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ABSTRACT: Poly(ethylene glycol) dimethacrylate (PEGDMA), PEGDMA-co-glycidyl methacrylate (PEGDMA-co-GMA), and
PEGDMA-co-hydroxyethyl methacrylate (PEGDMA-co-HEMA) hydrogels were polymerized using ammonium persulfate and
ascorbic acid as radical initiators. Surface energies of the hydrogels and a standard, poly(dimethylsiloxane) elastomer (PDMSe),
were characterized using captive bubble and sessile drop measurements, respectively (Y = 52 mN/m, ¥ = 19 mN/m). The chemical
composition of the hydrogels was characterized by attenuated total reflectance Fourier transform infrared (ATR-FTIR)
spectroscopy. All three hydrogel compositions reduced significantly (p = 0.05) initial attachment of zoospores of the green alga
Ulva linza (up to 97%), cells of the diatom Navicula incerta (up to $8%) and the bacterium Cobetia marina (up to 62%), compared to
asmooth PDMSe standard. A shear stress (45 Pa), generated in a water channel, eliminated up to 95% of the initially attached cells of
Navicula from the smooth hydrogel surfaces relative to smooth PDMSe surfaces. Compared to the PDMSe standard, 79% of the cells
of C. marina were removed from all smooth hydrogel compositions when exposed to a S0 Pa wall shear stress. Attachment of spores
of the green alga Ulva to microtopographies replicated in PEGDMA-co-HEMA was also evaluated. The Sharklet AF microtopo-
graphy patterned, PEGDMA-co-HEMA surfaces reduced attachment of spores of Ulva by 97% compared to a smooth PDMSe
standard. The attachment densities of spores to engineered microtopographies in PDMSe and PEGDMA-co-HEMA were shown to
correlate with a modified attachment model through the inclusion of a surface energy term. Attachment densities of spores of Ulva to
engineered topographies replicated in a material other than PDMSe are now correlated with the attachment model (R* = 0.80).

B INTRODUCTION

Biofouling (the accumulation of microorganisms, plants, and
animals on a wetted surface) is a widespread problem in the
maritime industry. The biofouling process typically begins with
conditioning of the surface’ and the development of microbial
slime layers containing bacteria, diatoms (unicellular algae), and
their extracellular products.”” * As these slime layers foul a vessel,
hydrodynamic drag and consequently fuel consumption increase
significantly.® Drag and fuel consumption increase further when
macrofoulers, including macro-algae and invertebrates, colonize
the surface.” The annual cost due to hull fouling fleet-wide for the
United States Navy alone was estimated to be $180—$260 M on
the basis of an analysis of the economic impact of biofouling on a
class of naval surface ships.® Fouling of ship hulls is also a primary
cause for the introduction and spread of nonindigenous marine
species worldwide.” '® The green macro-alga (seaweed) Ulva is
found all over the world and is well-known for fouling submerged
structures such as ship hulls.'"" Ulva colonizes substrata by
releasing large numbers of motile spores (zoospores) that must
select a suitable surface and transition to attached, nonmotile
spores before germinating to produce new plants. Surface selec-
tion is influenced by chemical, physicochemical,'>"? biological,**
and topographic'®'® cues. Zoospores of Ulva, the cells of the
diatom Navicula incerta, and the marine bacterium Cobetia
marina are all used in this study as model soft fouling organisms
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representing three diverse phylogenetic groups, viz. the eukar-
yotic Plantae (Ulva), the eukaryotic Chromista (Navicula), and
the prokaryotic Bacteria (Cobetia).'”

