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ABSTRACT

Bacterial biofilms are problematic in a variety of industries hence strategies for
their mitigation have received significant attention. The approach described herein
attempts to control bacterial adhesion using silicone-based polymers- (widely used due to
their interesting properties)- via manipulation of their surface chemistry to eventually
create anti-fouling surfaces. This involved study of the systematic variation of surface
wettability and its effect on Escherichia coli (E. coli) adhesion to novel polymers of
acrylate-modified silicone surfactant (ACR) with either hydroxyethyl methacrylate (a
hydrophilic monomer), or methyl and butyl methacrylate (hydrophobic monomers). It
was hypothesized that the systematic variation of ACR would produce surfaces with
differing wettability, without changing other surface properties that influence cellular
adhesion. Average light transmittance across the range of visible light wavelengths (400-
740nm), surface roughness and Shore 00 hardness data were consistent across the ACR-
HEMA copolymer series (80-90%, ~2.5 — 5 nm, and 75-95 Shore durometer points,
respectively). The same consistency was observed for surface wettability (contact angles
= 78-92°) despite varying HEMA content and consequently Escherichia coli (E.coli)
adhesion, likely due to system saturation with silicon (as confirmed by EDX). However,
wettability of the ACR-MMA-BMA polymers did vary; <20 wt% and > 80 wt% ACR
polymers had contact angles between 67°- 77°, while 20 < x < 80 wt% ACR polymers
had increased surface wettability (contact angles 27.6°- 42.9°). E. coli adhesion across the

set increased with increasing ACR content, a trend mirrored by the water uptake of the



materials but not the contact angle data. These results indicate that E. coli adhesion occurs
independently of wettability for these materials and although the effect of the latter on
adhesion cannot be deduced, the possible correlation between bacterial adhesion and
water uptake suggests that the best antifouling surfaces should not be of materials capable

of imbibing significant amounts of water.
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1. Chapter 1: Introduction
1.1. Bacterial Biofilms

Bacteria (and most other microorganisms) exist in one of two states: planktonic
(free-floating or swimming in aqueous solution) and sessile (stationary microcolonies on
a living/non-living solid substrate).* The latter state is an evolved defense mechanism
against hostile environments in which bacteria (0.2-2um x 1-10pm)? are susceptible to
antagonists.® Typically the sessile or ‘stationary microcolonies’ state of existence for

bacteria predominates.”

The irreversible adhesion of multiple microcolonies to the same substrate surface
is termed a biofilm. These films can be comprised of a single species of bacteria or
multiple, metabolically cooperative species.” Both types are protected by a homogenous,
fibrous exopolysaccharide matrix,” which allows a 1,000-fold increase in resistance to
eradication efforts via biocides, surfactants, predators and antibiotics in comparison to
planktonic bacteria.>® This is problematic, since biofilms are ubiquitous and detrimental
in various industries where their growth is undesirable. For example biofilm formation,
also known as biofouling, impedes physical operational efficiency by blocking filters and
reducing the flow capacity of pipes.® It can spoil petroleum products by changing the bulk
fluid composition or increasing the amount of suspended solids.® In addition, biofilm
formation on food or surfaces in contact with food can cause health issues and economic

losses due to food spoilage.”®
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1.2. The Medical and Global Health Context

Microbial biofilms are equally problematic in the biomedical industry. Their
formation on medical implants prevents normal removal of opportunistic bacteria by
phagocytosis, since bacterial antigens inside the matrix are suppressed.® Additionally,
biofilm pathogens dispersed from the matrix after complete maturation [Figure 1] may
elicit disease processes elsewhere in the body.* The matrix itself can provide a niche for
antibiotic-resistant species™* while device-associated infections significantly increase the

risk of mortality, as is the case when infected stents physically block blood vessels. *2

. ed

Figure 1: Biofilm formation and maturation. Planktonic bacteria settle on a suitable
surface, form microcolonies encased in a protective exopolysaccharide matrix, and
subsequently escape from the mature biofilm to settle elsewhere.'

Biofilms can also undermine the integrity of medical devices through mechanical
and chemical degradation, which results in device failure and a need for replacement.*®
Costs associated with infection of medical implants such as orthopedic devices and
mechanical heart valves range from $15,000 to more than $50,000 per occurrence,
respectively.'* In the broader context, the ability of biofilms to colonize household

surfaces (such as water collection vessels) coupled with poor disinfection and hygiene
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practices in developing countries further exacerbates the prevalence of water-borne

diseases such as cholera in those regions.™

Consequently, given the burden biofilms place on health care, along with their
potentially fatal consequences, much work has been done on developing biofilm resistant
surfaces. Current strategies include altering the physiochemical properties (such as
hydrophobicity, surface charge and surface roughness)™® of the material to limit initial
bacterial adhesion, and more commonly, incorporating known antibiotics into the
implant.'” The principal problem with the latter strategy is achieving controlled release
kinetics; most of the agent is discharged early after implantation with the remainder being
released more slowly over time.™ In the worst case, this exposes bacteria to sublethal
doses of antimicrobials that can facilitate the production of resistant strains.'® There is
evidence that devices coated with hydrogels or antimicrobial peptides have all proved to
be largely ineffective,'® while the use of silver salts as an antibiotic in controlled-release
devices and polymer coatings, which has received significant attention recently, remains a
concern due to the possibility of adverse affects on surrounding human tissue.*** As a

result, this thesis focuses on the first strategy, involving alteration of a material property.

1.3. Silicon Materials in the Biomedical Industry

For the material need described above silicon-based substrates, including silicones,
may be the best candidates. Silicones are synthetic polymers comprised of a chain of

repeating units of silicon to oxygen bonds (termed ‘siloxanes’) with organic (typically

17,21

methyl groups) bonded to the silicon atoms [Figure 2]. The combination of an
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inorganic, flexible backbone and organic groups confers interesting properties to these
materials allowing their use in a variety of forms such as fluids, resins, emulsions and
compounds.'’ Silicones are easily solidified to three-dimensional networks via cross-
linking between chains with radical, moisture cure or platinum-catalyzed curing.?
Characteristics commonly attributed to them and their derivatives are high chemical,
oxidative and thermal stability,?***% hydrophobicity, permeability to gases, durability,

26,27

transparency and low toxicity (biocompatibility), and moldability as a result of their

low glass transition temperature and flexibility before cross-linking.”®

- CHs

| |
{S|i o —‘ when R is a CH3 Si—o
“? L (’3H3 n
Siloxane Polydimethylsiloxane (PDMS)

Figure 2: Repeating unit of polydimethysiloxane (Adapted from Ratner et al.*")

For all of these reasons, silicone materials have gained popularity in the
biomedical industry and have evolved in pace with emerging needs. Their applications
range from lubricants for syringes and implantable hydrocephalus shunts*’ to drug-carrier
systems in the form of silica nanoparticles®® (silica being the oxide of silicon and the most
common mineral on Earth). Consequently, some progress has already been made towards

30,31,32

creating biofilm-resistant surfaces using silicon-based materials, and

bioencapsulation with the same of proteins,® drugs®* and more importantly living cells®®
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has been demonstrated. In the following thesis, | describe an attempt to control bacterial

adhesion by manipulating the surface chemistry of a novel silicone material.
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2. Chapter 2: A Systematic Study of Bacterial Adhesion as a

Function of Surface Wettability

2.1. Introduction

Although several competing factors influence bacterial adhesion to biomaterials,*®
the hydrophobicity of surfaces in facilitating this phenomenon has received particular
attention.>”*3*° Silicones are notably hydrophobic, since the flexibility of their siloxane
backbones enables them to reorient at material-air interfaces to expose their methyl
groups.*® Consequently, the hydrophobicity of silicone materials can be problematic for
specific applications, such as the insertion of urinary catheters or intraocular lenses*,
where severe infections of the eye caused by bacterial adhesion may necessitate surgical
intervention. However, the extent to which hydrophobicity governs bacterial adhesion
over other factors is largely unclear, since most existing studies compare bacterial
adhesion on different hydrophobic and hydrophilic biomaterials, for example,
poly(methyl methacrylate)(PMMA) versus silicone (polydimethylsiloxane)(PDMS)
versus hydrophilic acrylic such as poly(hydroxyethyl acrylate)(pHEMA),** and the
differences between their material properties are likely confounding variables. As of yet,
it appears that no published study systematically analyses the effect of surface wettability
(hydrophobicity/hydrophilicity) on bacterial adhesion by varying the constituent

monomers of a single polymer, and this provides the rationale for this first project.

A small acrylate-modified trisiloxane surfactant (Silmer ACR A008-UP,

henceforth referred to as ACR) [Figure 3] was selected for copolymerization with a
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known hydrophilic monomer hydroxyethyl methacrylate (HEMA)*. Given that relatively
small trisiloxane surfactants are known to have high rotational-diffusion coefficients and
linear transport through materials to the air-polymer interface,* it was hypothesized that
ACR would preferentially exist at the surface, but that the amount present could be
decreased via the systematic addition of HEMA, since this would cause an overall
decrease in the system’s ACR content [Figure 3]. In so doing it was thought that a series
of copolymers with controlled surface wettability could be produced that would then be

amenable to a study of bacterial adhesion as a function of surface wettability.

Silicone-containing
hydrophoblc head

&ww‘ p RN

Increasing wt% HEMA

Figure 3: Schematic showing a) the chemical structure of the acrylate-modified
silicone surfactant (Silmer ACR A008-UP); and b) the theoretical (proposed)
decrease of ACR at the air-surface interface upon the systematic addition of
hydroxyethyl methacrylate (HEMA) due to a dilution effect.

2.2. Materials and Methods

2.2.1. Materials

Silmer ACR A008-UP (ACR) was a gift from the Siltech Corporation and stored
at -20 °C until needed. Diethylene glycol diacrylate (DEGDA), 2- hydroxyethyl
methacrylate (99%) monomer (HEMA), 2,2-dimethoxy-2-phenylacetophenone (99%)

radical photoinitiatior (DMPA), and hydroquinone monomethyl ether (MEHQ) inhibitor
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remover were purchased from Sigma Aldrich. Inhibitors were removed from the HEMA
monomer via passage through a MEHQ-packed column and stored in an amber bottle at 4
°C along with the DEGDA. A Sylgard®184 Silicone Elastomer Kit was obtained from
Dow Corning to create polydimethylsiloxane (PDMS) elastomers. A K-12 strain of
Escherichia coli (E. coli), capable of producing Green Fluorescent Protein (GFP) after
induction with Isopropyl p-D-1-thiogalactopyranoside (IPTG), was obtained from the

Promega Corporation (Madison, W1, USA).
2.2.2. Copolymer Synthesis

All copolymers were synthesized to have a final weight of ~2 g, 0.5 weight
percent (wt%) DMPA and 1 wt% DEGDA, while the wt% ratios of HEMA and ACR
were varied to create copolymers of 60, 65, 70, 75 and 80 wt% ACR. The general
polymer synthesis [Figure 4] is exemplified with the procedure for creating a 60 wt%

ACR copolymer.

