Smaller droplets can be created by adding more work into the 

system (such as stirring the emulsion faster).  Lowering the interfacial tension also 



 

83 

produces smaller droplets for a fixed amount of work.  One of the most common 

methods for lowering interfacial tension is through the use of a surfactant. 

Surfactants are molecules that contain both hydrophilic and hydrophobic groups.  

These molecules selectively partition at the interface between two immiscible liquids.  

This reduces the thermodynamic “penalty” of creating an interface between the two 

liquids, resulting in a lower interfacial tension.  The surfactant molecule may have more 

of a hydrophilic or hydrophobic character, depending on the chemistry.  The HLB 

number (hydrophilic/lipophilic balance) is a semi-quantitative measure of this character.  

Surfactants with HLB <10 tend to be oil-soluble, while HLB >10 are water soluble.  

Surfactants are most successfully employed when they are soluble in the continuous 

phase of the emulsion.  Span 80, the non-ionic surfactant used in these experiments, 

has HLB ~4, which makes it suitable for use in the oil phase, 1-octanol. 

Emulsions are thermodynamically unstable systems.  In the absence of stirring 

there is a constant driving for droplets to coalesce and reduce the interfacial area 

between the two liquids.  Polymers dissolved in the continuous phase slow the process 

of coalesce by limiting the diffusion of droplets.  Thickeners, such as 

hydroxypropylcellulose used in this system, are commonly added to stabilize the 

emulsion. However, increasing the viscosity of the continuous phase means that more 

work must be added to stir the system. 

This balance between viscous forces and interfacial forces is characterized by a 

dimensionless number called the Weber number (We).  The Weber number for an 

emulsion is given as: 

   
              

                  
 
  ̇  
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in which d is the diameter of the droplet,  ̇ is the shear rate, and    is the viscosity of the 

continuous phase.  The droplet will rupture when the Weber number exceeds a critical 

value (Wecr).  A relationship between Wecr and the ratio of dispersed and continuous 

phase viscosities was identified in 1982 and is commonly referred to as the “Grace 

curve.”131  The Grace curve predicts that, under simple shear flow, the droplet size can 

vary over several orders of magnitude by changing the viscosity of the dispersed phase 

(Figure 4-1).  Polymers dissolved in the aqueous phase can alter the viscosity of the 

dispersed phase in this system.  This establishes a connection between solution 

composition and size of the final microspheres, which is one of the goals of this chapter. 

 

Figure 4-1.  “Grace curve” relationship describing droplet breakup in an emulsion.  
Droplets undergoing breakup in simple shear are follow the relationship of the 
upper curve.  Droplets undergoing breakup under elongational flow are shown 
by the bottom curve.  Note that the ordinate (critical capillary number, Cac) is 
equivalent the critical Weber number (Wecr).  Image from Stegeman132, with 
permission from John Wiley and Sons. 

This chapter examines whether the size of the microspheres follow the behavior 

described by Grace131.  PVP is chosen to perform this study.  PVP made distinct 

microspheres in chapter 3 and is soluble over at a wide range of concentrations and 
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molecular weights.  The variables tested in this study are: PVP molecular weight (10, 

40, and 1,000 kg/mol), concentration of PVP (2, 6, and 10 wt% of the aqueous phase), 

and calcium concentration (Table 4-1).  The PVP molecular weights tested in this study 

are predicted to be above the critical molecular weight for entanglement for PVP in 

water, which is calculated to be approximately 8 kg/mol (Appendix A). 

The morphology of the microspheres should also be affected by the composition.  

This was observed in chapter 3, most notably for the gelatin microspheres.  Ternary 

phase diagrams are used in this chapter to map out the observed morphologies of the 

various PVP microspheres.  This is done with the aim of correlating composition to the 

final microsphere structure. 

Finally, if the microspheres presented in this chapter are to be used for treating 

osteomyelitis, it is important to test whether they are toxic to bone cells.  Residual 

ethanol or alkoxy groups can impart a toxic effect to sol-gel derived ceramics.  An MTT 

assay is performed to evaluate the viability of osteoblasts exposed to the microspheres 

made in the size and morphology study.  This assay relies on enzymes in the 

mitochondria of viable cells to reduce methylthiazolyldiphenyl-tetrazoliumbromide (MTT, 

a yellow compound) to a purple formazan.  The formazan precipitates as crystals, which 

are then dissolved and measured by absorbance. 

Materials and Methods 

Aqueous Phase Preparation  

Initial acid catalysis study 

Microspheres were made with PVP (molar mass ~1,000 kg/mol, Polysciences 

#06067), gelatin (molar mass ~50 kg/mol, Sigma #G-939), and one without any 

polymer.  Aqueous solutions were made by dissolving 6 wt% of polymer in a 2.8 M 
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solution of Ca(NO3)2.  This corresponds to a 77S composition with molar H2O:TEOS 

ratio of 4, similar to the conditions in chapter 3.  Nitric acid (1 M) was added to reach pH 

= 1 as measured by a digital pH meter.  The volume of nitric acid added to each solution 

was less than 10% (vol/vol) for all solutions. 

Size and Morphology study 

Solutions of Ca(NO3)2 and nitric acid were prepared in 100 ml volumes for each 

glass composition (Table 4-1).  PVP was dissolved in 10 ml of the appropriate salt 

solution at concentrations of 2, 6, or 10 wt%.  PVP powders were dried at 125 °C for 1 

hr prior to adding to the solution.  The aqueous solutions were covered and stirred 

overnight at room temperature with a magnetic stir bar to allow for complete dissolution.  

PVP was tested at three molecular weights (weight-averaged): 10 kg/mol (Polysciences 

#03315); 40 kg/mol (Polysciences #01051); and 1,000 kg/mol (Polysciences #06067).  

The molar ratio of reactants for each composition is listed in Appendix B. 

Table 4-1.  Sol-gel glass compositions tested in this study.  The calcium concentration 
in the glass was controlled by the amount of CaNO3 dissolved in the aqueous 
phase of the emulsion. 

Abbreviation114 
Initial 

glass composition (%, mole) 
Ca(NO3)2 

(M) 
HNO3 
(M) 

100S 100 SiO2 – 0 CaO – 0 P2O5 0 0.02 
86S 90 SiO2 – 6 CaO – 4 P2O5 0.9 0.02 
77S 80 SiO2 – 16 CaO – 4 P2O5 2.8 0.02 

 

Microsphere Synthesis 

The same oil phase was used in all studies.  The oil phase was prepared as 

described in chapter 3 and consisted of 1-octanol with 1.4% (wt/wt) 

hydroxypropylcellulose and 3% (wt/wt) Span 80. 

The emulsion was formed by the same method described in chapter 3.  Briefly, 45 

g of the oil phase was added to a 250 ml glass beaker.  The oil phase was stirred at 500 
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rpm with a Caframo overhead laboratory mixer equipped with a pitched blade impellor.  

As the oil phase was being stirred, 6.1 ml of the aqueous phase was added dropwise 

with a pipette.  The emulsion was stirred for 30 mins before adding 18.7 ml of 

tetraethylorthosilicate (TEOS) and triethylphosphate (TEP) (0, 1.3, and 1.4 ml for glass 

compositions 100S, 86S, and 77S, respectively).  This mixture was stirred constantly for 

24 hrs at room temperature. 

The resulting slurries were poured into 50ml centrifuge tubes and centrifuged at 

1,500 rpm for 15 mins to isolate the microspheres.  The supernatant was poured out 

and 30 ml of 200 proof ethanol was added to each centrifuge tube.  The samples were 

vortexed and centrifuged again at 1,000 rpm.  This process was repeated twice.  The 

samples were then dried under vacuum until the ethanol had evaporated by visual 

inspection.  Samples were stored in a bell jar with desiccant. 

Rheology 

Rheological measurements were made on the oil and aqueous phases using a 

Brookfield cone and plate viscometer.  A circulating water bath was used to maintain a 

constant temperature of 25 °C during all measurements.  The calibration of the 

viscometer was checked against PDMS standards prior to taking measurements. 

Laser Light Scattering 

Particle size distributions were measured using light scattering with a Coulter 

LS13320.  Samples were analyzed using the Universal Liquid Module by suspending 

the particles in 200 proof ethanol.  The optical model used for calculating particle size 

assumed completely spherical particles of silica suspended in ethanol.  This optical 

model assumes: fluid refractive index = 1.359, real refractive index of the sample = 

1.46, and imaginary refractive index of the sample = 0.01. 
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SEM/EDS 

Upon drying, the microspheres typically produced a single, agglomerated pellet.  

Agglomerates were broken up by placing them between two pieces of wax paper and 

lightly grinding them on a flat glass surface with a ceramic pestle.  The resulting powder 

was spread onto double sided tape and blown with nitrogen gas at 10 psi to remove any 

weakly attached particles.  The double sided tape was then placed on aluminum SEM 

stubs and sputter coated as described in chapter 3. 

Cross-sectional views of the microspheres were made by embedding the particles 

in epoxy and fracturing the resulting composite.  Microspheres were first treated with a 

silane coupling agent to improve the bonding with the epoxy matrix.  Approximately 0.2 

ml of microsphere powder was added to a 2 % (vol/vol) solution of 3-

aminopropyltrimethoxysilane in 190 proof ethanol.  This solution was vortexed for 2 

mins and then centrifuged for 5 mins at 1500 rpm.  Microspheres were washed twice 

with 5 ml of 190 proof ethanol.  The powder was dried on a watch glass at 100 °C for 15 

mins in a convection oven. 

The two-part epoxy consisted of Epon 826 (Hexion) and Jeffamine D230 

(Huntsman) in a 1:0.33 weight ratio.  The epoxy components were first mixed before 

adding the silane-treated microspheres.  The mixture was cast into a silicone mold and 

degassed for 30 mins under vacuum.  Samples were cured at room temperature for 24 

hrs, then at 60 °C for 2 hrs.  The epoxy was fractured by hand and mounted onto 

aluminum SEM stubs with double-sided tape.  Samples were then sputter coated with 

gold-palladium as described in chapter 3. 
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Thermal Analysis 

Thermogravimetric analysis was performed on a Seiko 320.  Samples were heated 

at 2 °C/min under air at a flow rate of 100 ml/min.  The initial sample masses were 7-12 

mg. 

Microsphere Immersion and XRD 

SBF was prepared as described in chapter 3.  Microspheres were immersed in 

SBF at a fixed ratio of 0.001 g/ml.  45S5 bioactive glass (US Biomaterials) powder with 

a particle size of ~5 μm particles was included as a standard material.  Microspheres 

were removed from SBF by filtration at through a 0.45 μm filter, dried with acetone, and 

stored overnight in a desiccator.  XRD analysis was performed as described in chapter 

3. 

Osteoblast Viability 

The assay was performed using human osteoblasts (NHOst, Lonza).  Cells were 

grown in a T75 flask to 75% confluence in growth in media containing 10% fetal bovine 

serum, 0.1% ascorbic acid, and 1000 units of gentamicin/amphotericin A.  Cells were 

trypsinized with a solution of 0.25% trypsin and 1 mM ethylenediaminetetraacetic acid 

and counted using a hemocytometer.  Cells were plated into 96 well plates at a density 

of 5,000 cells/cm2 and incubated for 2 hours at 37 °C and 5% CO2 prior to adding 

microspheres. 

Microspheres (77S; 1,000 kg/mol PVP; 10 wt% composition) were prepared for 

cell culture by washing three times with 200 proof ethanol.  This was performed by 

vortexing 15 mg of microspheres with 10 mL of ethanol followed by centrifugation for 5 

minutes.  The supernatant was removed by pipette.  The microspheres were then dried 

by placing them in an oven at 150 °C for 16 hrs.  The microspheres were pre-treated by 
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soaking in 3.8 ml of media for 15 mins.  This solution was centrifuged and the media 

replaced prior to seeding the microspheres.  Cells were allowed to attach to the wells for 

2 hrs before adding microspheres.  The microspheres were suspended by repeated 

pipetting before adding them to the plate.  Microspheres were seeded at a density of 1 

mg/cm2 which corresponded appeared to cover half of the well by microscopic 

evaluation. 

The MTT assay was performed in accordance to the instructions provided in the kit 

(Caymen Chemical Cat No. 10009365).  After incubating the cells for 24 hrs with the 

microspheres, 10 μL of the MTT reagent was added to each well.  The plate was 

incubated again for 4 hrs.  The wells were then completely aspirated and 100 μL of the 

crystal dissolving solution was added to each well.  The plate was gently mixed by hand 

for 5 mins prior to reading absorbance on a plate reader at 570 nm. 

Six replicates were tested for each condition.  Cells grown in the polystyrene well 

served as the positive control.  Cells grown in media containing 0.05% Triton X-100 

served as negative control.  Wells containing particles and cells were used as an optical 

blank to correct for any absorbance that may have been caused by the particles. 

Results 

Initial Acid-Catalyzed Microsphere Study 

One of the goals of this chapter was to understand the differences between acid 

and base catalysis on the resulting microsphere composition.  Microspheres were made 

with either 6 wt% PVP, 6 wt% gelatin, or no polymer in the aqueous solution at pH = 1.  

All of the resulting microspheres were approximately 5-40 μm in diameter (Figures 4-2 

through Figure 4-4), similar to the PVP and gelatin microspheres made by base 

catalysis in chapter 3. 
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Figure 4-2.  SEM images of acid-catalyzed bioactive glass microspheres made with 6 
wt% PVP in the aqueous phase.  EDS spectrum was taken on the spot 
indicated in the image.  Secondary electron image, 15 keV accelerating 
voltage, 16 mm working distance. 

Microspheres made with PVP were not completely smooth and appeared to have 

dimples on their surface.  A few microspheres were fractured and appeared to have an 

interior structure that contained many voids (Figure 4-2).  Microspheres made with PVP 

appeared larger by examination of the micrographs (up to ~40 μm) than those made 

with gelatin (up to ~20 μm).  Gelatin microspheres did not appear to have dimples or 

voids such as those made with PVP (Figure 4-3). 

It was possible to form microspheres without any polymer dissolved in the 

aqueous droplets.  These microspheres were also dimpled, although not to the extent 

as compositions made with PVP (Figure 4-4).  This composition had a much higher 

proportion of fractured particles than compositions containing PVP or gelatin.  The 
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contents of the fractured particles appeared to be a fine, particulate material.  This 

indicates these microspheres may have been mechanically weaker than those 

containing PVP or gelatin. 

 

Figure 4-3.  SEM images of acid-catalyzed bioactive glass microspheres made with 6 
wt% gelatin in the aqueous phase.  EDS spectrum was taken on the spot 
indicated in the image.  Secondary electron image, 15 keV accelerating 
voltage, 16 mm working distance. 