Surface chemistry is an important factor in the adhesion and
release of a fouling organism.'®'’ Self-assembled monolayers
(SAMs) have been widely used to evaluate the influence of
surface energy on attachment.'**°”>* Experiments have shown
that higher numbers of spores of Ulva attach to hydrophobic
SAMs versus hydrophilic SAMs in static assays.”* However, when
attached spores were exposed to shear stress in a water channel,
the attachment strength on hydrophilic SAMs was greater.”"
Materials composed of poly(ethylene glycol) (PEG) and its
oligomers exhibit resistance to protein adsorption,”> bacterial
colonization,”” and cell adhesion®® and have been studied
extensively for biomedical applications. These results have led
mainly to the evaluation of non-cross-linked PEG SAMs,
brushes, and grafts for marine antifouling applications.zg‘30 The
number of zoospores of Ulva and cells of Navicula firmly attached
to SAMs of hexa(ethylene glycol)-containing alkanethiols with
systematically changin% end-group termination increased with
decreasing wettability. This increase in attachment has also
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been correlated with an increase in adsorption of the protein
fibrinogen.*® Monolayers of high molar mass PEG (MW = 2 kg/
mol, 5 kg/mol) SAMs resisted spore attachment.® Spores did not
settle (attach) to the PEG monolayers, while on oligoethylene
glycol SAMs, high numbers of spores settled and secreted
adhesive but they could not bind to the surface so cells were
easily washed off by slight disturbance. The difference in
response to PEG versus OEG was ascribed to differences in
hydration and steric repulsion.® Coatings consisting of PEG
methacrylate (PEGMA) and 2-hydroxyethyl methacrylate
(HEMA) grafted to glass slides were shown to exhibit antifouling
and fouling release performance when tested against a wide range
of organisms.”

Hydrogels, i.e., cross-linked polymer networks that swell in the
presence of water, have also been studied for antifouling applica-
tions. Hydrogel surfaces of alginate, chitosan, and poly(vinyl
alcohol) substituted with stilbazolium groups (PVA-SbQ) in-
hibited attachment of cypris larvae of Balanus amphitrite®" and
the marine bacterium Pseudomonas sp. NCIMB2021.** Hydro-
gels based on HEMA reduced fouling in two algal colonization
bioassays and remained visually clean in field testing for up to 12
weeks with the addition of benzalkonium chloride, a biocidal
compound.®® Cross-linked poly(ethylene glycol) diacrylate hy-
drogels have also been evaluated as protein-resistant coatings.
Surfaces that were more hydrophilic, on the basis of contact angle
measurements, exhibited less protein adsorption.>* A variety of
cross-linked hydrogel compositions including poly(HEMA)
were shown to reduce adhesion of cyprids of the barnacle Balanus
amphitrite.®

Surface microtopographies created in poly(dimethylsiloxane)
elastomer (PDMSe) have been proposed as a nontoxic strategy
for inhibiting the settlement (initial attachment) of fouling
organisms. A bioinspired surface topography, Sharklet AF,
reduced attachment of zoospores of Ulva by 86% compared to
smooth PDMSe.*® An empirical relationship called the engi-
neered roughness index (ERI) was developed to quantify topo-
graphical roughness on the basis of parameters that describe
surface energy.”” A negative correlation between the attachment
of spores of Ulva and ERI was demonstrated®” and a predictive
attachment model*® was developed on the basis of a revised
version (ERIy;). Three topographies, including a new pattern
called Recessed Sharklet AF were tested to show the predictive
nature of the model.*® Recessed Sharklet AF was intentionally
designed with a higher ERIy; value and, as predicted, reduced the
attachment of spores of Ulva compared to Sharklet AF.*®
Recently, an extension of the attachment model was reported
that correlated the attachment densities of spores of Ulva and
cells of C. marina with surface roughness by incorporating the
Reynolds number of the organism into the model.”

To date, our studies of the influence of microtopography on
the attachment of fouling organisms have been based mainly on
patterned PDMSe. Since, as discussed above, nonpatterned
brushes and hydrogels based on oligo- and poly ethylene glycols
exhibit high degrees of resistance to the attachment of spores of
Ulva, it is of interest to explore the effect of combining inhibitory
microtopographies with alternative, cross-linked PEG-based
hydrogels. Therefore, in the present study we have first evaluated
the antifouling properties of a range of such chemistries. Cross-
linked hydrogels in poly(ethylene glycol) dimethacrylate
(PEGDMA), poly(ethylene glycol) dimethacrylate-co-glycidyl
methacrylate (PEGDMA-co-GMA), and poly(ethylene glycol) di-
methacrylate-co-hydroxyethyl methacrylate (PEGDMA-co-HEMA)
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Figure 1. Chemical structures of monomers used to produce functio-
nalized hydrogels.
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were prepared by a thermal polymerization process using am-
monium persulfate (APS) and ascorbic acid (AA) as radical
initiators.">*' The PEGDMA-co-GMA hydrogel composition
and a UV curing process were reported previously as a means
to covalently graft proteins for studying cell adhesion.** The
GMA chemistry facilitates adhesion of the hydrogels to epoxy
coatings. Functionalizing the PEGDMA hydrogel with HEMA
creates a material with the same average molar mass between
cross-links as the PEGDMA-co-GMA and hence similar mechan-
ical properties while retaining a surface chemistry similar to that
of the PEGDMA composition. These chemistries create a self-
supporting layer of cross-linked, hydrogel material that is much
thicker than a graft or brush and can be microtopographically
modified. Smooth hydrogels were evaluated for the influence of
chemistry on antifouling performance. The composition that
showed the highest inhibition of Ulva attachment was then
microtopographically modified and evaluated to refine the
attachment model. It was hypothesized that the attachment of
spores of Ulva to engineered antifouling topographies created in
hydrogel would have a negative linear correlation with the
attachment model. A surface energy term was included in the
model to expand applicability of this approach to materials
beyond PDMSe.