DMPA (0.5 wt%, 0.1 g) and inhibitor-free HEMA (40 wt%, 0.8 g) were weighed
into a glass vial that was capped and mixed for 10 min at 120 rpm, or until complete
dissolution of DMPA in the HEMA was apparent by eye. ACR (60 wt%, 1.2 g) and
DEGDA (1 wt%, 0.02 g) were subsequently weighed into the vial and the mixture was
purged with nitrogen (N2) gas for 1 min to deoxygenate the system. The vial was capped
and the contents were homogenized by a further 10 min of mixing, followed by another 1
min of purging with N, (g). The resultant solution was transferred into a Teflon-lined, 35
mm x 10 mm polystyrene Petri-dish and irradiated with UV light at 254 nm for 30 min

under a N, atmosphere. This procedure was repeated to synthesize solid elastomers with
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different ACR weight percentages, a summary of which can be found in Table 1. The

synthesis of poly-ACR and poly-HEMA followed the same protocol without the addition

of the co-monomer to the mixture.

Acrylate-modified silicone surfactant (monomer)

Lo

o

-
—

10

OTMS
OTMS

L
~ Si

~— |

0.5 wt% DMPA (radical photoinitiator)

TN o

N

L

I

MeO/\OMe“

10mm Petri dish™ |

Copolymer ——

i

HEMA (monomer)

o]

_OH

“~ Adhesive Teflon

Photopolymerization (254 nm; 20 mins)

= Adhesive Teflon

Figure 4: Schematic for copolymer synthesis. The procedure was used to create
copolymers of 60, 65, 70, 75, 80 wt% acrylate-modified silicone surfactant (ACR),
poly-HEMA and poly-ACR. The latter two served as controls for biological studies.

Table 1: The compositions of the synthesized copolymers and controls.

Polymer
Reagent Poly- Poly- 60 wt% | 65wt% | 70wt% | 75wt% | 80 wt%
HEMA (@) | ACR(g) | ACR(g) | ACR(g) | ACR(g9) | ACR(9) | ACR (9)
DMPA |0.01 0.01 0.01 0.01 0.01 0.01 0.01
DEGDA | 0.02 0.02 0.02 0.02 0.02 0.02 0.02
HEMA |1.97 0.78 0.68 0.58 0.48 0.38
ACR 1.97 1.19 1.29 1.39 1.49 1.59
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PDMS rubbers were created by mixing 1.82 g of the base (siloxane oligomer) and
0.18 g of the curing agent (siloxane crosslinker) from the Sylgard®184 kit, before
placement in a vacuum for 24 h to facilitate curing. These elastomers along with poly-
ACR and poly-HEMA served as controls for all ensuring experiments. For each type of
polymer and control, a 0.635 mm punching tool was used to obtain circular coupons

[Figure 5].

P £ o =
% s  ACR

Figure 5: Copolymer coupons obtained using a 0.635 mm punching tool once the
solid elastomers had been synthesized, soaked in propanol for 12 h and dried for 48
h.

2.2.3. Material Characterization

2.2.3.1. Light Transmittance

Coupons of the copolymers and controls (n = 6 for each type) were placed in a 96-
well Greiner transparent flat-bottom plate, and light transmittance readings over the range
of visible wavelengths (400- 750 nm) at intervals of 10 nm were obtained from a

SpectraMac®Plus*®* Absorbance Microplate Reader at room temperature.
2.2.3.2. Surface Roughness

Atomic Force Microscopy (AFM) micrographs were obtained using a Digital
Instruments NanoScope Illa Multimode scanning probe microscope (Veeco) for each

copolymer and PDMS. The instrument was operated in tapping mode using an Olympus

10
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silicon tapping probe (tip radius, <10 nm) operated at a 1.0 Hz scan rate overa 1 um x 1
pm scan area. Given the small scan area, triplicate measurements for each type of
polymer were obtained from different areas from the surface of one coupon.

Representative images are shown in Figure 7.
2.2.3.3. Shore Hardness

Copolymer stiffness was measured by stacking coupons to a height > 6 mm and
measuring the resistance to indentation of the topmost disc using a standard dial Shore 00
Rex durometer (Model 1600, error = 5 durometer points). The durometer was held in a
near-vertical position while the foot of the gauge was allowed to press into the specimen
from the weight of the instrument. The reading on the durometer at the start and end of 10
s of firm contact was recorded. The two readings ensured any ‘creep’ of the dial hand to
lower values was captured. The process was repeated for 6 different coupons of each

polymer type to get an average hardness for each [Figure 8].

11
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2.2.34. Water Uptake and Surface Wettability

The average (n = 6) water uptake for each polymer type was measured by
recording the weight of each coupon before and after immersion in dH,O for 30 min. The
percent weight gain was calculated and plotted [Figure 9]. The contact angles for
similarly hydrated coupons were obtained via the captive bubble technique and a
conventional goniometer microscope. Copolymer discs were individually inverted and
submerged in a cuvette filled with Milli-Q (18 MQ/cm) H,0, and an inverted micrometer
syringe with a curved needle was used to introduce ~15 pL of air onto the center of the
polymer. The angle formed at the air/solid interface in the aqueous environment was
recorded. Results are presented as an average of contact angles for 6 different coupons of
each copolymer type.

The static sessile-drop method was used to obtain contact angles for dry
copolymers and controls using a Ramé-Hart NRL C.A. goniometer (Mountain Lakes,
NJ). Approximately 0.02 mL of Milli-Q water was introduced to the center of each
coupon surface and the drop profile was photographed at 0, 30, 60, 120 and 180 s after
contact using the Kriiss Drop Shape Analysis software (v.10). GIMP2 Image Analysis
Software was subsequently used to measure the internal contact angles (between the drop
and the solid surface) on either side of the drop in an image and values were averaged to
provide the contact angle for that photo. The procedure was repeated for the images of all
polymers (n = 6 for each type) at 0 and 180 s. Average static sessile drop contact angles

were plotted for comparison between polymers [Figure 12].
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Energy Dispersive X-Ray (SEM-EDX) was performed for elemental analysis on
the surfaces and cross-sections of all copolymers using a Tescan, VEGA-LSU SEM.

Select images are provided in Figure 13.
2.2.4. Bacterial Toxicity Assays

LB agar plates were created using 10 g of tryptone, 5 g of yeast extract, 10 g of
NaCl, 15 g of agar and 1 L of distilled water (dH,O). The dry ingredients were measured
into a 2 L Erlenmeyer flask followed by 500 mL of dH,O and the mixture was stirred to
achieve complete solvation of the starting materials. The agar was added along with the
rest of the H,O before the solution was autoclaved. Following autoclaving, approximately
12 mL of the media were transferred into a dish in a laminar flow hood and the process
was continued until all the media had been utilized. The media in the dishes was left to
solidify for 30 min, after which the capped plates were stacked in their original
packaging, sealed and stored at 4 °C until further use. LB media for culturing E. coli in
solution was made in the same manner with the exception of agar. The autoclaved

solution was sealed and stored at room temperature.

The IPTG-inducible, GFP-producing K-12 strain of E. coli obtained from the
Promega Corporation was used to create a stock and working E. coli solution. 100 uL of
E. coli solution was streaked onto an agar plate that was incubated at 37 °C overnight. A
single colony from the plate was transferred into 10 mL of LB media using an autoclaved
pipette tip. After another overnight period of incubation, 100 pL of the solution was
added to a fresh vial containing 10 mL of LB media. This second vial was incubated

overnight and stored at 4 °C as the working solution until further use and for a maximum
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of 1 week. To the first vial, 10 mL of autoclaved glycerol were added and the stock
mixture was stored at -80 °C. Glycerol serves as a cryoprotective agent that mitigates the

risk of ice crystal formation and subsequent damage to cultured cells.*

To run the antibacterial assay, 100 pL of the working solution were aseptically
spread onto a pre-made LB agar plate using a sterilized cotton swab. The agar surface was
allowed 5 min to dry and then autoclaved forceps were used to gently but firmly press the
60 wt% ACR copolymer coupons onto the surface. The process was repeated to create an
agar plate for each of the PDMS, 70 wt% ACR and 80 wt% ACR copolymers. Two drops
each of the ACR and deinhibited HEMA monomer were added to precut filter papers,
which were then pressed onto their respective plates. The entire set was incubated

overnight at 37 °C and the results were photographed [Figure 6].
2.2.5. Leachates

All polymers (n = 1 for each type) were synthesized and placed in specimen jars
containing 40 mL of 2-propanol for 12 h as described earlier. Each jar was capped to
prevent solvent evaporation during the course of the study. 1 mL aliquots of the 2-
propanol were obtained at 5, 10, 15, 20, 25, 30 (0.5h), 60 (1 h), 90 (1.5h), 120 (2 h), 150
(2.5 h), 180 (3 h), 240 (4 h), 300 (5 h), 360 (6 h), 540 (9 h), 700 (12 h) min, respectively,
from the start of the extraction process for each of 60, 65, 70, 75 and 80 wt% ACR
copolymers. Aliquots obtained at 10, 20 and 30 min were selected for analysis and the 2-
propanol in each of these vials was removed by evaporation under reduced pressure.
Upon complete evaporation, 1 mL of deuterated chloroform and 5 pL of tert-butanol were

added to each of the vials, the entire contents of which were then transferred into NMR
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tubes and submitted for analysis. *H NMR spectra were recorded for all samples at room
temperature using a Bruker AV-500 (at 500.13 MHz) and the peak for deuterated
chloroform was set at 7.26 ppm. Spectra for HEMA, ACR, DMPA and DEGDA were
used as controls, while the peaks on those for the copolymers were integrated relative to
tert-butanol (set as 9 protons). The relative values for ACR and HEMA at 10 and 20 min

were listed in Table 2.
2.2.6. Escherichia coli (E. coli) Adhesion Studies

The protocol for the adhesion assay was based on published results*®"*® 100 uL
of E. coli culture broth were streaked on an agar plate that was incubated overnight.
Multiple colonies (3-4) were obtained from the resultant lawn using an autoclaved pipette
tip and a new vial of broth (200 mL) was inoculated. This vial was placed in an incubator
from where 1 mL aliquots were taken every 30 min to measure the ODgqg of the solution.
Once the ODgq value reached 0.7, 0.5-1 mM, IPTG was added to the vial, which was
incubated for 5-6 h. E. coli from the vial was filtered using a cellulose acetate filter 0.45
microns (37 mm diameter) and the filter paper was washed thrice with autoclaved 0.9%
PBS into new vial. 100 mL of PBS were added to the vial, which was supplemented with
2% wiv nutrient broth. The solution was agitated to facilitate equal dispersion of E. coli.
Copolymer coupons (n = 4 for each type) were placed in a 48- well polystyrene, flat-
bottom plate and to each polymer-containing well, 400 pL of the broth-supplemented E.
coli mixture were added. The plate was incubated overnight (12 h), after which each
coupon was removed from its well using sterile forceps, rinsed thrice with autoclaved

PBS and placed in a well of a fresh plate. A microplate reader (Gemini XPS) was used to
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obtain GFP fluorescence readings using an excitation and emission wavelength of 395 nm
and 509 nm, respectively, from the rinsed polymer coupons in the new plate. The
procedure was repeated for hydrated coupons (coupons that had been soaked in dH,0O for
30 min prior to incubation with 400 pL of broth-supplemented E. coli in PBS). The
fluorescence readings for each set were plotted for comparison after the background
fluorescence (reading from a sample of each type incubated with uninduced E. coli) had
been subtracted. Readings for the dry set were also plotted against the average percent
water uptake and the sessile drop contact angles to determine the correlation, if any,

between the three different variables.
2.2.7. Preliminary Human Corneal Epithelial Cell (HCEC) Study

Frozen stocks of low-passage (7- 9) HCECs at -80 °C were provided by the
Sheardown lab at McMaster University. Keratinocyte serum-free medium (KSFM)
supplemented with prequalified human recombinant Epidermal Growth Factor 1-53
(EGF-153) and Bovine Pituitary Extract (BPE) was obtained from Gibco. Penicillin-
streptomycin (Invitrogen, Carlsbad, CA, USA) was added to the KSFM (1%) to prevent

bacterial contamination.