All compositions had EDS peaks indicative of silicon, oxygen, and carbon (Figure 

4-2 through Figure 4-4).  Microspheres made with PVP and gelatin showed peaks for 

calcium, although they were very weak.  The Ca:Si peak ratio was 3 x 10-2 and 5 x10-2, 

for PVP and gelatin samples, respectively.  This is much lower than the Ca:Si ratio of 

approximately 1 for samples made by base catalysis (chapter 3).  Microspheres made 

without any polymer in the droplets did not have a detectable calcium peak. 
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Thermogravimetric analyis  revealed that acid-catalyzed microspheres contained 

mostly inorganic by weight (Figure 4-5).  The mass loss between 150-800 °C was 48%, 

38%, and 21% for microspheres made with PVP, gelatin, and no polymer, respectively.  

The mass loss for equivalent compositions made by base catalysis were much higher: 

84% for PVP and 75% for gelatin.  Furthermore, the mass loss curves for acid catalyzed 

microspheres did not show the unusual “loops” that were observed in chapter 3. 

 

Figure 4-4.  SEM images of acid-catalyzed bioactive glass microspheres made with 
without any polymer in the aqueous phase.  EDS spectrum was taken on the 
spot indicated in the image.  Secondary electron image, 15 keV accelerating 
voltage, 10 mm working distance. 

XRD showed peaks characteristic of hydroxyapatite after soaking the 

microspheres in SBF for one week (Figure 4-6).  The (211) reflection at 31.8°, which is 

the strongest peak for hydroxyapatite, was observed on all samples, although it was 
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weak for 6 wt% gelatin and no polymer microspheres.  The (002) reflection at 25.9° was 

detected on the 45S5 particles and possibly the 6 wt% PVP sample. 

 

Figure 4-5.  Thermogravimetric analysis of acid-catalyzed bioactive glass microspheres. 

Microscopic evaluation of the immersed samples revealed globules growing off of 

the microspheres (Figure 4-7A).  These globules are rich in calcium and phosphorous 

(Figure 4-7B) and have a coral-like morphology (Figure 4-7C) that has been associated 

with hydroxyapatite7,110,120,121.  This material occasionally appeared as a coating in 

which the underlying microspheres had dissolved or delaminated from the calcium 

phosphate (Figure 4-7D).  Yet the microspheres made in this study appeared to 

maintain their shape after soaking in SBF.  They did not dissolve into submicron, 

particles such as the microspheres in chapter 3. 

Microsphere Size  

Emulsion droplets act as templates for the microspheres made by this process.  

Particle sizes were measured in an effort to correlate size with aqueous phase viscosity.  
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A Weber number was calculated for each microsphere composition.  The diameter was 

assumed to be the median (volume-weighted) particle size measured by laser light 

scattering.  This metric of particle size appeared to correlate best with SEM 

observations.  The interfacial tension in all instances was assumed to be 4 mN/m, which 

was the value Xu, et al.133 measured for deionized water and 2 wt% span 80 in n-

octanol.  The shear rate was estimated as 83 s-1.  This value is 1/6 of the stirring speed 

(rpm) and was the recommended estimate of the shear rate given by the manufacturer 

of the stirrers (Caframo).  The oil phase of the emulsion showed strong shear thinning 

behavior (Figure 4-8).  The viscosity of the oil phase was estimated at a shear rate of 83 

s-1 by fitting the viscosity versus shear rate to a power function.  This resulted in a 

viscosity 557 cP.  The aqueous phases exhibited no shear thinning behavior (Figure 4-

8). 

 

Figure 4-6.  XRD spectra of acid-catalyzed bioactive glass microspheres after 
immersion in SBF for 1 week. 
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The values for dispersed phase viscosity to continuous phase viscosity (ηd/ηc) 

spanned nearly three orders of magnitude.  The median particle sizes measured by light 

scattering ranged between 6-31 μm (Appendix C).  These values were used to calculate 

the Weber number, which shows no slope on a log-log plot versus viscosity ratio (Figure 

4-9).  This means that changing the viscosity of the dispersed phase alone has little 

effect on the final particle size.  The calculated Weber numbers are also lower than the 

predicted values for droplet breakup in simple shear. 

 

Figure 4-7.  6 wt% gelatin microspheres remain intact after one week in SBF.  (A) The 
surface of these spheres appears to have nodules that are rich in calcium and 
phosphorous (B).  Higher magnification of these nodules (C) shows that they 
appear to have a coral-like morphology, which is indicative of hydroxyapatite.  
(D) A calcium phosphate-rich structure that appears to have delaminated from 
the surface of microspheres with made from a 6 wt% PVP solution. 
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Figure 4-8.  Viscosity versus shear rate for the oil phase and 77S; 1,000 kg/mol; 10 wt% 
aqueous phase.  The power function fitted to the oil phase was used to 
calculate the viscosity during emulsification (557 cP at a shear rate of 83 s-1). 

 

Figure 4-9.  Relationship between Weber number and viscosity ratio.  Calculated values 
for microspheres are shown in blue.  The theoretical value for simple shear 
flow (i.e. the “Grace curve”) is shown in black and was calculated by the 
equation given by de Bruijn134. 
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Microsphere Morphology 

Several different morphologies were observed in this study.  Top-down and cross-

sectional images of all the compositions prepared in this study can be found in 

Appendix D.  Mapping these morphologies on ternary phase diagrams reveals trends 

that hold between the three different molecular weights tested (Figure 4-10).  The 100S 

compositions generally appeared to have a “folded” or “wavy” morphology on the 

surface.  This was observed at all molecular weights of PVP.  The “wavy characteristic” 

appeared to diminish with increasing concentration of PVP. 

 

Figure 4-10.  Ternary phase diagrams summarizing the observed morphologies of PVP-
nanocomposite microspheres prepared by acid catalysis. 
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Many of the microspheres with the 86S composition did not fracture, particularly 

those made with 10 and 40 kg/mol PVP.  A second attempt was made to embed the 

microspheres in epoxy using a slightly higher concentration of silane coupling agent.  

This yielded the same results.  However, 86S microspheres prepared with 1,000 kg/mol 

PVP did fracture when embedded in epoxy.  Compositions made with 2 and 6 wt% PVP 

appeared topologically uniform in cross-section.  However the contrast of the 

backscattered electron signal appeared to be higher near the edge of the microsphere 

and darker towards the inside of the microsphere.  When the PVP concentration was 

increased to 10 wt%, voids were observed on the inside of the particles. 

 

Figure 4-11.  Microsphere made with 2 wt% of 1,000 kg/mol PVP in the aqueous phase 
at a nominal glass composition of 77S.  Micrographs on the left were taken in 
secondary electron (SE) and backscattered electron (BSE) modes. 

These voids were also observed in microspheres prepared with the highest 

concentration of calcium, 77S.  However, voids were only observed when the molecular 
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weight of PVP was 40 or 1,000 kg/mol.  Voids were typically surrounded by a region 

that appeared smooth and had low backscattered electron signal (Figure 4-11).  This 

smooth region was surrounded by another region that appeared “rough” and had 

stronger backscatter electron signal.  EDS mapping revealed that the outer, rough layer 

contains silicon, oxygen, and calcium.  The inner, smooth region does not contain these 

elements.  The relative size of the inner, smooth region appeared to be directly 

correlated to the concentration of PVP. 

 

Figure 4-12.  Microsphere made with 10 wt% of 1,000 kg/mol PVP in the aqueous 
phase at a nominal glass composition of 77S.  Micrographs on the left were 
taken in secondary electron (SE) and backscattered electron (BSE) modes. 

77S microspheres made with the highest molecular weight (1,000 kg/mol) and 

concentration (10 wt%) of PVP consisted almost entirely of voids (Figure 4-12).  Many 

microspheres with this composition had a dense bulge that appeared to be growing off 

the primary particle.  EDS mapping shows that these regions are rich in silicon. 
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77S microspheres made with low molecular weight PVP (10 kg/mol) showed 

similar behavior to 40 kg/mol particles at 2-6 wt% PVP.  However, at 10 wt% PVP, the 

microspheres had a very unusual morphology.  The particles appeared to have a solid 

“core” nested inside of a “shell” (Figure 4-13).  EDS mapping showed that both the 

“core” and “shell” components contain the elements of the inorganic phase: silicon, 

calcium, and oxygen.  This was the only composition that produced “core/shell” 

morphology. 

 

Figure 4-13.  Microspheres made with 10 wt% of 10 kg/mol PVP in the aqueous phase 
at a nominal glass composition of 77S.  Micrographs on the left were taken in 
secondary electron (SE) and backscattered electron (BSE) modes. 

Cell Viability 

Osteoblasts grown in the presence of microspheres showed a two-fold increase in 

absorbance over the cells grown on the polystyrene dish (positive control, Figure 4-14).  

This indicates that the microspheres are not only non-toxic, but they also encourage the 
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proliferation of osteoblasts.  No absorbance was observed for cells treated with Triton 

X-100, as anticipated. 

 

Figure 4-14.  Results of MTT assay of human osteoblasts exposed to 77S; 1,000 
kg/mol; 10 wt% PVP microspheres.  Each condition was statically different 
according to an ANOVA (α = 0.05) with Tukey’s multiple comparisons test (α 
= 0.05).  Error bars indicate 95% confidence intervals. 

Discussion 

Initial Acid-Catalyzed Microsphere Study 

The goal of the first study in this chapter was to identify the differences between 

acid and base catalyzed microspheres.  Acid-catalyzed microspheres have a similar 

diameter to base catalyzed microspheres (~5-30 μm) which corresponds to the initial 

droplets of the emulsion.  This indicates that the emulsion is stable over pH = 2-10. 

These microspheres contained were more than 50 wt% inorganic.  This is 

attributed to the faster hydrolysis of TEOS under acidic conditions.  Efficient hydrolysis 

should allow more silicate species to be drawn into the aqueous phase.  These 

hydrolyzed silicate species condense in the droplet to form the inorganic silica.  Higher 
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silica content is one explanation for why acid-catalyzed microspheres do not dissolve as 

readily in SBF as those made by base catalysis. 

The structure of the silicate may have also increased the stability of the 

microspheres.  Acid catalysis tends to produce cross-linked, polymeric gels of silica, 

rather than particles of silica.  Cross-sectional images did not indicate the 

nanocomposite structure suggested in chapter 3.  Rather, most of the microspheres 

appeared as a mixed phase of PVP and silica with some exhibiting domains that were 

rich in either the organic or inorganic components. 

Calcium was not incorporated efficiently into microspheres created by acid 

catalysis.  This may be caused by a number of factors.  First, calcium ions are far less 

likely to be hydrolyzed at low pH.  This reduces the chance for direct condensation with 

silica.  Second, the polymers present in the aqueous phase are capable of associating 

with calcium.  The polymers are more likely to be protonated at low pH, limiting the 

ability of the polymer to bind positively charged calcium ions.  Although this is less likely 

since the pyrrolidone group is a very weak base with a pKa around -0.2 (pKa of n-

methylpyrrolidone)135. 

Phosphorous was not detected by EDS in microspheres made by either catalyst.  

While it may be surprising that the microspheres deficient in calcium and phosphorous 

form hydroxyapatite, these results are consistent with the literature.  P2O5  has been 

shown to have little effect on the precipitation of hydroxyapatite onto xerogels.127  Other 

studies have demonstrated that hydroxyapatite can form on silica gels that contain no 

calcium.136  The high surface area may be responsible for the high reactivity of xerogels 

with SBF.  It is commonly believed that the formation silica gel precedes the nucleation 
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of calcium phosphate on melt-derived glass.103,127  Glasses made by sol-gel chemistry 

exhibit this porous, gel-like surface, which is one explanation for why they have been 

observed to form hydroxyapatite more quickly than melt-derived glasses.114 

The hydroxyapatite peaks appeared more distinct for acid-catalyzed microspheres 

than base-catalyzed microspheres.  Acid-catalyzed microspheres did not dissolve as 

readily in SBF, which meant that more material could be recovered from the SBF.  This 

meant that a greater quantity of powder was analyzed for these samples.  The 45S5 

particles also showed more distinct hydroxyapatite peaks than those presented in 

chapter 3.  This is likely due to the difference in size of the 45S5 particles tested in this 

chapter (~5 μm) versus the previous chapter (200-300 μm), accounting for 50 times 

more surface area.  This higher surface area may cause more hydroxyapatite to 

precipitate from SBF. 

Microsphere Size 

The critical Weber number analysis (Figure 4-9) demonstrated that particles do not 

follow the behavior attributed to simple shear flow.  However, the Grace curve for simple 

shear is not applicable to all types of mixing.  A number of assumptions are made in this 

model.  First, both the dispersed and continuous fluids are assumed to be Newtonian 

fluids.  Second, shear is assumed to be applied slowly to the droplets in a stepwise 

equilibrium manner.  Finally, the flow is assumed to be simple shear.137  These 

conditions cause the droplet undergoes rotation.  The viscosity of the dispersed phase 

is responsible for translating the external shear stress into rotation.  Rotation causes the 

droplet to elongate and fracture into two separate drops.  These smaller drops undergo 

fracture until the critical Weber number is reached.  Viscous coupling between the 



 

105 

dispersed and continuous phase is critical to determining droplet size by this 

mechanism (α = 0, Figure 4-15). 

However, the conditions mentioned above are rarely applicable in practical mixing 

operations.  Stegeman, et al.132 have noted that in most industrial mixing operations, 

droplet breakup occurs under elongational flow.  This type of flow arises from non-

Newtonian behavior, sudden exposure to high shear stress, or from inhomogeneous 

flow.  Elongational flow causes droplets extend into long threads.  The Rayleigh 

instability of the elongated droplet causes spontaneous break up into numerous small 

drops.  The viscosity of the droplet plays little role in this case (α = 1, Figure 4-15). 

 

Figure 4-15.  Critical Weber number versus viscosity ratio for droplet breakup in 
different types of laminar flow.  The amount of elongation a droplet undergoes 
is given by α.  The Grace curve, which assumes simple shear is described by 
the α = 0 curve.  Two-dimensional, purely planar flow is described by the 
curve at α = 1.  Image reproduced from Walstra with permission from Taylor 
and Francis, copyright 2002.138 
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The critical Weber number analysis shows that microspheres formed from droplets 

created by elongational flow.  The experimental conditions are appropriate for 

elongational flow and the continuous phase is clearly non-Newtonian (Figure 4-8).  

Sudden shear stress was imparted on the aqueous phase by adding to the oil phase 

under stirring.  Finally, the mixing apparatus used in these experiments likely imparts a 

two-dimensional, rotational shear, rather than simple shear.  A more effective means to 

controlling droplet size in this system would be to change the shear stress (i.e. stirring 

speed) during emulsion formation. 

