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ABSTRACT

Biofouling is a ubiquitous natural phenomenon that incurs major costs and
damages to marine-based industries and infrastructure worldwide. While antibiofouling
agents do exist, these contain toxic biocides and metals which are harmful to non-target
organisms and the local ecosystem. This research aimed to create a renewably sourced,
non-toxic hydrogel with antibiofouling properties in a marine environment. Hydrogels
were made using functionalized CMC, a cellulose derivative, crosslinked with dithiol
molecules. It was shown that the mechanical properties and swelling abilities of
hydrogels could be controlled by making the hydrogels at a particular thiol to norbornene
ratio. Hydrogels made with one of the crosslinkers also demonstrated the ability to have a
tunable degradation rate in a marine environment. Ultimately, it was shown that
hydrogels tested failed to remove settled foulants.
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INTRODUCTION

Biofouling
Biofouling is a natural process in which organisms colonize and grow on a substrate.
Generally, biofouling is present in the form of biofilms which are aggregations of
microbial organisms embedded in a matrix of extracellular polymeric substances (EPS)
(Flemming 2002). However, biofouling is not limited to microorganisms as many species
of invertebrates and algae are also capable of attaching permanently to exposed surfaces.
Biofouling occurs in nearly all environments on Earth including extreme environments
such as in glaciers and around thermal vents (Flemming 2002). A wide range of human
made structures and materials are also susceptible to biofouling including boat hulls,
submerged infrastructure, piping and medical devices.
Marine biofouling occurs immediately after the immersion of a clean surface into
water. It is a sequential process which begins with organic matter adsorbing to a surface,
followed by the settlement of microbes and ultimately macroscopic organisms (Shea et
al. 1991). A number of factors influence initial microbial adherence including surface
chemistry, charge, surface roughness, and wettability (Pranzetti et al. 2012). The precise
role each of these factors plays is unclear due to the varying degrees at which they are
present. Furthermore, the role each of these factors play is dependent upon the particular
foulant (Shea et al. 1991, Pranzetti et al. 2012). Biofilms themselves alter the
physicochemical properties of a surface, which in turn affects macro-foulant attachment
(Shea et al. 1991, Mieszkin et al. 2012). Macro-foulants include multicellular organisms
visible to the naked eye such as algae and invertebrates. Recent studies also suggest that
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macro-foulants can receive settlement cues from chemical signals released from biofilms
or from EPS associated with the film itself (Mieszkin et al. 2012). Depending on the
microbiota of the biofilm, the biofilm may either promote or inhibit settlement of macrofoulants (Mieszkin et al. 2012).
Nearly all marine-based industries are negatively impacted by biofouling.
Biofouling on the hulls of boats increases drag resulting in higher fuel consumption,
maintenance costs and greenhouse-gas emissions. It is estimated that biofouling can
increase fuel consumption by up to 40% and overall in-voyage costs by as much as 77%
(Yang et al. 2014). Stationary structures are also threatened by marine biofouling as
foulants create a corrosive environment resulting in pitting and corrosion of metals.
Microbiologically induced corrosion results in damages that amount to 30-50 billion
dollars per year (Yang et al. 2014). Other marine-based industries such as fishing and
aquaculture face increased costs as a result of the need to replace equipment due to
biofouling. Biofouling on vessels also has ecological consequences as it facilitates the
distribution of marine pest species (Davidson et al. 2009).
Effective anti-biofouling agents have been used commercially for decades.
Among the most prominent were tributyltin and other organotin compounds. However,
even low concentrations of these compounds are toxic to non-target species. Worse still is
that such compounds bioaccumulate in the environment. The ecological impact of these
organotin compounds led to them being banned by several countries and eventually by
the International Maritime Organization in 2008 (Lam et al. 2017). Today, the most
commonly used anti-biofouling products are Irgarol 1051, Sea-Nine 211 and Diuron
(Lam et al. 2017). These biocides are often used in conjunction with cuprous oxide
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(Cu2O) (Callow & Callow 2002). Although it was intended that these products lack the
toxic effects of their predecessors, recent research indicates that these substances also
have a negative impact on non-target organisms (Lam et al. 2017).
As legislation on toxic products becomes increasingly strict, the need for an
environmentally benign anti-biofouling material becomes ever more urgent. Polymer
coatings are a promising approach to the issue because they can act without leaching
harmful chemicals and are chemically versatile. Three main classifications of polymer
coatings are considered for antibiofouling applications (Yang et al. 2014). The first is
fouling-resistant coatings, which act by preventing attachment of foulants. Next, there are
fouling-release coatings which act by reducing adhesion between a foulant and its
substrate. Finally, there are foulant-degrading coatings which kill or degrade the foulant.
Despite promising results, these coatings can be expensive to produce and still have
practical limitations to overcome (Callow & Callow 2002). It is therefore necessary that
an effective, affordable and eco-friendly, anti-biofouling material be produced.
Cobetia marina
Cobetia marina is a gram-negative bacterium commonly found in marine biofilms
(Arahal et al. 2002). This species was originally described by Cobet et al. in 1970 as
Arthrobacter marinus. Since then, C. marina has undergone multiple taxonomic
reclassifications based on emerging findings related to its morphology, biochemical
profile and rRNA sequences. It ultimately received its current classification by Arahal et
al. in 2002. Morphologically, C. marina is straight and rod shaped with dimensions of
1.6–4.0 µm by 0.8–1.2 µm. Cells can occur either singly or in pairs. Most strains are
motile through use of two to five peritrichous flagella. However, strains that lack flagella
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also exist (Arahal et al. 2002). Various strains of this species have been isolated from
marine environments around the world, including the coasts of Massachusetts, Hawaii,
Japan and Russia (Ivanova et al. 2005). One study showed that different strains of C.
marina have distinctive metabolic profiles suited to their respective environments
(Ivanova et al. 2005).
C. marina was selected as the model organism of this study because of its
previous use a model species in studies on initial attachment of marine bacteria to
surfaces (Ekblad et al. 2008). C. marina is described as a “hydrophilic” species because it
produces EPS rich in anionic polysaccharides, particularly uronic acid (Shea et al. 1991).
Comparison of the type strain of C. marina to a mutant strain deficient in EPS in one
study suggested that EPS plays a crucial role in adhesion and aggregation in the species
(Shea et al. 1991). The EPS-deficient strain possessed a nonmucoid, non-aggregating,
adhesion-altered phenotype (Shea et al. 1991). In a flagellated strain of C. marina it was
demonstrated that flagellar interactions between cells were necessary for aggregation of
cells to occur (Sjoblad et al. 1985). Cell to cell fiber connections present in type strain
aggregates have also been reported, but their specific role in aggregation has yet to be
elucidated (Shea et al. 1991).
Hydrogels
Hydrogels are crosslinked three-dimensional polymer networks that can absorb
several times their own dry mass in water. Their capacity to hold water results from the
presence of hydrophilic functional groups on the polymer network as well as capillary
action and osmotic pressure (Ullah et al. 2015). Additionally, hydrogels have a
significant capacity to retain absorbed water, which could otherwise quickly evaporate or
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be forced out by pressure (Rizwan et al. 2017). Despite its hydrophilic character and the
significant presence of water, a hydrogel is able to avert dissolution due to its crosslinks
(Carpi 2011). This is because crosslinks restrict the ability of the polymer to flow,
locking the network into a relatively fixed position. Hydrogels can be categorized as
either physical or chemical hydrogels based on the nature in which they are crosslinked.
Physical hydrogels have transient junctions that arise from non-covalent interactions such
as hydrogen bonding, ionic interactions or polymer entanglement (Ahmed 2015).
Chemical hydrogels on the other hand contain relatively stable crosslinks that result from
covalent interactions (Ahmed 2015).
Hydrogels possess an array of characteristics that make them suitable for a variety
of applications. Such characteristics include biocompatibility, permeability, absorbency
and viscoelasticity (Rizwan et al. 2017). Further still, the degree to which these properties
are present can be significantly altered by modifying the chemical composition of a
hydrogel, allowing them to be tailored for a specific need. Hydrogels have found utility in
numerous fields, including biomedical applications, pharmaceuticals, cell culture and
agriculture (Rizwan et al. 2017, Rudzinski et al. 2002). Some hydrogels even possess the
ability to temporarily change their properties in response to a particular stimulus. Such
hydrogels are referred to as “smart hydrogels” and are extremely promising in the field of
healthcare. Smart hydrogels can be altered by several physical, chemical or biological
stimuli (Rizwan et al. 2017). This is especially useful for processes such as drug
administration when the timing and rate of release of the drug are vital. Due to the
varying conditions of the body, a smart hydrogel could be designed that releases a drug at
a particular rate in a particular organ.