A stored cryovial was thawed and the contents (1mL) were transferred into a
Falcon tube containing ~6.5 mL of media containing serum (25 mg/mL). The tube was
centrifuged at 900 rpm for 5 min to remove the dimethylsulfoxide (DMSO)
cryoprotective agent as part of the supernatant. Fresh serum-containing media (7 mL) was
used to gently resuspend the HCEC pellet and the mixture was transferred into a 25 cm?

culture flask that was incubated at 37 °C and 5% carbon dioxide (CO,). Every 2-3 days

16



MASCc Thesis- M. Khan McMaster University- Biomedical Engineering

the solution in the flask was aspirated and replaced with fresh 6.5 mL of media with
serum until ~80% confluency of cells was achieved. The liquid from the flask was
subsequently aspirated and the HCECs were gently rinsed with 5 mL of sterilized PBS to
remove dead cells. Aspiration of the buffer was followed by addition of 1 mL of
TrypLE™ Express from Invitrogen and an incubation time of ~5-10 min. Care was taken
to remove the flask from the incubator exactly at the conclusion of time, since prolonged
exposure to the trypsin in the reagent could damage cells. To mitigate this, 4 mL of sterile
PBS was mixed with the TrypLE™ Express and the solution was transferred into a falcon
tube for centrifugation at 900 rpm for 5 min. Most of the supernatant was subsequently
discarded and the pellet was gently resuspended in what little remained of the solution
from the last step. Of this, 10 pL was placed in a hemocytometer and the amount of
media required to ensure 35 pL of the final cell suspension contained 10,000 cells was

calculated using the following equation:

Number of Cells Counted y 1
4 Grids Depth of Grid (0.1mm)
1 _ Amount of Cells
Surface area of Grid (Imm2 mm?3

Consequently, ~5.2 mL of KSFM were added to the tube in preparation for the seeding of

the copolymer surfaces.

Three coupons each of PDMS and 60- 80 wt% ACR copolymers, total 24
samples, were placed in a 48- well plate and incubated with KSFM supplemented with

1% penicillin-streptomycin for 24 h. At the end of time, media from each coupon-
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containing well was removed and 35 pL of the cell suspension was placed on each of the
surfaces. The plate was covered and incubated for 20-30 min to allow for cell adhesion
and then 200 pL of KSFM were added to each well to submerge the samples. The plate
was placed back in the incubator and the KSFM was replaced every on the second day
prior to photographing the surfaces with a Zeiss Axiovert 200 Microscope using a 10x

objective. The optical images thus obtained are seen in Figure 21.

2.3. Results

2.3.1. Polymer Preparation

Copolymers of HEMA and a novel silicone surfactant (ACR) were synthesized
via radical polymerization for 30 minutes in a N- rich atmosphere. The constituent
monomers were varied by weight percentages to afford polymers with 60-80 wt% ACR,
which were subsequently soaked in 2-propanol for 12 hours. After 48 hours of drying, a

0.635 mm punching tool was used to obtain the circular coupons.

Qualitatively, it seemed that the copolymer stiffness increased with decreasing
weight percent ACR, thus coupons from copolymers with higher weight percentages of
ACR were easier to extract. The exception was poly-ACR that ‘crumbled’ upon firm
contact making the removal of circular coupons of equal sizes difficult. Though higher
weight percentages of ACR (70- 80 wt%) facilitated the removal of coupons, they also
increased the likelihood of surface grooves during polymerization and surface artifacts
during coupon extraction. Copolymers containing 65 - 80 wt% ACR were optically

transparent whereas the 60 wt% ACR copolymer appeared cloudy.
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2.3.2. Polymer Characterization
2.3.2.1. Light Transmittance

Average light transmittance values for copolymers were obtained using a standard
microplate reader. Copolymers of 70, 75 and 80 wt% ACR exhibited transmittance values
>80%, while poly-HEMA and 60 wt% ACR had substantially lower values (~50%). Poly-
ACR and 65 wt% copolymers transmitted ~70% of the incident light. Interestingly, the
transmittance values for each polymer except PDMS increased between the wavelengths
of ~400-450 nm before reaching a plateau. The values for PDMS do not seem to exhibit

this phenomenon.

=¢—PDMS
~f—Poly-ACR
=== Poly-HEMA

Average (n =3) light transmittance (%)

—=>=80Wt% ACR
—¥=75Wt% ACR
~®—70wt% ACR
20 65wt% ACR
60wt% ACR
0 . . .
400 500 600 700

Wavelength (nm)

Figure 6: Percent light transmittance for copolymers and controls over the range of
visible wavelengths (400-750 nm).

19



MASCc Thesis- M. Khan McMaster University- Biomedical Engineering

2.3.2.2. Surface Roughness

The roughness ina 1 um x 1 pm site was measured for each synthesized
copolymer and found to be comparable to PDMS: all were very flat, exhibiting surface
roughnesses in the 2-3 nm range. Two other 1 um x 1 pm sites were selected on the
surfaces to achieve triplicate measurements for each copolymer, and the surface
roughness result was the same in each case. The streaking that is sometimes visible in the
micrograph for 75 wt% ACR is attributable to the drag and drift of the AFM cantilever tip

over the coupon surface.

PDMS 65 wt% ACR

70 wt% ACR 75 wt% ACR

Figure 7: AFM micrographs for the copolymers (60- 80 wt% ACR) and PDMS.
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2.3.2.1. Shore Hardness

A Rex durometer was used to determine the hardness values of copolymers and
the readings before and after ten seconds of contact were recorded. No creep was
observed and the average readings from 6 coupons of each polymer type ranged from 78-
93 hardness points- (creep 0 at 10sec, 24 °C)- for poly-ACR and 65 wt% ACR
copolymers respectively. Hardness values seemed consistent across the copolymer series

and highly comparable to the hardness of PDMS.
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Figure 8: Shore 00 hardness values for the copolymer series and controls.

2.3.2.1. Surface Wettability

The average percent water uptake for 6 coupons of each polymer was obtained by

measuring the weight of coupons before and after immersion in dH,O for 30 minutes. If
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viewed in the absence of error bars, the data suggests increasing percent uptake with
increasing wt% ACR to a maximum point, since the highest water uptake (43.98%) was
seen with the 75 wt% ACR copolymer and much lower uptake values were seen for Poly-
ACR and the 80 wt% ACR copolymers (20.52% and 23.68% respectively). The
overlapping error bars, however, make it difficult to discern a definitive trend. PDMS

exhibited an 8% water uptake, which was the lowest uptake value of the group.

?“”I”a

60wt% 65wt% 70wt% 75wt% 80wt%  Poly-ACR Poly-HEMA PDMS

6) percent water uptake

Average (n

wt% ACR with associated controls

Figure 9: Average (n = 6) percent water uptake of copolymers and controls.

An interesting qualitative observation during the water uptake study was the
increase in tackiness of hydrated coupons vs. the non-hydrated counterparts. When
removed from water, blotted with a KimWipe and placed on weighing boats, hydrated

coupons adhered to the bottoms [Figure 11.a] and were difficult to remove even via
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careful peeling with tweezers. This tackiness seemed more apparent in copolymers of
higher ACR weight percentages. Furthermore, bubbles formed along the copolymer
surfaces during immersion of the materials in water. Whereas for the copolymers the
bubbles were situated along the edges of the coupons [Figure 11.b], they were only

visualized on the upper and lower surfaces of the poly-ACR disks.

Figure 10: Qualitative observations of a) tackiness and b) bubble formation for the
25 wt% ACR copolymer during the percent water uptake study.

The hydrated coupons were then inverted and submerged in a Milli-Q water-filled
chamber where an air bubble was introduced to the coupon surface using an inverted
micrometer syringe. The captive bubble contact angles were calculated manually using a
standard goniometer microscope. As with the Shore 00 hardness data for the series, the
contact angles were consistent despite changes in the bulk composition of coupons

[Figure 11] with the mean contact angle for the set being 30° ( 3.2°).

Contact angles for a dry polymer set were also obtained. Using the static sessile-
drop method, drop profiles on the surfaces of 6 disks of each polymer type at multiple

time points were photographed using Drop Shape Analysis software on a standard
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goniometer. The angles from the images were measured using the GIMP2 Image Analysis

Software. Average sessile drop contact angles at 0 and 180 seconds were plotted to yield

Figure 12.
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Figure 11: Average (n = 6) captive bubble contact angles for hydrated copolymers
and PDMS.
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Figure 12: Average (n = 6) sessile- drop contact angles for dry copolymers and
controls at 0 and 180 s.
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Again, no variation in contact angles between the copolymers was observed. The
angles obtained for the copolymers at 0 seconds were highly comparable to PDMS (mean
angles for copolymer series and PDMS were ~81° and 91.2°, respectively with paired t(7)
=2.2, p=0.06). In light of the percent water uptake results, the tight similarity between
contact angles at 0 and 180 seconds for the copolymers is surprising. Differences in
angles obtained at the two time points become apparent with the 80 wt% ACR copolymer
and especially poly-ACR. The contact angle for PDMS seems to increase from 91.2° to
100.1° after 3 minutes of time.

To test the hypothesis of surface homogeneity across the copolymer series, a
Tescan, VEGA-LSU SEM was used to perform Energy Dispersive X-Ray (SEM-EDX)

analysis on the surfaces and cross-sections of the coupons [Figure 13].

Surfaces Cross-sections

75wt% ACR

[

60wt% ACR

Figure 13: Elemental analysis for silicon on the surfaces and cross-sections of the 60
wt% ACR and 75 wt% ACR copolymers.
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Since each image yielded similar results, only the pictures for the 60 wt% ACR
and 75 wt% ACR copolymers are shown. The silicon appeared to be equally dispersed

throughout the entire system.
2.3.3. Antibacterial Activity of ACR

A modified adaptation of the Kirby-Bauer test formed the basis of the antibacterial
assay. Briefly, 100 pL each of an E. coli working solution were aseptically spread onto 5
pre-made sterile LB agar plates. Coupons of the polymers were pressed firmly onto the
agar surface and incubated with the plate overnight for 12 hours at 37 °C. The procedure
was repeated with precut filter papers to which two drops each of the HEMA and ACR

monomers had been added.

80wt% ACR HEMA monomer ACR monomer

Figure 14: Zones of inhibition (ZOls) produced by the 60, 70 and 80 wt% ACR
copolymers and the ACR and HEMA monomers.
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Clear zones of inhibition (areas devoid of bacterial growth) were seen around 60,
70 and 80 wt% ACR copolymers and the ACR and HEMA monomers [Figure 14].
Qualitative comparison indicated seemingly larger zones of inhibition around copolymers

with higher weight percentages of ACR.

The antibacterial assay was re-run using coupons from copolymers that had been
soaked in 40 mL of 2-propanol for 12 hours prior to drying and disk extraction. No ZOls

were visible on the agar surfaces around or underneath the specimens [Figure 15].