The critical Weber number analysis assumed that the microspheres did not shrink 

during drying.  The 100S microspheres did appear to undergo more shrinkage than 

other compositions (as discussed below).  The effect of this shrinkage is a lower 

calculated Weber number.  Since the 100S solutions typically had lower viscosity than 

other compositions, this may have contributed to the lack of slope in Figure 4-9. 

Microsphere Morphology 

Systematically varying the composition of the particles allowed phase diagrams to 

be constructed which showed distinct regions of similar morphologies (Figure 4-10).  

The phase behavior of particles can be explained in terms of the sol-gel reactions that 

form the microspheres.  Hydrolysis of the TEOS molecule occurs at the interface of the 

water droplet (Figure 4-16A).  This occurs readily under the acidic conditions.  This 

allows the orthosilicate to become more water-soluble.  Silanol groups hydrogen bond 

with the carbonyl groups of PVP128,139 as the molecule enters the water droplet.  

Unbound silanol or alkoxy groups can undergo condensation.  The condensation 

reaction is more rapid in the presence of calcium salts. 
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Compositions with high calcium and PVP concentrations form a gel before the 

silicate has a chance to completely diffuse into the droplet.  This creates a silica-rich 

shell surrounding a core of PVP (Figure 4-16B).  This phenomena explains why at 77S 

microspheres with high concentrations of PVP (40 and 1,000 kg/mol), appears to have 

“voids” in the particles (Figure 4-10, yellow circles).  The “voids” are likely caused by the 

evaporation of water from the hydrated PVP at the core of the particle.  EDS mapping 

has shown that the core of these particles contain very little inorganic material (Figure 

4-11). 

 

Figure 4-16.  Proposed mechanism of microsphere formation by acid catalysis.  All 
drawings are highly schematic, do not show the surfactant, and are not drawn 
to scale.  PVP networks are indicated by black lines.  Silicate networks are 
indicated by purple lines. 
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Condensation does not occur as rapidly at lower concentrations of calcium.  This 

allows the hydrolyzed silicate species to diffuse more thoroughly into the droplet, 

creating a particle that appears homogeneous (Figure 4-10, black circles).  The PVP 

may slow the diffusion of hydrated silica into the center of the droplet (Figure 4-16C).  

This accounts for why some of the solid particles appeared to have a middle region with 

lower backscattered electron contrast than the outer region.  This contrast is indicative 

of a difference in the average atomic number of the material caused by regions rich in 

PVP or silica (Appendix D). 

Microspheres made without calcium (100S compositions) displayed a very unusual 

“rippled” or “folded” morphology on their surface.  While this morphology appears similar 

to phase separation by spinodal decomposition, this structure is not maintained 

throughout the cross-section of the particle.  It is possible that very little condensation 

has occurred in these compositions prior to washing the particles.  A limited number of 

branched silicates would create a fluid droplet with relatively low density (Figure 4-16D).  

The droplet may still be fluid at the time that the reaction is stopped.  Drying the 

microspheres at this stage would cause the microspheres to collapse.  Zhao, et al.140 

observed this phenomenon for polystyrene microspheres that were cross-linked in the 

presence of solvent.  Drying the microspheres caused a wrinkled surface (Figure 4-17). 

Latex particles with a binary polymer composition have displayed similar 

morphologies to those observed in this chapter.  This includes core-shell structures, 

particles with inclusions, and particles with lobes.141,142  Latex particles are also formed 

in an emulsion, although the polymerization mechanism is different.  Instead of acting 

as a template for the final particle, the droplets of the emulsion (10s μm) serve as 
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reservoirs for the monomer.  Latex particles are produced in micelles (~100s nm) 

outside of the monomer droplets.  Despite the different mechanism, it is worth noting 

that the similar morphologies can be created in both processes. 

 

Figure 4-17.  SEM images of microspheres with wrinkled surfaces.  (A) 100S; 1,000 
kg/mol PVP; 2 wt% bioactive glass composite microsphere produced in this 
chapter.  (B) Microspheres produced by Zhao, et al.140 by drying cross-linked 
polystyrene microspheres that were previously swollen with toluene.  
Reprinted with permission from the American Chemical Society.  Copyright 
2011. 

Summary 

Acid catalysis produced composite microspheres that contain more inorganic 

material and less calcium.  These microspheres were less soluble in SBF and formed 

hydroxyapatite on their surface within 7 days.  The viscosity of the aqueous droplets 

had little effect on the final particle size due to elongational flow in the emulsion.  

However, viscosity and calcium concentration affected the morphology of the final 

microspheres.  These morphologies were potentially caused by differences in the rate of 

diffusion and gelation of silicate species inside the droplets.  Microspheres 

approximately doubled the proliferation of osteoblasts, indicating that they are a suitable 

material to treat bone infections.  Acid-catalyzed microspheres should be used for 
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encapsulating drugs because they are more stable than microspheres made by base 

catalysis.  



 

111 

CHAPTER 5 
IN VITRO DRUG RELEASE FROM BIOACTIVE GLASS MICROSPHERES 

Introductory Remarks 

Osteomyelitis is a localized infection of bone that destroys tissue, causes severe 

pain, and can lead to loss of limb.  Osteomyelitis affects approximately one in 5,000 

people143 and costs approximately $10,000 per patient to treat.36  The infection is 

typically caused by biofilms of Staphylococci, Streptococci, and Pseudomonas 

bacteria.36,37,98,143  The Gram-positive bacterium Staphylococcus aureus (S. aureus) 

causes approximately 50% of all cases.37  One study reported that 53% of the S. aureus 

isolates from osteomyelitis and septic arthritis were methicillin resistant (MRSA).36  

Another study of osteomyelitis in pediatric patients showed that 44% of S. aureus 

isolates were MRSA.144  Resistant bacteria such as MRSA are becoming increasingly 

problematic for hospitals due to the limited number of antibiotics that are effective 

against these strains.  Vancomycin, a glycopeptide antibiotic, is one of the few drugs 

effective against MRSA as well as other Gram positive bacteria. 

Bacteria can inoculate bone by various routes.  One route is through open 

fractures, such as those sustained on the battlefield.  Shrapnel and bone fragments 

present surfaces that can harbor the growth of biofilms.  Osteomyelitis can also be 

caused by the spread of bacteria from a neighboring infection.  Diabetic ulcers are a 

major cause of osteomyelitis for this reason.  Vascularity and immune response are 

typically compromised in these cases, which renders systemic antibiotic therapy 

ineffective.  Antibiotics must therefore be applied directly to the site of the infection to 

achieve a local concentration high enough to kill the biofilm. 
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Buchholz100 introduced the concept of mixing antibiotics into PMMA bone cements 

in 1970.  While these monolithic cements filled the void space in the bone, they were 

difficult to remove and did not allow for adequate drainage.  Klemm99 addressed these 

issues in 1976 by stringing drug-loaded PMMA beads onto surgical wire which was 

packed into the infected site.  This allowed the PMMA to be removed in a second 

surgery.  It has been estimated that approximately 90% of infections are cleared using 

this approach.99  The most common antibiotics delivered by PMMA beads are 

gentamicin, tobramycin, and vancomycin because they are resistant to heat given off 

from the polymerization of PMMA (up to 100 °C). 

The relative success of PMMA beads is attributed to the high concentration 

achieved at the site of the infection.  Systemic buildup of antibiotics as measured in 

serum or urine does not occur with this local therapy.145  However, PMMA has 

disadvantages as a drug delivery material.  PMMA beads must be removed within 

approximately 4 weeks to prevent fibrous encapsulation caused by a foreign body 

response.100  PMMA has also been reported to release only 25-50% of the loaded 

drug.146,147  This is a wasteful use of expensive antibiotics.  Finally, PMMA does not 

encourage bone ingrowth into the dead area.  A bone graft must be implanted in a 

second surgery to restore the bone tissue.  Therefore, drug-loaded PMMA beads are 

not the ideal material for treating osteomyelitis. 

Resorbable polymers have also been investigated for drug delivery to bone.  

Poly(lactic-co-glycolic acid) (PLGA) copolymers can exhibit drug release above the 

minimum inhibitory concentration (MIC) for up to 5 weeks.101,148  However, the PLGA 

family of copolymers lowers the local pH and can induce a late immune response.149  
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Collagen sponges have the advantage of being a naturally derived material that is 

remodeled during the bone healing process.  Yet, water soluble drugs tend to exhibit a 

burst release from these sponges.150,151  Chitosan is a naturally-derived polysaccharide 

that has been used in many biomedical and pharmaceutical applications.  Chitosan 

microspheres loaded with vancomycin showed complete drug release within 2 weeks.152  

Dissolution of these materials helps prevent fibrous encapsulation.  However, no 

structural support is offered after these materials dissolves because bone growth is not 

typically encouraged. 

Calcium phosphate cements (CPCs) can offer more long-term structural support.  

CPCs form either an apatite or brushite ceramic by a rapid acid-base reaction of an 

amorphous calcium phosphate.  These cements are attractive in space-filling 

applications because they set to form a hard material within approximately 15 mins.153  

Stallman, et al. 154 demonstrated that mixing gentamicin with the precursors of the CPC 

causes a slower release than adsorbing the drug onto the CPC once it has been set.  

Hamanishi155 showed that vancomycin could be released above the MIC for periods of 2 

to 9 weeks in vivo, depending on the amount of drug incorporated into the cement.  

Some CPC compositions exhibited fibrous encapsulation 3 weeks.  CPCs undergo 

limited dissolution and remodeling in vivo, which causes the fibrous encapsulation 

observed by Hamanishi.155 

Silicate glasses slowly dissolve in vivo – particularly when the glass contains ions 

such as Na+, Ca2+, P3-, Mg2+, and K+.  As discussed in chapter 3, mesoporosity can be 

introduced into glasses to increase the surface area available for the adsorption of 
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drugs.107-110  Drugs such as vancomycin can also be directly encapsulated in sol-gel 

matrices.93 

Aughenbaugh, et al.92 demonstrated that vancomycin could be encapsulated in 

silica xerogels in concentrations up to 30 mg/g.  These xerogels were produced at 

H2O:alkoxysilane (R) ratios of 6 and 10.  Radin, et al.94 extended this work by making 

microspheres (100-700 μm diameter) of vancomycin-loaded silica.  The microspheres 

were made by emulsifying the silica/vancomycin sols in vegetable oil.  The amount of 

water in the sol was crucial to be able to dissolve the vancomycin.  Vancomycin was 

only soluble up to 6 mg/ml in sols with H2O:alkoxysilane molar ratio of 4.  This is far 

lower than the solubility of vancomycin in water (200 mg/ml)156, which indicates poor 

solubility of vancomycin in the sol.  The poor solubility is likely due to ethanol, which is a 

byproduct of the TEOS hydrolysis.  Ethanol is a non-solvent for vancomycin.  This 

explains why more water was needed to dissolve vancomycin in the sol. 

The microspheres described in previous chapters were made by interfacial 

hydrolysis and condensation of TEOS.  The initial aqueous droplets contain calcium 

nitrate and PVP.  Alcohol is generated when TEOS hydrolyzed at the oil/water interface, 

although most is likely carried away into the oil phase.  Forming microspheres around 

aqueous droplets that contain a high concentration of vancomycin may produce 

microspheres with greater drug loading than described previously. 

The goals of this chapter are to demonstrate that vancomycin encapsulated in 

composite microspheres can be released over a period of one week and that the drug 

remains effective its effectiveness against Staphylococcus aureus.  Release was 

measured by UV absorption over a two week period from various microsphere 
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compositions.  A bacterial inhibition assay was used to ensure that vancomycin 

remained effective after the encapsulation process. 

Materials and Methods 

Microsphere Synthesis 

Vancomycin was loaded into bioactive glass microspheres that were prepared by 

acid catalysis, similar to the method described in chapter 4.  Hydrochloric acid was used 

as the catalyst, rather than nitric acid, because vancomycin is provided as a 

hydrochloride salt.  The final hydrochloric acid concentration in the aqueous phase was 

0.02 M.  Microspheres were made in emulsions half the volume described in chapter 4.  

This was done in an effort to conserve vancomycin.  All other reagents were scaled 

accordingly.  The molar ratio of components used to create the microspheres (Table 5-

1) was the same as in chapter 4. 

Table 5-1.  Molar ratio of components (relative to TEOS) used to make vancomycin-
loaded microspheres.  The concentration of PVP was 10 wt% in the initial 
aqueous solution for all samples. 

  

Glass 
composition 

 

PVP 
molecular 

weight 
(kg/mol) 

TEOS CNT TEP H2O HCl Vancomycin 

77S 10 1 0.20 0.10 4 1.4 x 10-3 2.4 x 10-3 
77S 40 1 0.20 0.10 4 1.4 x 10-3 2.4 x 10-3 
77S 1,000 1 0.20 0.10 4 1.4 x 10-3 2.4 x 10-3 
86S 1,000 1 0.07 0.09 4 1.4 x 10-3 2.4 x 10-3 
100S 1,000 1 0 0 4 1.4 x 10-3 2.4 x 10-3 

 

Vancomycin was added to aqueous solutions containing of calcium nitrate and 10 

wt% PVP to achieve a concentration of 36 mg/ml.  These solutions were stirred 

overnight at room temperature to allow the vancomycin to dissolve.  Approximately 3 ml 

of the aqueous phase was added to 22 g of the oil phase while stirring at 500 rpm.  
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TEOS and TEP were added and the emulsion and stirred for 24 hrs.  The microspheres 

were washed three times with 200 proof ethanol.  The samples were centrifuged at 

1700 rpm and vortexed to resuspend the particles.  The samples were dried as 

described in previous chapters. 

UV Absorption 

UV absorption spectra were measured on a Shimadzu UV 2410-PC UV-Vis 

spectrophotometer.  Solutions were measured in quartz cuvettes.  Spectra were 

collected using the following parameters: 1.0 slit width, fast scan speed, and 0.5 nm 

interval.  Vancomycin concentration was measured by absorption of the SBF solution at 

280 nm.  Samples (180 μL) were measured in UV-transparent 96 well plate (Corning 

3635) on a Molecular Devices plate reader.  All SBF solutions were centrifuged prior to 

analysis.  Standard solutions of vancomycin in SBF (0.1, 1, 5, 10, 50, 100 μg/ml) were 

prepared by serial dilution in volumetric flasks. 

Thermal Analysis 

Thermogravimetric analysis was performed on vancomycin-loaded microspheres 

using the following temperature profile: heating from 30-100 °C (at 10 °C/min), holding 

at 100 °C for 2 hrs, then heating to 800 °C (at 10 °C/min).  The hold at 100 °C was 

performed to determine how long the powder should be dried at this temperature for 

future experiments.  The samples were purged with air at 100 ml/min during all stages 

of heating. 

