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ABSTRACT

Biofouling is an ongoing problem in the development and usage of biomaterials for
biomedical implants, microfluidic devices, and water-based sensors. Antifouling coatings
involving surface modification of biomaterials is widely utilized to reduce unwanted protein
adsorption and cell adhesion. Surface modification strategies, however, are reliant on the
working material’s chemical properties. Thus, published procedures are often not applicable to a
wide range of material classes. This constitutes a serious limitation in using surface modification
on assembled multi-material devices, i.e on whole device modification. The objective of this
research is to develop an antifouling coating with non-aggressive reaction conditions that can
universally modify polymers and other material classes. Two strategies using polydopamine
(PDA) as an anchor for polyethylene glycol (PEG) surface attachment were investigated: (1)
PDA-PEG backfilled with bovine serum albumin (BSA), and (2) PDA-PEG with light activated
perfluorophenyl azide (PFPA) conjugated to the PEG. Three materials varying in surface
wettability were studied to evaluate the coatings for multi-material applications: porous

polycarbonate membrane (PC), polydimethyl siloxane (PDMS), and soda lime glass cover slips.

Atomic force microscopy (AFM) and ellipsometry studies revealed substantial structural
differences of PDA. Differences in PDA surface roughness affected PEG grafting in solution (the
first method), with higher PEG coverage achieved on PC with intermediate surface roughness to
PDMS and glass. Radiolabeled Fg adsorption and E. coli adhesion experiments showed reduced
fouling on all PDA-PEG modified materials when backfilled with BSA. The ability for BSA to
penetrate the PEG layer indicated that low PEG grafting densities were achieved using this

grafting-to approach. The use of a photoactive labeling agent, PFPA, to tether PEG was proposed
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to improve PEG grafting on PDA. The PFPA-PEG modification protocol was optimized by
quantifying Fg adsorption. Two treatments of PFPA-PEG were required to fully block PDA
active sites. Fg adsorption was not significantly improved on PFPA-PEG modified PC and glass
when backfilled with BSA, indicating sufficient PEG coverage of PDA. High Fg adsorption on
PFPA-PEG surfaces indicate that high density PEG brushes were still not achieved with this
method. PDMS surfaces were damaged with this procedure due to increased surface handling in
the protocol. This is the first, to our knowledge, successful demonstration of PFPA modification
on PDA surfaces. Photopatterning of polymer-based materials can be achieved, providing
opportunities for utilising new materials in cell patterned platforms. Due to low PEG coverage
on PDA surfaces from solution and using PFPA, ultra-low protein adsorption cannot be achieved
using these aqueous-based methods. Antifouling modifications using PDA and PEG should be

applied for short-term cell studies.
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1. INTRODUCTION AND OBJECTIVES

Preventing unwanted protein adsorption on biomedical devices is important to improve
biocompatibility, reduce biofouling, and control cell adhesion. As new materials are developed
for biomedical applications, antifouling strategies applicable to the new materials are constantly
being investigated. Some antifouling strategies include mechanical cleaning, antifouling paints,
chemical sprays, and surface modification [1]. Surface modification is the preferred method for
creating long-lasting, non-toxic coatings on biomaterials by changing the materials’ surface
chemistry for desired applications. Surface modification methods are customizable, allowing
opportunities for the user to enhance their biomaterials’ properties for creating biofunctional

surfaces [2], antibacterial surfaces [3], biosensing [4], and cell-based assays [5].

Polymer-based materials are of great interest for their structural versatility and low cost
in the development of multi-functional microfluidic assay platforms, implants, and biosensing
[6]. Surface modification is needed to enhance these materials’ biocompatibility and surface
properties by reducing biofouling. A major challenge in modifying polymers is that they are
highly sensitive to organic solvents and harsh reaction conditions, which are required in many
surface modification protocols. Structural damage, degradation, and swelling are an issue when

chemically treating polymers.

In addition, biomedical devices are often composed of multiple classes of materials to
enhance their functionality. Surface modification of materials is dependent on the substrates’
initial surface chemistry and tolerance of harsh reaction conditions. Thus, antifouling protocols
need to be chosen while considering the chemical compatibility of the substrate and,

consequently, a method that works on one type of material may not be suitable for others. This
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may limit the utility of a successful antifouling strategy to individual materials and prevents
modification of pre-assembled multi-material devices. The cost to modify individual materials is
high as processes, equipment, and the reagents needed may vary. Furthermore, some integrated
devices cannot be modified in pieces due to the possible destruction of the coating during
moulding, manufacturing, machining, and assembly. Therefore, a single antifouling method

suitable for multi-material, whole device modification is highly desirable [5,7].

Dopamine has received a lot of attention in biomaterials research over the last decade due
to its ability to polymerize and adhere strongly on virtually all types of materials under mild
reaction conditions [8,9]. Materials that have been modified with dopamine include metals,
oxides, ceramics, semiconductors, and polymers [7,8,10]. In addition, dopamine is water soluble,
stable in aqueous and mild redox environments, and post-modifiable by bonding to free amine or
thiol groups in bioactive molecules [8]. This makes dopamine an attractive reagent for post-
modification of a wide variety of materials. For example, aqueous-based antifouling coatings
using amine-terminated polyethylene glycol (PEG) bonded to the surface via polydopamine
(PDA) have been widely reported in the literature [7,11-14]. The use of PDA for surface
modification is favorable since it can be applied to virtually any material and the reaction
conditions are mild. However, due to the ability of PDA to bond to free amino groups, PDA
coated surfaces generally show enhanced protein adsorption and cell adhesion [15]. Indeed, cell
viability has been reported to increase by as much as 50% on PDA coated polyethylene
membranes [16]. When PEG grafting is conducted from solution using pre-formed PEG chains
(i.e. grafting-to method), the packing density of PEG is limited by the excluded volume effect
[2,13], leading to areas of exposed PDA available for protein binding and cell adhesion.

Therefore although useful as an aqueous-based anchor for the attachment of anti-fouling
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molecules (proteins, polymers), PDA is essentially a “double edged sword” due to its tendency to
adsorb proteins which may enhance fouling. For example, Miller et al. [12] reported that PDA-
PEG coated polysulfone ultrafiltration membranes (PSF) did not resist bacteria fouling after just

three to four days in a continuous biofouling environment.

The goal of this thesis is to improve the antifouling properties of PDA-PEG coated
surfaces using two approaches: (1) using bovine serum albumin (BSA) to block protein
adsorption to exposed PDA (i.e. PDA not “covered” by PEG), and (2) improving the attachment
of PEG to PDA using a light-activated PEG derivative. The research described in this thesis
demonstrates for the first time (to our knowledge) the successful use of a protein to “backfill” a
PEG-modified surface. We also demonstrate for the first time the stable attachment of light
activated perfluorophenyl azide (PFPA) derivatives on PDA coated materials. Furthermore, these
antifouling coatings were applied to three materials (polycarbonate (PC), polydimethyl siloxane

(PDMS), and glass) to demonstrate the coatings’ applicability to multi-material medical devices.
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2. LITERATURE REVIEW

2.1 The Biofouling Problem

2.1.1 Marine Biofouling

Biofouling is described as the unwanted accumulation of proteins, cells, and fouling
organisms on wetted surfaces [1,17]. Marine biofouling is a phenomenon that costs millions of
dollars in damage and maintenance of oceanic equipment, as well as environmental damage due
to the introduction of invasive species and increased fossil fuel consumption by ships due to
hydro-dynamic drag [1]. The process of marine biofouling is shown schematically in Figure 1.
Biofouling begins with the early adsorption of proteins on a submerged surface in protein-
containing media. The adsorbed proteins facilitate the attachment of bacteria and other cells and
development of a biofilm. The biofilm is rich in sessile microorganisms and an extracellular
polysaccharide (EPS) matrix which attracts fouling organisms, leading to the growth of a fouling
community on the surface [1,18]. These fouling organisms can exist on the underlying surface
indefinitely if undisturbed, causing bio-corrosion and permanent damage to the structure

beneath.
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Figure 1. Schematic of the biofouling process in marine environments. (Figure from [1]).