B EXPERIMENTAL SECTION

Materials. PEGDMA (M, = 1 kg/mol), a difunctional polyethylene
glycol macromonomer, was purchased from Polysciences Inc.
(Warrington, PA). 2-Hydroxyethyl methacrylate 98% stabilized was
purchased from Acros Organics (Geel, Belgium). Glycidyl methacrylate
>97%, ascorbic acid (AA) 99-+%, and ammonium persulfate were
purchased from Sigma-Aldrich (Milwaukee, WI). (Methacryloxy)
propyltriethoxysilane was purchased from Gelest Inc. (Morrisville,
PA). Ultrapure water was produced by a Barnstead Nanopure Ultra
Pure Water System (Waltham, MA). The base material for standards was
a platinum-catalyzed PDMSe (Silastic T2; Dow Corning Corp.).

Sample Preparation. PEGDMA, PEGDMA-co-GMA, and
PEGDMA-co-HEMA hydrogels were produced using a thermally acti-
vated polymerization. Aqueous solutions were prepared by combining
25 wt % PEGDMA (M,, = 1 kg/mol) used as is, 0.5 wt % ammonium
persulfate and ascorbic acid as chemical initiators, and ultrapure water to
balance. To create a functionalized PEGDMA hydrogel, S wt % of GMA
or HEMA was added to the aqueous solution (Figure 1).

The hydrogels were produced as either free-standing films or coatings
attached to 76 x 22 mm silanated microscope glass slides. Glass slides
were pretreated with 0.5% (methacryloxy)propyltriethoxysilane in a
95% ethanol/water solution for 10 min, rinsed thoroughly with 95%
ethanol, and dried at 120 °C for 15 min. Pretreated slides were soaked in
toluene for 15 min to remove the polymerization inhibitor incorporated
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Figure 2. Schematic of mold for hydrogel production.
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Figure 3. Schematic of captive air and oil bubble measurements for
calculating surface energy.

into the silane coupling agent and air-dried. All prepolymer compounds
were combined in a glass beaker and stirred until a solution was
achieved; i.e., the PEGDMA was dissolved. The prepolymer solution
was then poured into two centrifuge tubes and centrifuged for 10 min at
3300 rpm. The centrifuged prepolymer solution was pipetted into a
mold (Figure 2). The mold contained a PDMSe gasket with an opening
(2.5 cm X 7.6 cm X 2 mm) for a pretreated glass slide. The gasket was
placed on top of a glass plate (12.7 cm X 12.7 cm X 0.32 cm), and the
pretreated slide was fitted into the opening in the gasket. A microtopo-
graphically modified silicon wafer was placed on top of the PDMSe
spacer, with the topography facing down, to create engineered micro-
topographies. Smooth samples were cast against a second glass plate.
The mold was assembled by adding a second glass plate on the back of
the silicon wafer and clamping with three 2 in. binder clips. The entire
assembly was heated to 45 °C for 45 min.*' Hydrogel-coated slides were
removed from the assembly by peeling.

Two topographic molds, continuous channels 2.6 ¢¢m tall, 2 um wide,
and spaced by 2 um (42.6CH2 X 2) and the Sharklet AF pattern 2.8 um
tall, 2 um wide, and spaced by 2 um (+2.8SK2 x 2)*” were replicated
with this process.

