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Abstract

Biofouling is a serious problem in the medical, marine, and several other industrial fields as it
poses significant health risks and financial losses. Therefore, there is a great need to endow
surfaces with antifouling and antimicrobial properties to mitigate biofouling. For long-term
biofouling resistance, a unifunctional antimicrobial or non-adhesive surface is insufficient for
preventing biofilm formation. To overcome this limitation, non-adhesive and antimicrobial dual-
functional surfaces are highly desirable. Zwitterionic polymers have been used extensively as one
of the best antifouling materials for surface modification. Being a super hydrophilic polymer,
zwitterionic polymers need a strong binding agent to maintain attachment to the surface for long-
term applications. In this thesis work, new strategies have been explored for surface modification
to covalently graft zwitterionic polymers using mussel-inspired dopamine chemistry and prebiotic

chemistry for long-term antifouling and antimicrobial applications.

In the first project, a facile surface modification technique using dopamine chemistry was
developed to prepare a super hydrophilic coating with both antifouling and antimicrobial
properties. Catechol containing adhesive monomer dopamine methacrylamide (DMA) was
copolymerized with bioinspired zwitterionic 2-methacryloyloxyethyl phosphorylcholine (MPC)
monomer, and the synthesized copolymers were covalently grafted onto the amino (—NH3) rich
polyethylenimine (PEI)/polydopamine (PDA) codeposited surface to obtain a stable antifouling
surface. The resulting surface was used for in sifu deposition of antimicrobial silver nanoparticles
(AgNPs), facilitated by the presence of catechol groups of the coating. This dual functional coating
significantly reduced the adhesion of both Gram-negative Escherichia coliand Gram-

positive Staphylococcus aureus bacteria and showed excellent resistance to bovine serum albumin
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adsorption. This bioinspired and efficient surface modification strategy with dual functional

coating promises its potential application in implantable biomedical devices.

In the second project, a smart surface was developed which can not only kill the attached
microbials but also can release the dead cells and foulants from the surface under a particular
incitement on demand. In this project, sugar responsive self-cleaning coating was developed by
forming covalent boronic ester bonds between catechol groups from polydopamine and
benzoxaborole pendant from zwitterionic and cationic polymers. To incorporate antifouling
property and enhance biocompatibility of the coating, zwitterionic compound MPC was chosen
and benzoxaborole pendant containing zwitterionic polymer poly (MPC-st-MAABO) (MAABO:
5-Methacrylamido-1,2-benzoxaborole) was synthesized. Additionally, to impart antibacterial
properties to the surface, quaternary ammonium containing cationic polymer poly (2-
(methacryloyloxy)ethyl trimethylammonium (META)-st-MAABO)) was synthesized. These
synthesized polymers were covalently grafted to PDA coated surface by forming a strong cyclic
boronic ester complex with catechol group of PDA layer endowing the surface with bacteria
contact-killing property and capturing specific protein. After the addition of cis-diol containing
competitive molecules 1.e. sugars, this boronic ester complex with catechol group of PDA was
replaced and attached polymer layer cleaved from the surface resulting in the release of both
absorbed protein and live/killed bacteria electrostatically attached to the polymer layer. This
dynamic self-cleaning surface can be a promising material for biomedical applications avoiding
the gathering of dead cells and debris which is typically encountered on traditional biocidal

surfaces.

In practice macro or micro scratches or damages can happen to the coating which can act as an

active site for microbial deposition and destroy the antifouling or antibacterial functionality of the
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coating. In the third project, an excellent biocompatible and multifunctional coating with
antifouling, antibacterial and self-healing property was developed. Prebiotic chemistry inspired
self-polymerization of AMN was used as a primary coating layer which act as a primer to graft
vitamin B5 analogous methacrylamide polymer poly(BSAMA) and zwitterionic compound MPC
containing polymer poly (MPC-st-BSAMA) by forming strong hydrogen bond. BSAMA having
multiple polar groups into the structure acted as an intrinsic self-healing material and showed
excellent antifouling property against protein and bacteria maintaining a good hydration layer. To
impart the antibacterial property into the coating AgNps has also been incorporated which showed
more that 90% killing efficiency against both gram-positive and gram-negative bacteria with
significant reduction of their adhesion on the surface. Incorporation of self-healing property into
the fouling repelling and antibacterial coating can significantly extend the durability of the

multifunctional coating making it promising for biomedical applications.