2.1.2 Biofouling of Water Quality Monitoring Devices

Biofouling has had a huge impact on the operation of long-term water quality monitoring.
Water quality assessment is vital for natural water preservation and to eliminate the risk of
water-related diseases. Failure to detect water contaminants in a timely manner may delay
remedial action and prolong public exposure to severe health risks. With the advancement of
technologies for long-range communication, network capabilities, and improved sensor
technologies, water monitoring is now possible via continuous uninterrupted logging of data
pertaining to chemical and biological quality [19]. New monitoring devices are composed of
multiple sensors to collect spatially and temporally varying information on water pH, turbidity,
conductivity, temperature, dissolved oxygen, and nitrate and phosphate concentration [20].
Wireless technologies allow real-time continuous gathering of water quality data, revealing
trends that cannot be seen by spot sampling [19]. Furthermore, wireless systems facilitate
information collection from multiple sites remotely, allowing sampling over larger areas for

longer periods of time and contributing to reduced monitoring costs [19,21].
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Biofouling continues to limit the implementation of these long-term monitoring systems
by impairing sensor accuracy and longevity by physical, chemical, and optical obstruction of
sensor technology [19,22,23]. In a study by Kerr et al. [23], the effects of biofouling on a
fluorometer and transmissometer used for measuring chlorophyll-o. concentration and water
clarity, respectively, were studied in a natural seawater environment. Chlorophyll-a has the same
absorption window (~670 nm) as photosynthetic bacteria. The performance of these sensors
began to deteriorate after 200 and 150 hours, with limiting fouling being reached after 11
(fluorometer) and 9 (transmissometer) days of continuous monitoring. The adhesion of bacteria
cells and other photosynthetic organisms led to the failure of these optics-based sensors primarily
by loss of light via scattering and absorption. Limits may be different in different bodies of water
or during different seasons as the fouling rate is dependent on the water conditions at any given
time. The concentration of bacteria is crucial. The critical fouling limit of both sensors was
reached once a bacteria population above 10° cells/mm? had accumulated on the optical window.
Of interest, the authors reported that the optical windows of these sensors consisted of a type of
acrylic (unspecified by manufacturer) and glass, suggesting the critical importance of optical

sensor functionality at this bacteria concentration [23].

Sensors are externally composed of multi-materials such as glass, acrylic polymers,
stainless steel, and titanium. Cleaning is conducted either manually or chemically. Manual
cleaning and recalibration needs to be conducted frequently on continuous monitoring systems to
ensure that the information collected remains representative of the conditions [19,22]. The use of
harsh chemical disinfectants such as chlorine and base to prevent biofilm formation in marine
applications is typical, but not ideal as a long term solution due to high environmental pollution

[24].
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2.1.3 Biofouling in Biomedical Applications

Although biofouling is mostly recognized in the context of marine fouling, controlling
protein adsorption and cell adhesion is equally important for preserving the functionality and
longevity of biomedical devices. Adsorption of proteins on implant materials (e.g. from blood
and tissue) is rapid and ubiquitous, and may cause protein denaturation, leading to foreign body
reactions that lower the success of implant acceptance by the host [25]. In addition, blood
coagulation and thrombosis around blood-contacting materials may occur due to protein
adsorption and platelet adhesion, resulting in the need to remove and replace the implanted
device [6]. Other consequences of implant failure are unwanted immunogenic responses such as

infections and inflammation in the surrounding tissue [25].
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Figure 2. The pathway for blood coagulation. Damaged endothelial cells release a network of
collagen and von Willebrand factors (VWF) that attract the initial, weak adhesion of platelets.
The release of tissue factors initiates conformational changes to platelet cells and activates
thrombin to cleave fibrinogen and form fibrin. Fibrins cross-link to stabilise platelet cells,
forming a blood clot. (Figure from [26]).
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Promoting favorable protein-material interactions is also important in the development of
bioanalytical assays. Production of cytocompatible surfaces through the adsorption of cell
adherent proteins is necessary to promote cell proliferation, differentiation, and enhance cell
morphology for cell-related studies [27-29], tissue engineering [30-32], and cell-based
biosensors [33-36]. Controlling cell adhesion, such as with patterned surfaces, offers distinct
advantages by allowing mimicry of in vivo cellular environments and allowing single cell

analysis for more detailed studies of cellular interactions [27].

2.2 Protein Adsorption

Inhibiting the first stage of biofouling — protein adsorption — is crucial in preventing the
progression of the biofouling cascade. The presence of cell adhesive proteins on surfaces is
necessary to assist cell adhesion, spreading, normal morphology and cell-to-cell communication
[15,37]. These functions are required for normal cellular activity, membrane transport, and cell
proliferation [15,37]. Thus, protein resistant surfaces often show impaired cell adhesion and

growth [38,39].

2.2.1 Electrostatic Attraction

Since all proteins are surface active, protein adsorption in biofluids is ubiquitous and
generally non-specific. The extent of adsorption is dependent on the material’s surface properties
such as charge. Proteins tend to adhere to charged surfaces via electrostatic interactions between
charged amino acid residues and charges of opposite polarity in the substrate surface. By the
same token when the protein and substrate charges are of matching polarity adsorption is
inhibited. Solution conditions such as pH and ionic strength also play an important role in

8
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adsorption. For example, when the solution pH matches the isoelectric point (pl) of the protein,
i.e. when the net charge on the protein is zero, higher protein packing densities are possible due
to reduced electrostatic protein-protein repulsion [17] and to the minimum in conformational
change (maximal internal coherence) at zero net charge [40]. In addition, environments with high
concentrations of dissolved ions (ionic strength) can facilitate protein adsorption on like-charged

substrates [17].
2.2.2 Protein Orientation on Solid Surfaces

In early adsorption, the orientation of proteins adsorbed to a surface can occur via end-on
and side-on configurations. The protein orientation is dependent on adsorption time and the
position of the proteins as they approach the surface [41,42]. End-on adsorption leads to higher
protein quantities on the surface. For example, a tight monolayer of fibrinogen (Fg) (5.0 x 5.0 x
47 nm) in the end-on configuration has estimated adsorption of 1.57-2.26 pg/cm?, and the side-
on configuration has estimated adsorption of 0.21-0.24 pg/cm? [42,43]. For smaller bovine
serum albumin (BSA) (4.0 x 4.0 x 14 nm) proteins, tight end-on packing would yield estimated
adsorptions of 0.72 pg/cm? while side-on adsorption would be 0.21 pg/cm? [42]. Surface
wettability has been shown to have negligible influence on the rate of protein adsorption and
protein orientation in early adsorption, since initial adsorption occurs non-specifically upon
surface contact [42]. Proteins are generally held weakly at the surface in early adsorption,

allowing desorption [41] or protein exchange to occur [44].

With longer adsorption times, proteins are able to spread or re-orientate themselves to
establish more favorable protein-surface interactions. Protein spreading is influenced by

substrate wettability, with greater protein spreading on hydrophobic surfaces due to the
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hydrophobic dehydration effect [17,40,45]. The hydrophobic surface causes protein denaturation
and non-polar functional groups of the adsorbed proteins to dehydrate [40,45]. Water is released,
creating a large increase in entropy [40,45] and thereby making protein adsorption on
hydrophobic surfaces more entropically favorable. Protein spreading promotes stronger binding
to the hydrophobic surfaces as there are more interactions between protein residues and the
surface, contributing to the irreversibly bound protein state [40,46]. Therefore, proteins generally
have higher affinity to hydrophobic surfaces than hydrophilic ones. Protein spreading has been
found to increase with time, and level off after 2 h [42]. Late adsorption on hydrophilic surfaces
causes proteins to re-orientate from end-on to side-on configurations rather than spread since it is
not favorable to increase surface contact with hydrophilic residues at the expense of internal

hydrophobic interactions [41].

2.2.3 Mixed Protein Adsorption

In mixed protein solutions, there may be greater surface affinity for one protein over
another. Smaller proteins diffuse to the surface faster, pre-occupying the surface early in the
process [17,46]. However, larger proteins adsorb more strongly due to their size and the large
number of sites available for protein-surface interaction [17,46]. Thus, larger incoming proteins
of higher affinity can displace initially adsorbed proteins of lower affinity. This exchange is
referred to as the Vroman effect in recognition of L. Vroman’s contribution [44]. The tendency
for protein exchange to occur is dependent on the affinity of the early adsorbers, as well as how
long they had to inhabit the surface. As discussed previously, the longer a protein is resident on
the surface, the more likely it is to “relax” and undergo conformational changes to increase their

molecular footprint such that exchange can no longer occur [46]. BSA that has been pre-
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adsorbed to a surface and allowed to spread has been shown to slow the rate of adsorption of

larger Fg proteins [42].

2.3 Antifouling Strategies

It is apparent that inhibiting protein adsorption and cell adhesion is important for many
applications involving biomaterials. Both environmental and substrate effects have a strong
influence on protein adsorption, but it is neither necessarily useful nor appropriate to change the
material’s environment to inhibit protein adsorption. Indeed control of solution effects may not
be possible at all, such as in the case of contact with blood or a natural water environment. Thus
efforts to control, and in particular to inhibit, adsorption has been focused on modification of the

surface itself.

Many strategies for reducing biofouling have been reported. Kirschner and Brennan [1]
described three major categories of bio-inspired antifouling strategies involving material surface
modification. Physical strategies involve creating surface textures and topographies that deter
colonization by fouling organisms. Stimuli-responsive coatings disrupt fouling species in
response to an external stimulus such as temperature or pH. Nevertheless, manipulation of
material surface chemistry to mimic natural antifouling mechanisms is by far the most common

and most successful approach to antifouling surfaces [1].