To create smooth standards and topographically modified surfaces in
PDMSe, the elastomer was prepared by mixing 10 parts by weight of
resin and 1 part by weight curing agent. The mixture was stirred by hand
for S min and degassed under vacuum (95 kPa) for 30 min to remove
bubbles. An allyltrimethoxysilane-coupling agent was applied to clean
glass microscope slides (0.5 wt % in 95% ethanol/water solution) and
heated for 10 min at 120 °C. The Silastic T2 was then placed in contact
with the treated slides in a mold consisting of two glass plates and
aluminum spacers. The elastomer was polymerized at ambient tempera-
ture for 24 h. Topographically modified PDMSe samples were prepared
in a two-step casting process previously described.*®

Chemical Composition. Free standing films of PEGDMA,
PEGDMA-co-GMA, and PEGDMA-co-HEMA were polymerized and
air-dried for 48 h. The attenuated total reflectance Fourier transform

infrared (ATR-FTIR) spectrum of each film was recorded on a Perkin-
Elmer Spectrum One spectrometer. Spectra were obtained with a ZnSe
crystal with an angle of incidence of 60° and resolution of 4 cm™ .
Twenty scans were performed for each sample. Spectral subtraction was
performed to verify composition of the various hydrogel formulations.

Surface Energy Measurements. Captive air and oil bubble
contact angles were measured to calculate the surface energy of the
smooth, functionalized hydrogels (Figure 3). Two replicates of each
hydrogel were cast onto glass slides. Both sides of five captive air bubbles
and five captive n-octane bubbles were measured on each surface (n =
20). Surface energies were calculated using the method previously
presented by Andrade.*>* Statistical differences between surfaces were
evaluated using one-way analysis of variance (ANOVA) and Tukey’s test
for multiple comparisons (o = 0.0S).

The surface energy of smooth PDMSe was measured using the
Owens—Wendt—Kaelble approach.** The captive air bubble and cap-
tive oil bubble method of Andrade et al.** was not used to measure the
surface energy of PDMSe because n-octane wetted the PDMSe surface,
resulting in a contact angle that was not measurable. The method for
obtaining surface energy should not change the value measured. Static
contact angles of both sides of five drops of water, glycerol, and
diiodomethane were measured on each of two replicates of smooth
PDMSe (n = 20). The polar and dispersive components of the surface
energy were calculated using two pairs of polar and nonpolar liquids:
water and diiodomethane and glycerol and diiodomethane. The contact
angles were reduced to surface energies by solving simultaneous
equations and averaging the results.** The mean and standard deviation
for the contact angles of each liquid were determined. However, since
the measured values are related to each other by a system of simulta-
neous equations, it was not trivial to account for the covariance using a
small sample size of matching pairs. Standard deviations were calculated
using Minitab Statistical Software to randomly generate 1500 unit
sample groups with the same mean and standard deviation as the
measured sample groups. The systems of equations were solved multiple
times with these data and the results were used for statistical analysis.

Microtopography Characterization. The +2.85K2 x 2 and
+2.6CH2 X 2 topographies (mold dimensions) were replicated as free-
standing films in PEGDMA-co-HEMA and PDMSe. Hydrogel samples
were immersed in deionized water for 24 h prior to characterization.
Hydrogel samples in deionized water were prepared for scanning
electron microscopy (SEM) by flash freezing with liquid nitrogen and
subsequently freeze-drying for 5 d at 90 kPa and —42 °C (Lyph Lock 4.5
Freeze-Dry System, Labconco, Kansas City, MO). Freeze-dried hydro-
gel samples and PDMSe samples were mounted onto aluminum SEM
stubs with double sided tape. These samples were sputter-coated with
gold—palladium for 60 s at 38 mA. Samples were imaged with a JEOL
JSM-6400 SEM with a tungsten filament at an accelerating voltage of 15
kV. Feature dimensions including height, width and spacing were
measured using Image J software.