PDMS- Control 60% ACR 70% ACR 80%ACR

Figure 15: Absence of zones of inhibition (ZOls) around and underneath extracted
copolymers.

It seemed that a considerable portion of the product was being lost during the
extraction process. To quantify this observation, the weight percent decrease for
copolymers after 12 hours of extraction and 24 hours of drying was calculated and plotted
[Figure 16]. The greatest loss in weight (~45%) was seen in the 80 wt% copolymer
followed by poly-ACR at ~40%. Poly-HEMA showed the least drop in weight (<5%)

while the weight loss appeared to correlate positively with increasing wt% of ACR. Given
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the significant decrease in weight after extraction, a more thorough NMR study of the

leachates was conducted.
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Figure 16: Average (n = 3) weight percent loss of copolymers after 12 hours of
extraction in 2-propanol and 24 hours of drying.

2.3.4. Issues with Extractables

Initially it was thought that the drop in mass after extraction indicated insufficient
time for complete polymerization of reagents. Since a small film of liquid was always
observed on the surface of the solid polymer after 30 minutes of curing, this assumption
seemed reasonable. Longer curing times were tried, but the film of liquid could not be
eliminated. Consequently, it was hypothesized that one or more of the reagents was in

excess and an NMR study was designed to confirm the identity of the leachants, quantify
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the relative amounts of each, and to ascertain the optimal extraction time by comparing

the amount of leachants in the solvent at different time points.

After synthesis, copolymers were placed in capped specimen jars containing 40
mL of 2-propanol for 12 hours. 1 mL aliquots were removed from the jars at various
time-points but only those obtained at 10, 20 and 30 minutes were used in subsequent
steps. The propanol from these samples was evaporated, and deuterated chloroform and
tert-butanol were added prior to submission for ‘H NMR analysis. According to the table
of integration values relative to that of tert-butanol [Table], ACR appears to be the
primary leachate since it has higher values than HEMA at all time-points, and since the
relative amount of ACR leached increases with copolymers of increasing weight percent

ACR.

Table 2: Integration values of ACR and HEMA relative to tert-butanol, which was
calibrated as 9 protons.

Leachate
Polymer type | Time points ACR HEMA
60 wt% ACR | 10 min 1.9088 0.1871
20 min 2.6965 0.2854
65 wt% ACR | 10 min 1.931 0.1786
20 min 2.5634 0.2368
70 wt% ACR | 10 min 1.868 0.0603
20 min 1.2848 0.0756
75 wt% ACR | 10 min 2.8635 0.1642
20 min
80 wt% ACR | 10 min 2.9993 0.1005
20 min 3.2638 0.1056
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2.3.5. Escherichia coli (E. coli) Adhesion Study

The protocol for this assay was adapted from multiple sources. Briefly, coupons
obtained from leachate-free copolymers were incubated with equal volumes of E. coli in
PBS. The coupons were subsequently rinsed with sterilized PBS and placed in a fresh 48-
well flat bottom plate. GFP fluorescence readings from the surfaces of coupons were
measured using a microplate reader. The plotted data [Figure 17] showed no difference in
relative fluorescence and therefore adhesion across the copolymer series. Despite the
overlap in error bars, the poly-ACR appears to have a higher fluorescence value (7629

RFUs) than the other polymers in the set (mean fluorescence ~3085.4 RFUs).

12000 -

9000 -

il
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4) Relative Fluorescence
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wt% ACR with associated control

Figure 17: Average (n = 4) relative GFP fluorescence readings from IPTG-induced
Escherichia coli adhered to copolymer surfaces and control.

Given the absence of two controls (PDMS and poly-HEMA), and the fact that

copolymers were shown to absorb water, the experiment was repeated with dry and
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hydrated copolymers, respectively, that had been immersed in dH,O for 30 minutes prior

to use in the assay, to determine the difference in E. coli adhesion between the two sets.
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Figure 18: Average (n = 3) GFP fluorescence readings from IPTG-induced
Escherichia coli adhered to dry and hydrated copolymer surfaces and controls.

Unlike the first run, the repeat of the experiment did not yield consistent readings
across either copolymer set. No discernible trend was evident. Negative fluorescence
values were seen for 60, 65, 80 wt% ACR copolymers in the hydrated series and the 70
wt% ACR copolymer from the dry ones. Interestingly poly-ACR again had the highest
fluorescence (11,693 RFUs), which increased for the hydrated coupons to ~14,616 RFUs.
The fluorescence data from the first adhesion experiment was plotted against the sessile-
drop contact angles [Figure 19] to determine the correlation (if any) between E. coli

adhesion and surface wettability for these ACR-HEMA copolymers. The gradient to the
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regression suggested a positive correlation between the two variables while the

coefficient of determination (R?) was 0.423.
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Figure 19: Average (n = 4) GFP fluorescence readings vs. the average (n = 6) sessile-
drop contact angles for the dry ACR-HEMA copolymers.

The first set of fluorescence data was also plotted against the average percent
water uptake [Figure 20] for the dry copolymers. A negative correlation between the two
parameters was observed with a coefficient of determination (R?) lower than that for

fluorescence vs. contact angles (0.1138 and 0.423, respectively).
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Figure 20: Average (n = 4) GFP fluorescence readings vs. the average (n = 6) percent
water uptake for the dry ACR-HEMA copolymers.

2.3.6. Preliminary Human Corneal Epithelial Cell (HCEC) Compatibility Study

Low passage HCECs were cultured in serum-containing media then resuspended
in keratinocyte serum-free medium (KSFM). In the interim, copolymer coupons were
incubated with KSFM and penicillin-streptomycin for 24 hours. At the conclusion of time
and once the coupons had been placed in a fresh 48-well polystyrene plate, the surfaces
were seeded with HCECs and the plate was incubated. Two days after seeding, a camera-

fitted optical microscope was used to photograph the surfaces [Figure 21].
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HCECs growing well on PDMS-normal growth ~ 60wt% ACR- mix of adherent
bottom of culture flask and non-adherent cells

70wt% ACR: cells not 75wt% ACR- cells not
adherent adherent adherent

80wt% ACR-cells adherent

Figure 21: Optical images of 60-80 wt% ACR copolymers seeded with Human
Corneal Epithelial Cells (HCECSs). Images were obtained using a 10x objective in a
Zeiss Axiovert 200 Microscope.

The images depict a HCEC phenotype on the copolymers that vastly differs from
that observed on PDMS and the bottom of the culture flask prior to removal via

TrypLE™ Express and centrifugation. On the control surface, the cells appeared
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elongated and adhered, whereas cells on the copolymers were rounded and in most
instances floating in solution. Though the rounded morphology of cells was consistently
seen across the copolymer series, adhesion of cells on the surfaces differed with different
surfaces. A mix of adherent and non-adherent cells was observed on the 60 wt% ACR
copolymer while no cells adhered to any other surface except that of the 80 wt% ACR

copolymer.

2.4. Discussion

2.4.1. Factors Affecting Bacterial and Cellular Adhesion

Adhesion of cells is a complex phenomenon that is influenced by numerous
factors including, but not limited to, the properties of the materials being adhered to.
Commonly cited influences are surface wettability (hydrophilicity/ hydrophobicity),
surface roughness and the modulus of the material (stiffness or elasticity).*® Given the
novelty of these polymers, their characterization was necessary to determine their
amenability to an adhesion study; ideally, all influential parameters would be consistent
across the polymer series with the exception of the variable of interest (surface
wettability). The influence of each property on cellular adhesion is discussed prior to

analysis of the characterization and adhesion results of the project.
2.4.1.1. Surface Roughness and Topography

Both the roughness and surface topography of materials can significantly affect
the adhesion, morphology and orientation of adhering cells and bacteria.>® **°? Surface

roughness (whether accidental or deliberately produced) constitutes a class of
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irregularities on an otherwise geometrically ideal (flat) surface.'” More specifically, a
surface is termed rough when the distance between adjacent hills is ~5-100x greater than
the depth.*’ Put another way, roughness is a two-dimensional parameter of materials often
characterized by an R, value (the mean deviation of the height profile). >* Roughness can
be periodic or random and can be further classified into macro, micro and nano
roughness,’ each of which can produce different cellular adhesion results.

The influence of surface irregularities on adhesion is clearly emphasized in the

report by Tang et al,>®

which examines adhesion of Staphylococcus epidermidis to five
silicone surfaces of varying roughness prepared by cast molding. The highest and lowest
bacterial adhesion was observed on sandpaper and stainless-steel molded surfaces,
respectively. Furthermore, cellular adhesion on PEG-based hydrogel materials, which
have wettabilities deemed prohibitive to cellular adhesion, can be encouraged through the
introduction of roughness using UV-based nano-imprint-lithography.”” A positive
correlation between bacterial adhesion and biomaterial roughness has been reported by
several studies.>**>*® On exposure to grooved surfaces cells, align themselves in grooves
that match the dimensions of the cell size in a process known as ‘contact cue
guidance’.”"*%*® An example of this is provided by Jiang et al.*® who cultured bovine
capillary endothelial cells on PDMS samples with well-ordered wave structures
(amplitude and wavelength of 2 and 20 um). They found that the cells adhered and

proliferated in the direction of the waves while cells seeded on flat surfaces exhibited

random orientation and less elongation.
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The different adhesion and proliferation responses are possibly due to substratum
topography and demonstrate the importance of indicating not just the presence/ absence
of surface roughness or grooves for novel surfaces, but also their characteristics such as

size, distribution and periodicity.®*
2.4.1.2. Substrata hardness

Stiffness and hardness are resistance to elastic (temporary) % and plastic
(permanent) deformation, respectively, and though separate they are often confused due
to their synonymous use in colloquial expressions. Stiffness is measured in Newtons per
meter using Young’s modulus® while hardness can be measured on the Mohs scale
(among others) and has three principal operational definitions: scratch hardness,®*

649 rebound, dynamic/absolute hardness.®® In the context of

indentation hardness,
literature concerning cellular adhesion , it seems the terms ‘hardness’, ‘stiffness’ and

‘rigidity’ are interchangeable and this synonymy will be continued below.