Three different surface modification techniques explored in this thesis, not only demonstrates
excellent antifouling and antibacterial property but also provides fundamental insights into the

facile development of multifunctional coating in various biomedical applications.
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1.1 Why Non-fouling?

Biofouling is highly undesirable to many applications which has become a worldwide costly and
serious problem in medical, marine and industrial fields. Biofouling arises from non-specific
interaction between wetted surfaces and foulants such as micro- and macro-organisms,
biomolecules, plants or algae'. Prosthetic implants, biosensors, catheters, vascular stents, dental
implants and other medical equipment are prone to surface biofouling due to adhesion of microbial
or thrombotic agents?. Infection from these biomedical devices and implants can lead to death of
the patient. Severe biofouling of ships and underwater structure, ultimately resulting in failure, has
become a common threat in marine industry. Increased drag, corrosion, loss of speed and increased
fuel consumption etc. are the resulting problems of marine biofouling which also responsible for
significant financial losses in this sector’. Power plants, textile industries, water-treatment systems
and food/beverage industries are the mostly affected industrial sectors because of biofilm
formation*°. Production loss, damage to materials, pipe blockage, decreased membrane flux,
contaminated water and reduced heat-exchanger efficiency etc. are the resulting problems of
industrial fouling. The annual total costs associated with biofouling in the marine industry is nearly
$1 billion® . The costs associated with infections from biofouling in the medical industry in the
United States alone is $6 billion per year’. Therefore, endowing surfaces with antifouling and
antimicrobial properties to mitigate the biofouling has become a great demand. The surface
chemistry and physical properties of the material are both crucial in preventing the recruitment of
biofouling organisms. Antifouling commonly refers to all systems that prevent an organism from
attaching to a surface. Natural antifouling surfaces exhibit both chemical and physical attributes.
Shark, mussel, lotus leaf and crab are common examples of marine organisms who possess natural

antifouling defenses®. They offer many physical and chemical mechanisms such as low drag,



adhesion and wettability (water repellency and attraction) etc. to control fouling. Inspired by
nature, researchers are currently designing antifouling surfaces to combat biofouling which is more
environmentally friendly and nontoxic than previously reported approaches. Earlier, the term
antifouling was associated only with incorporating biocidal agents such as copper, zinc and
tributyltin (TBT) etc. on surface coating with gradual release system®® . The excess release of
biocidal compounds is detrimental to non-target organisms and the surrounding environment. A
potential alternative approach towards combating biofouling is to alter the characteristics of the
material surface to less favorable biological attachment. In this regard, polymers are considered
as one of the most prospective materials because of its wide range of antifouling and antimicrobial
properties with excellent biocompatibility. A broad range of antifouling strategies are currently
employed ranging from coatings to cleaning techniques. Among them, maintaining a strong

hydration layer on top of the surface is believed to be the best approach to mitigate surface fouling®.

1.2 Zwitterion

Among all the approaches for developing novel antifouling surfaces for non-specific protein
repulsion, incorporation of hydrophilic polymer layer is the most promising one'®. Highly hydrated
chemical groups with optimized physical properties of the surface, along with appropriate surface
coating methods, are the effective strategies for developing stable non-fouling materials for long-
term applications. Chen ef al. have classified these non-fouling materials into two major
categories, polyhydrophilic and polyzwitterionic'!. Non-fouling mechanisms of both
polyhydrophilic and polyzwitterionic materials are based on creating a hydration layer near the
surface and steric repulsion!!!3. Hydration layer formed by hydrophilic polymers such as PEG
and their derivatives, is maintained by weak hydrogen bonds'#. On the other hand, the hydration
layer formed by zwitterionic polymers is more tightly bound through electrostatic interactions