5

CMC Based Hydrogel
Hydrogels can be produced from a diverse range of both synthetic and natural
polymers. Synthetic hydrogels can be made by crosslinking polymers such as
poly(acrylamide), poly(vinyl alcohol) and poly(ethylene glycol). Relatively speaking,
synthetic hydrogels tend to have high mechanical strength, low degradation rates and a
high capacity to absorb water (Ahmed 2015, Rizwan et al. 2017). When considering the
development of a fouling release-coating, low degradation rate is an undesirable trait.
Furthermore, synthetic hydrogels are non-biodegradable (Rizwan et al. 2017). With their
relatively high degradation rates and biodegradability, natural hydrogels are contenders
for practical anti-fouling coatings. Due to their biocompatibility, natural hydrogels also
have the benefit of being non-toxic unlike antifoulants on the market today. Lastly, by
virtue of their origin natural hydrogels can be sustainably sourced.
Carboxymethyl cellulose (CMC) was selected for use in hydrogel synthesis
because it has the benefits mentioned above, is water soluble, chemically versatile,
widely available and inexpensive. CMC is a cellulose ether with carboxymethyl groups (CH2-COOH) bonded to some of the hydroxyl groups of the glucose monomers. It is
synthesized by reacting chloroacetic acid with alkalized cellulose in order to achieve
carboxymethylation (Lakshmi et al. 2017). Despite the fact that glucose molecules by
themselves are water soluble, cellulose in its unmodified form is not. This property
results from an ordered pattern of hydrogen bonding between cellulose strands that forms
large bundles of insoluble fibers (Sjostrom 1993). The modification of cellulose with a
carboxymethyl group disrupts this hydrogen bonding and prevents insoluble bundles
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from forming. Combined with the hydrophilic character of the carboxymethyl group, this
confers water solubility to CMC.
In order to make a CMC-based hydrogel, a reactive site at which chemical
crosslinking could occur was added to the CMC backbone. CMC was modified with
bicyclo[2.2.1]hept-5-ene-2,3-dicarboxylic anhydride (carbic anhydride), a norbornenecontaining molecule. Carbic anhydride is added to the CMC polymer through a basecatalyzed reaction in which any of the hydroxyl groups on a glucose monomer can act as
a nucleophile and attack one of the carbonyl groups on the carbic anhydride (Figure 1).

Figure 1: Reaction of CMC and carbic anhydride to from cCMC.

As a result of this reaction, an ester bond is formed opening the 5-membered ring of the
carbic anhydride and forming a carboxylic acid. The product of this reaction, dubbed
cCMC, can react with various dithiol molecules via its pendent ene groups to crosslink
the polymer and form a hydrogel (Figure 2). The ester bonds that join the carbic
anhydride to the CMC backbone play a central role in this project. Because ester bonds
hydrolyze in water, a hydrogel made from crosslinked cCMC should degrade over time
as crosslinks are lost due to hydrolysis. It was hoped that via this process, polymer that
comes away from the surface of the hydrogel will remove foulants with it, generating a
new clean surface.
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Figure 2: Dithiols (purple) crosslinking cCMC strands (green) to form hydrogel.

Thiol-Ene “Click” Reaction
“Click chemistry” refers to an approach in chemistry that seeks to establish ideal
conditions for organic synthesis reactions. So called “click” reactions must meet most or
all of a list of several criteria. These include being modular, rapid, high yielding,
generating inoffensive byproducts that can be removed by non-chromatographic methods,
stereospecific and use of benign reaction conditions (Kolb et al. 2001). Such reactions
include cycloadditions of unsaturated species, ring-opening reactions of strained
heterocyclic electrophiles, carbonyl chemistry of the “non-aldol” type and additions to
carbon–carbon multiple bonds. More recently, thiol-ene reactions have been added to the
list of click reactions (Dondoni 2008). These reactions are radical-mediated and add
thiols to double-bonded carbons. Thiol-ene reactions have many advantages over the use
of earlier established click reactions. Among other things, thiol-ene reactions do not use
toxic heavy metals and lack the risks associated with the explosive nature of the azide
groups in the 1,3-dipolar cycloaddition reactions (Uygun et al. 2010). Furthermore, thiol–
ene reactions can be induced photochemically or thermally at ambient temperatures in the
presence of water or oxygen without undesirable side reactions such as sulfenyl radical
coupling (Uygun et al. 2010).
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These qualities of thiol-ene reactions makes them promising for use in biological
systems where reaction conditions must be at or near physiological conditions. Naturally,
the thiol-ene reaction has been widely employed in the synthesis of biocompatible
hydrogels (Kade et al. 2010, Lin et al. 2011, Shih & Lin 2012, Hoyle & Bowman 2010).
Prior to the use of thiol-ene reactions, chain-growth polymerization and step-growth
Michael-type reactions were often used to form hydrogels. However, the former yields
network heterogeneity and high molecular weight degradation products while the latter
has long gelation times which leads to the formation of networks with high degrees of
defects (Shih & Lin 2012). Compared to chain-growth polymerized hydrogels, thiol-ene
hydrogels have more homogeneous networks and higher functional group conversion at
similar crosslinking density (Lin et al. 2011). Thiol-ene gelation is also more rapid than
step-growth Michael-type gelation and retains the advantages of photopolymerization
such as spatial-temporal control over gelation kinetics.
The mechanism for the thiol-ene reaction can be seen in Figure 3.