2.3.1 Hydrophilic Polymers

Surface grafting of hydrophilic polymers is one of the most widely practiced antifouling

strategies due to its relative simplicity, versatility, and customizability to many types of
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materials. Since protein adsorption occurs preferentially on hydrophobic materials, increasing the
substrate water wettability has been found to be effective in reducing non-specific protein
adsorption [47]. Hydrophilic polymers used for grafting generally consist of chains of varying
length, with a functional group at one end for attachment to the surface, and a distal end group
that may be used to immobilize bioactive molecules to promote specific interactions [2,5].
Examples include polyethylene glycol/polyethylene oxide (PEG/PEO), polyvinylpyrrolidone
(PVP), polyhydroxyethylmethacrylate (PHEMA), poly(2-(dimethylamino)ethylmethacrylate)
(PDMAEMA), poly(N-isopropylacrylamide) (PNIPAM), and more [5]. The two main properties
of the grafted surface that influence resistance to protein adsorption are polymer chain length and
polymer chain density on the surface. In the case of PEG in antifouling surfaces, chain density
has been shown to be more important [48-50], although some studies also report strong

differences in antifouling capabilities of PEGs of varying molecular weight [24].

The architecture of the polymer dictates the material’s behaviour with respect to fouling.
Hydrophilic polymers with a simple end group (e.g. hydroxyl) are primarily designed for protein
and cell resistance. Biopolymers are available that are cell destructive, trigger-responsive, and
that promote specific protein adsorption and cellular responses depending on the bioactivity of
the biopolymer [6,25]. Major applications for biofunctional polymer brushes are in the areas of

biomedicine, biosensors, bioanalytical assays, enzyme reactors, food packaging, and textiles [6].

2.3.2 Grafting Hydrophilic Polymers

The mechanism of protein resistance of grafted hydrophilic polymers is highly dependent
on the grafting density and the chain configuration on the surface. Measuring the grafting density

is crucial for determining the efficacy of the modification reaction and for predicting the degree
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of protein resistance to be expected. Polymer brushes, i.e. structures in which the polymer chains
are extended, are structures of high chain density and, in the case of hydrophilic polymers such
as PEG, high water content [38,51,52]. This hydrophilic brush is associated with an “osmotic
barrier” that leads to a decrease in entropy as protein molecules approach, thereby inhibiting
protein adsorption [6,13,52]. At lower grafting densities, polymer chain configurations are closer
to a “mushroom” regime and resist protein adsorption primarily by lacking ionic interactions and
blocking attractive van der Waals forces on the underlying substrate [52]. Interfacial water
barriers can be formed in the mushroom configuration [48], although they may not be as
effective as in the brush conformation. Very low grafting densities are arguably non-functional
as protein resistant surfaces due to the proteins’ ability to penetrate the sparsely distributed
polymer chains [52]. Generally, surfaces with higher polymer grafting densities resist protein
adsorption to a greater extent, with the brush conformation ideal for highly protein and cell

resistant surfaces.

There are three major approaches to attaching hydrophilic polymers to a surface: (1)
physisorption, (2) “grafting-to” and (3) “grafting-from” [5,52]. Physisorption of diblock
copolymers was one of the earlier methods that are now rarely used due to the instability of the
adsorbed polymers in different solvents, and their easy displacement by other adsorbents [52].
Chemisorption methods such as grafting-to and grafting-from offer greater stability by
covalently bonding the polymer chains to the surface. In grafting-to, pre-formed chain-end
functionalized polymers are attached to the surface via reaction with complementary functional
groups under appropriate conditions [52]. The grafting density in “grafting to” is sterically

limited by previously attached chains (excluded volume effect) and the availability of reactive
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groups on the surface [13,52]. This reduces the achievable polymer density on the surface,

making this approach less than ideal for creating highly protein resistant surfaces.

The grafting-from approach is more laborious and involves the in situ polymerization of a
suitable monomer from an initiator on the surface. The chain length and density can be
controlled by adjusting the polymerization conditions (time, monomer concentration) and the
initiator density respectively [5]. Higher grafting densities can be achieved by the grafting-from
approach due to the reduced excluded volume effect, allowing the formation of true polymer
brush surfaces [13,52]. This makes the grafting-from approach much more attractive for creating
highly protein resistant surfaces and has led to the development of several successful grafting-
from techniques including atom-transfer radical polymerization (ATRP), reversible addition-
fragmentation chain-transfer (RAFT) polymerization, nitroxide mediated polymerization (NMP),

and iniferter polymerization [5,53].

2.3.3 Limitations of Hydrophilic Polymers

A major limitation in the use of hydrophilic polymers in antifouling coatings is that
published protocols are often designed only for the specific material in the study. Firstly, grafting
is reliant on the availability of appropriate reactive sites on the substrate surface, either intrinsic
to the material or incorporated chemically, that can tether the polymer chains. Certainly, not all
materials have appropriate intrinsic surface chemistry. Frequently, inert surfaces need to be
modified with appropriate functional groups before grafting. Typical functional groups include
OH, COOH, and NH; which may be incorporated using wet chemical methods or high energy

ionized gas treatments [6,54]. Apparent limitations with these methods include lack of stability
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of the modified surface, generation of hazardous chemical waste, and surface etching due to the

harsh reaction conditions [6,16].

Harsh reaction conditions are not suitable for all types of materials. Polymer-based
materials are an important material class for biomedical device design due to their low cost and
structural versatility. However, they may experience extensive structural damage when exposed
to organic solvents including swelling, degradation, and other functional damage. Thus, surface
functionalization is limited by the material’s tolerance to specific chemical treatments and must
be customized for each material. Thus polymer brush grafting as a solution for biofouling on
biomedical implants, sensors, and microfluidic devices composed of multi-materials has
challenges. Parts made from different materials would need to be individually modified causing
increased manufacturing time, increased cost, and possibly damage to the surface modified parts
during assembly. It is apparent that a universal antifouling method suitable for whole device,

multi-material modification is highly desired for biomedical applications [5,7].

2.4 Polydopamine: A Universal “Bio Glue”

The first requirement in designing a universal antifouling protocol is the ability to pre-
functionalize a variety of materials using the same method. The chemistry for attaching
hydrophilic polymers or other biological agents to the surface would then be the same.
Dopamine is a unique water soluble compound that has recently attracted a lot of interest as a
chemical linker for the surface modification of biomaterials [8]. Originally inspired by the
mechanism of mussel adhesion, the oxidized dopamine monomers can strongly self assemble

from solution onto virtually all types of material, including polymers, metals, and composites
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[8,13,15]. Under constant stirring in an oxygenated environment, dopamine forms an insoluble
polymer, polydopamine (PDA), which is highly stable in aqueous environments, strong acids,
and mild redox environments for extended periods of time [8,55]. PDA coatings are favorable for
surface modification because they are non-toxic, involve solvent-free processes, and are reactive
with a wide range of biomolecules for post-modification [15]. The thickness of the PDA layer
can be controlled by adjusting the dopamine concentration, deposition time, oxygenation/stirring,

and temperature [56].

2.4.1 Dopamine Polymerization on Surfaces

PDA formation on surfaces occurs via two mechanisms (1) polymerization onto the
surface and/or (2) adsorption of dopamine-melanin particles formed in solution [13]. The
strength of the PDA bond to the substrate surface is dependent on the reactivity of the PDA
subunits in forming coordination bonds with surface metal oxides or covalent bonds with
nucleophilic groups [13]. Otherwise, PDA attraction to the surface occurs via weaker interactions
such as hydrogen bonding, van der Walls interactions, and hydrophobic interactions [8,13].
Dopamine has also been reported to polymerize readily onto electrodes by electrochemical
oxidation [57]. Thus, PDA bonding tends to occur more strongly on electrodes and metallic
surfaces. Once cyclised intermediates of dopamine are established on the surface, polymerization
and growth of the PDA film may occur through the formation of covalent linkages between
monomers [58], or through hydrogen bonding, n-stacking, charge transfer and ionic interactions
[8]. While the actual structure of PDA remains elusive [8], proposed structures of polymerized
dopamine are shown in Figure 3 based on the possible interactions that may occur between

cyclised dopamine intermediates.
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N
H

Figure 3. Proposed structure of PDA involving a) covalent linkage of monomers, b) combination
of supramolecular and covalent linkages, or ¢) supramolecular bonding interactions. (Figure
from [8]).

2.4.2 Post-modification of PDA

The quinone groups on PDA act as intermediary binding sites to anchor biomolecules
containing amino or thiol groups through Michael addition or Schiff base-type reactions (Figure
4) [7,8,59]. However, Lee et al. [7] found that PDA had higher coupling efficiency and higher
PEG grafting density using amine-terminated PEG compared to thiol-terminated PEG, resulting
in greater antifouling resistance. A list of materials successfully modified with dopamine and
post-modified in various ways is shown in Table 1. PDA coated surfaces have been used as a
cytocompatible surface with strong protein adsorption and cell adhesion [15,16,60], as a linker to

tether hydrophilic polymers in the construction of bioinert surfaces [11,13,61], as well as
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coupling biomolecules in the development of bioactive surfaces for biomimetic strategies

[62,63].
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Figure 4. Proposed cyclisation route for dopamine determined by Tof-SIMS analysis [7] and
post-modification route for thiol- or amine- terminated compounds via Schiff-base or Michael
addition chemistries. (Figure from [7] supporting information).
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Table 1. List of materials modified with PDA and post-modified in various ways. P/O indicates PDA only modification.