3



which makes these polymers more effective in resisting the adhesion of fouling agents'>. PEG
based polymers are composed of one oxygen atom in each repeat unit (—CH2CH>O-) which can
bind only one water molecule through a hydrogen bond, while zwitterions can bind up to eight
water molecules by forming electrostatic forces which is stronger than the hydrogen bonding in
PEG/water systems'®. Moreover, reports have shown that PEG based hydrophilic polymers
degrade by oxidation, especially in complex media which limits their long-term applications!®.
Zwitterionic polymers have an equimolar number of homogeneously distributed anionic and
cationic groups on their polymer chains. Non-fouling zwitterionic polymers can be of two types:
Polybetaines with positively and negatively charged moieties on the same monomer unit and
polyampholytes with positively and negatively charged moieties on different monomer units'!.
Polybetaines can be further classified into three major groups based on the negatively charged
groups: sulfonate-betaines (SB), carboxylate-betaines (CB), and phosphonate-betaines (PB).
Among them phosphobetaine-based zwitterionic polymers are considered as biomimetic fouling
resistant material as they have phosphorylcholine headgroups which are usually found in the
outside layer of cell membranes'’. Polyampholyte polymer is another class of antifouling
polymers which is called pseudo-zwitterionic polymer and composed of a pair of separate
monomers with uniformly distributed two opposite charge moieties respectively!'®.
Polyampholytes with a perfect balance of positive and negative moieties mimic zwitterionic
materials and exhibit excellent antifouling properties!®*°. Uniform charge distribution and charge
neutrality of two closely connected opposite charge moieties on the zwitterionic materials are the
main reasons for forming maximum electrostatically induced hydration layer and avoiding
favorable interaction with proteins '!®. Because of the simplicity of synthesis, ease of applicability

and availability of functional groups zwitterionic polymers are considered one of the promising



non-fouling biomaterials. Some of the common zwitterionic functional groups are shown in Figure

1.1.

Phosphorylcholine Carboxybetaine
| o) HS
o, _
R=—N=—fCH,}=S =0
R i N
0 0
Sulfobetaine Cysteine

Figure 1.1: Zwitterionic functional groups: phosphorylcholine, sulfobetaine,
carboxybetaines, and cysteine. Redrawn with permission from ref 21%!. Copyright 2014

American Chemical Society.

1.3 Dopamine

Since first reported by Messersmith and co-workers in 2007?2, mussel-inspired dopamine
chemistry has been increasingly used for surface modification due to its simplicity, versatility and
strong reactivity for secondary functionalization?>**, Messersmith and co-workers reported that

under oxidative condition dopamine with functional catechol and amino groups, can be self-



polymerized to form a single-step thin coating of polydopamine (PDA) on a wide range of
substrates??. This approach is mainly inspired by the wet adhesive biomolecules-foot proteins
secreted by mussels for attachment to all types of inorganic and organic surfaces*>*>. Amino acid
composition of these foot proteins that found near the plaque-substrate interface, has two key
features that inspired PDA: (i) high catechol (3,4-dihydroxybenzene) content due to the presence
of 3,4-dihydroxy-L-phenylalanine (DOPA); and (i1) high primary and secondary amine content
due to lysine (Lys) and histidine residues’®?’. Messersmith and co-workers hypothesised that
coexistence of catechol and amine functional groups is responsible for strong adhesion to a wide
spectrum of materials and identified dopamine as a small-molecule compound that contains both
functionalities®’. They reported that dopamine acts as a powerful building block for spontaneous
deposition of thin polymer films of polydopamine on virtually any bulk material surface and the

deposited films can easily be adapted for a wide variety of functional uses®>%,

1.3.1 Polydopamine Structure and Formation

Understanding the chemistry of polydopamine formation is a challenging subject and the details
of this mechanism still remain an active area of investigation. A consensus in polydopamine
chemistry begins with spontaneous deprotonation of hydroxyl groups under oxidative condition
and formation of dopamine-quinone?®. This oxidation product dopamine-quinone undergoes a
nucleophilic intramolecular cyclization and later turns into leukodopaminechrome which
subsequently forms 5,6 dihydroxyindole or 5,6 indolequinone through further oxidation and
rearrangement>**!. At this point there are different proposed chemical pathways leading to final
PDA structure and the polymerization mechanism of dopamine. The proposed mechanism includes
intermolecular crosslinking of 5,6-dihydroxyindole or 5,6-indolequinone through branching