Figure 3: Thiol-ene radical reaction mechanism.

A radical initiator is used to generate radicals which can then transfer to a thiol. The thiol
radical can then undergo addition to a π-bond generating a sulfur-carbon bond and a
radical on the once vinylic carbon. That radical can then transfer to another thiol
9

propagating the reaction (Kade et al. 2010). For this research, two dithiols were used as
crosslinkers. These were 2,2'-(ethylenedioxy) diethanethiol (DEG) and 1,4-butanediol
bis(thioglycolate) (BBT). Their chemical structures can be seen in figure 4. It was
suspected that hydrogels crosslinked with BBT would degrade faster in water than DEG
hydrogels due to the hydrolysable ester bonds in the BBT molecule. Unexpectedly, it was
shown by a previous member of the Gramlich group, Tom McOscar, that a thiol-ene
reaction was capable of occurring without a radical initiator. The mechanism of this
reaction could not be determined. Michael addition was ruled out while there was only
vague evidence of a thiol-olefin co-oxidation mechanism (McOscar 2017).

Figure 4: Chemical structures of DEG and BBT crosslinkers.

Rheology
Rheology is the study of flow and deformation of matter. As viscoelastic
materials, much can be deduced about a hydrogel using rheology. For example, rheology
can be used to detect the degree of cross linking, entanglement and some details of chain
architecture in hydrogels (Zuidema et al. 2014). Rheology is also a simple and effective
way to measure the mechanical properties of hydrogels, such as storage modulus and loss
modulus. Such factors are important considerations for hydrogels because their
mechanical properties dictate their feasibility for a particular application. The devices
used to measure such properties are called rheometers. On a rheometer, a rotating head
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applies a stress to a sample that is sandwiched between the head and a plate. The head
simultaneously measures the response of the material to the applied stress.
For controlled-strain rheometers, shear strain is applied to the sample in a
sinusoidal oscillation given by γ(t) = γ0(sin ωt) where ω is the applied angular frequency
(Yan & Pochan 2010). The measured shear stress is a phase-shifted sine wave with τ(t) =
τ0(sin ωt + δ) in which δ is the phase difference between the two waves (Yan & Pochan
2010). For purely elastic materials, the strain and stress waves are in phase (δ = 0°) while
purely viscous materials have the two waves out of phase by 90° (δ = 90°) (Yan &
Pochan 2010). Based on torque and geometry information, a rheometer can calculate the
complex modulus (G*) of a sample (Zuidema et al. 2014). The complex modulus can
then be used to calculate storage modulus (G’) and loss modulus (G’’) given by G’ = G*
cos δ and G’’ = G* sin δ respectively (Zuidema et al. 2014). Storage modulus represents
the elastic, or solid, character of a material while loss modulus represents the viscous, or
fluid, character of a material (Roy et al. 2010). The gelation of a hydrogel can be tracked
by observing these moduli. The point at which G’ exceeds G’’ is referred to as the
gelation point.
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MATERIALS & METHODS

Materials & Instruments
Materials used from Sigma-Aldrich included sodium carboxymethylcellulose (CMC),
2,2'-(ethylenedioxy) diethanethiol 95 % (DEG), N,N,N',N'-tetramethylethylenediamine
(TEMED), phosphate buffered saline salt, 2,7-dihydroxynaphthalene, 97% (DHN) and
(3-mercaptopropyl)trimethoxysilane, 95%. Bicyclo[2.2.1]hept-5-ene-2,3-dicarboxylic
anhydride (carbic anhydride) and 1,4-butanediol bis(thioglycolate) (BBT) were
purchased from Tokyo Chemical Industry. D2O and ammonium persulfate (APS) were
acquired from Acros Organic. Concentrated sulfuric acid, acetone and sodium hydroxide
salt were supplied by Fisher Scientific. SYTO 13 green-fluorescent nucleic acid stain was
purchased from Thermo Fisher Scientific and 5-(bicycloheptenyl)triethoxysilane was
supplied by Gelest. Stock solutions of NaOH, phosphate buffered saline (PBS), APS and
TEMED were prepared in lab. Artificial seawater was prepared in lab from 26.29 g of
NaCl, 0.74 g of KCl, 0.99 g of CaCl2, 6.09 g of MgCl2 and 3.94 g of MgSO4. Deionized
water was added to the salts to yield a final volume of 1 L. Cobetia marina (ATCC
25374) was purchased from American Type Culture Collection. Mechanical testing of
hydrogels was performed with a TA Instrument Rheometer (DHR2). Nuclear magnetic
resonance (NMR) spectra were acquired with a Varian INOVA 400 MHz Instrument.
UV-VIS analysis was carried out using a Beckman DU 7500 UV visible-light
spectrophotometer. Cell imaging was performed using a Leica DMRXE microscope with
Amscope software.
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Synthesis of carbic anhydride functionalized CMC (cCMC)
Synthesis began by dissolving 3 g of sodium carboxymethyl cellulose (average
Mw ~90,000, 0.7 carboxymethyl groups per anhydroglucose unit) (CMC) in 250 mL of
deionized water with the aid of a magnetic stirrer. The dissolved CMC and 21.5 g of
bicyclo[2.2.1]hept-5-ene-2,3-dicarboxylic anhydride (carbic anhydride) were added to a
three necked round bottom flask. The mixture was continuously stirred using a magnetic
stirrer and its pH was monitored using an Agilent Technologies 3200P pH meter. Using
10 M NaOH, the pH of the mixture was maintained between 9 and 10.5 for the duration
of the reaction. NaOH was added dropwise using a glass pipette to maintain the pH in
this range. This mixture was allowed to react for 2 hours at room temperature.
After 2 hours, the mixture was transferred to a separatory funnel using a Buchner
funnel and filter paper to remove undissolved carbic anhydride. The contents of the
separatory funnel were then added dropwise to 2 L of ice chilled acetone. This process
precipitated the functionalized CMC, or cCMC, out of solution. Once all the cCMC was
added to the acetone, vacuum filtration was used with a 600 mL glass filter to collect the
cCMC. The solid cCMC collected from filtration constituted one batch of cCMC.
Multiple batches (3 or 4) were always made in consecutive days then mixed so that a
larger yield could be acquired. cCMC collected from individual batches was stored in a
refrigerator at 10 °C until all other batches were synthesized. Once the final batch was
complete all batches were dissolved together in deionized water, which required
approximately 200 mL of deionized water per batch.
Once completely dissolved, the solution was distributed among the necessary
number of dialysis bags. The dialysis bags were approximately 10 inches long and made
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from Fisherbrand dialysis tubing (nominal molecular weight cut off 6000- 8000 Da).
These bags were then placed in 4 L beakers filled with deionized water with no more than
4 bags per beaker. Water in the beakers was removed and replaced twice a day until the
dialysis bags were subject to 6 batches of deionized water. After this, the contents of the
dialysis bags were transferred to ice trays, frozen and then freeze dried using a
lyophilizer. Conditions in the vacuum chamber were maintained at 0.027 mBar and -50
°C. Samples remained on the lyophilizer for 10 days.
1