Biological Attachment Assays. Coated glass slides were shipped
to the University of Birmingham overnight in 50 mL conical centrifuge
tubes filled with deionized water. Samples were shipped in water to
prevent the hydrogel layer from drying and cracking. Unlike other PEG-
derivatized surfaces tested in Birmingham, these hydrogels are thick, self-
supporting layers, not grafts or brushes. The hydrogels reach equilibrium
swelling after 1 h and are not expected to exhibit extensive surface
rearrangement due to the chemical cross-linking and relatively low
average molar mass between cross-links. Prior to bioassay, the slides
were transferred to sterile (0.22 um filtered) artificial seawater (ASW)
(Tropic Marin) for 2 h.

Ulva. A total of four Ulva attachment assays were performed. The first
three assays were on smooth hydrogel slides. Six replicates of two
topographies, +2.6CH2 x 2 and 42.8SK2 x 2 (mold dimensions), and
smooth created in PEGDMA-co-HEMA and PDMSe were attached to

917 dx.doi.org/10.1021/bm101229v [Biomacromolecules 2011, 12, 915-922


http://pubs.acs.org/action/showImage?doi=10.1021/bm101229v&iName=master.img-002.jpg&w=136&h=131
http://pubs.acs.org/action/showImage?doi=10.1021/bm101229v&iName=master.img-003.jpg&w=122&h=96

Biomacromolecules

glass slides and provided for analysis in the fourth assay. Zoospores were
obtained from fertile plants of Ulva linza collected from Llantwit Major
(Wales) and prepared for attachment assays as described previously.""
Briefly, each sample was immersed in 10 mL of a spore suspension
containing 1.5 X 10° spores/mL and incubated in the dark for 45 min.

After unattached (motile) spores were washed away, attached spores
on hydrogel and PDMSe slides were counted using a Zeiss Kontron
3000 imaging system attached to a Zeiss epi-fluorescence microscope
with a 10x objective while the samples were still wet. Spores autofluor-
esce red due to chlorophyll.* Spore density was reported as the mean
number of attached spores per mm® from 30 counts on each of the three
replicates £95% confidence intervals.

Navicula incerta. Cells of Navicula incerta were cultured in F/2
medium contained in 250 mL conical flasks until cells reached the
logarithmic growth phase, approximately 3 days. Cells were washed
three times in fresh medium before harvesting and diluting to give a
suspension with a chlorophyll a content of approximately 0.25 tg/mL.*
Six replicates of each hydrogel composition and PDMSe attached to
glass slides were placed in Quadriperm dishes to which 10 mL of the
diatom suspension was added. Cells were allowed to attach at ambient
(~20 °C) on laboratory benches for 2 h. Samples were exposed to a
submerged wash in seawater to remove cells that had not attached (the
underwater immersion process avoided passing the samples through the
air—water interface).

Three replicates were counted wet using the image analysis system
described above. Counts were made for 30 fields of view (0.064 mm?) on
each sample. The remaining three replicate samples were exposed to a
wall shear stress of 45 Pa in a water channel.*” The number of cells
remaining attached was counted.

C. marina. Cultures of C. marina (ATCC 25374)* were grown in
marine broth contained in 100 mL conical flasks, at 18 °C on an orbital
shaker at 60 rpm overnight. Cells were harvested by centrifugation
(8000 rpm for 1 min) and washed two times in sterile (0.22 xm filtered)
Tropic Marin ASW to remove any residual marine broth. The cells were
resuspended in sterile ASW and briefly sonicated to aid dispersion. The
suspension was diluted to an absorbance of 0.3 at 600 nm. Six replicates
of each hydrogel composition and PDMSe attached to glass slides were
placed in Quadriperm dishes to which 10 mL of the suspended bacteria
were added. The dishes were incubated at ambient (~20 °C) on the
laboratory bench for 2 h. After incubation, the slides were washed gently
in seawater to remove unattached bacteria.

Three replicates were stained with crystal violet (0.01% in seawater)
and counted under a 20X objective while still wet. Counts were made for
30 fields of view (2500 xm”) on each sample. The remaining three
replicates with attached bacteria were exposed to a wall shear stress of 50
1*” The number of cells remaining attached was
counted as described above. The cell density per mm* was calculated for
each count (n = 90). The mean cell densities were compared using one-
way analysis of variance (ANOVA) and Tukey’s test for multiple
comparisons.