reactions at positions 2, 3, 4, and 7 finally leads to eumelanin like polymer polydopamine?®!. Lee



and coworkers suggested that dimers and trimers formed via oxidation coupling and then
assembled to the PDA32. It has also been proposed that PDA is composed entirely of noncovalent
assemblies of dopamine, dopamine-quinone and 5,6-dihydroxyindole®®, whereas Beck and
coworkers hypothesised that these molecules polymerize to form a heteropolymer composed of
catecholamine, quinone and indole repeat units®*. Possible polymerization mechanisms and

structures of polydopamine proposed by researchers are shown in Figure 1.2.
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Figure 1.2 : Possible polymerization mechanism of dopamine. Auto-oxidation of dopamine
leads to the formation of dopamine-quinone which undergoes further oxidation and
rearrangement to form 5,6-dihydroxyindole and 5,6 indolequinone. Proposed possible

structures of final product polydopamine ranges from non-covalent trimer assemblies,



eumelanin-like oligo-indoles and covalent coupling of subunits to yield a

catechol/amine/quinone/indole heteropolymer.

Thus, a firmly adherent PDA layer can be formed on the surface of a substrate that is immersed in
the dopamine solution for a certain time. PDA layer can be tightly attached to any kind of substrate
by covalent or non-covalent interactions (such as m-m interaction, charge transfer interactions).
PDA coating thickness depends on concentration of dopamine in solution, deposition time, pH and
supplied oxygen in the solution®®. This primary PDA coating can be used without further
modification or used as a “primer” onto which a subsequent secondary coating can be applied. The
PDA-coated surface layers contain amino groups and phenolic groups, which can react with a
variety of molecules via Schiff-base and Michael addition chemistries to facilely immobilize thiol
or amine containing molecules and directly reduce metal cations to metal nanoparticles®>*> (Figure
1.3). Due to great adhesion of PDA with a wide range of polymers, one step PDA coating has been
explored as a surface modifier. PDA also serve as a linker for initiators for both atom transfer
radical polymerization (ATRP) and reversible addition—fragmentation chain-transfer
polymerization (RAFT) techniques (Figure 1.3)*%. By connecting with these initiators various
polymer chains can be grafted onto the PDA modified surfaces via surface-initiated ATRP (SI-
ATRP) or RAFT. In the last decade, PDA coating has been utilized in various sectors such as
energy storage device, anti-biofouling, antimicrobial surface, drug delivery, cancer nanomedicine,
membrane separation technologies, tissue engineering, artificial spore, mechanically tough
hydrogels, photonic materials, bone regenerations and so on**®, Among these applications, in
most cases PDA coating played the role as an intermediate linker to immobilize other chemical

components onto the surface to impart the desired property.
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Figure 1.3 Chemical properties of dopamine and PDA as representatives of catecholamine and
catecholamine-based materials. Reprinted with permission from ref 282%. Copyright 2015

Elsevier.

1.3.2 Comparison of PDA Coating with Other Coating Techniques

Prior to the invention of PDA coating, for polymer coating, three major techniques have been
utilized in surface modification chemistry and they are - self-assembled monolayer (SAM)*"°,

404142 " and plasma treatment*>*, All these methods have specific

layer-by-layer (LbL) assembly
advantages along with some drawbacks but share a certain surface specificity. Self-assembled
monolayers can only be developed on the noble metal ( i.e. Cu, Pt, Ag, Au) surfaces* using
molecules carrying thiol groups through highly specific metal-thiolate bonds*® or can be deposited

on the surface of oxides using alkylsilanes* and therefore require matching surface—adsorbate

chemistries. On the other hand, robust PDA coating can be deposited onto any kind of surface
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with secondary reactivity, whether organic or inorganic, whether hydrophilic or hydrophobic;
whether blocky, filamentous or granular; whether metal, polymer or even a living cell*. Another
interesting surface functionalization technique is polymer thin films assembly via sequential
deposition of interacting polymers or layer-by-layer deposition of polyelectrolyte multilayer films
of charged surfaces*’. Though LBL assembly is flexible in terms of substrate choice for deposition
and allows post modification, it involves multiple deposition steps using interacting polymers and