Class Substrate Protein Cell Post-Modification

Studies Studies

Copper (Cu) N N Alkanethiol [7]

Gallium Arsenide (GaAs) N N P/O[7]

Gold (Au) Y[11,13]  Y[7.64]  mPEG-SH [7], PEG-NH, [11] PEO-NH, [13], PEI-g-PEG

[64]

Nickel Titanium Alloy (NiTi) N N P/O [7]

Niobium Pentoxide (Nb,Os) N N P/O [7]

Palladium (Pd) N N P/O [7]

Platinum (Pt) N N P/O [7]

Quartz N N P/O[7]

Sapphire (Al,03) N N P/O [7]
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Silicon Dioxide (SiOy) N N Alkanethiol [7], PEO-NH, [13]
Silicon Nitride (SizNa) N Y MPEG-SH [7]
Silver (Ag) N N P/O [7]
Stainless Steel N N P/O [7]
Titanium Dioxide (TiOy) N Y Alkanethiol, mPEG-SH [7]
Polycarbonate (PC) N Y [3] Alkanethiol [7], mPEG-SH [3]
Polydimethylsiloxane N Y [15] P/O [7,15,64]
(PDMS)
(72]
S
[<D)
; Polyethersulfone (PES) Y [65] N PEGDA [61], PEG-NH; [65]
o
o
Polyethylene (PE) N Y [15,64] P/O [7,15,64]
Polyethylene  Terephthalate N Y [64] P/O [7,64], PEO-NH, [13]
(PET)
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Poly(L-lactide) (PLLA) N N PEO-NH2 [13]

Polymethyl Methacrylate

(PMMA)

Polypropylene (PP) N Y P/O [64]

Polystyrene (PS)

Polysulfone (PSF) Y [12] Y [12,66] PEI-g-PEG, PEI-g-biotin [66], PEG-NH, [12], PEGDA [61]

Polytetrafluoroethylene

(PTFE)

Polyurethane (PU) N Y PEI-g-PEI, PEI-g-biotin [66], mMPEG-SH [7]

Polyvinylidene Fluoride

(PVDF)
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Bare Fused-Silica Capillary

Glass

Nitrocellulose (NC)

Silicone Rubber

PEG-NH, [11,55]

MPEG-NH;, m-PEG-silane, m-PEG-SH [7], PEI-g-PEG

[64], P/O [15]

Alkanethiol [7]

P/O [15]
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2.4.3 PDA-PEG Antifouling Surfaces

Multiple studies have employed amine- and thiol-terminated polyethylene glycol (PEG)
to post-modify PDA for multi-material antifouling applications. PEG is an extensively utilised
antifouling hydrophilic polymer in biomaterials research for biomedical applications in part
because it is water soluble and non-toxic [6]. The use of PDA-PEG coatings as a universal
antifouling method offers many advantages including simple modification procedures, mild
reaction conditions, no requirement for organic solvents, and high stability. Haeshin et al. [7]
first demonstrated the utility of PDA in developing multifunctional coatings by anchoring SH-
PEG and NH,-PEG derivatives on virtually any substrate type. The substantial reduction in
protein adsorption and mammalian cell adhesion on a variety of PDA-PEG coated materials
inspired many researchers to use this method; e.g to modify membranes for food protein
analysis [11,55] and water filtration [12,61], in bioassays and cell patterning [64,66], and for

antibacterial surfaces [3].

2.4.4 Limitations of PDA-PEG

There are several challenges associated with using PDA in the development of
antifouling coatings for multi-materials. Firstly, since dopamine solution at pH 8.5 is required to
initiate polymerization, alkaline pH sensitive materials are not suitable for PDA modification
[67]. Materials that may not be appropriate for PDA modification are listed in Table 2.
Secondly, PDA can be removed by strong base [8], thus limiting the types of biological assays

that can be conducted on a PDA coated surface.
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Table 2. List of alkaline pH sensitive materials and compounds [67]. The listed materials may be
incompatible with PDA modification due to the requirement for dopamine polymerization at
alkaline pH. The pH compatibility range is approximate and manufacturer specific.

Material Damage in Alkaline Solution pH Compatibility Range
Polyester (PET) Erosion, Degradation pH = 5-7.5 [68,69]
Phenolic Resin Degradation pH =3-7[70]

Proteins (Surfaces with) Denaturation Protein specific

pH Sensitive Gel Gel Failure pH =3-8 [71]

pH Sensitive Filter Membrane | Membrane Failure pH =3-8 [71]

Another challenge stems from the ability of PDA to react with free amino groups, which
promotes protein adsorption and subsequently cell adhesion on PDA coated surfaces [15,16,60].
Thus, the effectiveness of using PDA as a post-modifiable surface for antifouling purposes is
limited by the achievable graft density of the post-modifier, e.g hydrophilic polymer. Any
exposed PDA on the post-modified surface enhances protein fouling and negates the effects of
the antifouling layer. Achieving sufficient density of PEG on PDA coated materials poses
challenges when grafting from aqueous solution since PEG tethering becomes dependent on
steric effects and monomer orientation. Miller et al. [12] investigated the antifouling
performance of PSF filtration membranes modified with PDA-PEG, specifically with respect to
long-term biofouling. While bacterial adhesion was reduced in the early stages of bio-exposure,

the anti-fouling effect was insufficient after 3 days [12]. Unfortunately, the PEG graft density
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was not determined in this study. It seems likely that proteins and bacteria cells were able to

penetrate gaps in the PDA-PEG layer.

2.5 Blocking Proteins

Immobilization of a known protein to solid surfaces is commonly practiced to block non-
specific protein adsorption in solid phase immunoassays. Solid phase immunoassays provide
quantitative measurements of a target molecule by colorimetric detection of the target binding to
ligands adhered to the solid phase [72]. Non-specific protein adsorption is undesirable as it
impairs the sensitivity and specificity of the assay in detecting the target substance [72].
Blocking proteins are chosen mainly due to their inactivity in the specific immunochemical
reaction [73]. Blocking agents include bovine serum albumin (BSA) [74-76], casein, milk, blood

serums, gelatins, and high-density lipoproteins [73].

BSA is a water soluble protein that has also been used to reduce non-specific mammalian
[77-80] and bacterial cell adhesion [81,82]. It is the most abundant protein in serum, making it
easily attainable and affordable [83]. It is proposed that amphiphilic BSA negates adhesion of
negatively charged bacterial cells by electrostatic and steric repulsion, low surface interaction
energy, or BSA folding into an inactive conformation upon adsorption onto substrates [81,82].
Furthermore, saturated BSA monolayers inhibit further adsorption of cell adhesive proteins
[42,79,81] which may contribute to reduced cell adhesion. Indeed, Zhu et al. [16] demonstrated a
~20% decrease in cytocompatability on PDA-modified polyethylene membranes (PE) blocked

with BSA.
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In the work reported in this thesis we propose using BSA as a blocking agent for exposed
PDA after PEG attachment. Preliminary “fouling” of the surface by BSA is expected to limit the
adsorption of cell adhesive proteins in subsequent bio-exposure. BSA can be covalently
immobilised on PDA coated materials through its free amino groups (e.g. on lysine residues)
[16,67]. The formation of stable bonds between BSA and the PDA surface prevents protein
exchange between BSA and unwanted proteins in solution. In the work reported we evaluated
the antifouling performance of this novel polymer-protein composite and demonstrate its

application for multi-materials.
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3. MATERIALS AND METHODS

3.1 Materials

Sylgard® 184 silicone elastomer kit was purchased from Dow Corning (Midland, MI) to
prepare the PDMS surfaces. Hydrophilic polycarbonate track etch membranes with 0.01 um pore
size were purchased from Sterlitech Corporation (Kent, WA). Square soda lime glass cover slips
(5x5 mm) were purchased from Haimen Aibende Experiment Equipment Co. Ltd. (Nantong, P.
R. China). Methoxy-PEG-amine (MW 5000 Da) and amine-PEG-amine (MW 5000 Da) were
purchased from Jenkem Technology USA Inc. (Plano, TX). Dopamine hydrochloride and BSA
(>98%, lyophilized powder) were purchased from Sigma-Aldrich (Oakville, ON). Qualified fetal
bovine serum (FBS) was purchased from Life Technologies (Burlington, ON). Human
fibrinogen (Fg) was purchased from Enzyme Research Laboratories (South Bend, IN). AG® 1-
X4 Resin was purchased from Bio-Rad (Mississauga, ON). Sodium iodide-125 (Na'?l) isotope
was purchased from the McMaster Nuclear Reactor (McMaster University, Hamilton, ON) was
used to label BSA and fibrinogen (Fg). Slide-A-Lyzer dialysis cassettes were purchased from
Thermo Fisher Scientific (Mississauga, ON). Disodium hydrogen phosphate (Na,HPQO,) was
purchased from Caledon Laboratories Ltd. (Georgetown, ON) and potassium acid phthalate
BDH buffer (pH 4) was purchased from VWR International (Mississauga, ON). Organic solvents
of analytical grade were used as received. 10X Phosphate buffered saline (PBS) from BioShop
Canada Inc. (Burlington, ON) at pH 7.4 was diluted to 1X strength using Milli-Q water (18.2