Pa in a water channe

B RESULTS

Chemical Composition. Spectral subtraction of PEGDMA
from PEGDMA-co-HEMA shows characteristic peaks for
HEMA, ie., 3400—3200 cm ™' (OH stretch), 2863—2843 cm™
(CH symmetric stretch), 1750—1735 ecm ' (C=O stretch),
1485—1445 cm ™' (CH asymmetric deformation), and 1150—
1060 cm™ ' (C—O—C asymmetric stretch) (Figure S1, Sup-
porting Information). Spectral subtraction of PEGDMA from
PEGDMA-co-GMA shows characteristic bands for GMA at
1715—1740 cm™ ' (C=O0 stretch), 1485—1445 cm ' (CH
deformation), 1280—1230 cm~ ' (C—O—C symmetric stretch),
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Figure 4. Smooth, functionalized poly(ethylene glycol)-based cross-
linked hydrogels reduce the attachment density of zoospores of Ulva.
These data are representative of three separate assays. Error bars indicate
95% confidence intervals.
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Figure S. Smooth, functionalized poly(ethylene glycol)-based cross-
linked hydrogels reduce density of attached cells and attachment
strength of Navicula. Error bars indicate 95% confidence intervals.

and 950—815 cm™ ' (asymmetric stretch) (Figure S2, Supporting
Information).

Surface Energy Measurements. The surface energies of
PEGDMA and PEGDMA-co-HEMA calculated from measured
captive air and oil bubble contact angles were not statistically
different (ot = 0.05, p = 0.11). The surface energy of PEGDMA-
c0-GMA was significantly higher than both PEGDMA and
PEGDMA-co-HEMA (o = 0.0S, p < 0). The surface energies
of all three hydrogels are higher than that of PDMSe (Tables S2
and S3, Supporting Information).

Biological Attachment Assays. Results representative of
three separate assays showed that smooth PEGDMA, PEGD-
MA-co-GMA, and PEGDMA-co-HEMA reduced the attachment
of spores of Ulva compared to smooth PDMSe (Figure 4). The
average spore density on smooth PDMSe was calculated to be
467 £ 33 spores/ mm?. Lower mean densities were measured on
PEGDMA (279 + 49) and PEGDMA-co-GMA (82 + 20), with
the lowest mean density measured on PEGDMA-co-HEMA (12
+ 3). In separate hydrodynamic assays of adhesion strength, the
average percent removal of attached spores from both smooth
PDMSe and PEGDMA was approximately 40% (data not shown).
There was no removal from smooth PEGDMA-co-GMA and
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Figure 6. Smooth, functionalized poly(ethylene glycol)-based hydro-
gels reduce attachment density and attachment strength of C. marina.
Error bars indicate 95% confidence intervals.

PEGDMA-co-HEMA although this result must be treated with
caution because removal is expressed as a percentage of the low
numbers of spores initially settled on these two hydrogels.
However, it is possible to conclude in general terms that these
two hydrogel chemistries do not have intrinsic fouling-release
properties for spores of Ulva.

Diatom cells, unlike spores of Ulva, are not motile in the water
column. The cells come into contact with a surface by gravity and
water currents so at the end of a 2 h incubation period,
approximately the same number of diatoms will be in contact
with all test surfaces. Differences in the density of attached cells of
Navicula were quantified following a gentle underwater washing,
which removed cells that were in contact with, but not attached
to, the surface. The initial attachment density was lowest on
smooth PEGDMA-co-GMA, which was significantly lower than
initial attachment densities on smooth PEGDMA, PDMSe, and
PEGDMA-co-HEMA (o = 0.05, p < 0) (Figure S). Initial
attachment densities on smooth PDMSe and PEGDMA-co-
HEMA were not statistically different (ot = 0.05). Exposure to
a shear stress of 45 Pa in a water channel caused 77% or more of
diatom cells that were attached after gentle washing to be
removed from all hydrogel surfaces (Figure S). No cells were
removed from the smooth PDMSe surface. The total percent
reduction after removal for smooth PEGDMA-co-GMA com-
pared to smooth PDMSe was 95%.