H NMR spectroscopy was used to find the percent functionalization of CMC by

carbic anhydride. To do this, approximately 7 mg of cCMC was dissolved in 600 µL of
deuterium oxide. A spectrum of this solution was then taken with a Varian INOVA 400
MHz Instrument and analyzed using Mestrenova software. The relative amount of carbic
anhydride functionalized units could be determined by integrating the pair of peaks at 6.2
ppm which represent the protons of the alkene. Since the alkene contains 2 protons, the
integration of these peaks can be divided by 2 to give the relative number of carbic
anhydride functionalized units due to the alkene signal being exclusive to these units. The
series of peaks from 3.0 to 4.6 ppm represent the CMC repeat unit protons. On average,
each repeat unit contains 8.4 protons. It is assumed that there was a negligible change in
the peaks of this region as a result of functionalization. A non-integer number of protons
results from the fact that 70% percent of the repeat units include a carboxymethyl group
while 30% do not. Units that do contain the carboxymethyl group have 9 protons while
units that do not only have 7 protons. Thus, the average CMC unit contains 8.4 protons.
The integration of the peaks from 3.0 to 4.6 is divided by 8.4 to give the relative amount
of total repeat units. Dividing the relative number of carbic anhydride functionalized
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units by the relative number of total repeat units and multiplying by 100% gives the
percent functionalization of the cCMC sample. An equation for percent functionalization
is shown below where Ialk is the integration of the alkene protons and IRU is the
integration of the protons of the CMC repeat units.
𝐼012
%𝑓𝑢𝑛𝑐𝑡𝑖𝑜𝑛𝑎𝑙𝑖𝑧𝑎𝑡𝑖𝑜𝑛 = 2 ∗ 100%
𝐼45
8.4
A sample calculation for percent functionalization can be found in the results and
discussions section.
Preparation of Hydrogels
Hydrogel solutions were prepared by dissolving 0.0400 g of cCMC (4 wt%) in
phosphate buffered saline (PBS) using a vortex mixer. The volume of PBS used was
dependent on the crosslinker used as well as the thiol to norbornene ratio of the hydrogel.
Some hydrogels, referred to as initiated gels, were prepared with the radical initiators
ammonium persulfate (APS) and N,N,N',N'-tetramethylethylenediamine (TEMED).
Hydrogels made without APS and TEMED are referred to as autogels. For initiated gels,
1 M stock solutions of APS and TEMED in PBS (7.4 pH) were added to hydrogel
solutions after the cCMC was dissolved. The volume of stock solution used varied by
application and is specified in the sections that follow. A vortex mixer was used to mix
the initiators after both were added. Last to be added to the solutions was the desired
crosslinker. The volume of crosslinker used depended on the desired thiol to norbornene
ratio of the hydrogel. Once added to the solution, the new mixture containing the
crosslinker was vortexed for 60 seconds at maximum power. The conditions in which
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hydrogels were allowed to gel varied on the desired use of each hydrogel and are
described in the sections that follow.
Analysis of Hydrogel Physical Properties
Analysis of the physical properties of hydrogels was conducted using rheology. A
TA Instrument Rheometer (DHR2) with a 40 mm diameter cone geometry (2.008° cone
angle) was used to measure the storage and loss moduli of the hydrogels throughout the
gelation process via timesweep analysis. Parameters for the time sweeps were as follows,
37 °C, 1% strain and 1 Hz frequency with a 60 µm gap between the geometry and plate.
Immediately after mixing of the crosslinker, 620 µL of hydrogel solution were added to
the Peltier plate of the rheometer. The hydrogel solutions were prepared as described in
the previous section. The time sweep was initiated immediately after adding the hydrogel
solution to the Peltier plate. Time sweeps ran for between 45 minutes to 2 hours
depending on how quickly the hydrogel gelled. All samples were allowed to run until
their storage moduli stopped increasing. The maximum measured storage modulus and
gelation time of each hydrogel were recorded. Gelation time refers to the time it took for
the storage modulus of a hydrogel to exceed its loss modulus. The cross linkers used for
this analysis included 2,2'-(ethylenedioxy)diethanethiol (DEG) and 1,4-butanediol
bis(thioglycolate) (BBT). Both initiated gels and autogels were tested. BBT initiated gels
were made and tested at thiol to norbornene molar ratios of 0.25, 0.5, 0.75 and 1. Both
initiated and autogel DEG hydrogels were made and tested at the same ratios.