SEM 

Samples were prepared for SEM as described in previous chapters.  The 

microscope was operated in secondary electron mode at 15 kV accelerating voltage 

and 16-17 mm working distance for the images presented in this chapter. 
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Drug Release Study 

Samples were immersed in tris(hydroxymethyl)aminomethane (Tris)-buffered SBF 

which was prepared in the same manner as described in previous chapters.  25 mg of 

vancomycin-loaded microspheres were immersed in 5 ml of SBF (5 mg/ml 

concentration).  The samples were immersed in a shaker bath at 37 °C for the duration 

of the study.  SBF was replaced at daily intervals by centrifuging the samples at 1000 

rpm, removing 4 ml of the supernatant by pipette, and replenishing with 4 ml of pre-

warmed SBF.  The solutions were then vortexed for 5 seconds to resuspend the 

particles.  The supernatant solutions were stored at -70 °C and thawed prior to 

measuring absorbance. 

The calculations for cumulative release took into account the 1 ml of SBF that was 

not replaced each day.  Release on the first day was calculated by multiplying the 

measured concentration (μg/ml) by the volume drawn off (4 ml).  The amount of 

vancomycin in the 1 remaining ml was subtracted from the concentration measured on 

the following day. 

Bacterial Inhibition Study 

The SBF used in the bacterial inhibition study was not buffered with Tris.  This is 

because some studies have indicated that bioactive glasses have a bactericidal effect.  

which is claimed to be caused by an increase in pH caused by the dissolution of the 

glass157.  Tris was not used in the SBF to capture this potential effect.  The pH of the 

SBF was adjusted to 7.5 with sodium hydroxide.  The unbuffered SBF was autoclaved 

to maintain sterility. 

Prior to immersing in SBF, 25 mg of microspheres (77S; 40 kg/mol PVP) were 

heated at 100 °C for 2 hrs to remove any residual alcohol.  5 ml of SBF was added to 
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the microspheres to achieve a final concentration of 5 mg/ml.  The solutions were 

incubated at 37 °C and 5% CO2 during the experiment.  1 ml SBF was drawn off and 

replaced at 0.5, 1, 2, 4, and 24 hrs and at daily intervals thereafter.  The solutions drawn 

off of the microspheres were stored at room temperature until the bacterial assay could 

be performed. 

Inhibition of S. aureus (ATCC # 25923) was measured using a disk diffusion test.  

Bacteria were grown at 37 °C in tryptic soy broth to an optical density of 0.2, 

corresponding to a cell density of ~106 CFU/ml.  The bacteria were streaked onto 150 

mm Petri dishes containing Mueller-Hinton agar.  Paper disks (6 mm diameter) were 

immersed in SBF that had been drawn off from the microspheres at certain time 

intervals.  The SBF was centrifuged at 1000 rpm prior to immersing paper disks.  Three 

disks were placed onto each agar plate in a randomized order.  The plates were 

incubated overnight at 37 °C.  Bacterial inhibition was observed as transparent rings 

surrounding the paper disks.  The distance from the center of the disk to the edge of the 

transparent ring was measured using digital calipers.  This distance was measured in 

four orthogonal directions per disk for three replicate disks (n = 12). 

Results 

Microsphere Synthesis 

Microspheres containing vancomycin appeared morphologically similar to those 

presented in chapter 4 (Figure 5-1).  The particles appear ~2-50 μm by visual inspection 

of the micrographs.  The 77S; 1,000 kg/mol PVP particles appear larger (50 μm) than 

other compositions and have internal “foam like” morphology.  These characteristics 

were consistent with the microspheres with the same composition prepared in chapter 
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4.  The 77S; 10 kg/mol PVP composition did not appear to have the “core-shell” 

morphology that was observed in chapter 4.   

 

Figure 5-1.  SEM images of vancomycin-loaded microspheres prior to soaking in SBF.  
(A) 77S; 10 kg/mol PVP.  (B) 77S; 40 kg/mol PVP.  (C) 77S; 1,000 kg/mol 
PVP.  (D) 86S; 1,000 kg/mol PVP.  (E)  100S; 1,000 kg/mol PVP. 
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Microsphere yield directly correlated to the calcium concentration in the aqueous 

solutions (Table 5-2).  Yield was calculated by assuming no loss of PVP or vancomycin 

and complete conversion of TEOS, Ca(NO3)2, and TEP into SiO2, CaO, and P2O5, 

respectively.  Compositions with the highest calcium concentration (77S) yielded 86-

92% of the theoretical maximum.  This was significantly higher than the 16% yield of 

microspheres made without calcium (100S). 

Table 5-2.  Physical properties of vancomycin-loaded microspheres. 

Glass 
composition 

PVP molecular 
weight 

(kg/mol) 

Microsphere 
yield (%) 

Mass loss after 2 
hr, 100 °C heat 
treatment (%) 

Mass loss 
between 

150-800 °C 
(%) 

77S 10 86 8.1 45 
77S 40 88 8.5 44 
77S 1,000 92 12 56 
86S 1,000 68 7.8 48 
100S 1,000 16 5.8 87 

 

Thermogravimetric analysis demonstrated that the 100S; 1,000 kg/mol PVP 

composition had the highest organic content of all the compositions (Figure 5-2A).  This 

composition lost ~87 % of its mass between 150-800 °C.   The other compositions lost 

44-56 wt% of their mass in this temperature range (Table 5-2).  Microspheres lost 

approximately 6-12% of their initial mass after heating to 100 °C for 2 hrs.  The masses 

appeared to reach an equilibrium value at the end of this heat treatment (Figure 5-2B).  

This indicates heating at 100 °C for 2 hours should be sufficient to dry the microspheres 

of any remaining water or alcohol.  Microspheres were given this heat treatment prior to 

being exposed to bacteria. 
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Figure 5-2.  Thermogravimetric analysis of vancomycin-loaded microspheres.  (A) 

Heating to 800 °C.  The sudden drop in mass at 100 °C is caused by the 2 hr 
hold at this temperature.  (B)  Change in mass over 2 hrs at 100 °C for 
vancomycin loaded microspheres. 
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Vancomycin Release Study 

UV absorption is a commonly used method to detect vancomycin in solution.  

Vancomycin is typically measured by absorption at 280 nm.  However, it is important to 

ensure that any other compounds that may be released from the microspheres do not 

absorb at this wavelength.  Vancomycin and PVP both show high absorbance in SBF at 

220 nm (Figure 5-3).  The SBF drawn from microspheres without vancomycin (77S; 40 

kg/mol PVP; 10 wt%) also showed high absorbance at 220 nm.  This may have been 

caused by PVP released from the sample. 

 

Figure 5-3.  Absorbance of SBF solutions containing various compounds.  “1 day 
microsphere immersion” refers to the SBF that was collected from immersing 
microspheres (77S, 40 kg/mol PVP, 10 wt%) that did not contain vancomycin.  
SBF was used as the background prior to measurements being taken. 

Absorbance at 280 nm correlated strongly (r2 > 0.99) to a standard series of 

vancomycin solutions (Figure 5-4).  SBF containing PVP or microspheres had weak 
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absorbance at this wavelength, corresponding to ~3 μg/ml of vancomycin.  Therefore, 

the error for measuring vancomycin by UV absorption was assumed to be 3 μg/ml. 

 

Figure 5-4.  Calibration curve for vancomycin in Tris-buffered SBF.  Absorbance was 
measured at 280 nm on a plate reader.  

Vancomycin release was monitored by absorbance for up to two weeks in Tris-

buffered SBF (Figure 5-5).  The highest concentration was detected on the first day for 

all samples.  100S; 1,000 kg/mol PVP microspheres exhibited a vancomycin 

concentration of ~600 μg/ml on the first day.  This was the highest concentration for all 

the compositions.  This composition released vancomycin at concentrations >100 μg/ml 

during the first three days of the experiment.  Other compositions released ~100 μg/ml 

of vancomycin on the first day. 

The end of the release was determined by testing whether the vancomycin 

concentration was statistically different from the error (3 μg/ml).  A single-tailed t-test (α 

= 0.05, df = 2) was used as the statistical test.  The release was considered insignificant 

on the first day that the measured concentration failed this test.  The release lasted 5-7 

days for all samples using this criterion (Table 5-3). 
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Figure 5-5.  Vancomycin release from various microsphere compositions measured by 
absorbance at 280 nm.  Error bars indicate 95% confidence intervals. 

Table 5-3.  Drug release properties of vancomycin-loaded microspheres. 

Glass 
composition 

PVP 
molecular 

weight 
(kg/mol) 

Vancomycin 
concentration 

in 
microspheres 

(mg/g) 

Days of 
vancomycin 

concentration 
>3 μg/ml 

 

Cumulative 
vancomycin 

release 
(μg) 

Cumulative 
vancomycin 
release (%) 

77S 10 31 7 700 92 
77S 40 33 5 630 77 
77S 1,000 29 5 650 91 
86S 1,000 43 6 790 74 
100S 1,000 220 7 3600 65 

 
The greatest quantity of vancomycin was released from the 100S; 1,000 kg/mol 

composition.  3600 μg was released from this composition over a period of 7 days 

(Figure 5-6A).  86S and 77S compositions released approximately 5 times less (Table 

5-3).  While the 100S composition released the greatest quantity of vancomycin, this 
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corresponded to only 65% of the initial drug loaded into the samples.  The release was 

more complete (74-92%) from 86S and 77S microspheres containing calcium (Figure 

5-6B). 

 
Figure 5-6.  Cumulative vancomycin release from composite bioactive glass 

microspheres.  Release expressed as (A) mass and (B) percent vancomycin 
released. 



 

126 

Microscopic imaging of the particles after soaking in SBF revealed that the 77S 

compositions made with 10 and 40 kg/mol PVP appeared hollow and broken (Figure 

5-7).  These compositions did not appear to be hollow prior to soaking in SBF (Figure 

5-1).  The 100S; 1,000 kg/mol PVP microspheres had completely dissolved after 7 days 

in SBF. 

 

Figure 5-7.  SEM images of vancomycin-loaded microspheres after 7 days in SBF.  (A) 
77S; 10 kg/mol PVP.  (B) 77S; 40 kg/mol PVP.  (C) 77S; 1,000 kg/mol PVP.  
(D) 86S; 1,000 kg/mol PVP. The 100S; 1,000 kg/mol PVP composition is not 
shown because it completely dissolved after 7 days. 

Bacterial Inhibition Study 

The SBF drawn from the vancomycin-loaded 77S; 40 kg/mol PVP microspheres 

was tested against S. aureus.  Bacteria were inhibited for up to 5 days (Figure 5-8).  
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SBF drawn from microspheres that did not contain vancomycin served as a negative 

control.  No inhibition was observed from these microspheres at either 0.5 or 24 hrs. 

 

Figure 5-8.  Zone of inhibition for S. aureus measured around paper disks containing 
the SBF drawn from a solution of vancomycin-encapsulated microspheres.  A 
3 mm zone corresponds to the radius of the disk and hence zero inhibition.  
Error bars indicate 95% confidence intervals. 

Vancomycin concentration was calculated from the zone of inhibition data.  This 

was done by establishing a calibration curve by for the zone of inhibition to standard 

vancomycin solutions (Figure 5-9B).  The concentration was also measured by 

absorbance at 280 nm for comparison (Figure 5-9A).  Both techniques yielded similar 

average concentrations up to 48 hrs.  Bacterial inhibition diminished after this time while 

UV absorbance still indicated the presence of vancomycin. 
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Figure 5-9.  Vancomycin release in the bacterial inhibition study.  (A) Zone of inhibition 
and UV absorbance were both used to measure the concentration of 
vancomycin.  (B) Calibration curves used for calculating vancomycin 
concentration by both zone of inhibition and UV absorbance. 
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Discussion 

Adding vancomycin to the aqueous phase of the emulsion did not appear to 

significantly affect the formation of microspheres.  Vancomycin-loaded microspheres 

appear similar to those produced in chapter 4.  Some compositions appeared hollow 

and fractured after soaking in SBF (Figure 5-7).  This may have been caused by the 

vortexing that was performed each day after replacing SBF.  Yet microspheres did not 

appear fractured after vortexing three times during the washing procedure.  It is possible 

that PVP leaches out of the microsphere; leaving it more brittle. 

Mass loss upon heating to 100 °C is partially attributed to the removal of residual 

water and alcohol in the particle.  The residual solvent in the microspheres directly 

correlated to both calcium concentration and molecular weight of PVP.  The 77S; 1,000 

kg/mol PVP composition lost the most weight (12%) after 2 hrs at 100 °C.  This was 

approximately 4% more than any other composition.  This partially accounts for the 

lower final mass than the other 77S compositions.  However, this composition had 

approximately 10 wt% more organic material than the other particles, as indicated by 

the mass loss between 150-800 °C (Table 5-2). 

Microsphere yield was directly correlated with calcium concentration (Table 5-2).  

This can be attributed to the faster condensation rate of silicate species in the presence 

of salts, as discussed in chapter 4.  The impact of yield was that it changed the effective 

loading rate of vancomycin in the microspheres.  This effect was most dramatic for the 

100S composition, which had the lowest yield (16%) and the highest loading rate (220 

mg/g). This was calculated under the assumption that no vancomycin was lost during in 

the process of forming the microspheres. 
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Cumulative percent release also directly correlated to calcium concentration 

(Table 5-3).  The 77S compositions released 93-95% of their initial vancomycin.  The 

100S composition released only 65%.  The disparity in percent release does not 

correspond to the dissolution of the microspheres.  The 100S compositions completely 

dissolve after 7 days in SBF while the 77S particles were still intact at this time. 

The calculation for percent release assumes that no vancomycin is lost during the 

process of forming the microspheres.  Gupta, et al.158 showed that vancomycin partially 

diffuses into the oil phase of a two-part octanol/water mixture.  The partition coefficient 

was measured as 0.2:1 (octanol:water).  It is conceivable that surfactants may increase 

the solubility of vancomycin in octanol.  Diffusion of vancomycin out of the aqueous 

droplets may account for the low cumulative release observed for the 100S samples.  

Calcium in the aqueous phase may affect this partitioning process. 

Calcium has been shown to change the partitioning of vancomycin aqueous two-

phase systems159.  This is typically done with two incompatible polymers such as PEG 

and dextran which form a two-phase solution.  Lee, et al.160 found that 2 M NaCl greatly 

increased the partitioning of vancomycin into the PEG phase.  The authors claim that 

the salt reduced the activity of water in solution, resulting in increased hydrophobic 

interactions between vancomycin and PEG.  A similar hydrophobic interaction between 

PVP and vancomycin may also occur in this study in the presence of calcium.  Calcium 

also accelerates the condensation of silicate species, which may also slow the diffusion 

of vancomycin out of the droplet. 