MQ.cm) from Millipore Co. The pH of PBS was raised to 8.5 using sodium hydroxide (NaOH).
3.2 Methods

3.2.1 Substrate Preparation
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Polydimethyl siloxane (PDMS) approximately 1 mm thick was prepared using a Sylgard® 184
silicone elastomer kit according to the manufacturer's instructions. The base and curing agent
were mixed well in a 10:1 ratio by weight and cured at 60°C for 4 h. The substrates were then
punched into 6 mm diameter discs. Round polycarbonate membranes (PC) of 25 mm diameter
were divided and cut into 8 triangular pieces each of area 1.23 cm?® Glass samples were used as
received (Haimen Aibende Experiment Equipment Co. Ltd., Nantong, P. R. China). All

substrates were rinsed with 95% ethanol and Milli-Q water before surface modification.
3.2.2 PDA Surface Preparation

PC, PDMS, and glass samples with dimensions previously noted were immersed in a 2 mg/mL
dopamine solution freshly prepared from dopamine hydrochloride in PBS adjusted to pH 8.5
with NaOH. The samples were shaken in an open glass dish at room temperature for 3 h. The
newly modified surfaces were thoroughly rinsed with Milli-Q water. All dopamine-coated
surfaces were stored in fresh Milli-Q water to prevent transfer of the polydopamine modification
onto the storage container. PDA is stable in water and water protects the PDA layer from

cracking or transferring onto its contacting surface during the drying process [84].
3.2.3 PEG Grafting on PDA

PDA coated PC, PDMS and glass surfaces were shaken for 24 h at 37°C in 5 mg/mL PEG. PEG
solution was prepared in PBS adjusted to pH 8.5 using NaOH. Surfaces were thoroughly rinsed

and stored in Milli-Q water.

3.2.4 BSA Blocking of PDA
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PDA coated PC, PDMS, and glass surfaces were shaken for 24 h at 21°C in 10 mg/mL BSA
made from PBS (pH 7.4) in a closed glass dish. Surfaces were thoroughly rinsed and stored in

Milli-Q water.
3.2.5 PDA-PEG/BSA and PDA-BSA/PEG Modification

PDA-PEG treated surfaces were backfilled with BSA using the conditions as previously
described. BSA coated surfaces were backfilled with PEG using the conditions previously
described. The surfaces were once again rinsed and stored in Milli-Q water before

experimentation. These operations are shown schematically in Figure 5.

A

5 mg/ml K
NH2-PEG-NH2

2 mg/ml DA MW 5000 Da 10 mg/ml BSA

—’

pHS.S pH 8.5 pH 7.4

3h 24h 24h

210C 370C

210C
Substrate PDA PDA-PEG PDA-PEG/BSA

Figure 5. Preparation protocol for the surface modification of PC, PDMS, and glass. PEG is
shown in the diagram as a stretched polymer chain.

3.2.6 Water Contact Angles

Samples were air dried before measurement. Water drops of 6 puL were dispensed on the surface
and advancing contact angles were measured after 2 min using a Kriiss DSA100 goniometer
(Hamburg, Germany) at room temperature. Contact angles for n=3 samples per modification

were recorded.

3.2.7 X-ray Photoelectron Spectroscopy (XPS)
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XPS spectra were recorded using a Physical Electronics (PHI) Quantera Il spectrometer. X-rays
were generated with an aluminum anode source and focussed with a quartz crystal
monochromator. The monochromatized aluminum Ka X-ray source at 1486.7 eV was operated
at 50W,15kV. A dual beam charge compensation system was used for neutralization of all
samples. Survey spectra were obtained with 280 eV pass energy at a 45° take off angle.
Elemental compositions of the surfaces were determined from low resolution scans for C, O, N
and Si. Data treatment was performed using PHI MultiPak Version 9.4.0.7 software. One

measurement per sample type was carried out at two surface locations with a spot size of 200

um.

3.2.8 Atomic Force Microscopy (AFM)

AFM height images of PDA modified surfaces were taken using a Veeco Dimension Icon AFM
(Plainview, NY). The AFM images were taken in air under ambient conditions using ScanAsyt
mode with PeakForce tapping. The silicon nitride cantilever (spring constant k: 0.4 N/m) was
automatically adjusted to a scan rate of 1Hz and set to acquire 512 samples/line. NanoScope
Analysis software ver.1.5 by Bruker Corporation was used for image analysis. PDA particle
analysis was conducted on features above the surface. Threshold height values were set to
incorporate the maximum number of PDA particles for analysis. Surface roughness was reported
as the average root mean square (Rrms) roughness taken over the entire image. The roughness
parameter was defined as the root mean square average of the height deviations taken from the

mean data plane as described by Equation (1),
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Rome = |25 (ke - @

where h is the mean data plane height, h; is he current height value, and N is the number of
points within the selected image region [85]. AFM values were reported as mean + SD for three

2X2 pm images.
3.2.9 Ellipsometry

Dopamine layer thickness was determined using a variable angle spectroscopic ellipsometer
(J.A. Woollam Co., Lincoln, NE). PDMS was cured onto 1 mm thick glass slides and modified
with PDA as described. PC-PDA samples were placed on top of silicon wafers to improve the
optical contrast of the sample pores. Glass slides were modified with PDA as described.
Measurements were performed over a wavelength range of A = 245-1700 nm at angles of
incidence 55, 60, 65, and 70° for PDMS and glass. For PC, measurements were performed over a
wavelength range of A = 1000-1700 nm since complete depolarization of the incident light
occurred below 1000 nm. PC measurements were conducted at angles of incidence 70° and 75°,
which provided the greatest signal intensity. Ellipsometry data were modelled using
CompleteEASE software v.4.65 developed by J. A. Woollam Co. The Cauchy model was used
as the base for glass. PDMS and PC base were modelled using the B-Spline layer. Due to the
porous nature of PC, anisotropic B-Spline was applied with refractive index npc=1.625 and 1.58
as specified by the manufacturer. The PDA layer was modelled using the Cauchy model and
refractive index set to n=1.45 [84,86] with the absorption coefficient determined to be
k=0.01399. A graded model was applied for the PDA layer on glass with an average

inhomogeneity of -41.8+11.9%. The average thickness and roughness of PDA were reported for
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n=3 measurements with modelling confidence specified by MSEpc<6, MSEppus<2, and

MSEg|a35<8.
3.2.10 Protein Radiolabelling

BSA and Fg were radiolabeled with Na'?| using the iodine monochloride method [87]. The
radioactive BSA solution was transferred to a Slide-A-Lyzer dialysis cassette and dialyzed
against isotonic Tris-buffered saline (pH 7.4) with 4 changes of buffer over 24 h. The radioactive
Fg solution was passed through a column of AG 1X4 anion exchange resin to remove unbound
iodide ion. Tests were conducted to determine residual free iodide. Briefly, labelled protein was
precipitated in trichloroacetic acid (TCA) and centrifuged. The suspension containing free iodide
ion was counted on a Wizard Automatic Gamma Counter (Perkin Elmer, Boston, MA) and levels

below 1% were deemed acceptable.
3.2.11 Stability of BSA Modified Surfaces in Contact with PBS, BSA and FBS

The stability of the BSA-modified PDMS surfaces was investigated. PDA and PEG
modifications were conducted as described using M-PEG-NH,. A 10 mg/mL BSA solution
containing 10% I-125-labelled BSA was used for the modification procedure. The surfaces were
thoroughly rinsed and dried, then individually submerged in counting vials containing 1 mL of
either PBS (pH 7.2), 3 mg/mL BSA, 10% FBS, or buffers at pH 4, 7, and 11 (n = 3 for each
condition). Buffers of pH 7 and 11 were prepared by dissolving Na,HPO, in Milli-Q water to a
final concentration of 0.1 M and adjusted using NaOH. Buffer of pH 4 was prepared by diluting
a pH 4 reference buffer to 0.1 M and adjusting with HCI. The samples were counted on a gamma

counter att =0, 2, 24, and 48 h. At each time point, the samples were removed from solution and
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placed in a clean vial for y-counting. Once counted, the samples were placed in a new vial with

fresh buffer or protein solution.

3.2.12 BSA Adsorption

The surfaces were incubated in BSA solutions prepared in PBS or in 10% FBS. These
preparations contained 1-125-labelled BSA at the 5-10% level. The BSA concentrations in PBS
were 0.05, 0.1, 0.5, 1.5, and 3 mg/mL. The stock labeled FBS was serially diluted to 1, 2, 5, 7.5,
and 10%. Samples were incubated for 2 h at room temperature and surface radioactivity was
determined by y-counting. The mass density of protein on the surface was calculated by
comparing the surface radioactivity to that of a solution of labelled BSA of known concentration.
The experiments were repeated three times using three different batches of samples modified

independently.