16

Degradation Study
Initiated BBT and DEG hydrogels with 1, 0.75, 0.5 and 0.25 thiol to norbornene
ratios were prepared in 1 mL quantities for this study as described above. After the
solutions were made they were transferred to 1 mL syringes and left to incubate at 37 °C
with the syringe tips open to the air. BBT hydrogels were incubated for approximately an
hour and a half while DEG hydrogels incubated for about one hour. The discrepancy in
incubation times is because of the difference in gelation times for hydrogels made with
these crosslinkers. The results from rheology showed that BBT hydrogels take longer to
reach their maximum storage modulus than DEG hydrogels, so BBT hydrogels were
allowed to incubate for 30 extra minutes to ensure complete gelation.
After incubation, five 0.05 mL samples of each hydrogel were collected. To
collect the samples, a steel razor blade was used to cut the end of the syringe off at the 0
mL marking. The plunger was then pushed such that the volume indicator was on a
volume that is a multiple of 0.05 mL. Excess hydrogel emerging from the cut end of the
syringe after the previous step was cut away. From that point, the plunger could be
pushed at 0.05 mL increments resulting in an exposed volume of hydrogel equal to that
amount at the cut end of the syringe. These measured volumes of hydrogel were cut using
a steel razor blade. Once all samples were collected, the mass of each was recorded.
The hydrogel samples were then placed in individual well plates each with 1 mL
of PBS and left in a refrigerator to degrade at 5 °C. After one day of degradation, the
hydrogels were massed so that their capacities to swell could be assessed. Percent
swelling was calculated by dividing the mass of a swollen hydrogel by its mass in the
pre-swollen state and multiplying by 100%. The PBS which the hydrogels degraded in
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was collected at this time and stored in pre-massed microcentrifuge tubes in the same
refrigerator. The hydrogels were then resubmerged in 1 mL of new PBS and placed back
in the refrigerator to degrade. PBS was then collected, again in pre-massed
microcentrifuge tubes, and replaced in one-week intervals. DEG gels degraded for 4
weeks and BBT gels degraded for 5 weeks. Microcentrifuge tubes were massed again
after the addition of PBS so that the mass of the PBS collected could be known.
Prior to PBS collection during the final week of degradation, an assay solution for
UV-VIS spectroscopy was prepared. UV-VIS spectroscopy was used to determine the
CMC content of PBS samples. This solution was prepared by dissolving 125 mg of 2,7dihydroxynaphthalene (DHN) in 250 mL of concentrated sulfuric acid. The solution was
then allowed to incubate at 30 °C for 4 hours, when finished it was stored in a refrigerator
at 10 °C. It remained in the refrigerator until a there was a noticeable color change in the
solution, at which point it was replaced with a new solution.
Once the degradation period for the hydrogels in PBS was over, the remainders of
the hydrogels were massed and completely degraded so that their cCMC content could be
determined. For the complete degradation process, the hydrogels were added to a
disposable borosilicate test tube and left to disintegrate for 1 hour in 1 mL of
concentrated sulfuric acid at room temperature. At the same time, standards were
prepared for the CMC assay of the degrading hydrogels. The standards were made at 3.9,
1.95, 0.98 and 0.49 weight percent of cCMC in PBS. The volume of standard used for
each hydrogel formulation was the average volume of the final hydrogel samples for the
gels of a particular T:N. Volumes were determined using the mass of the hydrogels
assuming a 1 g/ mL density of the hydrogels since the majority of the hydrogel mass was
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water. That volume of standard was then reacted with 1 mL of concentrated sulfuric acid
at room temperature for 1 hour.
After reacting with the sulfuric acid, 2 mL of PBS were added to each sample and
standard, then swirled to mix. From there, 30 µL of each standard and sample were
mixed with 970 µL of DHN/ sulfuric acid solution in a test tube. The solutions were then
heated for 2 hours at 100 °C with aluminum foil sealing the tubes. After this the samples
were allowed to cool to room temperature and were transferred to disposable polystyrene
cuvettes. Using a Beckman DU 7500 UV visible light spectrophotometer, a wavelength
scan was carried out on the standards and samples from 200 nm to 800 nm. Absorbance
was measured at a 545 nm maximum. PBS was used as a blank for each measurement.
The absorbance of the standards was then used to create a calibration curve needed to
determine the CMC content of the degraded hydrogel samples. This was done by plotting
the weight percent of the standards as a function of absorbance. A trendline was then fit
to the data providing a linear equation which could predict CMC weight percent for a
given absorbance value. CMC content of a sample was calculated by plugging its
absorbance value into the equation given by the calibration curve.
Separate standards had to be made for the PBS samples since they were more
dilute than the samples of the hydrogels degraded in sulfuric acid. These were made by
dissolving 25 mg of cCMC into PBS using a 25 mL volumetric flask. Serial dilutions in
PBS were then carried out resulting in standards with concentrations of 0.5, 0.25, 0.125
and 0.0625 mg/mL. These standards and the PBS samples were prepared for UV-VIS
analysis the same way as described above, beginning with the addition of 30 µL of
standard or sample to 970 µL of DHN/ sulfuric acid solution. A calibration curve for

19

these standards was produced in the same way described above. New standards and a
calibration curve had to be produced for each session of UV-VIS analysis of PBS
samples. This was due to gradual changes in the composition of the DHN/ sulfuric acid
solution over time. CMC content of PBS samples had to be calculated using the
calibration curve that was produced during the same session of UV-VIS analysis as the
samples.
Data from the CMC assays was used to calculate the mass loss of original
polymer (MLOP) for each hydrogel sample in the degradation study. The weight percent
of a sample as determined above was multiplied by the volume of that sample to yield a
mass value. For hydrogels degraded in sulfuric acid, the volume was again determined by
the mass of the hydrogel. For each hydrogel in the study, the mass of CMC in all of its
PBS samples, as well as degraded hydrogel sample, was summed to give the total mass of
CMC in the initial hydrogel. The cumulative mass loss at the time each sample was
collected was divided by the total initial mass and multiplied by 100% to give the MLOP.
MLOP was then plotted as a function of time.
Adhesion Study