Vancomycin can be dissolved at a higher concentration in an aqueous solution 

than a silica sol.  This allowed the microspheres to attain a higher concentration of 
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vancomycin (up to 220 mg/g) than reported for xerogels in previous studies (up to 30 

mg/g).92,161  Microspheres made by this study released a greater quantity of vancomycin 

(680-3600 μg) than microspheres made by emulsification of the sol (35-200 μg) under 

the same immersion conditions.94  The release was also more complete (65-95%) from 

these microspheres than those made in previous studies (6-36%). 

S. aureus was inhibited for up to 5 days by the vancomycin released from the 

microspheres.  This indicates that the process of encapsulating the drug does not 

compromise its viability.  The efficacy of the drug was diminished at days 4 and 5.  This 

may be have been caused by degradation of the vancomycin molecule.  Vancomycin 

has been shown to degrade at 37 °C in solution with a half -life of 29 days.162  It is 

possible that the salts in the SBF accelerate the degradation of vancomycin.  The 

degraded vancomycin molecule may still absorb in the UV.  This would account for the 

difference in concentration at times >3 days between bacterial inhibition and UV 

absorption (Figure 5-9). 

Summary 

This study has demonstrated that vancomycin maintains its bactericidal activity 

upon encapsulation in a calcium silicate composite.  Calcium played an important role in 

the encapsulation process.  Calcium increased the yield of the microspheres, the 

inorganic content, and aided in the retention of vancomycin.  The high yield of 

microspheres containing calcium led to less vancomycin per gram of microspheres.  A 

high loading capacity (up to 220 mg/g) was achieved by calcium-deficient microspheres.  

The highest release occurred on the first day for all compositions and continued for 4-6 

days under the fluid exchange conditions tested.  Future work should focus on ways to 
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extend the release kinetics so that the drug can be released over a period of several 

weeks.  
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CHAPTER 61 
KINETIC ANALYSIS OF THE ATTACHMENT OF ZOOSPORES OF THE GREEN 

AGLA ULVA TO SILICONE ELASTMOERS 

Introductory Remarks 

Marine biofouling is a costly, complex and environmentally harmful phenomenon.  

Biofouling on ship hulls increases fuel consumption and necessitates regular hull 

cleaning.  A recent estimate by Schultz et al.5 put the cost of biofouling at $1 billion over 

15 years for the US Navy Arleigh Burke (DDG) class of destroyers.  Hull fouling is also a 

primary vector for the introduction of invasive species.19,163  The majority of antifouling 

coatings contain biocides40,164, but environmental issues have increased the interest in 

the development of non-toxic, antifouling coatings, which encompass a wide range of 

technologies.165-170 

Polydimethylsiloxane elastomers (PDMSe) are non-toxic materials that exhibit 

characteristically low adhesion to fouling organisms.  Native, cross-linked PDMS is soft 

and not durable enough to function as a marine coating.  Silica fillers are commonly 

added to increase the strength and modulus of the material.  These materials have a 

nanocomposite structure, with silica particles forming aggregates which increases the 

modulus of the rubber.  Increasing the elastic modulus, however, has been shown to 

increase the retention of fouling organisms.  Imparting a topography on the surface of 

reinforced PDMSe is one route to preventing the attachment of fouling organisms. 

Many antifouling topographies are inspired by marine organisms that naturally 

exhibit low fouling such as crabs, mussels and sharks3,64,171.  Our group has developed 

an antifouling topography inspired by the skin of a shark, called Sharklet.  This 

                                            
1
 Portions of this chapter have been published in Biofouling. 27(8):881-892.  Reprinted with permission 

from Taylor and Francis. 
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topography has been shown to inhibit attachment of zoospores of Ulva65,66,68,82,172, 

cyprids of Balanus amphitrite66; and cells of the bacteria Cobetia marina57 and 

Staphylococcus aureus67.  In a kinetic study, the Sharklet pattern inhibited biofilm 

formation of non-motile S. aureus cells for up to 21 days.67  However, no kinetic analysis 

of attachment rates for the motile zoospores of Ulva, which is a common fouling alga in 

the marine environment, has been performed on microtopographies. 

The purpose of this study was to measure the initial attachment kinetics of the 

zoospores of Ulva on Sharklet patterned and smooth PDMSe.  This should provide 

insight into how topography functions as an antifouling surface.  Observations of 

zoospores of Ulva reveal that the cells do not necessarily adhere to a surface on first 

contact.  Rather, through temporary and therefore reversible contacts (previously 

referred to as ‘first kiss’ adhesion173, they ‘probe’ a surface numerous times before 

committing themselves to a permanent, irreversible adhesion involving the secretion of 

an adhesive pad.23,24  The ‘first kiss’ phase of adhesion allows spores  to respond to a 

range of surface cues or features, potentially resulting in preferential attachment to 

specific locations rather than being randomly distributed over the surface.  For example, 

spores may attach in close vicinity to previously attached spores, i.e. gregarious 

attachment.24 

In the context of the present paper, attachment of single spores to specific 

topographical elements has been observed on Sharklet over a 45 min assay.174  Yet, it 

is unknown whether preferential attachment occurs only during the early stages of 

fouling or spores become less selective with time, leading to the topography becoming a 

less effective fouling deterrent.  In the present study, the distributions of spores, which 
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are attached either as individuals or in groups, on the topography are mapped versus 

time in order to address this question. 

The experiment was also designed to test whether the spores would ‘choose’ to 

settle on a smooth surface rather than the Sharklet pattern if given a choice.  Test slides 

(19.4 cm2) were prepared with various areal coverage of the Sharklet pattern (Figure 

6-1 A-C) to examine this issue of “choice” by the zoospores.  Slides with partial 

patterning were made by covering a 6.5 cm2 area with the Sharklet pattern (Figure 

6-1B).  The ability of the spore to preferentially ‘choose’ a surface was tested by 

comparing the attachment kinetics among different sample geometries (Figure 6-1). 

 

Figure 6-1.  Schematic of sample arrangements on 2.54 cm x 7.62 cm glass slides.  (A) 
19.4 cm2 area of smooth PDMSe coating on glass slide.  (B) 6.5 cm2 area of 
Sharklet  micropatterned (+2.5SK2x2) PDMSe on glass slide adjacent to two 
6.5 cm2 areas of smooth PDMSe.  (C) 19.4 cm2 area Sharklet micropatterned 
(+2.5SK2x2) PDMSe on glass slide. (D)  Scanning electron microscope 
image of +2.5SK2x2 topography. 
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Materials and Methods 

Sample Preparation 

All test surfaces were fabricated with polydimethylsiloxane elastomer (PDMSe, 

Dow Corning Silastic® T2).  The PDMSe surfaces were attached to glass slides 2.54 

cm x 7.62 cm (total area 19.4 cm2) for all experiments.  All PDMSe surfaces were 

prepared by mixing T2 base and curing agent at a 10:1 weight ratio for 5 mins.  The T2 

was degassed for 30 mins under vacuum and cured for 24 hrs at ~22 °C. 

To create smooth surfaces, T2 was cast against glass with a vapor-deposited 

coating of hexamethyldisilazane.  PDMSe surfaces with the Sharklet topography were 

made by casting against etched silicon wafers.  The silicon wafer molds were prepared 

by photolithography and deep reactive ion etching as previously described.174  Silicon 

wafers were vapor deposited with HMDS to prevent adhesion of cured PDMSe.  All 

samples were rinsed with 95% ethanol for approximately 10 seconds and blown with 

nitrogen prior to shipping to Birmingham, UK.  As noted previously172, the topography on 

the Sharklet samples (e.g., +2.8SK2x2) is designated as: 

(feature height in µm) SK (feature width in µm) x (feature spacing in µm) 

Attachment Assay for Zoospores 

Two kinetic attachment assays were performed on different dates.  Assay 1 was 

performed in October, 2009 and tested sample arrangements A and B in Figure 6-1.  

Assay 2 was performed in April, 2010 and tested sample arrangements A, B, and C in 

Figure 6-1. 

Samples were shipped dry to the University of Birmingham.  Each test surface was 

placed in an individual compartment (83 x 30 mm) of a Quadriperm dish (Greiner Bio-

one Ltd).  Test surfaces were immersed in 0.22µm filtered artificial seawater (ASW) 
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(Tropic Marin, Aquarientechnik GmbH) for 24 h prior to the experiment.  Any air visibly 

trapped in the features was dispersed using a stream of seawater from a pipette. 

Zoospores were released from fertile tips of mature plants of Ulva linza into 0.22 

µm filtered artificial seawater (ASW; ‘Tropic Marin’, Aquarientechnik GmbH), as 

described in by Schumacher, et al.68.  After filtering through 3 layers of nylon plankton 

net of decreasing pore size (100, 35 and 20 µm) into a glass beaker, the spore 

suspension was concentrated by plunging the beaker into crushed ice (spores rapidly 

swim towards the bottom of the beaker).  The concentrated suspension of spores was 

pipetted into a clean beaker and the procedure was repeated.  The spore suspension 

was diluted with filtered ASW to give an absorbance of 0.15 at 660 nm, equivalent to 1 x 

106 spores/ml.  The suspension was kept on a magnetic stirrer to ensure the spores did 

not attach to the container.  Ten ml of the spore suspension were added to each 

compartment of the dishes containing the test slides.  The dishes were incubated at 

room temperature (~20 oC) in darkness for periods up to 4 hrs. Three replicates (slides) 

were analyzed at each time point.  At each time point the slides were washed to remove 

unattached (i.e. still swimming spores by passing the slides 10 times through a beaker 

of ASW.  Slides were subsequently fixed with 2.5% glutaraldehyde in ASW for 15 min 

before washing sequentially in ASW, 50% ASW and distilled water, then dried.  

The density of zoospores attached to the surface was determined using a Zeiss 

Kontron 3000 image analysis system attached to a Zeiss Axioplan fluorescence 

microscope as described by Callow, et al.25. Spores were visualized by 

autofluorescence of chlorophyll.  Spore densities on slides A and C (Figure 6-1) were 

counted in a line across the middle of the slide at 1-2 mm intervals, 30 counts per 
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replicate slide (each 0.17 mm2).  Spores in the 6.5 cm2 smooth areas adjacent to the 

topography (slide B, Figure 6-1) were counted in the same way with 15 fields of view on 

either side of the Sharklet pattern. Counts on the 6.5 cm2 Sharklet pattern (slide B, 

Figure 6-1) were taken with 15 counts horizontal and 15 counts vertical to the 

approximate midpoint of the patterned area. 

Zoospore Mapping and Grouping Distribution 

Attachment maps were created as described previously174,175 to show the 

preferred attachment locations of zoospores on the topography.  Thirty-six transmitted 

light micrographs (186 μm x 138 μm) of the Sharklet pattern (6.5 cm2) per time point 

were used from the October 2009 assay for attachment maps and spore grouping 

analysis.  These images were selected because they contained spores.  The center of 

each spore was identified using Image J (US National Institute of Health) by overlaying 

the spore body with a black ellipse and subsequently using the threshold and particle 

measurement functions of the software.  The coordinates for the center of the spore 

were transformed to correct for the orientation of the topography in the image.  The 

resulting coordinates of each spore location were graphed on a unit cell of the 

topography and the spore location was individually checked against the original image 

for accuracy.  The coordinates for the spores were processed with a Kernel smoothing 

algorithm in Matlab (The MathWorks, Inc).  This algorithm creates a smooth probability 

density function from a two-dimensional histogram.  Warm colors on the map indicate a 

high probability of attachment at the given time point.  During the mapping process, 

each individual zoospore was identified as having attached in a group of 1, 2, 3, or >3 

spores.  The group size was determined by the number of spores visually touching in 

the micrographs.  This data were used in the analysis of spore grouping.  Attachment 
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maps for groups of 2, 3, or >3 spores represent the location of each individual spore 

within the group. 

Statistical Analysis 

Attachment densities were counted as the average over 90 fields of view (3 

replicates, 30 fields of view per replicate).  95% confidence intervals for reduction of 

attachment density were calculated by an arcsine transformation.  SigmaStat 3.1 

(Systat Software, Inc.) was used to perform analysis of variance (ANOVA), Tukey, and 

chi-squared tests.  Fitting of the kinetic response was performed by a least squares fit 

algorithm in Matlab with the EzyFit package (Université Paris-Sud). 

Results 

Kinetic Attachment Assays 

Zoospores attached at a higher density on smooth surfaces than on Sharklet 

surfaces for every time point during the 4-hr experiment (Figure 6-2).  The attachment 

response was the same for the smooth surface regardless of whether it completely 

covered the slide or was adjacent to the Sharklet topography.  Spores were inhibited by 

the Sharklet topography regardless of the areal coverage on the test slide (6.5 cm2 or 

19.4 cm2). 

This kinetic attachment assay was conducted twice to ensure reproducibility 

(Figure 6-3).  The zoospores responded to the surfaces in the same manner for both 

tests.  The first assay, performed in October 2009, had lower zoospore attachment 

densities than the assay performed in April 2010.  However, previous studies show that 

there is natural variability in the absolute numbers of attached spores from one 

experiment to another.24 
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Figure 6-2.  Kinetic response of zoospore of Ulva to smooth and Sharklet PDMSe 
surfaces.  Error bars indicate 95% confidence intervals.  Correlation 
coefficients are for the fit of equation (6-1) to the attachment data. 

Despite the variability in absolute settled spore density, a one-way ANOVA (df = 

12, F = 14.065, p < 0.001) with a Tukey test (p < 0.05) showed that the reduction in 

zoospore density on the Sharklet surfaces is constant at 80% for up to 2 hrs (Figure 

6-3).  The attachment reduction is lower at 70% for the 180 and 240 min time points.  

These results were consistent between the two assays with the exception of assay 1 at 

45 mins.  The percent reduction in spore density is comparable to previous 

studies65,66,68,82,172 in which the positive SK2x2 surface reduced attachment of spores by 

63-86% over a 45 min assay. 

Mapping Spore Attachment  

Mapping the attachment of zoospores on the Sharklet topography qualitatively 

illustrates the kinetic fouling process.  The maps for all spores attached to the Sharklet 
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topography (Figure 6-4) reveal that zoospores prefer to attach in the depressed areas 

between features, rather than on top of them.  The spores exhibit a higher selectivity for 

three particular sites on the Sharklet topography, as noted in a previous publication.174  

Two of these sites are located at the ends of the features and a third site adjacent to 

midpoint of the longest feature.  Fifty percent of the spores attach in these three sites, 

which account for only 31% of the total surface.  The spores’ selectivity appears to favor 

site 1 relative to site 3 for all times other than 15 mins.  There also appears to be a 

decreasing selectivity for site 3 beyond 45 mins.  Site 1 and site 2 appear to be 

equivalent in terms of spore selectivity. 