The initial attachment density of cells of C. marina was
reduced on smooth hydrogels compared to a smooth PDMSe
standard (up to 62%) with lowest densities on PEGDMA and
PEGDMA-co-HEMA (Figure 6). Initial attachment densities of
C. marina were not statistically different among the three smooth
hydrogel compositions, but all hydrogels significantly reduced
attachment versus PDMSe (o = 0.0S, p < 0). Exposure to a S0 Pa
shear stress in a water channel caused 44% and 45% removal from
PEGDMA-co-GMA and PEGDMA-co-HEMA, respectively
(Figure 6). There was no statistically significant removal of C.
marina from PDMSe or PEGDMA. The cell density on PEGD-
MA-co-HEMA after exposure to a 50 Pa shear stress was 77% less
than that on PDMSe.

While smooth films of all three hydrogel chemistries signifi-
cantly reduced the initial attachment of spores of Ulva compared
to smooth PDMSe, PEGDMA-co-HEMA was the most effective
and offered superior properties with respect to adhesion and

20 pm

Figure 7. Scanning electron micrographs of (A) channels and (B)
Sharklet AF topographies replicated in PEGDMA-co-HEMA hydrogel
and freeze-dried.

functionalization as discussed above. It was therefore selected as
the substrate for micropatterning and further testing. Channels
and Sharklet AF topographies were replicated in PEGDMA-co-
HEMA and PDMSe, characterized, and then evaluated in the
standard attachment assay with spores of Ulva.

Microtopography Characterization. The fidelity of topo-
graphic features replicated in PEGDMA-co-HEMA (Figure 7)
and PDMSe was evaluated with SEM. All feature dimensions were
measured using Image] (Table S1, Supporting Information).

Ulva Attachment. The initial spore attachment density was
reduced on both PDMSe channels and Sharklet AF topographies
versus smooth PDMSe. Smooth PEGDMA-co-HEMA reduced
spore attachment by an average of 75% compared to smooth
PDMSe. Topographies produced in PEGDMA-co-HEMA re-
duced spore attachment by an average of 82% for channels and
93% for Sharklet AF compared to smooth PDMSe.

B DISCUSSION

Hydrogel Characterization. Spectral subtraction of ATR-
FTIR spectra verified the presence of GMA and HEMA in
functionalized PEGDMA hydrogels. Contact angle measure-
ments and surface energy calculations showed that the surface
energy of PEGDMA-co-GMA was significantly higher than both
PEGDMA and PEGDMA-co-HEMA (Tukey test oL = 0.05). The
surface energies of PEGDMA and PEGDMA-co-HEMA were
not significantly different statistically. SEM was used to confirm
that topographies were replicated in hydrogel with high fidelity.
Hydrogel compositions and polymerization conditions were
specifically selected so that the water content of the hydrogels
immediately after polymerization was approximately equal to the
equilibrium water content to reduce feature size distortion due to
swelling.

Biological Attachment Assays. Initial attachment density
and attachment strength of marine fouling organisms have been
attributed to many factors including surface chemistry'>'*~5!
and surface topography.'®33%3%4532755 The surface energy of
all three PEGDMA-based hydrogels was more than twice that of
the PDMSe standard in this report. Initial attachment densities of
all three marine organisms were lower on the cross-linked
hydrogels as compared to the PDMSe standard. These findings
are consistent with results from other linear PEG-based materials
that have been evaluated."****® The low number of spores of
Ulva removed from the hydrogel surfaces was also expected on
the basis of the observation that spores generally attach more
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Figure 8. Normalized, transformed Ulva attachment density on
PDMSe and PEGDMA-co-HEMA topographies plotted versus ERIy;+
Re-10%. Attachment density on PDMSe and PEGDMA-co-HEMA
correlated with the equation that describes the attachment model (R*
= 0.94 and R” = 0.75, respectively).

firmly to hydrophilic compared to hydrophobic surfaces.>” All
hydrogel compositions reduced the attachment strength of
cells of the diatom Navicula compared to smooth PDMSe.
Diatoms, unlike Ulva, have been found to adhere more firmly
to hydrophobic surfaces including silicone elastomers,*® self-
assembled monolayers (SAMs),”® and xerogels,59 than to hydro-
philic surfaces.