requires modification of polymers for crosslinking or (bio)functionalization*®

. Therefore,
polymers, used in LBL assembly, need to be synthesized specifically with a view toward LBL use
or to provide a new function. In contrast, PDA in its simplest form is a synthesis-free method in
which the coating with intrinsic chemical reactivity®® can be built in only one step without the
requirement of synthesizing sophisticated polymers or other coating components®. As the LBL
assembly mostly involves many coating cycles, the formation of multilayers approaching
thermodynamic equilibrium is relatively time-consuming process*’ and labor intensive. In terms
of costs of the instrumentation, production procedures, number and variety of materials that can
be assembled, and surfaces to be coated, it is generally accepted that polydopamine coating is a

more suitable, simple, and versatile surface modification method for the fabrication of robust

functional multilayer assemblies™?.

14 Dopamine and Zwitterion Conjugation

Conjugation of zwitterionic polymer with dopamine is a very promising approach to obtain a non-
fouling surface where dopamine serves as surface anchoring motif and zwitterionic polymer serve
as antifouling motif. Surface coating with biomimetic zwitterionic polymer has been extensively
explored to endow the surface with antifouling properties for medical devices, biosensors and
marine coatings applications!®. Because of the high resistance to the nonspecific adsorption of

10



proteins and the irreversible adhesion of microorganisms, zwitterionic polymers have been
considered as a new generation of antifouling materials®®. Polydopamine (PDA) layer on the
surface is one of the best candidates as a precursor layer to effectively immobilize zwitterionic
polymers on the surface. Zwitterionic polymers can be immobilized onto the surface by either

‘graft to’ or ‘graft from’ method using dopamine chemistry>!-*2

. ‘Graft to’ method commonly
includes synthesis of an end-functionalized polymers and then subsequently adsorbed onto a
surface by forming a chemical bond (i.e., chemisorption) or a physical adsorption of polymers via
specific interactions of the polymers with the surface (i.e., hydrophobic or electrostatic
interactions, hydrogen bonds, antibody-antigen, and geometrical complementary match)>!. In
‘graft to’ strategies, polymers may be conveniently characterized prior to grafting but it can be
difficult to achieve high grafting density due to steric effects, particularly as the chain length
increases. In the case of the ‘graft from’ method, either an initiator is immobilized or generated on
a surface and then in sifu surface-initiated polymerization with monomers initiated by the
immobilized initiators®!. Compared to the ‘graft to’ method, “graft from” approach is more
promising for synthesizing the polymer brushes on the surface with a high grafting density!'® and
well-controlled film thickness. Therefore, dopamine or catechol derivatives can serve as a versatile

grafting agent or ‘primer’ for the convenient and stable anchoring of the zwitterionic polymers

onto surfaces by either ‘graft to’ or ‘graft from’ approaches.

Based on the recent studies, for zwitterion and dopamine conjugation, these two approaches can
be divided into four more methods which are summarized into Figure 1.4. In brief, we have
categorized that zwitterionic polymers can be conjugated with dopamine by mostly four methods
(Figure 4) : a) Direct modifications by zwitterions with dopamine group, b) Co-deposition of

dopamine with zwitterionic polymers, c) Zwitterionic post modification of PDA coated surface,
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and d) Surface initiated polymerization of zwitterionic polymer. Here, the first three methods -

direct modification, co-deposition and post modification fall under ‘graft to’ approach and surface

initiated polymerization method mainly refers to ‘graft from” approach. The details of each method

has been discussed later under section 2 and 3.
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Figure 1.4 Categorization of dopamine zwitterion conjugation into ‘Graft to’ and ‘Graft

from’ approaches. Examples of four different conjugation methods - direct modification, co-

deposition post modification and surface-initiated polymerization which fall under the two

major categorization ‘Graft to’ and ‘Graft from’ approaches.