3.2.13 Fibrinogen Adsorption

The surfaces were incubated fibrinogen solutions containing 5% 1-125-labelled fibrinogen and
diluted in PBS to a final concentration of 1 mg/mL. After a 2 h incubation at room temperature,
the surfaces were rinsed three times in PBS (pH 7.4). Surface radioactivity was determined by y-
counting. The mass density of protein on the surface was calculated by comparing the surface
radioactivity to that of a solution of labelled fibrinogen of known concentration. The experiments

were repeated three times using three different batches of samples modified independently.

3.2.14 E. coli Adhesion

Substrates were sterilized with 70% EtOH and rinsed in Milli-Q water prior to cell seeding. E.

coli K12 stably transfected with GFP from plasmid was inoculated from agar into LB media
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supplemented with 25 pg/mL Kanamycin antibiotics. The culture was allowed to grow until an
optical density of 0.4 was reached; it was then centrifuged and the pellet re-suspended in PBS
(pH 7.4) to remove the LB media. PDMS and PC samples were incubated in 1 mL of medium
containing 2 x 107 cells/mL and 2 x 10® cells/mL, respectively, for 4 h in a 200 RPM rotary
shaker at 37°C. Glass samples were incubated in 1mL of medium containing 2 x 10 cells/mL for
5 h in a stationary incubator at 37°C. PDMS and PC samples were gently rinsed three times (5
min each time) with PBS before imaging on an Evos FL Auto epifluorescence microscope (Life
Technologies, United States) equipped with a YFP LED light cube (Ex. 500/24nm; Em.
524/27nm) at 20x objective. Glass samples were not rinsed prior to imaging due to weak cell

adhesion on this surface. Cells were counted using ImageJ particle analysis software.
3.3 Statistical Analysis

Student t-tests were conducted on all data sets with a significance level set at p < 0.05. Data

analysis was performed in Microsoft Excel 2007 using the Data Analysis ToolPak.
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4. PC, PDMS, AND GLASS SURFACES MODIFIED WITH PEG AND BSA

USING POLYDOPAMINE AS A BIO GLUE

4.1. Results and Discussion

PC and PDMS were first investigated in earlier studies. These materials were chosen to
investigate the feasibility of an aqueous-based coating method for universal modification of
multiple materials of varying wettability. Polydimethylsiloxane (PDMS) is a hydrophobic
material (6~120°) widely used in the production of biomedical microfluidic devices [33] and
water monitoring sensors [4] due to its non-toxic, non-immunogenic, and gas permeability
properties. The second material, polycarbonate (PC) membrane, is used for filtration [16,61] and
in optical sensors [88]. The PC membrane used in this study is pre-coated with
polyvinylpyrrolidone (PVP) by the manufacturer to make the surface hydrophilic and improve its
compatibility in agueous environments. The PC membrane was found to have a water contact

angle of 6=66x2°, indicating hydrophilicity at an “intermediate” level.

Minimizing the surface roughness of the formed PDA layer has been recommended to
improve the post-modification of PDA surfaces [13]. Over time, the polymerized dopamine
begins to aggregate in solution and form colloidal dopamine-melanin particles of increasing size
[13,84]. These particles can spontaneously adsorb to the material surface at any time during
dopamine polymerization, generating an uneven surface. High surface roughness caused by the
adsorption of large PDA particles may limit the coverage of PDA by PEG and BSA in
subsequent treatments. The optimal PDA thickness to give a hole-free layer while maintaining

minimal surface roughness was found to be in the 10-20 nm range, and was achieved after 2-4
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hours of PDA exposure at room temperature on various polymers [13]. Thus, a PDA deposition

time of 3 h was chosen for this study.

4.1.1 Stability of BSA Attached to PDA Coated Surfaces

Following the pioneering PDA-PEG studies of Lee et al. [7], methoxy-PEG-amine (M-
PEG-NH,) of molecular weight 5000 Da was used to post-modify PDA coated surfaces. In
preliminary studies, poor Fg resistance was found on PC and PDMS surfaces modified with
PDA-PEG (data not shown). We hypothesized that BSA could be used as a backfill on PDA-
PEG surfaces to block free PDA binding sites and reduce Fg adsorption. However, the
interaction between BSA, PEG, and the PDA surface is unclear. Ideally, BSA would be
interacting with the substrate-PDA, granted that brush densities allow sufficient diffusion.
However, at higher grafting densities, covalent bonding of BSA to PDA, as proposed by Zhu et
al. [16], may be hindered in the presence of PEG. Consequently, if BSA attaches to the surface
by physisorption, the BSA may be displaced by other proteins (possibly cell adhesive proteins)
in solution which have greater affinity to the surface [17]. Electrostatic bonding between BSA
and PDA is also not favourable since some applications may involve environments of changing
pH, such as in natural and waste water quality monitoring and biological or chemical assays in

cell culture platforms.

To determine whether the bond between BSA and PDA was stable, the loss of protein
from PDMS-PDA discs modified with radiolabeled BSA was monitored over two days. Samples
were incubated in buffer solutions at pH above and below the isoelectric points (pl) of PDA
(plppa = 9.7) and BSA (plssa=4.7) to investigate the possibility of electrostatic interactions. If

BSA is interacting with the surface electrostatically, altering the solution pH may modify the
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interaction such that BSA release occurs. Specifically, BSA and PDA will carry a net negative
charge when the solution pH > pl, and a net positive charge when pH < pl. The PDA surface will
repel the incoming protein when the charges of BSA and PDA match. Equilibration after a
change of pH may take as long as 12 h [89]. Surfaces were also incubated in BSA solutions and
fetal bovine serum (FBS) to observe protein loss/exchange. Gradual BSA loss from the surface
would also be observed over time if protein release/exchange is occurring, although the exact
rate of protein exchange will depend on the strength of protein-substrate interactions and the

affinity of other proteins in solution for the surface [46].

The results of these experiments are summarized in Figure 6. PDA-BSA*/PEG surfaces
showed no significant loss of BSA* under all solution conditions after 48 h (p<0.05). Only PDA-
BSA* in BSA solution (p=0.01), and PDA-PEG/BSA* in PBS (p=0.02) and pH7 buffer (p=0.04)
showed significant BSA* loss after 48 h. Some BSA loss occurred for the other conditions but
was not statistically significant. It is likely that the small BSA losses observed may have been
caused by sample handling at each time point rather than by exchange with other proteins or

changes in solution pH.

Accepting this to be true, then we may conclude that protein loss/exchange over 48 h in
the protein solutions and buffers were insignificant. Also it is likely that the BSA will remain on
the surface over longer periods of time. It has been shown that protein desorption and exchange
are less and less likely to occur the longer the adsorbed protein is in contact with the surface
[46]. Proteins that have had sufficient contact time with the surface establish strong contact with
the surface during spreading and transform into un-exchangeable conformations [40]. This was
likely the case with BSA on PDA as it was allowed to adsorb to the surface for 24 h during post-

modification of PDMS-PDA. In addition, due to the insignificant loss of BSA from the modified
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surfaces in contact with buffers and protein solutions, we can assume that BSA did not bond to
the PDA-modified surface electrostatically or by other weak attractive forces. From these results
it may be concluded only that BSA adsorbed strongly to the surface, but whether BSA is bonded

to PDA covalently remains unclear.

An interesting result is that no significant difference was seen in the quantities of BSA
adsorbed to the PDA-BSA, PDA-BSA/PEG, and PDA-PEG/BSA surfaces. This suggests that the
density of PEG on the surface was insufficient to completely prevent adsorption or affect the
mechanism by which BSA interacted with PDA. If higher grafting densities of PEG on the PDA
surface were achieved, it is probable that BSA quantities would be lower in PDA-PEG/BSA
modifications compared to PDA-BSA. BSA interactions with PDA may be changed with the
higher PEG density. The relatively high BSA adsorption seen on the PEG modified surfaces also

further emphasizes the need to cover exposed PDA on PDA-modified surfaces.
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Figure 6. BSA stability on PDMS surfaces modified with: A) PDA, B) BSA/PEG, and C)
PEG/BSA in contact with protein solutions and buffer solutions over two days. Means + SD,

n=3. (pIPDA: 97, pIBSA:4-7)
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4.1.2 BSA Adsorption

BSA was used as a model protein to measure the fouling resistance of each surface. The
quantities of BSA adsorbed to PDMS and PC are shown in Figures 7 and 8, respectively.
Adsorption experiments were completed for 2 h in single protein (BSA) solutions and mixed
protein (FBS) solutions. For comparison purposes it is noted that 10% FBS contains

approximately 2.3 mg/mL of BSA [90].