Although the exact underlying biophysical mechanism is unknown, there is much
experimental evidence for the influence of surface rigidities on interfacial adhesion.®
This is unsurprising since cellular adhesion and proliferation involves complicated
molecular signalling pathways®’ ®® based on biomechanical and chemical cues from the
underlying extracellular matrix (ECM) in organisms.®® "® %7 |n fact, researchers at the
University of Pennsylvania demonstrated that cultured mesenchymal stem cells (MSCs),
which are prototypical of adherent cells for their sensitivity to environmental cues such as
substrate hardness, are capable of ‘feeling’ several microns below the surface to gauge the

elasticity of the material, which ultimately determines their fate.”
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By and large, the literature suggests that cell spreading correlates positively with
substrate rigidity so that maximum proliferation is seen when cells are cultured on rigid

T4TST6TTIBTO A similar phenomenon is reported for bacteria.

surfaces like glass coverslips.
In one study, the increase in the underlying material stiffness led to increased adhesion of
Staphylococcus epidermidis and Escherichia coli independent of the surface roughness,
interaction energy, and charge density of the material.2° In another study, increasing the

concentrations of agar in media (and thereby increasing its rigidity) led to increased

production of 1V pili required for adhesion on Pseudomonas aeruginosa cells.®*
2.4.1.3. Surface Wettability

The terms ‘surface wettability’, ‘surface free energy’ and ‘surface
tensions’ refer to the polar dispersive forces at the surface, which as implied by the
definition, are affected by inherent surface chemistry as well as by physical forces.®?
Although high energy surfaces are generally considered hydrophilic, it is the energy
differential between the wetting agent and the material that is important, i.e., if the
substrate has a higher surface energy than water, then water will wet out the material.*
Generally, materials with contact angles < 5°, <90°, 90°< 0 < 150°, > 150° are
considered super-hydrophilic, hydrophilic, hydrophobic and super-hydrophobic,
respectively.3*® It has been shown that the wettability of solid surfaces affects initial

86,87,88

adhesion and colonization of bacteria, as well as cellular adhesion and growth.®

Lensen et al. examined the cellular adhesion on extremely high or low
wettabilities. Hydrophilic PEG-based hydrogels, tissue culture polystyrene (TCPS),

fluoropolymer (poly(vinylidene fluoride), PVDF), perfluorinated polyether (PFPE) and

38



MASCc Thesis- M. Khan McMaster University- Biomedical Engineering

PDMS were tested. Maximum adhesion by the mouse fibroblast cell line (NIH L929)
used occurred on surfaces with intermediate wettability (water contact angle of 55°- 85°).
No adhesion or spreading occurred on extremely hydrophilic (PEG-based hydrogels), or
extremely hydrophobic (PFPE) surfaces,*® thereby suggesting the presence of an optimum

wettability range for successful adhesion by mouse fibroblast cells.

Bacteria’s adhesion response to substrata wettability appears to be strain-
dependent,*® although the hydrophobicity of the material is often implicated in increased
bacterial adhesion. For example, Staphylococcus aureus adhesion on self-assembled
monolayers (SAMs) terminated with methyl (CHj3), carboxylic acid (COOH) and
hydroxyl (CH,OH) groups was found to correlate with the contact angles (100°, 25° and
12° respectively) so that highest adhesion was observed on the methyl terminated surfaces
and lowest in this range on the hydroxyl-terminated SAMs.** The authors explained this
phenomenon with the thermodynamic theory and postulated that hydrophilic surfaces
may create stable interfacial water layers, which prevent direct contact between bacteria
and the surface and thereby decreasing bacterial adhesion. Hence, as with other material

characteristics, the general influence of wettability on adhesion is largely unquestionable.
2.4.1.4. Reason for Differential Adhesion to Material Characteristics

An explanation for the differential adhesion and spreading of cells and bacteria
observed in response to different material characteristics (in particular surface roughness
and wettability) is that the amount and/or orientation of the initial protein adsorption to
these surfaces can vary, which is important since adhered proteins facilitate ensuing

cellular adhesion.*” Nanosize irregularities, for example, are apparently more
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advantageous than microscale surface structures for adsorption of cell-adhesion mediating
molecules necessary for good subsequent proliferation activity.**%*%997 |rreqularities <
100 nm are considered analogous to the nanoarchitecture of natural tissues (for example,
the size of some ECM molecules) and proteins can be deposited in almost physiological
geometrical conformations with exposed bioactive sites for binding to cell adhesion
receptors on cells.”® Surface wettability also affects protein adsorption, and in fact it can
also determine whether the adsorbing proteins will undergo structural change or maintain
its native conformation.” In general, more protein adsorbs to hydrophobic surfaces than
hydrophilic surfaces and consequently greater cellular adhesion is often seen on

hydrophobic surfaces.®
2.4.1.5. The Complexity of Adhesion Studies

Another reason for the discrepancy in adhesion and proliferation results in
response to different surface characteristics is the differences between cell lines. Richert

et al. 1%

immersed titanium disks in various mixtures of H,SO4 and H,O; to create
nanopits and differing roughness (6nm- 165nm) before examining the adhesion and
proliferation of smooth muscle cells (A7r5), fibroblasts (BHK-21) and osteoblasts (UMR-
106) on these surfaces. Though cellular attachment in each cell type occurred
independently of surface roughness, the subsequent growth of fibroblasts decreased with
increasing surface roughness while the contrary effect was seen with osteoblasts. The
difference in proliferation was attributed to the activation of different signaling cascades

upon biochemical deformation, so that membrane receptor organization and cellular

growth was either up- or down-regulated.
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In another study comparing the cellular adhesion response to material hardness by
fabricating PDMS with different ratios of base to curing agent, Lee et al. reported that the
substrate stiffness did not affect the growth of 3T3 fibroblasts and MCT3T3-E1 cells, but
HUAEC cells and HELA cells showed cell detachment on stiffer PDMS even before the
desired confluency of cells was achieved.®? In a similar study that varied the curing agent
in PDMS samples, Mirzadeh et al. found that mouse L929 cells preferred growth on
PDMS with intermediate degrees of crosslinking and stiffness and both higher and lower

amounts of curing agent induced less cell adhesion and spreading.*™*

Like mammalian cells, different bacterial strains also respond differently to micro-
environmental cues. Truong et al., for example, showed that Staphylococcus aureus CIP
65.8 had a significantly greater (t = 0.002, p < 0.05) propensity for attachment than
Pseudomonas aeruginosa ATCC 9025 to surfaces of commercial purity titanium (CP,
Grade-2) that had nanoirregularities introduced to them via equal channel angular

pressing (ECAP), than those without.'*

They attributed the differential adhesion and
subsequent biofilm formation to the morphological differences between the two strains;
the patterned nanostructures on the ECAP-processed surfaces were said to be more
amenable to anchoring by the spherical S. aureus cells than the rod-shaped P. aeruginosa

bacteria. Hence, the cellular or bacterial response of one type of line or strain cannot be

extrapolated to others.

The generalization of adhesion results is further complicated by the interrelation
of material characteristics. Surface roughness, for example, affects the surface wettability

so that the spreading and receding of water on materials with initial contact angles
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between 45° and 90°can be controlled with varying the roughness (i.e., the height, width
and distribution of surface irregularities). ** Shibuichi et al.** for example found that
increasing the surface roughness of a material increased its hydrophobicity, a fact
supported by Veeramasuneni et al.’® who reported that increases in roughness at the
nanoscale increased the contact angles of hydrophobic PTFE (poly-tetrafluoroethylene)
due to the drop edge being “arrested’ by the borders of grooves.'*®*% This relation
between material characteristics along with the differences between cells and strains
points to the importance of contextualizing all adhesion studies for the application,
material and cell types used to prevent erroneous generalization and oversimplification of

the problem of undesirable cellular/bacterial adhesion.
2.4.2. Analysis of Characterization, Biocompatibility and Adhesion Results
2.4.2.1. Need for Reaction and Polymer Extraction Optimization

Unintentional flaws introduced to the copolymer surfaces during polymerization
or coupon extraction can adversely affect the validity of adhesion responses. Hence
understanding potential causes of observed artifacts can help mitigate such bias and
ensure meaningful results. Though the increasing weight percent of ACR in the
copolymers prepared in this study qualitatively increased the softness of the materials and
thereby facilitated subsequent removal of coupons from the disk, it also correlated with
increased ‘buckling’ of the polymer surface [Figure 22.b] and an increased amount of
unreacted starting material on the polymers after polymerization [Figure 22.a]. Both

107,108

observations may result from free radicals being quenched by oxygen in the layer of

monomers that phase separated to the surface. This is likely given the high permeability
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of siloxanes to oxygen and the presence of siloxanes in ACR. In such a model, the
underlying layers of monomers, which may not contain a homogenous dispersion of
reagents, will have different cross-linking densities due to a diffusion induced
concentration gradient of oxygen. This inhibits polymerization and produces in-plane
stresses that cause surface wrinkling. ' The use of a nitrogen atmosphere during polymer
synthesis and a better photoinitiating system are two ways in which the macro roughness
of copolymers thus produced can be controlled to limit influence on adhesion data. In the
interim, running NMRs on the liquid films will help identify their composition, though
ACR may comprise the bulk of these residual layers given their quantity appeared to
increase with increasing weight percent ACR. Preferential loss of ACR from the system,
which may be occurring on account of faster cure rates of HEMA, was not limited to the
polymerization step; the percent weight loss of the copolymers after extraction in
propanol increased with increasing weight percent ACR [Figure 16], while NMR analysis
over the 12 hour extraction period identified the predominant leachant as the surfactant
[Table]. The latter result also explains why larger zones of inhibition were seen around
copolymers of higher ACR weight percentages [Figure 14]; ACR was leaching to a
greater degree than HEMA. In order to determine the optimal extraction time, spectra of
the aliquots taken at time-points past 30 minutes need to be analyzed. The optimal time s

will correspond to a plateau in integration values for the leachants.
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a)
Figure 22: Appearance of two representative copolymers after synthesis: a) 60 wt%o

ACR copolymer with a thin film of unreacted starting material after 30 min of
irradiation with UV light, and b) 80 wt% ACR copolymer with surface wrinkling.

This loss of ACR was problematic on two counts: 1) it likely contributed to the
unchanging contact angles across the polymer series by facilitating the provision of a
consistent interface; and, 2) the bulk loss of starting material from the middle of the
copolymer disks produced coupons with slanted surfaces that produced variability in the
measurements of material characteristics. Large variation was also observed between
replicate measurements of samples in the biological studies, but this was due to artifacts
produced during coupon extraction from polymer disks. Copolymers with higher weight
percentages of HEMA for example had a tendency to crack and shatter when ‘punched’
so that at times the coupons obtained were not all of the same diameter. For all these
reasons, perfecting the acquisition of materials for future adhesion assays appears

paramount.
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24.2.1. High Optical Transparency of ACR-HEMA copolymers

Although the degree of light transmittance through potential biomaterials is not a
property that affects cellular adhesion, it is a desirable property for certain applications,
particularly in the ophthalmic industry, hence it was deemed necessary to quantify. All
copolymers with the exception of 60 wt% ACR, which was cloudy with a yellowish tint,
were highly transparent over the range of visible light wavelengths (400-750nm).** The
reason for this discolouration is not evident, while its observation in multiple batches of
synthesized copolymers, even from fresh stocks of reagents, seems to eliminate the
possibility of contaminants. Other differences between copolymers are a direct
consequence of artifacts produced during coupon extraction and the varying thicknesses
of coupons (~1-2 mm) even from the same copolymer disk due to loss of ACR after 12
hours of swelling in isopropanol. Punching coupons from the rigid poly-HEMA disk for
example, created surface cracks that are known to hinder light transmission'® hence its
transmittance of ~52%. Similarly, the friable nature of poly-ACR coupled with the
tendency of its surface to spontaneously buckle created surface irregularities that
impaired light transmittance despite the polymer appearing highly transparent when
observed qualitatively. Varying thickness of coupons was a concern, not only because it
comprised consistency within the experiment, but also because its affects the path length
of light through the material and consequently the overall transmittance.™° The interesting
increase of transmittance over ~400- 450 nm for all copolymers may simply be a function
of how the shorter wavelengths in this region interact with the material and its surface

111

artifacts (as is the case with Rayleigh scattering),”™ or, since the gradient of the slope
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during this increase varies between copolymer formulations, the increase may be a result
of the chemistry. It is important to note that the light transmittance of these copolymers
for its intrinsic interest, and not specifically to justify the use of these copolymers as
ophthalmic biomaterials such as lenses. Had the latter been the case, then light
transmittance for a hydrated set of coupons in saline would also have been measured,
along with the refractive indices of each formulation as suggested by the FDA.**? Though
values for the minimum light transmittance of lens materials could not be found,
conversations with others in this area of research suggest that > 80% light transmittance
for potential biomaterials is a good start when considering ophthalmic applications, and
that lens materials typically require an anti-reflective coating to increase their

transmittance past 92%.'