Researchers have explored extensively both ‘graft to’ and ‘graft from’ method using dopamine

derivatives to conveniently anchor zwitterionic polymers on the surfaces for achieving ultra-low
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fouling. Jiang and co-workers have developed a series of efficient surfaces modification techniques
with dopamine derivatives to anchor zwitterionic polymers such as poly(sulfobetaine
methacrylate) (PSBMA)>*7% and poly(carboxybetaine methacrylate) (PCBMA)>*>® to obtain
super low fouling surfaces in complex media. Their studies were mostly based on grafting or
growing zwitterionic polymer brushes on the surface from a synthesized catecholic atom transfer
radical polymerization (ATRP) initiator. Elimelech and coworkers developed PDA assisted dual
functional zwitterionic and cationic polymer brush coating via activators regenerated by electron
transfer atom transfer radical polymerization (ARGET-ATRP) to obtain both antifouling and
antibacterial property™. All these techniques required multiple step treatment to functionalize the
surface which would be costly and time consumable. To simplify the surface modification process,
Chen et al. developed adhesive monomer dopamine methacrylamide (DMA) containing
terpolymers with MPC and cationic monomer by a conventional free radical polymerization and
constructed a self-assembled antifouling and contact killing antibacterial surface by a simple one-
step dip coating method®. Following this one-step dip coating technique, Xu et al. utilized the
non-covalent interaction between dopamine and zwitterionic polymers and developed dopamine
triggered one step co-deposition of zwitterionic monomers (SBMA, MPC and CMA) to fabricate
non-fouling surface®!. They were the first to report that dopamine can act as an initiator for the
polymerization of acrylate monomers. Previously, they also fabricated antifouling membrane
surface and underwater superoleophobic meshes for oil/water separation by poly(SBMA)/PDA

one-step codeposition>2,

Emrick et al. also utilized this method and co-deposited
poly(MPC)/PDA to construct a super hydrophilic antifouling surface using the hydrogen bonding

and cation 7 interpolymer interaction between poly(MPC) and PDA®. Later, Xu et al. improved

this co-deposition time by increasing the oxidation rate of dopamine®. As co-deposition rate is
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completely dependent on the oxidation of dopamine, they added CuSO4 /H>0O: into the solution to
produce reactive oxygen free radicals which accelerated the polymerization and deposition rate of
PDA with zwitterionic polymers. As PDA coated layer always contains some reactive catechol or
amine group, thiol-containing zwitterionic polymers can be easily covalently grafted to PDA
coated surface via click chemistry®>%. Kang,®® Lin% and coworkers recently utilized this thiol-ene
“click” photopolymerization strategy to graft MPC polymer brush from the PDA coated surface to
mitigate the surface fouling. Other researchers also utilized dopamine assisted surface initiator
immobilization and subsequent surface initiated polymerization of zwitterionic monomer to

fabricate antifouling zwitterionic polymer brush®’ .

1.5  Antifouling Strategies with Zwitterions and Dopamine Using ‘Graft to’ Approaches

1.5.1 Direct Modification by Zwitterions with Dopamine Group:

To achieve non-fouling surface coating with higher packing density, direct attachment of
zwitterionic polymer chains with adhesive groups to the surface in one step is highly desirable
because of its simplicity in approach. As zwitterionic polymer is highly water soluble, it is essential
to have a strong surface binding group on the zwitterionic polymer to achieve higher packing
density and stability. Catechol containing dopamine is a promising candidate as a surface binding
group because of its stable surface anchoring property to a wide range of surfaces*?. With this in
mind, in 2008, Jiang et al. first developed catecholic ATRP initiator (Figure 1.5) for grafting
zwitterionic polymers on gold surface to obtain ultralow fouling surface in complex media’>.
Catecholic oxygens of this initiator were protected by the reaction of dopamine hydrochloride and
t-butyldimethylsilyl (TBDMS) chloride. With the help of this protected initiator - bromo-2-methyl-
N-[2-(3,4-di(t-butyldimethylsilyloxy)-phenyl) ethyl] propionamide the polymerization of SBMA
was carried out via ATRP method. Catechol containing poly(SBMA) polymer was then grafted to
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the surface with high packing density by simply flowing the polymer solution over the surface and

an excellent antifouling surface was achieved.
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Figure 1.5 Reaction steps for the grafting of poly(SBMA) from the catechol initiator via
ATRP, followed by the deprotection of hydroxyl groups before surface adhesion. Reprinted

with permission from ref 53%3. Copyright 2008 Elsevier.