 
 

Figure 6-3.  Reduction in zoospore attachment density on Sharklet microtopography 
versus smooth PDMSe (6.5 cm2 areas).  Results are shown for two assays.  
Groups indicated by asterisks were shown to be similar (p < 0.05) by a Tukey 
test.  Error bars indicate 95% confidence intervals. 
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Figure 6-4.  Maps of all zoospores attached to the Sharklet topography during the 
kinetic study.  The map at 45 mins indicates the sites of high preferential 
settlement that were originally described by Long et al. (2010a).  Warm colors 
indicate high attachment density for that time point.  Colors cannot be 
compared between time points. 

Breaking down the attachment maps for all spores (Figure 6-4) into substituent 

groups (Figures 6-5 through 6-8) provided additional insight.  Most of the spores attach 

to the Sharklet topography as single organisms.  As a result, the attachment map for 

single spores (Figure 6-5) most closely represents the behavior of all spores attaching 

to the surface.  The preference for attaching at the edge of the diamond pattern is 

maintained as the size of the settlement group increases to two and three spores 

(Figure 6-6 and 6-7).  It also appears that as the size of the group increases, the 

attachment spreads out from the preferential sites observed for single spores.  This 
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indicates that additional spores attach on the surface next to a spore that has already 

settled.  Large groups (>3 spores) were not as selective, especially after 120 mins 

(Figure 6-8).  Large rafts of cells were occasionally seen on the surface at these later 

times which reflects the lack of preference in the settlement maps at these time points. 

 
Figure 6-5.  Settlement maps of individual spores on the Sharklet topography.  Colors 

cannot be compared between time points. 

Spore Grouping 

The attachment of spores of Ulva on smooth surfaces shows the characteristics of 

‘gregariousness’, i.e. depending on the initial spore density, the attachment of one spore 

appears to promote the attachment of additional spores in the same vicinity resulting in 

groups attached to the surface.24  The grouping of spores was compared between 
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Sharklet and smooth surfaces to test whether the topography influenced gregariousness 

(Figure 6-9).  The Sharklet topography inhibited the ability of spores to form groups of 

more than three spores.  Chi-squared tests revealed that the distributions of spore 

groups was statistically different between Sharklet and smooth surface at both early 

(Figure 6-9A, χ2 = 371, df = 3, p < 0.001) and late (Figure 6-9B, χ2 = 1143, df = 3, p < 

0.001) time points.  Seven percent of spores attached on smooth PDMSe as single 

spores after 240 mins compared to 46% of the on the Sharklet microtopography (Figure 

6-9B). 

 
Figure 6-6.  Settlement maps of spores in groups of 2 on the Sharklet topography.  

Sharp color contrast at early time points arises from low numbers of spores 
observed on the surface (less than approximately 50 spores).  Colors cannot 
be compared between time points. 
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Figure 6-7.  Settlement maps of spores in groups of 3 on the Sharklet topography.  No 

groups of 3 spores were observed after 15 mins.  Sharp color contrast on 
some images arises from low numbers of spores observed on the surface 
(less than approximately 50 spores).  Colors cannot be compared between 
time points. 

To ensure that the results of this analysis were not caused by a lower density of 

spores on the Sharklet surface, the spore density after 30 mins on smooth (236 

spores/mm2) and 120 mins on Sharklet (207 spores/mm2) were chosen to compare 

grouping at the same approximate spore density.  The distribution of spore groupings is 

significantly different for the two surfaces (Figure 6-9C, χ2 = 446, df = 3, p < 0.001).  

Sixty-nine percent of the spores attached as single cells on the Sharklet topography 

compared to only 14% on the smooth surface.  Chi-squared tests confirmed that the 
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distributions of spore groupings are statistically different (p < 0.001) for Sharklet and 

smooth (Figure 6-9 A-C). 

 
Figure 6-8.  Settlement maps of spores in groups of more than 3 on the Sharklet 

topography.  No groups of more than 3 spores were observed after 15 mins.  
Sharp color contrast on some images arises from low numbers of spores 
observed on the surface (less than approximately 50 spores).  Colors cannot 
be compared between time points. 

Discussion 

The kinetics of spore attachment on smooth surfaces over a 4 hr period reveal an 

approximately linear rate over the first 60 mins, but thereafter the attachment rate 

progressively decreases.  Similar kinetics were reported by Callow,  et al.24 and were 

ascribed to reduced competence of the zoospore population to attach with time under 

the assay conditions (i.e. within a population of ‘wild’ spores, there is a range of  
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Figure 6-9.  Distribution of zoospores in groups of 1, 2, 3, or more than 3 (as determined 

microscopically by spores touching) at (A) 30 mins, (B) 240 mins, and (C) a 
spore density of approximately 200 spores/mm2.  A chi-squared test for each 
condition (A-C) showed that the Sharklet surface has a statistically different 
distribution from the smooth surface (p < 0.001).  These samples were taken 
from the smooth and 6.5 cm2 Sharklet surface (Fig. 1A and B). 
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propensity for settlement so that with time the population of spores in the assay 

becomes biased towards those with reduced propensity to settle).  In the context of 

these experiments, two other causes of progressively reduced attachment rates may be 

operating beyond reduced competence.  First, it is likely that with time the surface 

became progressively conditioned by organic materials either present in the water in 

which the spores were released, or which was secreted by the swimming spores.  Such 

conditioning materials could make surfaces less attractive for attachment.  Second, the 

number of swimming spores in solution was reduced over time by attachment to both 

the test surfaces and especially those of the container in which the test slides are 

immersed. 

The spore attachment density on Sharklet topographies was nearly linear with time 

and was significantly lower at each time point compared to smooth PDMSe (70-80% 

reduction). These results are consistent with previous assays65,66,68,82,172 in which the 

microtopography reduced attachment densities from 63 to 86% over 45 mins. 

Mapping the spore attachment sites on the Sharklet microtopography showed that 

the zoospores preferentially attach in the recessed areas.  This is consistent with 

previous results showing that spores attach preferentially in the recessed channels of 

PDMSe patterned surfaces25, specifically at the long ends of the features.174  The maps 

generated in this study capture the attachment at various time points and also 

categorize the spores as individuals or part of a group of spores.  This was done to 

identify any cooperative behavior.  It appears from the maps that attachment of single 

spores occurs at preferential sites along the edge of the diamond pattern, with 

attachment becoming more diffuse along the edge as the size of the group increases.  
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This indicates that additional spores are settling adjacent to the first spore during the 

initial colonization of the surface.  It is worth noting that the results of mapping all spores 

(Figure 6-4) represent a weighted-average map for spore groups of 1, 2, 3 and >3 cells.  

The attachment maps for all cells most closely resemble the map for single spores 

because spores predominantly attach as individuals. 

The kinetic attachment curve can be fitted to the asymptotic exponential function in 

Equation (6-1) to provide a quantitative measure of the rate of adhesion.  This function 

was used to describe attachment kinetics of bacteria to surfaces:176-180 

 
)1()( t

e eAtA 
 (6-1)

 

where A(t) is the number of attached organisms at time t, Ae is the equilibrium density of 

attached cells, and β is a characteristic time constant.  This equation describes the 

reversible process: 

 

Cell + Substrate Cell-Substrate*

k
1

k
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 (6-2) 

in which k1 and k-1 are the rates of attachment and detachment from the surface, 

respectively.  In the case of Ulva, experimental observations of a reversible ‘first kiss’ 

contact with the surface warrant a model such as that in Equation (6-2).24  Since these 

experiments were not performed in situ, a direct measure of the adsorption (k1) and 

desorption (k-1) cannot be obtained.  Equation 6-1 is fit to the data as an estimation of 

the kinetic response.  A least-squares fit of this equation provides values for β.  Using 
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this time characteristic time constant, the initial flux of spores  at the surface can be 

approximated by the quantity Jo: 

 
 eo AJ

 
(6-3) 

in which Jo has equivalent units of flux (spores·mm-2·min-1). 

Table 6-1. Parameters Ae and β generated by the least squares fit of Equation (6-1).  Ae 
is the anticipated density of spores at equilibrium (t → ∞).  β is the 
characteristic time constant and Jo is the flux of spores at the surface. 

Assay 
Test 
area 
(cm2) 

Surface 
Ae 

(spores∙mm-2) 
β x 103 
(mins-1) 

Jo 
(spores∙mm-2 

∙min-1) 
r2 

October 
2009 

19.4 Smooth 748 9.2 6.9 0.924 

13 Flat Area 639 11 7.0 0.960 

6.5 +2.8SK2x2 371 3.4 1.3 0.979 
 19.4 Smooth 1042 11 11.5 0.975 

April 
2010 

13 Flat Area 1135 10 11.4 0.963 

6.5 +2.5SK2x2 639 2.7 1.7 0.978 

19.4 +2.5SK2x2 1046 1.9 2.0 0.988 

 

Fitting Equation 6-1 to the kinetic data show that the characteristic time constant 

(β) is distinctly lower on Sharklet surfaces (1.9-3.4 mins-1) than on smooth surfaces 

(9.2-11 mins-1, Table 6-1).  The projected flux, Jo, offers a more physically intuitive 

sense of the early-stage response of the spores to the surface.  Jo for Sharklet was 

consistently lower (1.3-2.0 spores·mm-2·min-1) than Jo for smooth surfaces (6.9-11.5 

spores·mm-2·min-1).  The value of Jo was approximately 80% lower on Sharklet than on 

smooth surfaces within the same assay.  This fitted value for the initial flux at the 

surface correlates well with the observed 80% reduction in spore density on Sharklet 

surfaces during the first 2 hrs of the assays. 

The parameter β has been associated with numerous cell-surface phenomena in 

bacteria including the synthesis of extracellular matrix and the exclusion of bacteria from 

settling next to neighbors.176,180,181  While Equation 6-1 has been effective in describing 
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adhesion of non-motile bacteria, it was unknown whether this Langmuir-type adsorption 

process would effectively describe the attachment of motile spores.  Indeed, the surface 

is far from saturated with spores.  The surface area coverage is only 6.4% if two 

assumptions are made, i.e., area of an attached spore with its halo of adhesive on 

PDMSe is 64 µm2 182 and density of spores is 1000 spores/mm2 (maximum on the 

smooth PDMSe).  The assay only captures the response of the zoospores which have 

strongly committed to adhesion – a process that is fundamentally different to the 

dynamic adhesion/detachment (or adsorption/desorption) observed for bacterial 

adhesion.  Yet Equation (6-1 fit with high correlation (r2 > 0.9) and Jo accurately 

reflected the observed 80% reduction in attachment rate.  The lower values for β on the 

Sharklet topography may reflect a reduced ability for attached spores to cooperatively 

recruit other spores to the surface.  Additional evidence to this end is provided by 

comparing the grouping of spores on the smooth and Sharklet surfaces. 

Spores attach as larger groups on smooth PDMSe (Figure 6-9).  After 45 mins, the 

percentage of spores attached as individuals on smooth PDMSe (contact angle 113°) 

was 19%.  This correlated well with a previously published value of ~22% spores 

attached as singles on flat SAMs with a similar contact angle (110°) after 1 hr.55  In 

contrast, a majority of spores (69%) on the Sharklet surface were attached as singles 

after 45 mins.  It seems that zoospores were not able to form gregarious communities 

on the Sharklet pattern.  This may be simply due to the fact that the early colonizing 

spores physically occupy those sites on the Sharklet surface that are  topographically 

the most attractive for attachment (i.e. a form of ‘niche exclusion’). Alternatively more 

complex mechanisms may be at work whereby the Sharklet surface inhibits the ability of 
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attached zoospores to recruit neighboring spores to attach.  Future quantitative analysis 

of spore behavior on Sharklet topographies by digital holographic microscopy23,183 may 

provide further insight into the mechanism(s) involved. 

Cooperative behavior has been observed for the attachment of Ulva to surfaces.24  

A Scatchard plot of zoospores binding to glass showed a positive slope at densities 

below approximately 1,000 spores/mm2.  This means that at low coverage, the attached 

cells recruited other cells to the surface.  This positively cooperative behavior has also 

been shown for bacteria binding to surfaces181,184,185 and aggregating in suspension.186  

However, at high densities of attached spores, a different behavior has been observed.  

The Scatchard analysis showed a negative slope, indicating that the attached spores 

deterred swimming spores from settling.24 

The communication mechanisms underlying cooperative effects between 

zoospores of Ulva are essentially unknown but may include both diffusible (chemical) 

cues or physical, topographical cues presented by previously attached spores. It is 

possible that the inhibitory nature of the Sharklet topography is due to interference in 

the dynamics of such cooperative effects. For example, the Sharklet topography may 

simulate a high density of attached spores leading to negative cooperativity, a slower 

rate of attachment (k1) and a smaller characteristic time constant (β).  While these 

experiments do not identify the individual rate constants (k1 and k-1), future experiments 

such as Scatchard analyses may be able to identify any cooperative behavior on the 

Sharklet surface. 
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CHAPTER 7 
CONCLUSIONS AND FUTURE WORK 

Introductory Remarks 

Microbial biofilms were the first form of life that existed on earth.  Their long history 

has given rise to diverse, complex organisms from several kingdoms of life.  Biofilms 

protect microorganisms from the environment, ensuring the survival of the species from 

one generation to the next.  As a result, biofilms are difficult to eradicate when they 

threaten human health and productivity. 

Organic/inorganic nanocomposites were implemented in this work to address the 

issue of biofouling.  These composites took two forms: polymer-bioactive glass 

microspheres and antifouling topographies in silica-reinforced PDMSe.  Both 

approaches aimed to understand how surface structure correlates to the prevention of 

biofilms. 

Composite Bioactive Glass Microspheres 

Organic/inorganic microspheres were created to eliminate biofilms and restore the 

function of bone tissue.  Microspheres encapsulated vancomycin, an antibiotic that has 

semi-specific toxicity to Gram-positive bacteria.  The inorganic phase dissolved to 

produce calcium and silicate ions, which have been shown to stimulate bone growth.187  

When the inorganic phase is formed by acid catalysis, the microspheres were stable 

over a period of 1 week.  The organic phase acted to bind the microspheres together 

and played a key role in determining the final morphology. 

The pH of the sol influenced the composition of the microspheres.  77S 

microspheres prepared at pH ~10.5 were 65-85 wt% organic, while 77S microspheres 

at pH ~2 were 38-48 wt% organic.  This can be attributed to the higher rate of hydrolysis 
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of TEOS under acidic conditions.  The resulting microspheres were more stable in SBF 

when produced by acid catalysis.  This may be attributed to the greater inorganic 

content or the structure of the gel. 

Calcium-silicate glasses have been previously shown to stimulate osteogenic 

differentiation of osteoblasts.104,187,188  However, this was not tested in this work.  