Figure 5: Functionalization of glass surface with thiol.
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For this study, hydrogels were adhered to three different surfaces. These surfaces
were unmodified glass coverslips, thiol-functionalized glass coverslips and norbornenefunctionalized glass coverslips. To begin the functionalization process for both thiol and
norbornene functionalized coverslips, the coverslips were allowed to sit in 0.1 M NaOH
at room temperature for 30 minutes. This was done to add hydroxyl functional groups to
the glass surface. After that, the coverslips were rinsed with deionized water to remove
any dissolved NaOH that remained on them. For thiol functionalized glass coverslips, 1
mL of (3-mercaptopropyl)trimethoxysilane was used to coat the surface of the coverslip
that was exposed to the NaOH in the previous step. The thiol covered slides were then
heated on a hotplate at 100 °C for 1 hour, then heated for an additional 10 minutes at 110
°C. Once heating was complete, acetone and methanol were pipetted over the coverslips
to remove unreacted thiol. Following hydroxyl group functionalization, norbornenefunctionalized slides were prepared in the same way as thiol-functionalized slides except
that base treated slides were coated with 5-(bicycloheptenyl)triethoxysilane.
Functionalized slides of both types were used immediately after production.
Circular molds made from 50 Duro Red silicone rubber were stuck onto one side
of glass coverslips that were to have hydrogels adhered to them. For functionalized
coverslips, the mold was put on the side of the glass that was functionalized. DEG
hydrogels solutions were prepared at 1 T:N while BBT hydrogel solutions were prepared
at 0.25 and 1 T:N. DEG hydrogels were adhered to non-functionalized coverslips, thiolfunctionalized coverslips and norbornene-functionalized coverslips. BBT hydrogels were
only tested on non-functionalized coverslips and thiol-functionalized coverslips. After
crosslinker was mixed into a hydrogel solution, 70 µL of hydrogel solution was added
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into the mold on a coverslip. A second coverslip was then placed on top of the mold,
sandwiching the hydrogel solution between two glass slides. The sandwiched hydrogel
solutions were then incubated for 1 hour at 37 °C. When incubation ended the top
coverslip and mold were removed. Hydrogel-adhered coverslips were then suspended in
20 mL vials filled with ASW such that the hydrogels were submerged and the coverslip
sealed the vial (Figure 6). The suspended hydrogels were left at room temperature and
checked daily to see if hydrogels were still adhered. If bubbles formed in the vials due to
evaporated water then more ASW was added to them.

Figure 6: Setup for adherence study with hydrogel shown in green.

Biofouling Study
The organism used for the biofouling study was the marine bacterium Cobetia
marina (ATCC 25374). To begin culturing the bacteria, 6 mL of autoclaved Difco
Marine Broth 2216 was added to a sterile centrifuge tube using a sterile tipped
micropipette. After the vial containing the bacteria was opened, 1 mL of the broth from
the centrifuge tube was used to rehydrate the bacteria in the vial. The mixture was
aspirated using the micropipette to mix the suspension. Once mixed, the suspension was
added to the centrifuge tube containing the broth and shaken to mix. An autoclaved flask
was prepared and had 150 mL of sterile broth added to it. From the centrifuge tube, 200
µL of bacterial suspension was withdrawn and added to the autoclaved flask. Aluminum
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foil was used to partially seal the flask, the foil was left ajar so that air could diffuse into
and out of the flask. The inoculated flask was then incubated at 26 °C with shaking at 130
RPM for 24 hours.
The antibiofouling abilities of BBT hydrogels at 0.25 T:N and 1 T:N were tested.
Adherence of Cobetia marina to hydrogels was compared to the bacterium’s adherence to
glass coverslips as a control. Prior to the end of the incubation period, BBT hydrogels
adhered to non-functionalized glass coverslips were prepared at 0.25 and 1 T:N ratios as
described above. After incubation, they were then sprayed with 70% ethanol for
sterilization and allowed to swell in sterile artificial seawater for 4 hours. A 50% bacterial
suspension in sterile ASW by volume with a standardized absorbance of 0.1 AU at 600
nm was used to immerse the hydrogels and glass slides. The hydrogels and slides were in
sterile petri dishes to which 30 mL of the suspension was added. Once inoculated, the
hydrogels and slides were allowed to incubate for 13 hours at 26 °C. After this, sterile
artificial seawater was pipetted over the hydrogels and slides to remove non-adhered
cells. Washed slides were then fixed with 10% formalin in sterile ASW for 10 minutes at
room temperature. After fixation hydrogels and slides were pipetted with sterile ASW to
remove excess formalin. Fixed hydrogels and slides were stored in sterile ASW at room
temperature until use.
Prior to microscopy, cells were stained using 5 mM SYTO 13 green-fluorescent
nucleic acid stain in DMSO at a final concentration of 1.5 µM. Stained cells were then
incubated for 5 minutes at 37 °C. A control group was prepared by staining 1 T:N BBT
hydrogels that had not been inoculated with bacteria so that the interaction between the
stain and hydrogels could be determined. Stained subjects were left in dark containers
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while they waited to be analyzed. Conventional epifluorescence microscopy was used to
image the hydrogels and glass slides. A dichroic 510 blue filter was used to excite the
nucleic acid stain and samples were observed at 100x magnification. Amscope software
with an MU1203-BI camera was used to capture images of the samples. ImageJ was used
to determine percent coverage of Cobetia marina in the images by converting them to 32bit black and white images and using the threshold feature. The final percent coverage of
bacteria-inoculated hydrogels was calculated by using the initial percent coverage as
determined by ImageJ then subtracting the average percent coverage (0.94 %) of noninoculated hydrogel controls. It was assumed that all inoculated hydrogel samples had
equal inherent fluorescence not attributed to Cobetia marina.
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RESULTS & DISCUSSION

Synthesis of carbic anhydride functionalized CMC (cCMC)
Successful functionalization of CMC with carbic anhydride to form cCMC was
confirmed using 1H-NMR spectroscopy. A sample spectrum of cCMC can be seen in
figure 7.

Figure 7: 1H-NMR spectrum of 26% functionalized cCMC. The appearance of the peaks labelled “a” and
“b” indicate the presence of the protons on the norbornene bridge and alkene respectively.

As described in the materials and methods section, the percent functionalization of cCMC
can be calculated using integration data from an 1H-NMR spectrum. Plugging in the
above integration values into the equation provided in the materials and methods section
gives
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1
2 ∗ 100% = 26%
%𝑓𝑢𝑛𝑐𝑡𝑖𝑜𝑛𝑎𝑙𝑖𝑧𝑎𝑡𝑖𝑜𝑛 =
16.15
8.4
Throughout the course of the research, four batches of cCMC were produced. Their
percent functionalizations ranged from 24% to 30%. The variation in percent
functionalizations most likely resulted from the difficulty in maintaining a precise pH
when carbic anhydride was allowed to react with CMC.

Rheology Testing

Figure 8: A rheological timesweep of a typical gelation.

A sample of a typical rheological timesweep is shown in figure 8. The loss
modulus is initially greater than the storage modulus, indicating that the hydrogel
solution has more liquid character than solid character. The storage modulus then
surpasses the loss modulus at what is referred to as the gelation point. From there, the
hydrogel has more solid character than liquid character. Following the gelation point, the
storage modulus continues to rise until the hydrogel eventually plateaus at its max storage
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modulus indicating that new crosslinks cease to form. Beginning around the time of the
rapid increase in storage modulus, the measured loss modulus fluctuates greatly. This is
not indicative of the true loss modulus of the hydrogel. Instead, this occurs because as the
rheometer takes measurements of the storage modulus with relatively high magnitude, it
loses the ability to make precise measurements at a lower magnitude.