24.2.1. Increasing Water Uptake with Increasing ACR Content

Given the water uptake of ACR-HEMA copolymers as is evident from
Figure 9, the materials may be termed hydrogels (polymer networks capable of imbibing
large amounts of water while retaining their three-dimensional structure),* in which case
their swelling may be similarly described. When dehydrated, the close proximity of
polymer chains in hydrogels limits inward diffusion of molecules.**> Upon immersion in
water, however, the osmotic differential between spaces within the matrix and the
external environment induces water penetration of the polymer network,*® and as the
material swells, the chains separate to the extent permissible by the elastic retractile force

of the network, which is determined by crosslinkers in the system.™>° Since water

uptake for the copolymers increases between 60 and 75 wt% ACR, and is slightly higher
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during this range than the water uptake for poly-HEMA, ACR is clearly enhancing the
hydrogel-like behavior of these materials. This phenomenon may be attributed to both the
hydrophilic nature of the surfactant’s long PEO chains and the relatively larger initial
‘space’ they may create in the final dry product when compared with the shorter HEMA
monomers. The presence of ACR in the matrix may also allow for greater expansion upon
water uptake, since crosslinking of the ACR molecule would occur mainly at its acrylate-
end leaving the large PEO chains physically entangled but free to separate in response to
an appropriate pressure. However, ACR’s additive effect on water absorption appears
limited within a certain range seeing as poly-ACR, 60 and 80 wt% ACR copolymers have

very similar percent water uptakes.

As expected, poly-ACR absorbs less water than poly-HEMA (~12% less) due to
the presence of its hydrophobic head groups that would limit inward osmosis. Since
PDMS is generally regarded as a hydrophobic material, its 8% water uptake seems
strangely high, but may be attributed to contamination during synthesis; all 6 coupons
were extracted from one PDMS elastomer hence each would be affected by introduced

impurities.

Other interesting observations during the water uptake study include the increased
tackiness of hydrated copolymer coupons vs. dry ones and the formation of air bubbles on
the interfaces of copolymers immersed in water [Figure 11]. The term ‘tack’ refers to the
sticky feel of a material, which is not necessarily related to the adhesive strength of the
same.'! It is largely associated with the material’s viscoelasticity, since this property

allows enough material ‘flow’ for conformal surface contact to facilitate hydrophobic or
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van der Waals interactions, while ensuring the material retains enough cohesive strength
to resist bulk failure, 1819120121122 Eyplanation of a material’s tack therefore requires
some quantification of rheological properties, but since this data has not been collected
and was not the focus of this project, a satisfactory reason may not be given at this time. It
can, however, be assumed that hydration of these elastomeric copolymers alters the
surface chemistry (via rearrangement of surface groups) in a way that facilitates tack, and
that the decrease in adhesion observed after repeated stick and peels of the coupons from
the weighing boat is a result of the surface changes that occur during detachment of the
copolymer, such as particulate contamination.'?® The reason for the formation of bubbles

is also not well-understood.
2.4.2.1. Consistent Hardness and Wettability across Copolymer Series

As aforementioned, hardness is defined as a material’s resistance to indentation by
a static load, so the larger the resistance to deformation, the harder the material.*?* Since
the plastic deformation of the material is involved in hardness measurements, the
hardness test should be repeated only at different sites on the material surface to avoid
invalid results.*** Furthermore, the testing device must be clearly defined given the
multitude of measuring instruments available for hardness and the fact that it is not

considered a fundamental physical property**

For laboratory setting measurements of
hardness, the Shore Durometer device is most commonly employed on account of its
simplicity and portability. It is recognized that the hand-held nature of the device and its

use of springs to generate the indenting pressure makes the measurements neither highly

precise nor reproducible, however, the technique is still viable and more complicated
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analyses need only be performed when the material has well-defined application
parameters.'? This is not the case for the ACR-HEMA copolymers, so the Shore 00
durometer (the type of durometer used for soft materials and foams), was utilized. Surface
wettability is typically measured using one of several contact angle measurement
techniques, but the sessile drop (liquid on a solid surface) and captive bubble (a fluid
bubble introduced to a solid surface immersed in a liquid) are two favored types.*?® The
latter was used first for the ACR-HEMA copolymers given their tendency to swell in
water; it was thought that absorption of the droplet using the sessile technique may be
problematic and result in false identification of the materials as hydrophilic. However, the
variance seen within measurements for each copolymer type and the consequently large
error bars necessitated the use the sessile-drop technique, which was deemed more robust
since its set-up involved fewer steps (and therefore had less room for error) and the
measurements were obtained from digital photographs. Given that there was little
difference in contact angles obtained using the sessile drop goniometer at 0 and 3 minutes
[Figure 12] for dry copolymers (with the exception of poly-ACR), it seems that the
concern regarding droplet absorption was unnecessary. This may be because water
absorption occurs as a function of time; perhaps a greater difference from sessile drop
contact angles at 0 minutes may have been observed had measurements been obtained
after a longer time interval. This may be the case seeing as the percent water uptake for
all copolymers was calculated after their complete immersion in water for 30 minutes.
Regardless, it is the consistency in contact angles obtained via either method that has

greater import in the context of adhesion, since the project concerns analysis of the later
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in response to variance of the first. Since EDX analysis suggests equal dispersion of
silicon in the system and therefore possible surface saturation with ACR for each

copolymer type, the consistency in surface wettability is understandable.
24.2.2. Antibacterial Activity of ACR Monomers

Given the surfactant nature of ACR and the fact that surfactants are important

constituents of disinfectants,?’

the potential antimicrobial activity of these polymer
coupons was deemed interesting to discern prior to adhesion studies. An adaption of the
Kirby-Bauer test was utilized for this purpose. The assay, also known as the disk-
diffusion method is a simple, rapid and standardized in vitro technique used to ascertain
antimicrobial activity, and is approved by the Food and Drug Administration
(FDA).'129130 Modified versions of the test have also been used for testing the
antibacterial properties of polymers, where clear areas of interrupted bacterial growth
directly under the material serve as an indication of antibacterial properties.*** The test
typically involves growth of a known concentration of a bacteria strain on Mueller-Hinton
agar, and the measurement and comparison of the zones of inhibition (areas devoid of
bacterial growth) produced around circular disks of filter paper, which are placed on the
cultured lawn and impregnated with known concentrations of antibiotics.**> However, for
a quick qualitative comparison Luria-Bertani (LB) agar was selected since it is both a rich
generic media suitable for growing strains like Escherichia coli (E. coli) and is widely

available.*®®

Though the Kirby-Bauer technique did not indicate antibacterial activity of the

copolymers (no zones of inhibition were seen around or under extracted coupons), it
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clearly indicated: 1) the problem of leachants and the necessity of extraction prior to
biological experiments; and 2) the toxicity of both ACR and HEMA to E. coli in their
monomeric forms. The cytotoxicity of ACR was expected, since surfactants are known to
dissolve the phospholipid bilayers of bacterial cell membranes, which can no longer
regulate the movement of molecules into and out of the cell as a consequence. Many
mechanistic pathways for surfactant-induced solubilization of membranes have been

described to accommodate different types of surfactants and membranes, *3413%136.137.138

but generally the process has been reported to occur in three steps,139140141142143144,145.146
The first step involves integration of the surfactant into the bilayer, which continues until
a critical value is exceeded and mixed micelles containing both some surfactant and
membrane components disassociate from the rest of the layer. This detachment and
coexistence of surfactant-saturated membranes with micelles in solution constitutes stage
two. Though the cell membrane would still be intact at this point, its integrity has been
compromised, and cell lysis is typical by the third stage when complete dissolution of the
membrane into mixed micelles occurs. In the case of ACR, the trisiloxane head group
may be integrating with the hydrophobic core of the bilayer, resulting in eventual bond

disruption between adjacent phospholipids. The mechanism by which HEMA is cytotoxic

is not as clear, and despite its reported ability to induce apoptotic cell death in HeLa S3

147 148 150

cells,'’ peripheral blood mononuclear cells'*® and human®*® and mouse fibroblasts,
there appear to be no studies on the antibacterial activity of HEMA. It is postulated that
as with surfactants, methacrylate monomers can both integrate into membrane bilayers to

cause solubilization of the lipids found therein,*** and that the presence of a hydroxyl
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group in methacrylates enhances their cytotoxicity.™*’ Another study also attributes import
to the hydroxyl group and suggests that its dehydration in proximity to biomembranes
confers hydrophobicity to the molecule and thereby facilitates its integration into the
bilayer.'>? However, if the presence of a hydroxyl group on a hydrophilic molecule was
all that was required for disruption of bonds between phospholipids in membranes, then
almost any hydrophilic molecule could penetrate bilayers and this is not the case. Hence

the exact mode of action for HEMA’s cytotoxicity still requires elucidation.
2.4.2.1. E. coli Adhesion on Copolymers

Despite the relatively good (albeit consistent) data obtained from the adhesion
assay in its first run [Figure 17], the unfortunate lack of values for poly-HEMA and
PDMS necessitated a repeat of the assay for dry coupons, while a suggestion that water
uptake may correlate positively with bacterial adhesion at an NSERC 20-20 Ophthalmic
Network Meeting prompted the additional use of hydrated coupons in the assay.
However, the new data [Figure 18] appears to be so nonsensical that its utility is easily
questionable. For one thing, the minimal fluorescence seen for PDMS (141 RFUs, contact
angle 100.1°, Figure 12)in comparison to poly-HEMA (211 RFUs, contact angle 54.7°,
Figure 12) seems contrary to the literature, which routinely quotes hydrophobic surfaces

as facilitating bacterial adhesion (particularly that of E. coli, a gram-negative™

strain) to
a greater degree than hydrophilic ones.”*** Other concerns include the: 1) lack of
consistency, which was predicted by the consistent material characteristics; 2) the fact
that negative fluorescence is seen at random for both hydrated and non-hydrated coupons;

and, last but not least, 3) the large errors bars. These concerns and their potential causes
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will be discussed in more detail later. The inclusion of this data then serves the dual
purpose of emphasizing the clear difference between adhesion to poly-ACR and the
copolymers in both cases, and of illuminating the significance of quenching effects in

fluorescence-based assays.

At first, and based on the suggestion received at the network meeting, it was
thought that poly-ACR’s ability to imbibe water caused the observation of increased
adhesion. However, since all copolymers including poly-HEMA showed greater water
uptake than poly-ACR [Figure 9], this variable, though perhaps influential, is likely not
the sole determinant of our observation. Poly-ACR’s pliability, in comparison to other
copolymers and in accordance with the Shore hardness data, may be consequential
[Figure 8], but the difference between its hardness and that of the next lowest is a mere
6.83 durometer points that is made even less significant by the overlap of the error bars
for these two points. Similarly there is little difference between sessile drop contact
angles and surface roughness of dry poly-ACR and copolymer coupons. As it turns out,
the reason for increased adhesion may be due to greater surface roughness at the macro

scale for poly-ACR than other coupons as shown in Figure 23.
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Figure 23: Macroscale surface topography of a) poly-HEMA, 65 wt% and 80 wt%
ACR copolymer coupons (from left to right), and b) poly-ACR coupons. While all
other surfaces are flat and comparable, the surfaces of poly-ACR are not.