Alkaline phosphatase188, osteocalcin104, and collagen production105 are osteogenic 

indicators that can be measured in vitro in future experiments.  In vivo studies should be 

performed if these assays indicate that the microspheres encourage bone formation.  

One in vivo study has shown that vancomycin-loaded xerogels cause a mild 

inflammatory response and fibrous encapsulation.161  This may have been due to slow 

dissolution of the calcium-deficient xerogel.  The microspheres presented in this work 

may dissolve more quickly because they contain a water-soluble organic component. 

Future work should also focus on extending the release of vancomycin.  Linear 

drug release over 2-3 weeks is ideal for treating osteomyelitis.101  Several approaches 

can be used to extend the release.  Soaking the microspheres in an alkaline solution 

after forming them by acid catalysis should reduce the pore size by driving 

condensation of any remaining silanol or alkoxy groups.  Another approach is to 

covalently attach vancomycin to the polymer present in the aqueous phase.  

Carbodiimide chemistry could be used to perform this covalent attachment.189  This 

could also crosslink the polymer, which may slow the drug release even further. 

Bone morphogenic proteins (BMPs) could also be delivered using these 

microspheres.  BMPs have been approved by the FDA for in both spinal fusion and long 

bone defects.  While BMPS are very effective at causing bone growth, there have been 
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some issues related to ectopic bone formation.190  BMPs are typically delivered by a 

collagen sponge, which is soaked in a solution of the protein.  This method of drug 

loading is dependent on handling by the surgeon – which could be highly variable.  

Incorporating the BMPs into microspheres may provide a more accurate way to dose 

the drug. 

These microspheres should be incorporated into a paste or gel that can be easily 

applied by the surgeon.  Ideally this paste or gel would harden to provide some 

mechanical stability.  This may also slow the release of the encapsulated drug. 

The current method for creating microspheres can only be used to encapsulate 

water-soluble drugs.  This work could be extended by identifying a way to encapsulate 

oil-soluble drugs into these microspheres.  One approach is to create a double emulsion 

(oil-in-water-in-oil) in which the drug is dissolved in the innermost oil phase. 

Antifouling Topographies on Elastomeric Films 

 The surface topography of a silica-filled PDMS elastomer was used to deter the 

settlement of marine algae.  The organic phase, PDMS, has a surface energy of ~22 

mN/m, which forms a weak adhesion to a variety of fouling organisms.48  The 

nanometer-sized silica particles increase the toughness and durability to the coating, 

which is important for long-term performance in marine applications. 

The long-term performance was examined in an extended laboratory.  The surface 

texture consistently inhibited marine algae by 70-80% over a 4 hr period.   Image 

analysis showed that agal zoospores cannot easily form groups on the micro-textured 

surface.  Conversely, the organisms form clusters on smooth surfaces.  This indicates 

that topography may prevent the early stage of biofouling by preventing the aggregation 
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of individual cells.  However, future work is needed to fully understand how 

microtopographies inhibit biofilm formation. 

A Scatchard analysis is one experiment that will provide additional insight into the 

behavior of zoospores attaching to topographies.181  This experiment will show whether 

the zoospores act cooperatively, i.e., whether the attachment of one zoospore facilities 

the attachment of a second.  A previous study with zoospores of Ulva showed positive 

cooperativity at low cell densities and negative cooperativity at high cell densities.24  If 

topography mimics cells already attached to the surface, negative cooperativity would 

be observed by a negative slope on a Scatchard plot. 

The results in chapter 6 showed that equations derived from Langmuir-type 

adsorption fit kinetic attachment of zoospores.  This suggests that the attachment 

process is driven largely by physical phenomena.  The Brennan Research Group has 

developed a model called the engineered roughness index (ERI) as a way to quantify 

the physical structure of the surface.  The ERI model has the ability to predict the 

relative attachment for a variety of species to textured surfaces.57,172  The ERI was 

derived from steady state (45 min) adhesion assays.  A logical extension of this work 

would be to combine the kinetic parameters identified in chapter 6 (β and Ae) with the 

ERI to create a model that can predict settlement over longer periods of time. 

Amphiphilic, Nanocomposite Hydrogels as Fouling-Release Coatings 

Amphiphilic surfaces have garnered recent interest as fouling-release (FR) 

coatings.  These materials contain both hydrophobic and hydrophilic chemical groups 

dispersed on the nanoscale.  This chemical heterogeneity is believed to weaken the 

protein interaction with the surface, resulting in FR behavior. 
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Amphiphilic coatings in the literature typically use fluoropolymer and PEG as the 

hydrophobic and hydrophilic constituents, respectively.  These chemical groups have 

been implemented as pendant chains of a polymer60, in cross-linked diacrylate 

gels188,189, or as hybranched networks.62  Wang, et al. 188 have created 

perfluoropolyether/PEG gels that that have high (~60°) contact angle hysteresis, which 

is indicative of chemical or topographical heterogeneity.  The contact angle hysteresis 

was inversely proportional to fibrinogen adsorption. 

Nanocomposites have not been extensively investigated as a way of creating 

amphiphilic chemistries.  Detty’s group has explored this idea by using sol-gel chemistry 

to create xerogels which contain alkyl, fluoroalkyl, and aminoalkyl groups.83,85  

Trialkoxy(silanes) were used to introduce these various organic groups.  Xerogels with a 

wide range of surface energies have been created using this method.  Relationships 

have been established for the surface energy of these materials and the attachment of 

barnacles84 and zoospore of Ulva87. However, only a few xerogel compositions have 

shown to have discontinuous or dispersed phases with a nanoscale domain size.85  

Most of the xerogels appear to be a single, mixed phase. 

Preliminary work has been done to create amphiphilic nanocomposites based on 

poly(ethylene glycol) methacrylate (PEGMA) and fluorocarbon-functionalized silica 

particles.  The intent is to co-functionalize silica nanoparticles with methacryloxypropyl 

(MAP) and nonahexylfluorocarbon (NHF) groups.  These particles then act as the 

crosslinking agents in PEGMA gels.  The MAP groups allow the particles to react with 

the PEGMA polymer.  Fluorocarbon groups impart nanoscale hydrophobicity to the gel.  

The preliminary results are shown below. 
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Silica nanoparticles were made by a Stöber-type process.  These multi-functional 

particles were mixed with PEGMA at various concentrations and photopolymerized with 

Irgacure 2959 (Appendix E).Dynamic light scattering was performed on solutions of both 

methacrylate-functionalized silica particles (MAP-SiO2) and fluorocarbon/methacrylate-

functionalized silica particles (NHF/MAP-SiO2).  The particle diameters calculated from 

this technique were 13 nm and 7 nm for MAP-SiO2 and NHF/MAP-SiO2, respectively. 

This assumed that the refractive index of the particles was nreal = 1.420 and nimaginary = 

0.001 and that he solvent was 190 proof alcohol.  The measured diameters were 

smaller than the anticipated size (>50 nm) based on previous reports of this 

process.190,191 

When these particles were photopolymerized with PEGMA, gels were created that 

swelled 600-1,000 wt% in water (Table 7-1).  Gels containing 25 wt% NHF/MAP-SiO2 

appeared more opaque than gels containing 25 wt% MAP-SiO2.  Fluorocarbon 

functionalized nanoparticles did not influence the final water content of the gels (Table 

7-1), but did appear to slow the initial swelling of the gel (Figure 7-1). 

Table 7-1.  Swelling ratio of nanocomposite hydrogels after 48 hrs in DI water.  Error 
values represent 95% confidence intervals 

Particle Type 
Particle 

concentration in 
dry gel (wt%) 

Swelling ratio, Q 
Q = (masswet-

massdry)/massdry 

MAP-SiO2 1 15 ± 1.7 
MAP-SiO2 10 14 ± 1.1 
MAP-SiO2 25 6.2 ±1.3 
NHF/MAP-SiO2 25 6.2 ± 0.4 

 

The captive air bubble contact angle for gels with and without fluorocarbon groups 

was approximately 30° (Figure 7-2).  This indicates that PEG dominated the surface 
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when immersed in water.  The contact angle was only 2° higher for gels containing 

fluorocarbon groups (p = 0.039, n = 20 measurements). 

 

Figure 7-1.  Dynamic swelling of PEGMA gels containing various concentrations of 
functionalized SiO2 nanoparticles.  Error bars indicate 95% confidence 
intervals. 

FESEM indicated that the material that is in contact with the gel as it was 

polymerized influence the gel’s structure and composition.  Surfaces polymerized 

against PDMSe appeared “rougher” than gels polymerized against quartz (Figure 7-3).  

EDS showed that surfaces polymerized against PDMSe had a very small fluorine peak. 

The fluorine peak was not apparent on surfaces polymerized against quartz (Figure 

7-3).  This indicated that NHF/MAP-SiO2 nanoparticles may have selectively adsorbed 
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on the hydrophobic PDMSe surface, increasing the concentration of particles near this 

surface. 

 

Figure 7-2.  Contact angle on nanocomposite gels.  (A) The samples are inverted and a 
10 μL captive air bubble is placed in contact with the gel surface.  The contact 
angle is shown as θ.  (B) Contact angle measurements for 25 wt% MAP-SiO2-
PEGMA gels and 25 wt% NHF/MAP-SiO2-PEGMA gels.  Contact angle was 
measured for surfaces polymerized versus quartz. 

The results suggest that gels produced by this method may not be covalently 

cross-linked.  Rather, the gels may be physically entangled.  The particle diameters 

measured by dynamic light scattering are likely too small to have the numerous 

methacrylate groups required to crosslink the system.  This would explain why there no 

apparent difference in swelling ratio between gels made with 1 or 10 wt% MAP-SiO2 

particles.  The surfaces appear to be largely dominated by PEGMA. Dynamic swelling 

and EDS measurements indicate that fluorocarbon is incorporated into the material, 

although the effect appears to be very weak. 



 

161 

 

Figure 7-3.  SEM/EDS analysis of gels containing 25 wt% NHF/MAP-SiO2 particles.  
The surface polymerized against PDMSe (top row) appears to have a 
“rougher” texture than gels polymerized against quartz (bottom row).  
Surfaces polymerized against PDMSe have a very small fluorine peak, which 
is not apparent when the surface is polymerized against quartz. 

Future work on these amphiphilic nanocomposites should use larger particles to 

increase the number of methacrylate groups on the particles.  Increasing the crosslink 

density of the gels should restrict the ability of the network to rearrange and bury the 

hydrophobic particles.   This could be accomplished by incorporating PEG-

dimethacrylate or increasing the number of particles in the nanocomposite.  
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Fluorocarbon groups with higher molecular weights could also be used to increase the 

hydrophobicity of the particles  
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APPENDIX A 
CALCULATION OF CRITICAL MOLECULAR WEIGHT OF ENTANGLEMENT FOR 

PVP IN SOLUTION 

The molecular weight of entanglement (Me) can be calculated from the principles 

of chain dimensions according to the paper by Fetters.192  This calculation is based on 

the pervaded volume of the chain (Figure A-1).  This pervaded volume is approximated 

as the smallest sphere which can encompass the chain (Vsp), which is expressed as: 

2
32

ogsp RAV   

in which A is a constant on the order of 1 and <Rg
2>o is the unperturbed mean-square 

radius of gyration. 

 

Figure A-1.  Spherical pervaded volume of a polymer chain (Vsp). 

The radius of gyration can also be written as: 

6

2

2

o

o

og
m

MlC
R 

 

in which C∞ is the characteristic ratio, M is the molecular weight of the entire chain, lo is 

the length of each repeat unit, and mo is the molecular weight of each repeat unit.  

Substituting this expression into the equation for pervaded volume: 

2/32/332/32/3
6

 oosp mlMACV  
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Now consider the number of chains (N) which completely fill the volume Vsp.  This 

number of chains is calculated as: 

M

NV
N

Asp
  

in which ρ is the polymer density and NA is Avogadro’s number.  Substituting the 

expression for Vsp from above into this equation, N is given as: 

Aoo NmlMACN 2/32/332/12/3
6

  

It can be assumed that the number of chains with which a given chain is entangled 

is N-1.  The condition for entanglement can be considered as when N = 2.  This 

condition is shown in Figure A-2.  In this case, there are two chains present in the 

pervaded volume of a single chain.  This means that the primary chain (in blue) is 

entangled with another chain (shown in red). 

 

Figure A-2.  The condition of entanglement, in which two chains are present in the 
pervaded volume of a single chain (N=2). 

The equation above can be expressed for the entanglement condition.  In this 

case, N is replaced with 2 and M is replaced with Me, or the critical molecular weight of 

entanglement. 

Aooe NmlMAC 2/32/332/12/3
62 
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Solving this equation for Me yields: 

223632 



 Aooe NmlCBM   

in which B is a constant which is: 

2362


A
B . 

This equation can be used to calculate the critical molecular weight of 

entanglement for PVP.  Shenoy193 used this equation to estimate the Me for PVP in 

ethanol (16.8 kg/mol).  In this calculation, polystyrene (PS) was used to approximate the 

values of B and lo for PVP in the equation above..  However, Me for PVP in water will be 

different than described by Shenoy.  To calculate Me of PVP, a simple ratio is set up 

using PS as a model: 

233
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Using the values for PVP and PS given by Shenoy:193 

 Me(PS) = 16.6 x 103 g/mol 

 C∞(PVP in H2O) = 14 

 mo (PVP) = 111 g/mol 

 ρ (PVP) = 1.13 g/cm3 

 C∞(PS) = 10.8 

 mo (PS) = 104 g/mol 

 ρ (PS) = 1.06 g/cm3 

The value of Me for PVP in water is 8.15 x 103 g/mol. 
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APPENDIX B 

REAGENTS USED IN SIZE AND MORPHOLOGY STUDY OF ACID-CATALYZED 
MICROSPHERES 

The reactants used in the synthesis of microspheres for the size/morphology study 

in chapter 4 are listed as moles (Table B-1) and moles relative to TEOS (Table B-2).  

Note that the same oil phase was used for all samples, which consisted of (in moles): 

0.3 1-octanol, 3.1 x 10-3 Span 80, and 1.7 x 10-6 hydroxypropylcellulose. 

Table B-1.  Moles of reagents used in synthesizing acid-catalyzed microspheres for 
size/morphology study in chapter 4. 