Figure 9: Shows the results of rheological testing. 9a shows the mean max storage moduli of
hydrogels while 9b shows their gelation times.

27

As seen in figure 9a the storage moduli of all hydrogels tested increased as the
thiol to norbornene ratio increased between 0.25 and 1. Both types of DEG hydrogels had
greater max storage moduli than BBT hydrogels at equivalent thiol to norbornene ratios.
There was no distinguishable difference between the max storage moduli of initiated
DEG hydrogels and DEG autogels, which was expected because identical crosslinks form
in these hydrogels. The only difference is the mechanism by which the crosslinks form as
well as the rate at which they form. As a whole, storage moduli ranged from just over 100
Pa for 0.25 T:N BBT hydrogels to just under 5000 Pa for initiated DEG gels. DEGinitiated hydrogels had the fastest gelation times when compared to the other hydrogels
tested at equivalent thiol to norbornene ratios. There was no apparent relationship
between thiol to norbornene ratio and gelation time in initiated gels (Figure 9b).
However, gelation time did decrease as thiol to norbornene ratio increased for DEG
autogels.
The moduli of the hydrogels can be explained by osmotic pressure and crosslink
density. Stiffness of a hydrogel results from the osmotic pressure of the water contained
within the hydrogel structure (Broom & Oloyede 1998). Additionally, increased
crosslinking reduces the ability of the polymer network to flow, reducing the amount of
space it takes up. Since a more crosslinked hydrogel occupies a smaller amount of space,
it is effectively more concentrated in water. Therefore, when other variables are kept the
same a more crosslinked hydrogel experiences greater osmotic pressure within its
network and is consequently stiffer. A similar explanation could apply to BBT hydrogels
having lower storage moduli at equivalent thiol to norbornene ratios. Including sulfur
atoms but not terminal hydrogens, one BBT molecule has a chain length that is 12 atoms
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long. DEG has a chain length that is 10 atoms long. The longer chain length of BBT
should hypothetically allow the overall network of a hydrogel crosslinked with it to
occupy more space, resulting in lower osmotic pressure. A study by Salami-Kenari et al.
(2018) found that increased crosslinker chain length in dextran hydrogels resulted in
lower modulus for this reason. For the work presented here, however, it cannot be
definitively said that chain length is the reason, or one of the reasons, BBT hydrogels had
lower moduli than DEG hydrogels. BBT molecules contain two ester groups within their
chain while DEG has two ether groups. There is insufficient evidence to conclusively
state that functionality or the chain length is responsible for the difference in storage
moduli.
Chain length may also play a role in the faster gelation times of DEG-initiated
gels compared to BBT-initiated gels. The same study by Salami-Kenari et al. (2018)
indicated that crosslinkers with a larger chain length had lower diffusivity within the
hydrogel structure. The presence of many long polymer strands in solution makes it
difficult for large molecules to diffuse because they can get caught or entangled in the
network. Again, the chemical composition of the two crosslinkers could also come into
play here. It was observed that BBT has a lower solubility in water than DEG which
could also affect the diffusivity of BBT in a hydrogel solution. The faster gelation times
observed in initiated DEG gels versus DEG autogels can be attributed to the rapid thiolene click reaction. The results of the rheology study were significant because they
indicated that the mechanical properties of a hydrogel could be tuned by synthesis at a
particular thiol to norbornene ratio. This provided reason to believe that degradation rate
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could also be controlled since it was hypothesized that crosslink density affects
degradation rate.

Hydrogel Swelling & Degradation
Results from the swelling investigation are generally consistent with what was
expected, that is, that hydrogels with a lower thiol to norbornene ratio have a greater
capacity to swell in water than hydrogels of a higher thiol to norbornene ratio. As seen in
figure 10c this was true with the exception of 0.5 T:N initiated DEG hydrogels and 0.75
T:N initiated BTT hydrogels. Initiated DEG hydrogels swelled less than initiated BBT
hydrogels at all thiol to norbornene ratios except for 1 T:N. The same reasoning used
above to explain the effects of crosslink density on mechanical properties can be applied
to a hydrogel’s swelling properties. Hydrogels with a lower crosslink density have
networks with greater freedom of movement, allowing them to occupy a larger space
thereby letting more water occupy them. Similarly, hydrogels made using a crosslinker
with a greater chain length also occupy more space allowing them to retain more water.
The unexpected swelling in the 0.5 T:N DEG hydrogel and 0.75 T:N BBT hydrogel may
be reconciled with results from the degradation study and so will be addressed later.
However, it is unclear why the 1 T:N DEG hydrogels swelled more than the 1 T:N BBT
hydrogels.
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Figure 10: Results of swelling and degradation study. Shown in a) and b) are the cumulative MLOP for
DEG and BBT hydrogels respectively. Figures c) and d) show hydrogel swelling and post burst release rate
of MLOP respectively.