In the present paper, the smooth, functionalized compositions
of PEGDMA-co-GMA and PEGDMA-co-HEMA reduced attach-
ment strength of C. marina compared to PDMSe. These results
are consistent with the “Baier curve”, a plot that demonstrates the
relationship between substratum surface tension and the degree
of biological fouling retention.®’ There are two minima observed
on the Baier curve, one between 20 and 30 mN/m and another
between 50 and 70 mN/m. The surface tensions of PDMSe and
the hydrogel substrates used in the present study were within
these ranges and both exhibited low retention of fouling organ-
isms. On the basis of these results, PEGDMA-co-GMA and
PEGDMA-co-HEMA, in particular, are more effective fouling-
release coatings than PDMSe for cells of Navicula and C. marina.

In a previous study the attachment densities of spores of Ulva
and cells of C. marina to various topographies created in PDMSe
were correlated with an attachment model.* The attachment
model equation relates the attachment density on a particular
topography (A) normalized by the attachment density on a
smooth surface of the same chemistry (A,) to the engineered
roughness index (ERIy;) and the Reynolds number of the fouling
organism (Re) (egs 1 and 2).

In é = —m-ERIy 1
() 1)

Ap

m = m'*Re (2)

It has also been shown that attachment density on a variety of
topographies in PDMSe can be predicted by this model.*®
Figure 8 demonstrates that this prediction can be extended to
include topographies patterned in materials other than PDMSe
since the attachment densities of spores of Ulva on PDMSe and
PEGDMA-co-HEMA topographies correlated with eqs 3 and 4,

ERI,-Re-y/y-10?
0 05 1 15 2
0 : . ;

-0.1 y =-0.54x
. RZ=0.93

In(A7A)

= PDMSe ¢ PEGDMA-co-HEMA —Trendline

Figure 9. Normalized, transformed spore attachment density on
PDMSe and PEGDMA-co-HEMA topographies plotted versus ERIy;+
Re-y/ 7¢*10% Attachment density on PDMSe and PEGDMA-co-
HEMA show a negative, linear correlation with the attachment model
multiplied by y/ o (R* = 0.93).
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Figure 10. Normalized, transformed attachment densities of spores of
Ulva'®*"3® and cells of C. marina® on PDMSe and PEGDMA-co-
HEMA topographies plotted versus ERIy - Re-y/yo-10% Attachment
densities on PDMS e and PEGDMA-co-HEMA for eight different assays
show a negative, linear correlation with ERIj;-Re-y /Y, + 10% (R*=0.80).

respectively, when plotted in the form of the attachment model.
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The discrepancy in the slopes of the attachment model may be
attributed to the different surface energies of the materials. The
effect was therefore incorporated into the attachment model by
multiplying by the surface energy of the smooth substrate () for
each material normalized by the surface energy of PDMSe ().
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The attachment densities on both PDMSe and PEGDMA-co-
HEMA correlated (R* = 0.93) with the attachment model
multiplied by the measured surface energy ratio (y/y)
(Figure 9). The new slope of the attachment model (m) and
the negative linear correlation are described by eqs S and 6.
m = m'/~Re-l ()
Yo

A ’ )4
In(—) = (m" +Re-~ | -ERI 6
n(AO) <m ‘ Vo) ! (©)

The results of eight assays with spores of Ulva and two assays
with C. marina on various engineered microtopographies created
in PDMSe and PEGDMA-co-HEMA correlated to the ERIy; with
anew slope that consists of the Re of the organisms multiplied by
a ratio of the surface energy measured on a smooth substrate to
that of a standard (PDMSe) (R* = 0.80) (Figure 10).

Bl CONCLUSION

The environmental and economic costs of biofouling have led to
a need for environmentally neutral antifouling technologies.'* The
results from attachment studies performed with three fouling
organisms on functionalized, cross-linked PEGDMA hydrogels
provide insight that will lead potentially to improvements in
antifouling and fouling release technologies. The slope of the
attachment model as an indicator of an organism’s sensitivity to a
surface was extended by incorporating a ratio of the measured
surface energy of a smooth substratum to that of a standard
(PDMSe) into the attachment model. The attachment model has
now been shown to correlate with the attachment density of spores
of Ulva on two substrate materials, i.e., PDMSe and cross-linked
PEGDMA hydrogels. Functionalized, smooth, cross-linked PEGD-
MA hydrogels reduced attachment of fouling organisms from three
evolutionarily diverse groups (Plantae, Chromista, and Bacteria).
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