As expected, PDA-modified PDMS and PC adsorbed significantly more BSA compared
to the unmodified surfaces (pppms=0.001; ppc=0.00007) from BSA solution. PDA modification
increased BSA adsorption by 43% and 38% on PDMS and PC, respectively. However,
comparable BSA adsorption was observed in 10% FBS solution on unmodified and PDA-
modified materials. In fact, there was notably less BSA adsorption on all modified PDMS and
PC surfaces from FBS solution compared to single BSA protein solution. Competing proteins in
FBS may have either dominated early adsorption events or displaced BSA via a Vroman-type
effect, thereby reducing BSA adsorption. The relative extent to which these two phenomena

occur will depend on differences in protein-substrate interactions on the different surfaces.

Nevertheless, trends in the data were similar for PDMS and PC in BSA and FBS
solutions. The modification of PDA surfaces with PEG reduced the number of PDA sites
available for BSA adsorption. PEG modification reduced BSA adsorption more so on PC-PDA
(reduction in 3 mg/mL BSA = 80% and 10% FBS = 52%) compared to PDMS-PDA (reduction
in 3 mg/mL BSA =50% and 10% FBS = 39%). This suggests that higher PEG grafting densities
(and greater PDA coverage) were achieved on PC-PDA compared to PDMS-PDA. However,

high BSA adsorption to PDA-PEG modified PC and PDMS suggests that grafting densities were
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not high enough to prevent BSA from penetrating the PEG layer. Dense PEG brush

configurations were likely not achieved on PC-PDA and PDMS-PDA surfaces.

Consequently, the reduction in BSA adsorption on PDA-PEG was not nearly as much as
PDA-BSA. The higher BSA adsorption on PDA-PEG surfaces suggested that active PDA sites
were not as well blocked by PEG and thus emphasized the need to improve this PDA-PEG
method. Significantly lower protein adsorption to PDA with BSA compared to PEG in BSA
solution (pppms=0.005; ppc=0.02) and FBS (pppms=0.008; ppc=0.0002) was likely due to the

much larger BSA molecules providing more surface coverage.

BSA adsorption on PDMS modified PDA-BSA, PDA-BSA/PEG, and PDA-PEG/BSA
were not significantly different. This validates the explanation (section 4.1.1) of the observation
that the similar quantities of BSA on PDA-BSA, PDA-BSA/PEG, and PDA-PEG/BSA were
likely due to poor PEG coverage on the PDMS surface. PC-PDA surfaces on the other hand
reported significantly lower BSA adsorption with PEG/BSA compared to BSA/PEG in BSA
solution (p=0.006). Better protein reduction on PC-PDA-PEG/BSA was likely due to greater
PEG coverage and reduced need for BSA to cover free PDA sites. BSA adsorption on PC-PDA
modified with BSA/PEG and PEG/BSA was not significant in FBS, but this may be a
consequence of FBS proteins outcompeting BSA and masking these differences as was seen with

unmodified and PDA surfaces.
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Figure 7. BSA adsorption on modified PDMS surfaces from: A) BSA and B) FBS solution, both
made in pH 7.4 PBS buffer. Means + SD for n=3 trials.

42



M.A.Sc. Thesis — S.C.M.Goh McMaster University — Biomedical Engineering

1.5 1

1.25 A

[EEN
1

0.75 A

0.25 - h

@3 mg/mL BSA
010% FBS

o
(6}
1

BSA Adsorption (ug/cm?)

Figure 8. BSA adsorption on modified PC surfaces from BSA solution (3 mg/mL in PBS buffer,
pH 7.4) and 10% FBS solution (PBS buffer, pH 7.4). Means + SD, n=3.

The results presented so far reveal differences in the antifouling performance of the PDA-
PEG/BSA modified PC and PDMS surfaces. These differences are likely a consequence of
differences in grafted PEG densities, which may be caused by differences in PDA
polymerization that affect PEG grafting. The subsequent studies will assess the quality of the
PDA layer, such as whether 3 h polymerization time is sufficient in creating a hole-free layer.
PDA thickness and surface roughness will also be quantified. In addition, a third material was
added to the study to observe how substrate wettability affects dopamine polymerization. Glass
was chosen for its highly hydrophilic properties (6~16°) and because it is widely used in cell
culture, imaging platforms, and sensor technology due to its structural rigidity and optical

transparency.
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Substantially lower BSA adsorption from FBS provides a strong indication that other
proteins in the serum competed effectively for surface sites. This may explain the small,
insignificant differences in BSA adsorption observed on substrates incubated in FBS, while
significant differences in adsorption from single protein BSA solutions were seen. Different
model proteins may show greater differences in resistance to adsorption between the different
modified surfaces. Fibrinogen (Fg) was chosen as model protein for subsequent adsorption
experiments. Fg is a 340 kDa cell adhesive protein which plays an important role in platelet
adhesion and thrombosis on blood contacting surfaces as well as in coagulation. In blood
coagulation, fibrinogen is broken down by serine protease thrombin to form insoluble fibrin
strands which cross-link to assist platelet adhesion [91]. Fg adsorption is therefore commonly
used in the study of antithrombotic surfaces [25]. Since Fg is a much larger protein than albumin,

it possesses stronger surface affinity, so that desorption and exchange are expected to be limited.

4.1.3 Optimization of PEG Modification

It was apparent from the BSA adsorption results that improvement in PEG grafting on
PDA surfaces to achieve higher protein resistance was needed. As previously mentioned, a dense
brush configuration is more ideal for protein repulsion through steric repulsion, osmotic
repulsion, and water interactions [53]. However, the results in section 4.1.2 suggest that brush-
type configurations are not achievable with amino-PEG at one chain end. To improve PEG
binding efficiency and coverage on PDA, difunctional PEG with amino groups at both chain
ends may be desirable for surface modification. Yet, due to the high molecular weight of PEG
(5000 Da), both terminal amines may bind to the PDA surface forming loops. It is possible that
such looped PEG may spatially hinder incoming proteins to the PDA surface, although it is not

as repellant as a PEG brush.
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Figure 9 compares Fg resistance on PDA-modified PC, PDMS, and glass surfaces post-
modified with M-PEG-NH;, or NH,-PEG-NH,. Both PEG types reduced Fg adsorption on all
three PDA-modified materials as expected. Significantly less Fg adsorption was seen on all PDA
surfaces post-modified with NH,-PEG-NH, compared to M-PEG-NH; (ppc = 0.0005, pppms =
0.0005, palass = 0.0008). These data suggest that greater PEG attachment was achieved with the
diamino PEG, and/or the formation of PEG loops allowed for greater coverage and masking of
PDA. Based on these results, NH,-PEG-NH, will be referred to as PEG for convenience and

used in subsequent experiments.

Adsorption of Fg and BSA was compared on PDMS surfaces at 1 mg/mL protein
concentration. BSA adsorption on PDMS was approximated at 1 mg/mL concentration from
buffer from the isotherm in Figure 7. In converting protein adsorption to pmol/cm?, there was
more BSA adsorbed to unmodified (3.5 pmol/cm?) and PDA modified PDMS (6.9 pmol/cm?)
than Fg (2.5 and 4.2 pmol/cm? respectively). Higher BSA adsorption correlates to the fact that
BSA (66.5 kDa) is much smaller than Fg (340 kDa), resulting in greater protein molecules per
area (mol/cm?) at reduced weight per area (ug/cm?). Following PDA modification, Fg adsorption
increased by 72% and BSA adsorption increased by ~100%. A greater increase in BSA
adsorption is again reflective of the smaller BSA size, allowing greater protein coverage on the
surface due to reduced steric hindrance. Surfaces modified with M-PEG-NH, reported similar

protein adsorption of 3.6 pmol/cm? of Fg and 3.0 pmol/cm? of BSA.
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4.1.4 Water Contact Angles

Water contact angles were measured to verify changes in substrate surface chemistry as
reflected in wettability (Table 3). Contact angles of PDA-modified surfaces have been reported
between 50-65° no matter the underlying substrate after 24 h of dopamine exposure [8,67,84],

which corresponds to the formation of a PDA layer greater than 10 nm [7].

After 3 h stirring in dopamine solution, the contact angle of PDMS dropped to 67+8°
while that of glass increased to 41+4°. Indeed, the contact angles of PDMS and glass were
approaching the characteristic wettability of PDA surfaces as previously reported. However, the
slightly higher contact angle of PDMS and lower contact angle of glass suggest that the

underlying surface was still sensed in the contact angle measurement. This may be due to
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incomplete coverage of PDA on the surface. The contact angle of PC decreased slightly to
58+7°, i.e. within the wettability range of PDA as previously reported. Since unmodified PC
showed a contact angle similar to that of PDA, no conclusion regarding PDA coverage could be

made.