Whereas the large errors bars seen in data set 2 are a consequence of imperfect
polymers as discussed in section 2.4.2.1, the negative fluorescence and lack of
consistency as compared to the first set of results is possibly due to quenching and

autofluorescence.®

Qualitative adhesion studies using green fluorescent protein (GFP)
were conducted due to the accessibility of both IPTG and a GFP-producing E. coli strain,
as well as the advantageous nature of GFP as a fluorophore; its expression eliminates the
need for fixation of the organism or the addition of potentially deleterious chemical
substrates or cofactors for visualization, while the mechanism for its fluorescence appears
self-contained and does not pose a metabolic burden on its host.*® However, biological
fluorophores such as GFP do not typically exhibit the same photostability as that of
synthetic fluorescent dyes™’ and are therefore susceptible to quenching by other
molecules in solution such as oxygen**®, and their fluorescence can be obscured by high
background fluorescence caused by sample autofluorescence when using shorter

wavelengths of light (< 500 nm)."’ In the case of data set 2, the fluorescence of the

samples could not be measured immediately due to equipment inaccessibility, and the
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samples were left in darkness for 8 hours overnight. The quenching that may have
occurred coupled with the autofluorescence of the samples (since the excitation
wavelength of GFP is 395 nm (< 500 nm)) most likely resulted in the negative
fluorescence values observed. Hence for the interpretation of adhesion results, the data
presented in figure 1, imperfect as it may be without its controls, has been utilized.
Ordinarily, and particularly in light of the discussion for factors affecting cellular
adhesion, | would try to determine the optimal surface roughness, surface wettabiltity and
surface stiffness specific for the adhesion and proliferation of E. coli and interpret the
results of this study within that context. However, since there is absolutely no variation in
either surface properties or bacterial adhesion and given the quagmire of contention and
incompleteness in the literature, there may be little sense in such an attempt. Even if such
information was readily accessible, its applicability would be limited given the novelty of
these copolymers. Consequently, the only conclusions that can be drawn from this study
are that E. coli is adhering to these polymers and that the adhesion is consistent across the
series, both of which are justifiable since E. coli is a relatively hydrophobic strain that is

said to preferentially bind to relatively hydrophobic materials™®

, and since there is no
significant difference between the surface characteristics of the different copolymer types.
In order to explain this phenomenon, the relative fluorescence units (RFUs)

obtained from the adhesion studies on the copolymers were plotted against the sessile-

drop contact angles [Figure 19] and the percent water uptake for the set [Figure 20]. The

two graphs exhibited a slight positive and negative correlation respectively, but the low
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R? value of each (0.423 and 0.1138) prevents the use of either variable as a predictor for

E. coli adhesion to this set.
2.4.2.2. Potential Incompatibility of Copolymers and HCECs

Human corneal epithelial cells were selected for biocompatibility testing
with mammalian cells given their robust nature, accessibility and ability to propagate in
serum-free media. The rounded morphology of cells observed on all copolymer types is
atypical, whereas the elongated morphology of HCECs observed on PDMS and in the
culture flask is characteristic of adhesion and subsequent proliferation**® [Figure 21]. The
aberrant morphology coupled with the observation of HCECs free-floating in solution
instead of settling on the copolymer surfaces (with the exception of 60 wt% ACR)
suggests that the cells were dead. If the cells had been alive but considered the surface
undesirable for attachment, then adhesion and proliferation may have been observed
below the coupon on the bottom of the culture flask, but this was not the case. Still, a
live-dead stain such as that based on calcein and ethidium homodimers is needed to
validate a claim of cytotoxicity. If the materials are indeed cytotoxic, then it would be
interesting to determine the source of the toxicity, but given the absence of poly-ACR and
poly-HEMA in the assay, neither HEMA, nor ACR, nor the combination of the two can
be assigned blame and consequently a mechanism for cytoxicity cannot be hypothesized.
Similarly, the reason for some adherence of HCECs on 60 wt% ACR surfaces and not

others cannot be elucidated at present.
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2.5. Conclusions

Novel, optically clear copolymers of ACR-HEMA were created that exhibited
consistent surface hardness, roughness, wettability and therefore relative E. coli adhesion,
despite the systematic variance of ACR and HEMA in the matrix and contrary to our
hypothesized effect of the latter. As such it is impossible to determine the effect of
varying surface wettability on bacterial adhesion based on these materials in their current
state. Furthermore, qualitative biocompatibility testing with HCECs suggested potential
toxicity to mammalian cells since a round, non-adherent morphology was consistently
seen across the copolymer surfaces. The consistency of contact angles likely results from
a consistent interface despite changes in bulk composition due to inadequate participation
of the surfactant in the polymerization process; ACR was the main leachate during
copolymer extraction in propanol for 12 hours. Optimizing the polymerization process via
use of better photoinitiators, for example, may ensure ACR participation and will reduce
the large standard deviations seen for replicate measurements. In the interim, a novel set
of ACR-based polymers were created in which the HEMA had been substituted with

hydrophobic monomers with the hope of achieving varied surface wettability.
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3. Chapter 3: E. coli Adhesion on Polymers of ACR, BMA and MMA

3.1. Introduction
Butyl Methacrylate (BMA) and Methyl Methacrylate (MMA) [Figure 24] are
compounds of the methacrylate family used in the plastic manufacturing, printing,
cosmetic and biomedical industries.’®® Their uses in the latter comprise of medical
implants, dental prostheses and surgical bone cements among other things.'®**®* Although
methyl methacrylate is the more commercially important monomer, both have desirable
properties in their polymeric form, such as optical transparency, general

161

biocompatibility,'®* strength, general moisture resistance and particularly hardness.'*

O O

CHs H,C CHs
HG /\/\O ° -

a) CH, b) CHs

Figure 24: Chemical structures of a) Butyl Methacrylate (BMA) and b) Methyl
Methacrylate (MMA) monomers.

Their contribution of hardness and mechanical strength to polymer blends has
made the two useful additives to silicone materials, which have their own unique
properties [detailed in section 1.3]. Silicone-methacrylate hybrids have been used in lens
materials and pressure sensitive adhesives among other things due to their relatively
excellent antifouling and corrosion resistance, their ability for facile incorporation into
aqueous emulsions and their high tolerance to a range of chemicals and temperatures.*®?

In the context of project 2 for this thesis, it was hypothesized that controlled surface
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wettability of materials could be induced by replacing hydroxyethyl methacrylate (a
known hydrophillic monomer)* with butyl or methyl methacrylate (hydrophobic

monomers)®31¢4

when polymerizing with ACR, since this would make the remainder of
the polymer sufficiently different from the ACR that also contains a large hydrophilic
chain (poly (ethylene oxide) (PEO)). Furthermore, these strongly hydrophobic
components of the new materials could theoretically decrease their water uptake, a
property which may affect bacterial adhesion though no such correlation was evident for
the HEMA-ACR copolymers.

Polymerization of methacrylate monomers typically involves irradiation with
ultraviolet (UV) light, a process that can be accelerated with the addition of
photoinitiators,'®® since the latter produce the reactive species necessary to commence
radical chain polymerization.'® The photoinitiating system of choice for hard materials
comprised of methacrylates is that of camphorquinone (CQ) and 4-dimethylamino
benzoate, which are excited by visible blue light (420-500 nm).**®® Hence these reagents
were acquired and utilized in a synthesis protocol similar to that of the ACR-HEMA

copolymers, with the ultimate goal of varying surface wettability and examining bacterial

adhesion as a result for comparison to the materials used in Chapter 2.

3.2. Materials and Methods

3.2.1. Materials

Camphorquinone (CQ), hydroquinone monomethyl ether (MEHQ) inhibitor

remover, 4-dimethylamino benzoate (AH), methyl methacrylate (MMA), butyl
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methacrylate (BMA) and diethylene glycol diacrylate (DEGDA) were purchased from
Sigma Aldrich. The silmer ACR A008-UP (ACR) was a gift from the Siltech Corporation
and stored at -20 °C. Inhibitors were removed from the BMA and MMA were via passage
through a MEHQ-packed column and stored in amber bottles along with the DEGDA at 2
°C. All polymers were synthesized to have a final weight of ~2 g, 1 wt% CQ and 1 wt%
AH as radical co-photoiniators, 1 wt% DEGDA as the crosslinker and varying weight
percentages of ACR at 10 wt% intervals (from 0 to 100 wt%) while the remaining weight
of the polymer was divided equally between BMA and MMA.. The general synthesis is
exemplified with the procedure for the copolymer containing 60 wt% ACR, 20 wt%

MMA and 20 wt% BMA
3.2.2. Methods
3.2.2.1. Polymer Synthesis?

CQ (0.02 g, 1 wt %), AH (0.02 g, 1 wt %), inhibitor-free MMA (0.04 g, 20 wt %),
BMA (0.04 g, 20 wt %) and DEGDA (0.02 g, 1 wt %) were weighed into a 10 mL glass
test tube in that order. The mixture was stirred until homogenous and ACR (1.2 g, 60 wt
%) was added. The resulting solution was deoxygenated by purging the system with N,
(9) for 30 s and transferred into a Teflon-lined petri-dish before irradiation for 30 min
under a blue light source provided by Kerber Science (480 nm). The solid elastomer thus

formed was extracted in 40 mL of 2-propanol for 12 h then dried in a vacuum oven (50

1 Protocol created by Nicholas Luong as part of his MSc thesis.
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°C, 51 mm Hg). A 0.635 mm punching tool was used to obtain circular disks for

subsequent experiments.
3.2.2.2. Sessile-Drop Contact Angles and Water Uptake

The contact angle data was graciously provided by a colleague in the Brook lab,
Nicholas Luong. Briefly, a Ramé-Hart NRL C.A. goniometer and 0.02 mL of Milli-Q per
coupon surface was used to obtain contact angles for dry polymer disks (n = 3 for each
type). The drop profiles on coupons were photographed after 3 min using the Kriiss Drop
Shape Analysis software (v.10) and GIMP2 Image Analysis Software was subsequently
used to measure and average the contact angles on either side of the drop in each image.
Average static sessile- drop contact angles were plotted for comparison between
polymers. The average percent water uptake for 6 coupons of each polymer from the
ACR-MMA-BMA polymer series was obtained by measuring the weight of coupons

before and after immersion in dH>O for 30 min.
3.2.2.3. Escherichia coli Adhesion Study

A pre-synthesized, sterile LB agar plate (~12 mL of a mixture containing 10 g of
tryptone, 5 g of yeast extract, 10 g of NaCl, 15 g of agar and 1 L of distilled water) and
100 pL of pre-made working solution of E. coli as described earlier [Section 2.2.4] were
incubated in preparation for the adhesion assay. Since the protocol for the assay has been
detailed in full in section 2.2.6, only a short summary has been provided here. Multiple
colonies (3-4) from the plate were aseptically transferred into 200 mL of broth, which

was subsequently incubated. E. coli growth in the solution was monitored via
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measurement of the ODgoo 0f 1 mL aliquots obtained every 30 min. Once the ODggo had
reached 0.7, 0.5-1 mM, IPTG was added to the vial before an additional 5-6 h of
incubation. The E. coli was subsequently filtered into 100 mL of PBS that was
supplemented with 2% w/v nutrient broth. Four coupons from each polymer type were
incubated with 400 pL each of the solution for 12 h, after which they were rinsed thrice
with autoclaved PBS and placed in a fresh 48- well polystyrene, flat-bottom plate. A
Gemini XPS microplate reader was used to obtain GFP fluorescence readings (excitation
and emission wavelengths of 395 nm and 509 nm respectively). The average fluorescence
readings were plotted for comparison, and then plotted against the contact angles for each
polymer to determine the correlation (if any) between surface wettability and E. coli

adhesion.