The results from the degradation study can be seen in figure 10. Figures 10a and
10b show the cumulative mass loss of original polymer (MLOP) for initiated DEG and
BTT hydrogels. An initial period of rapid mass loss can be observed in the first day of
degradation for both types of hydrogels at all ratios. This relatively large mass loss is
referred to as the “burst release”. The burst release results from the dissolution of
polymer strands which failed to become properly incorporated into the overall network
after swelling. It was expected that the burst release of hydrogels with lower thiol to
norbornene ratios would result in more mass loss. This is because fewer crosslinks are
formed in these hydrogels, meaning a larger proportion of polymer would remain
unincorporated in the overall network. Additionally, because the network is able to swell
more when less crosslinks are present, it should be easier for unincorporated polymer to
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diffuse out of the network. Following the burst release there is a period of slow and
steady mass loss. This mass loss presumably results from the hydrolysis of ester bonds
that attach crosslinks to the cCMC backbone. It was hypothesized that hydrogels made
with a lower thiol to norbornene ratio would have a higher post burst release MLOP. This
is because these hydrogels have a lower crosslink density so fewer ester bonds would
need to be hydrolyzed in order for backbone strands to dissociate from one another.
Furthermore, it was believed that BBT hydrogels would have higher rates of post burst
release MLOP than DEG hydrogels at equivalent thiol to norbornene ratios because BBT
crosslinks possess two extra ester bonds within their structure. Assuming all ester bonds
have an equal probability of hydrolyzing, a BBT crosslink should be more likely to
hydrolyze at any given time.
The results from figure 10d suggest that there is no relationship between thiol to
norbornene ratio and post burst release degradation rate in DEG hydrogels. However, the
expected trend was seen in BBT hydrogels with the exception of hydrogels at 0.5 T:N.
Interestingly, the post burst release MLOP for the BBT hydrogels is consistent with the
swelling results. Assuming it is correct that hydrogels with a lower crosslink density
swell more and degrade faster, the results of the post burst release MLOP can be
explained by the swelling results for BBT hydrogels. Relative to one another, BBT
hydrogel degradation rate increased as swelling increased. It is also not farfetched to
assume that the actual crosslink density of the 0.5 T:N BBT hydrogels in the degradation
test were greater than expected. As seen in the rheology results, there was considerable
variation in the maximum storage moduli of hydrogels. It is possible that the 0.5 T:N
BBT hydrogels had a higher than average crosslink density, thus resulting in less than
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expected swelling and a lower degradation rate. The replicates of hydrogels used for a
particular thiol to norbornene ratio in this experiment were cut from the same hydrogel.
This means that chemically speaking, all gels within the same ratio should be equivalent.
It also means that this experiment was prone to an error in which an extraneously gelled
hydrogel could throw off results. Still, this fails to explain why the highest burst release
for BBT hydrogels was observed at 0.5 T:N. Overall, this study provided some evidence
that the swelling ability of BBT and DEG hydrogels could be tuned by selecting a
particular thiol to norbornene ratio. It also provided some evidence that the degradation
rate of a BBT hydrogel could be controlled in the same way.
Adhesion Study
Since the hydrogels have began the adhesion study, only two treatments lost all of
their gels. These were the 0.25 T:N BBT hydrogels adhered to thiol functionalized
coverslips and non-functionalized coverslips (Figure 11). On average the gels came off
after just over three weeks of being submerged. There is no apparent difference in the
adherence abilities of 0.25 T:N BBT hydrogels attached to thiol-functionalized coverslips
and non-functionalized coverslips. Besides these hydrogels, the only other one to detach
from its surface was a 1 T:N DEG hydrogel. All other hydrogels have remained attached
since they were initially set out. As of the date written (April 24th, 2019) 1 T:N DEG
hydrogels on thiol-functionalized and non-functionalized coverslips have been adhered
for 61 days and 1 T:N DEG hydrogels attached to norbornene-functionalized coverslips
have been attached for 60 days. BBT hydrogels made at 1 T:N and adhered to thiolfunctionalized coverslips and non-functionalized coverslips have been attached for 34
days.
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Figure 11: Time adhered to substrate for 0.25 T:N BBT hydrogels.

It was expected that the hydrogels adhered to the functionalized coverslips would
have stayed attached longer because these hydrogels would have been chemically bound
to their surface. The current results suggest this is not the case, at least for thiolfunctionalized slips. This could be because the thiol molecule was not successfully
attached to the coverslips. Alternatively, it could be that the thiol was successfully bound
but had no effect on hydrogel adherence. The effectiveness of 5(bicycloheptenyl)triethoxysilane as an adhesive agent cannot yet be determined with the
given results.
Antibiofouling Study:
Colonies of bacteria could be seen on all inoculated samples in the antibiofouling study.
The colonies appear as bright light green to white clusters of varying sizes. Noninoculated hydrogels had no visible bacterial colonies. However, the bacteria-free
hydrogels did contain small patches of notable fluorescence. This was most likely due to
interactions of the stain with debris or other contamination that could have come into

34

contact with these hydrogels during handling. The total percent coverage based on the
fluorescence of control hydrogels was 0.94 % which was less than the percent coverage
of all inoculated samples. Percent coverages of hydrogels and glass coverslips can be
seen in figure 13. Both hydrogels tested had greater percent coverage than the glass
coverslips. Colonies also appeared to clump more on the 1 T:N hydrogel than on the
other surfaces.

Figure 12: Representative microscopy images: a) 0.25 T:N BBT hydrogel b) 1 T:N BBT hydrogel c) glass
coverslip d) bacteria-free 1 T:N BBT hydrogel

It was suspected that the hydrogels would have lower percent coverages of bacteria than
the glass coverslips due to their relatively quick degradation in water. The hydrogels also
possessed negatively charged carboxy anions which hypothetically would have repelled
the anionic EPS of Cobetia marina. BBT hydrogels made at a lower thiol to norbornene
ratio were suspected to have lower percent coverages because of their faster post burst
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release rate of MLOP. Neither of these predictions were validated. Physical interactions
between the bacteria and the hydrogels are believed to be the reason there was an
observed difference in the percent coverage of hydrogels and glass coverslips. EPS from
the bacteria could have permeated into the hydrogel network and became entangled,
forming physical junctions capable of holding the cells in place. This would not be
possible with the glass coverslips since they are solid. Furthermore, the permeability of
hydrogels could mean that nutrients permeated through the gel to provide additional
nourishment to cells at the bottom of the biofilms.

Figure 13: Percent coverage of hydrogels and glass coverslips.

The equivalent percent coverage of BBT hydrogels at different T:N suggests that
the degradation rate of the gels is too slow to have an effect on Cobetia marina
adherence. It is important to consider that cells are dynamic, living entities capable of
responding to environmental changes. Even if a substrate can degrade, a cell that can
establish adherence at a faster or equivalent rate will remain adhered to the substrate. The
reason why cells appeared to clump more on 1 T:N hydrogels than other surfaces is less
apparent. It could be that the 1 T:N hydrogel had local areas of excessively tight polymer
network which occluded permeation of EPS at certain areas. Such areas could have
possessed excessive amounts of negative charge which repelled the bacterial EPS.
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CONCLUSION

This research showed that hydrogels could be made from a cellulose derivative
using various dithiol molecules as crosslinkers. Additionally, the mechanical properties
of the resultant hydrogels could be controlled by making them at specific thiol to
norbornene ratios. Crosslink density also appeared to determine the swelling ability of
hydrogels. Some evidence suggested that the thiol to norbornene ratio of a BBT hydrogel
could be used to tune its degradation rate. Ultimately, the goal of producing an
antibiofouling hydrogel was unsuccessful. Colonies of Cobetia marina preferentially
adhered to hydrogels over glass coverslips. It is believed that physical interactions
between bacterial EPS and the hydrogel network resulted in preferential adherence.
Future work using a similar approach with hydrogels should attempt to minimize such
interaction while also possessing fouling resistant abilities.
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