The water contact angles of the three substrates were reduced on treatment of the PDA
surfaces with PEG, while they were increased on treatment with BSA. These results are
consistent with the findings of Zhu et al. [16] who reported decreased hydrophilicity of PDA-
BSA coated PE membranes (0;=61.6£3.7) compared to PDA coated membranes (06;=46.7+3.8).
The wide range in contact angles after PEG and BSA modifications among the three materials
may be due to the differences in initial PDA coverage. The combination of BSA and PEG on the
surfaces resulted in contact angles between that of PDA-PEG and PDA-BSA for PDMS and
glass surfaces. The high wettability of PDA-BSA/PEG and PDA-PEG/BSA on PC surfaces

suggests that the PEG coverage may be greater than that of BSA.

Table 3. Water contact angles of modified PC, PDMS, and glass. Sessile water contact angles of
6 ul drops were taken after 2 min of surface contact. Mean + SD for n=3 samples.

Modification PC PDMS Glass
Unmodified 66+2° 117+3° 16+2°
PDA 58+7° 67+8° 41+4°
PDA-PEG 38+2° 54+3° 24+2°
PDA-BSA 65+4° 72+2° 54+1°
PDA-BSA/PEG 33+1° 72+7° 38+3°
PDA-PEG/BSA 34+2° 60+5° 36+2°
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4.1.5 XPS Analysis

The elemental compositions of bare and modified PC, PDMS, and glass surfaces as
determined by XPS are presented in Table 4. After 3 h dopamine polymerization, the surfaces
acquired a distinctive brown tinge known to be characteristic of PDA (Figure 10) [8]. The
increase in nitrogen (N) signal and decrease in silicon (Si) on PDMS and glass after PDA
modification showed that some of the Si signal from the underlying substrate was blocked by
PDA. Incomplete quenching of the Si signal native to unmodified PDMS and glass implies that
the thickness of the PDA layer after 3 h was less than the sampling depth of XPS (<10 nm) or
that PDA coverage was incomplete. This is consistent with the water contact angle data (table 3),
suggesting some influence of the bare substrate on the wettability of the PDA modified surfaces.
Further PDA surface analysis and characterization by AFM and ellipsometry are discussed in

section 4.1.6.

Due to the presence of carbon in the unmodified substrates, the carbon data cannot be
used directly to determine whether the N and C signals after PDA modification were consistent
with theoretical predictions. Equation (2), adapted from Michel et al. [25], was used to obtain
the true signal of an element, X, by correction for an overlayer using a substrate specific signal

(in this case, Si) as a reference:

Si
Xrrye = Xf - X; f/Sii 2

where Xrre 1S the corrected element signal, X; and Sis are the post-modification signals (atom
%), and X; and Si; are the signals before modification. Using the corrected values for C, the

nitrogen-to-carbon ratio (N/C) was determined to be 0.094 for PDMS and 0.121 for glass. These
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values are close to the theoretical N/C ratio of 0.125 for PDA [7]. The uncorrected N/C ratio for
PC-PDA was 0.086, suggesting that substrate-specific C may be present in the XPS carbon
signal. Due to the lack of substrate specific elements for PC, the actual C and N values
contributed by PDA could not be obtained. However, the large increase in N content after PDA
modification and the change in substrate colour as shown in Figure 10 provided evidence that

PDA was indeed deposited on the surface.

PC PDMS Glass

Unmodified

PDA

Figure 10. Photograph of unmodified and PDA modified PC, PDMS, and glass samples.
Samples were tinted with a distinctive brown colour after 3 h dopamine polymerization at room
temperature. Samples remained brown after subsequent modifications with PEG and BSA.

Further increase in N content was observed on PC-PDA surfaces after the attachment of
amino-terminated PEG and BSA. The larger increase in N upon treatment with BSA compared
to PEG is expected due to the high N content (amide and amino groups) of proteins (BSA,
MW=66 kDa). PC modified with PDA-BSA and PDA-BSA/PEG showed similar atomic
compositions. Attachment of PEG after BSA treatment was likely difficult due to the large BSA
molecules occupying most of the available binding sites on PDA. However, when PEG exposure

preceded BSA, the N content was intermediate between that of PDA-PEG and PDA-BSA
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surfaces. Greater quantities of PEG were attached to the PDA surface when added before BSA,
as indicated by the reduced N content. In addition, since the N-content on PDA-PEG/BSA was
not as high as on PDA-BSA but not the same as PDA-PEG, we can conclude that there was

indeed a mixture of PEG and BSA on the surface.

The atomic composition of PDMS-PDA was unchanged after PEG modification, and thus
could not be used to verify that PEG was attached to the surface. In addition, the atomic
composition was similar for PDMS surfaces modified with PDA-BSA, PDA-BSA/PEG, and
PDA-PEG/BSA. These data suggest that much of the PDA was not covered by PEG on these
surfaces. The water contact angles of the PEG-treated surfaces suggest that some PEG may be
present though at lower density thereby allowing high quantities of BSA to penetrate the PEG

layer.

Trends in nitrogen content could not be reliably tracked for the glass surfaces due to
suspected PDA surface damage. Increase in Si and decrease in N content after PEG and BSA
modifications following PDA treatment suggest that PDA was removed during both
modifications. Si content was nearly restored to the unmodified glass values after PEG/BSA and
BSA/PEG treatments. Mechanical removal of PDA may have occurred via contact with other
samples or container walls during treatment. No loss of PDA was observed on PDMS and PC
samples after modification, although PDMS is also prone to mechanical damage during sample
handling. The contact angle of a PDMS-PDA surface scratched extensively with tweezers is
restored almost to that of unmodified PDMS. Due to the delicate nature of the PC membrane,

mechanical removal of PDA was not investigated.
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Table 4. XPS elemental composition of PC, PDMS, and glass surfaces modified with PDA, PEG
and BSA.

Surface C1ls N 1s O1s Si2p
PC-PVP 79.1 0.5 19.5 0.9
PC-PVP-PDA 67.8 5.8 24.0 2.5
PC-PVP-PDA-PEG 69.4 7.3 21.4 1.3
PC-PVP-PDA-BSA 68.0 10.8 20.1 11
PC-PVP-PDA-BSA/PEG 69.9 10.0 19.1 11
PC-PVP-PDA-PEG/BSA 70.1 8.4 20.0 0.8
PDMS 44.2 0 31.1 24.7
PDMS-PDA 49.8 1.3 28.8 20.1
PDMS-PDA-PEG 51.6 14 29.0 18.0
PDMS-PDA-BSA 54.0 3.7 27.0 15.3
PDMS-PDA-BSA/PEG 51.4 3.0 28.7 16.9
PDMS-PDA-PEG/BSA 51.9 3.2 27.8 17.1
Glass 12.7 0 61.4 22.8
Glass-PDA 54.2 6.0 31.0 8.0
Glass-PDA-PEG 45.7 5.0 37.2 11.3
Glass-PDA-BSA 354 6.2 42.6 14.7
Glass-PDA-BSA/PEG 20.0 1.0 56.0 22.7
Glass-PDA-PEG/BSA 28.1 3.7 48.8 18.6

Estimated data precision = 0.5%
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4.1.6 PDA Thickness and Roughness

Data on thickness and surface roughness of PDA layers on modified surfaces as
determined by ellipsometry and AFM are summarized in Table 5. AFM scans used to determine
surface roughness and particle features are shown in Figure 11. Roughness measurements for PC
could not be determined by ellipsometry due to near complete depolarization and low signal
intensity of the reflected light at A<1000 nm. Surface roughness is modelled at shorter
wavelengths due to higher scattering of light at those wavelengths [92]. Assuming that the
ellipsometer used was operating optimally, common substrate specific causes for depolarization
of the incident light include light scattering due to thickness inhomogeneity, backside reflections
for weakly absorbing substrates, or large surface roughness [92]. Since strong depolarization was
observed on unmodified PC, light depolarization was narrowed to the PC substrate rather than
the PDA deposit. Assuming that the supplier of the PC membrane enforces strict quality control,
thickness non-uniformity was not questioned. While the PC membrane showed low absorption
over the wavelengths used (k~0), strong interference caused by backside reflections is not likely
as the membrane is quite thin (tpc=6 pm). Backside reflections tend to interfere with the
observation of surface features if the substrate is greater than 0.2 mm in thickness [92].
Depolarization caused by surface roughness was also unlikely since the surface roughness of the
PC was minimal as determined by AFM (rpc=3.0 = 1.3 nm). It is suspected that strong
anisotropic light scattering leading to light depolarization was most likely the cause. This effect

is due to the birefringent nature of the porous PC membrane (npc=1.625 and 1.58).

To accurately model the PDA thickness on PC, wavelengths below 1000 nm were
eliminated from the analysis. The PDA thickness on PC was determined to be below the

sampling depth of XPS (tpc-ppa=6.3 £ 0.1 nm), confirming that the low N:C ratio determined by
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XPS was due to excess carbon signal from the PC substrate rather than from PDA. PDA
roughness was determined to be 16.5 + 4.4 nm from AFM analysis. “Divots” in the PDA surface
caused by the pores of the membrane were observed in AFM scans, although the extent of pore
coverage by PDA was uncertain. Fluid permeability experiments observing flow rate through the

membrane should be conducted to dete