3.3. Results

3.3.1. Varying Contact Angles and Increasing Water Uptake across Series

The Kriss Drop Shape Analysis software (v.10), loaded on a Rame” Hart NRL
C.A. goniometer (Mountain Lakes, NJ), was used to photograph the sessile- drop profiles
of Milli-Q water introduced to 6 disks of each polymer type. GIMP2 Image Analysis
Software was used to measure the average angle for each image, and the average contact

angle data for each polymer was plotted against the weight percent ACR in Figure 25.
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Figure 25: Contact angles obtained for the different ACR-MMA-BMA polymers.

Polymers with lower and higher weight percent ACR (<20 wt% and >80 wt%)

appeared to be moderately hydrophillic with contact angles in the range of ~67°- 77°,

Between 20 and 80 wt% ACR polymers however, the contact angles dipped (suggesting

increasing surface wettability) to a low of 27.6°- 42.9° for the ACR-MMA and ACR-

MMA-BMA series respectively.

The water uptake study, however, yielded a relatively straightforward positive

correlation between increasing weight percent ACR and the percent water uptake for the

ACR-MMA-BMA series [Figure 26]. The highest uptake (18.2%) was seen for poly-ACR

while no uptake was observed for the MMA-BMA polymer coupons. Poly-BMA and

Poly-MMA values had the second and third lowest uptake values (0.5% and 2.4%)

respectively. A much larger uptake difference was observed between the 80 wt% ACR
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and 100 wt% ACR than between other wt% ACR polymers (11.9% vs. 2.6% between 60

wt% ACR and 80 wt% ACR).
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Figure 26: Percent water uptake of the polymers in the ACR-MMA-BMA series.

3.3.1. Increasing E. coli Adhesion with Increasing Weight Percent ACR

Bacterial adhesion measurements were conducted in a similar manner to those
specified for the ACR-HEMA copolymers. Coupons (n = 4) for each leachate-free
polymer in the three series were incubated for 12 hours at 37 °C with 400 pL each of PBS
inoculated with IPTG-induced E. coli and supplemented with 2% w/v nutrient broth. The
coupons were then rinsed thrice with PBS, placed in a 48-well plate, and GFP
fluorescence from the surfaces was measured using a microplate reader (Gemini XPS).
The readings, taken at an excitation and emission wavelength of 395 and 509 nm

respectively, were plotted both individually [Figure 27] and against contact angles
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[Figure 28] for the purposes of comparison.
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Figure 27: Average (n = 4) relative GFP fluorescence readings from IPTG-induced
Escherichia coli adhered to polymer surfaces for the ACR-BMA, ACR-MMA and
ACR-MMA-BMA series.

Higher RFUs were seen for higher weight percentages of ACR in each polymer
series. The greatest value was observed for 90 wt% ACR in the ACR-MMA material
(11,777.75 RFUs), which, based on the error bars, was significantly higher than those
following it (8179.5 and 7823 RFUs for 90 wt% ACR polymers of the ACR-BMA and
ACR-BMA-MMA series accordingly). The 20 wt% ACR polymers for the ACR-BMA
and ACR-MMA group showed the lowest RFUs (388.75 and 3,859 RFUSs), which were

also significantly different from the ACR-BMA-MMA polymer of the same ACR weight
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percent. For the rest of the ACR weight percentages, fluorescence readings appeared to be

no different among the three series on account of the overlapping errors bars.
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Figure 28: Average (n = 4) GFP fluorescence readings vs. the average (n = 3) sessile-
drop contact angles for the ACR-MMA, ACR-BMA and ACR-MMA-BMA polymer

series.

According to Figure 28, there was no simple correlation between the RFUs for

each polymer and series with its contact angles. Both high and low RFUs were observed

at contact angles around 67°- 77°.

3.4. Discussion

As hypothesized, and unlike the ACR-HEMA copolymers, a variation in surface

wettability for the ACR-BMA/-MMA/-BMA-MMA polymers was observed. Although

the relationship between increasing ACR content and contact angles was non-linear, the
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repetition of the trend in all three polymer series suggests the changes were a
consequence of the changing ACR content and to a lesser degree the hydrophobic
constituent(s) of the polymers. A possible explanation for observing contact angles of
67°- 77° at high and low weight percentages of ACR and angles of 27.6°- 42.9° at 60

wt% ACR is outlined in Figure 29.

S S N

Exposure to

N T

Exposure to

< Trisiloxane
_— <-PEO chain

C | Exposure to | |« Polvmer

Figure 29: Proposed mechanistic explanation for low contact angles (27.6°- 42.9°)
observed only at moderate weight percentages of ACR (20 < x < 80 wt% ACR ) with
a) representing low wt %, b) moderate wt %, and c) high wt% ACR content.

Trisiloxane based surfactants, such as ACR, have a propensity for migration to the
air-polymer interface.* It is hypothesized that upon hydration, the flexible and exposed
parts of the PEO chains®” in the surfactant rotate to minimize contact between water and
the hydrophobic head groups [Figure 29.a]. If this is the case, it follows then that between
certain weight percentages of ACR in the polymer, there are enough soluble PEO
chains®® reorienting at the surface [Figure 29.b] to confer hydrophilicity to the material,
and thereby facilitate the spreading of water that results in the decreased contact angles

seen in Figure 25. At higher weight percentages of ACR (~ > 80 wt%) steric hindrance
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from the close packing of PEO chains and trisiloxane heads may be preventing rotation of
the surfactant molecule [Figure 29.c], which would present a hydrophobic layer to water
and translate to high contact angles 67°- 77° for the polymer surfaces. It is important to
note that a material’s surface wettability can be decreased without chemical modification
of the surface; an increase in surface roughness would also yield high contact angles.'®
Although this parameter was not quantitatively measured for these polymers, qualitative
observation suggested highly smooth surfaces for all polymers in each of the three series.
Hence, the dependence of varying surface wettability on ACR content for this set may be

safely assumed.

Similarly the weight percent of ACR is highly influential on the water uptake,
which increases with increasing ACR content of the polymers [Figure 26]. As was the
case with the ACR-HEMA copolymers, the ‘bulky’ PEO of the ACR segments may be
creating greater space in the matrix for water absorption than the smaller BMA and MMA
polymers, while facilitating inwards osmosis due to their hydrophilic nature. The minimal
water uptake seen by poly-MMA and poly-BMA emphasizes the necessity of a
hydrophilic constituent in materials that imbibe water,'®® even though hydrogels
containing a significant amount of hydrophobic polymers are possible.™® Hence, the
positive correlation between weight percent of ACR and swelling in the ACR-MMA-

BMA polymers is unsurprising.

The increasing E. coli adhesion observed with increasing weight percent ACR,
however, was a surprise, given the previously described antibacterial activity of the ACR

monomer [2.4.2.2]. The trend clearly does not correlate with surface wettability [Figure
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28] and increasing ACR content in these terpolymers increases their pliability, which
should decrease adhesion as suggested by the literature [2.4.1.2]. It seems then that the
adhesion results may be connected with the percent water uptake, since it mimics the
fluorescence trend for the ACR-MMA-BMA series [Figure 26]. Whether or not this is a
statistically significant correlation needs to be determined since the water uptake data for
the ACR-BMA and ACR-MMA series needs to be acquired. Equally, the reason for
occasional adhesion differences between copolymers of the three series requires further

gxamination.

3.5. Conclusions

The evidently changing contact angles for the ACR-BMA, ACR-MMA and ACR-
MMA-BMA polymers and the proposed mechanistic explanation validate the prerequisite
hypothesis of chapter 2; namely that the tendency of trisiloxanes to occur at the
interface® and their systematic variance therein can produce controlled wettability of the
surface, provided of course, that the polymerization reaction is optimized to ensure ACR
participation. Although the wettability for these polymers did not correlate with adhesion
of E. coli, increasing the system’s ACR content did increase water uptake, a trend that
was similar to that of adhesion against increasing weight percent ACR. Such an
observation has implications for antifouling surfaces, which may be improved if made

from materials that do not imbibe water.
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4. CONCLUSION

Bacterial biofilms are problematic for a number of reasons in multiple industries,
but particularly in the biomedical context where their formation on implanted
biomaterials can result in device failure with significant economic implications.™** As
such the development of biofilm-mitigating surfaces has received significant attention,
and there is a growing understanding that a combination of strategies may produce the

most efficacious antibacterial material.

To this end, novel types of polymers were synthesized using an acrylate-modified
silicone surfactant (ACR) and either a hydrophilic component (HEMA) or hydrophobic
monomers (BMA, MMA or BMA and MMA) in the hope of studying bacterial adhesion
as a function of surface wettability, since knowing the relationship between these two
variables could direct the synthesis of eventual antifouling surfaces. The first set of ACR-
HEMA copolymers was highly transparent within the range of visible light wavelengths,
but had consistent hardness, roughness, wettability and consequently E. coli adhesion
despite changes in the bulk composition of the materials. Hence, it was impossible to
discern the effect of varying surface wettability on bacterial adhesion as initially
hypothesized. The lack of variance in contact angles was likely due to 1) an imperfect
polymerization process evidenced by the significant loss of ACR after propanol-based
extraction, and 2) the homogenous dispersion in the system of the remaining ACR, both
of which resulted in a consistent interface. This problem may be circumvented by using a
better photoinitiating system to ensure adequate participation of ACR in the polymer

matrix.
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Although initial adhesion of bacteria is a prerequisite to biofilm formation, and E.
coli clearly adhered to the copolymers, the anti-bacterial activity of ACR and HEMA
monomers apparent in the Kirby-Bauer test was promising and necessitates the use of a
live-dead stain to ascertain the percentage of adhered E. coli cells that are live versus dead
on the copolymer surfaces. Calculating such percentages would require a quantification of
adhered versus non-adhered cells, and so the immediate next steps involve the plotting of
a standard growth curve, where the optical density of serial dilutions from a known
concentration of E. coli solution are measured and correlated with colony counts from
plating each dilution. The subsequent comparison of quantitative data with known
antibacterial materials may also be of value when qualifying the overall efficacy of the

ACR-HEMA copolymers as candidates for antifouling surfaces.

Unlike the first set, varying the weight percent of ACR in the ACR-MMA-BMA,
ACR-MMA and ACR-BMA polymer series allowed controlled surface wettability that
did not correlate with E. coli attachment to the same. It did, however, have a positive
association with both water uptake and relative adhesion suggesting a correlation between
the two. Validation of this hypothesis would require measurement of percent water uptake
for each of the ACR-BMA and ACR-MMA copolymer sets, and the subsequent plotting
of the data against their observed relative GFP fluorescence with accompanying statistical
analysis. This work in conjunction with the potential link between bacterial adhesion and
percent water uptake of ACR-BMA/-MMA/-BMA-MMA materials, as well as the

potential antimicrobial activity of ACR-HEMA copolymers (pending the use of a live-
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dead stain) , may provide a way to increase the efficacy of antifouling materials, not

limited to the biomedical industry.
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