PVP 
molecular 

weight 
(kg/mol) 

PVP in 
aqueous 

phase 
(wt%) 

Glass 
TEOS 
(moles 
x 10-3) 

CNT 
(moles 
x 10-3) 

TEP 
(moles 
x 10-3) 

H2O 
 

(moles) 

 
HNO3 
(moles 
x 10-3) 

PVP 
(moles 
x 10-6) 

  
77S 85 17 8.4 0.3 0.1 0.2 

 
2 86S 85 5.6 7.5 0.3 0.1 0.1 

  
100S 85 0.0 0.0 0.3 0.1 0.1 

  
77S 85 17 8.4 0.3 0.1 0.6 

1,000 6 86S 85 5.6 7.5 0.3 0.1 0.5 

  
100S 85 0.0 0.0 0.3 0.1 0.4 

  
77S 85 17 8.4 0.3 0.1 1.0 

 
10 86S 85 5.6 7.5 0.3 0.1 0.8 

  
100S 85 0.0 0.0 0.3 0.1 0.7 

  
77S 85 17 8.4 0.3 0.1 4.5 

 
2 86S 85 5.6 7.5 0.3 0.1 3.6 

  
100S 85 0.0 0.0 0.3 0.1 3.1 

  
77S 85 17 8.4 0.3 0.1 14 

40 6 86S 85 5.6 7.5 0.3 0.1 11 

  
100S 85 0.0 0.0 0.3 0.1 9.7 

  
77S 85 17 8.4 0.3 0.1 25 

 
10 86S 85 5.6 7.5 0.3 0.1 20 

  
100S 85 0.0 0.0 0.3 0.1 17 

  
77S 85 17 8.4 0.3 0.1 18 

 
2 86S 85 5.6 7.5 0.3 0.1 14 

  
100S 85 0.0 0.0 0.3 0.1 12 

  
77S 85 17 8.4 0.3 0.1 57 

10 6 86S 85 5.6 7.5 0.3 0.1 45 

  
100S 85 0.0 0.0 0.3 0.1 39 

  
77S 85 17 8.4 0.3 0.1 98 

 
10 86S 85 5.6 7.5 0.3 0.1 78 

  
100S 85 0.0 0.0 0.3 0.1 68 
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Table B-2.  Relative moles of reagents (to TEOS) used in synthesizing acid-catalyzed 

microspheres for size/morphology study in chapter 4. 

PVP 
molecular 

weight 
(kg/mol) 

PVP in 
aqueous 

phase 
(wt%) 

Glass 
TEOS 

 
CNT 

 
TEP 

 
H2O 

 
HNO3 
(x 10-3) 

PVP 
 

  
77S 1 0.20 0.10 4 1.44 2.1 x 10-6 

 
2 86S 1 0.07 0.09 4 1.44 1.7 x 10-6 

  
100S 1 0.00 0.00 4 1.44 1.5 x 10-6 

  
77S 1 0.20 0.10 4 1.44 6.7 x 10-6 

1,000 6 86S 1 0.07 0.09 4 1.44 5.3 x 10-6 

  
100S 1 0.00 0.00 4 1.44 4.6 x 10-6 

  
77S 1 0.20 0.10 4 1.44 1.2 x 10-5 

 
10 86S 1 0.07 0.09 4 1.44 9.2 x 10-6 

  
100S 1 0.00 0.00 4 1.44 8.0 x 10-6 

  
77S 1 0.37 0.11 4 1.44 6.8 x 10-5 

 
2 86S 1 0.20 0.10 4 1.44 5.4 x 10-5 

  
100S 1 0.07 0.09 4 1.44 4.2 x 10-5 

  
77S 1 0.00 0.00 4 1.44 3.7 x 10-5 

40 6 86S 1 0.37 0.11 4 1.44 2.1 x 10-4 

  
100S 1 0.20 0.10 4 1.44 1.7 x 10-4 

  
77S 1 0.07 0.09 4 1.44 1.3 x 10-4 

 
10 86S 1 0.00 0.00 4 1.44 1.2 x 10-4 

  
100S 1 0.37 0.11 4 1.44 3.7 x 10-4 

  
77S 1 0.20 0.10 4 1.44 2.9 x 10-4 

 
2 86S 1 0.07 0.09 4 1.44 2.3 x 10-4 

  
100S 1 0.00 0.00 4 1.44 2.0 x 10-4 

  
77S 1 0.37 0.11 4 1.44 2.7 x 10-4 

10 6 86S 1 0.20 0.10 4 1.44 2.1 x 10-4 

  
100S 1 0.07 0.09 4 1.44 1.7 x 10-4 

  
77S 1 0.00 0.00 4 1.44 1.5 x 10-4 

 
10 86S 1 0.37 0.11 4 1.44 8.5 x 10-4 

  
100S 1 0.20 0.10 4 1.44 6.7 x 10-4 
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APPENDIX C 
VISCOSITIES AND WEBER NUMBERS OF ACID-CATALYZED EMULSIONS 

The Weber number (We) for each microsphere composition was calculated as: 

   
              

                  
 
  ̇  
     

 

in which d is the median, volume-weighted particle diameter measured by light 

scattering (Table C-1),  ̇ is the shear rate (83 s-1),    is the viscosity of the continuous 

phase (557 cP), and γint is the interfacial tension (4 mN/m as measured by Xu, et al.133). 

Table C-1.  Viscosity, diameter, and Weber number of acid-catalyzed emulsions. 

PVP molecular 
weight 

(kg/mol) 

PVP in 
aqueous 

phase 
(wt%) 

Glass 
composition 

Viscosity, 
ηd 

(cP) 

Particle 
diameter, 

d 
(μm) 

Weber 
number, We 

x 10-2 

  
77S 9.10 30.9 18 

 
2 86S 6.11 12.6 7.3 

  
100S 4.68 12.5 7.3 

  
77S 67.85 23.2 13 

1,000 6 86S 43.5 12.1 7.0 

  
100S 27.6 7.94 4.6 

  
77S 432 30.2 18 

 
10 86S 178 8.67 5.0 

  
100S 93.8 6.39 3.7 

  
77S 4.02 15.0 8.7 

 
2 86S 1.99 19.0 11 

  
100S 1.5 9.57 5.6 

  
77S 10.9 18.9 11 

40 6 86S 4.52 11.2 6.5 

  
100S 3.54 16.8 9.7 

  
77S 28.2 15.2 8.8 

 
10 86S 9.72 9.72 5.6 

  
100S 6.81 16.4 9.5 

  
77S 3.17 11.1 6.5 

 
2 86S 1.47 16.2 9.4 

  
100S 1.12 23.4 14 

  
77S 5.62 13.2 7.6 

10 6 86S 2.38 12.0 7.0 

  
100S 1.67 30.2 18 

  
77S 10.3 11.2 6.5 

 
10 86S 3.85 7.81 4.5 

  
100S 2.45 16.8 9.8 
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APPENDIX D 
IMAGES OF EXTERNAL AND INTERNAL MORPHOLOGY OF BIOACTIVE GLASS 

MICROSPHERES 

Bioactive glass microspheres were created by an acid catalyzed process over a 

wide range of compositions.  These microspheres were imaged externally and in cross-

section by SEM.  This appendix is a complete listing of these images.  Each 

composition is accompanied by a ternary phase diagram for reference (Figure D-1). 

 

Figure D-1.  Example of ternary phase diagram that is used as a guide throughout this 
appendix.  Molecular weight of PVP is indicated by the color of the diagram: 
green= 10 kg/mol, red = 40 kg/mol, and blue = 1,000 kg/mol. 
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Figure D-2.  10 kg/mol, 77S, 2 wt% bioactive glass microspheres external morphology 

(left, secondary electron image) and in cross-section (right, backscattered 
electron image). 

 
Figure D-3.  10 kg/mol, 77S, 6 wt% bioactive glass microspheres external morphology 

(left, secondary electron image) and in cross-section (right, backscattered 
electron image). 
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Figure D-4.  10 kg/mol, 77S, 10 wt% bioactive glass microspheres external morphology 

(left, secondary electron image) and in cross-section (right, backscattered 
electron image). 

 
Figure D-5.  10 kg/mol, 86S, 2 wt% bioactive glass microspheres external morphology 

(left, secondary electron image) and in cross-section (right, secondary 
electron image). 
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Figure D-6.  10 kg/mol, 86S, 6 wt% bioactive glass microspheres external morphology 

(left, secondary electron image) and in cross-section (right, secondary 
electron image). 

 
Figure D-7.  10 kg/mol, 86S, 10 wt% bioactive glass microspheres external morphology 

(left, secondary electron image) and in cross-section (right, secondary 
electron image). 
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Figure D-8.  10 kg/mol, 100S, 2 wt% bioactive glass microspheres external morphology 

(left, secondary electron image) and in cross-section (right, backscattered 
electron image). 

 
Figure D-9.  10 kg/mol, 100S, 6 wt% bioactive glass microspheres external morphology 

(left, secondary electron image) and in cross-section (right, backscattered 
electron image). 
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Figure D-10.  10 kg/mol, 100S, 10 wt% bioactive glass microspheres external 

morphology (left, secondary electron image) and in cross-section (right, 
backscattered electron image). 

 
Figure D-11.  40 kg/mol, 77S, 2 wt% bioactive glass microspheres external morphology 

(left, secondary electron image) and in cross-section (right, backscattered 
electron image). 
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Figure D-12.  40 kg/mol, 77S, 6 wt% bioactive glass microspheres external morphology 

(left, secondary electron image) and in cross-section (right, backscattered 
electron image). 

 
Figure D-13.  40 kg/mol, 77S, 10 wt% bioactive glass microspheres external 

morphology (left, secondary electron image) and in cross-section (right, 
backscattered electron image). 
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Figure D-14.  40 kg/mol, 86S, 2 wt% bioactive glass microspheres external morphology 

(left, secondary electron image) and in cross-section (right, backscattered 
electron image). 

 

Figure D-15.  40 kg/mol, 86S, 6 wt% bioactive glass microspheres external morphology 
(left, secondary electron image) and in cross-section (right, backscattered 
electron image). 
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Figure D-16.  40 kg/mol, 86S, 10 wt% bioactive glass microspheres external 

morphology (left, secondary electron image) and in cross-section (right, 
backscattered electron image). 

 
Figure D-17.  40 kg/mol, 100S, 2 wt% bioactive glass microspheres external 

morphology (left, secondary electron image) and in cross-section (right, 
backscattered electron image). 
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Figure D-18.  40 kg/mol, 100S, 6 wt% bioactive glass microspheres external 

morphology (left, secondary electron image) and in cross-section (right, 
backscattered electron image). 

 
Figure D-19.  40 kg/mol, 100S, 10 wt% bioactive glass microspheres external 

morphology (left, secondary electron image) and in cross-section (right, 
backscattered electron image). 
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Figure D-20.  1,000 kg/mol, 77S, 2 wt% bioactive glass microspheres external 

morphology (left, secondary electron image) and in cross-section (right, 
backscattered electron image). 

 
Figure D-21. 1,000 kg/mol, 77S, 6 wt% bioactive glass microspheres external 

morphology (left, secondary electron image) and in cross-section (right, 
backscattered electron image). 
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Figure D-22.  1,000 kg/mol, 77S, 10 wt% bioactive glass microspheres external 

morphology (left, secondary electron image) and in cross-section (right, 
backscattered electron image). 

 
Figure D-23.  1,000 kg/mol, 86S, 2 wt% bioactive glass microspheres external 

morphology (left, secondary electron image) and in cross-section (right, 
backscattered electron image). 
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Figure D-24.  1,000 kg/mol, 86S, 6 wt% bioactive glass microspheres external 

morphology (left, secondary electron image) and in cross-section (right, 
backscattered electron image). 

 
Figure D-25.  1,000 kg/mol, 86S, 10 wt% bioactive glass microspheres external 

morphology (left, secondary electron image) and in cross-section (right, 
backscattered electron image). 
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Figure D-26.  1,000 kg/mol, 100S, 2 wt% bioactive glass microspheres external 

morphology (left, secondary electron image) and in cross-section (right, 
backscattered electron image). 

 
Figure D-27.  1,000 kg/mol, 100S, 6 wt% bioactive glass microspheres external 

morphology (left, secondary electron image) and in cross-section (right, 
backscattered electron image). 
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Figure D-28.  1,000 kg/mol, 100S, 10 wt% bioactive glass microspheres external 

morphology (left, secondary electron image) and in cross-section (right, 
backscattered electron image). 
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APPENDIX E 
PROCESS FOR CREATING NANOCOMPOSITE HYDROGELS 

Silica nanoparticles were created using a process similar to that described by 

Stöber, Fink, and Bohn.194  First, 775 ml of 200 proof ethanol and 62 ml of a 0.8 M 

aqueous ammonia solution were added to a 1000 ml round bottom flask.  A second 

solution was prepared that contained 132 ml of 200 proof ethanol and 31 ml of TEOS.  

Both solutions were heated in separate water baths at 60 °C for at least 1 hr.  The 

solution containing TEOS was then added to the round bottom flask and the mixture 

was stirred at 60 °C for 24 hrs. 

After stirring for 24 hrs, the silane coupling agents 3-

methacryloxypropyltriethoxysilane (MAP) and/or nonahexylfluorotriethoxysilane (NHF) 

were added to the solution to at the concentrations indicated in Table D-1. The 

nanoparticle solutions were stirred for another 24 hrs at 60 °C.  The solutions were then 

boiled at 80 °C to increase the concentration 10 fold.  The solutions were then cooled 

and stored at approximately 4 °C. 

Table E-1.  Concentrations of reagents (M) used in making multi-functional silica 
nanoparticles. 

Particle   
designation 

H2O TEOS NH3 
MAP 

(x 10-3) 
NHF 

(x 10-3) 

SiO2 3.47 0.14 0.05 0.0 0.0 
MAP-SiO2 3.47 0.14 0.05 6.5  0.0 
MAP/NHF-SiO2 3.47 0.14 0.05 3.2 3.2 

 

The nanoparticle solutions were diluted with 190 proof ethanol.  PEGMA was 

added by to achieve a concentration of 0.41 M, or 25 wt% of the prepolymerization 

mixture.  Irgacure 29959 was then added by mass to a concentration of 0.01 M.  The 

solution was stirred with a magnetic stir bar until visibly homogenous.  The 
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prepolymerization mixture was then placed in a glass test tube and degassed in a 

sonicator for 5 mins.  The mold assembly (Figure E-1) was cleaned with 190 proof 

ethanol between uses and purged nitrogen gas for 5 mins immediately before adding 

the prepolymerization mixture.  The samples were set inside a box 3 inches below a 

Blak-Ray UVL-56 lamp (366 nm) and exposed to UV light for 2 hrs.  A slight nitrogen 

purge was kept flowing during the polymerization. 

 

Figure E-1.  Mold assembly for polymerizing nanocomposite hydrogels. 

After polymerization, the samples were removed from the mold and swollen in 

approximately 25 ml of deionized water.  The water was exchanged three times over a 

24-hr period before any further analysis was done.  The gels were cut into 6 mm discs 

and dried under vacuum to perform swelling experiments.  Gels were frozen in liquid 

nitrogen and freeze dried prior to SEM/EDS analysis. 
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