Jiang et al. applied this universal one-step dip-coating method to obtain the antifouling property
of both hydrophilic and hydrophobic surfaces>*’’. Zwitterionic sulfobetaine (poly(SBMA)) and
extremely hydrophilic carboxybetaine methacrylate (poly(CBMA)) polymers with one catechol

chain end from adhesive 3,4-dihydroxyphenyl-l-alanine (DOPA) (i.e. DOPA-poly(SBMA),
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DOPA-poly(CBMA)) were applied to a variety of surfaces such as hydrophilic metal oxides
(silica) and hydrophobic polymer sheets and fibers (nylon, polystyrene, polypropylene, polyvinyl
chloride and teflon etc.). To improve more grafting density of the catechol containing polymer,
Gao et al. synthesized two catechol groups containing polymer (pCB:-catecholy) with two
zwitterionic poly(carboxybetaine) (pCB) arms®’. Due to increased surface anchoring group DOPA
in the polymer chain, pCB»-catechol, showed the best non-fouling properties on the grafted surface

with strong surface binding and increased surface coverage (Figure 1.6).
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Figure 1.6 Schematic diagram of an antifouling Au surface grafted with pCB:z-catechol: in

THF/H20. Reprinted with permission from ref 57 37. Copyright 2010 Elsevier.

To increase the coating binding affinity, Sun et al introduced four adhesive L-3.4-
dihydroxyphenylalanine (DOPA) groups in poly(CBMA) polymer chain’!. The presence of four
surface binding group in one polymer chain (poly(CBMA)-DOPA4) increased the surface binding
affinity along with the antifouling property of coated cellulose paper. Because of the high water
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solubility of poly(CBMA)-DOPA, it showed weaker binding to hydrophobic surfaces which led
to high fouling. To overcome this solubility problem Subdaram et al. included dopamine along
with poly(CBMA)-DOPA to promote the attachment of this polymer to any kind of surface’.
Dopamine can easily polymerize to polydopamine and the catechol group of poly(CBMA)-DOPA
polymer chain can react with the amine group present on polydopamine and thus this mixed
polymer solution can easily be grafted to any kind of surface with higher surface coverage. In
2014, Zhao et al. developed a series of synthetic bifunctional polymers with catechol conjugation
to construct self-cross-linked nanolayers on polymeric substrates via the pH induced catechol

cross-linking and immobilization>

. Several bio-functional polymers, i.e., poly(sodium 4-
vinylbenzenesulfonate)-co-poly(acrylic acid) (P(SS-co-AA)), poly((2-(methacryloyloxy)ethyl)
dimethyl-(3-sulfopropyl)ammonium hydroxide)-co-poly(acrylic acid) (P-(SBMA-co-AA)),
poly(poly(ethylene glycol) methyl ether methacrylate)-co-poly(acrylic acid) (P(EGMA-co-AA)),
poly-(1-vinyl-2-pyrrolidone)-co-poly(acrylic acid) (P(VP-co-AA)), and poly((2
(methacryloyloxy)ethyl) trimethylammonium chloride)-co-poly(acrylic acid) (P(MTAC-co-AA)),
were first synthesized via reversible addition-fragmentation chain transfer (RAFT)
polymerization, and then the catecholic molecules (dopamine) were conjugated to these polymers
by the facile carbodiimide reaction with acrylic acid units. This mussel adhesion protein inspired
dopamine chemistry helped to develop several stable biointerfaces with versatile biological
functionalities due to easy immobilization of catechol containing polymers™. Ye et al. also utilized
this carbodiimide chemistry between hyaluronic acid (HA) and dopamine to make a polyanion of
the HA-dopamine conjugate for low fouling surface’?. Chen et al. prepared terpolymer containing

dopamine, zwitterionic polymer MPC and cations to construct a recycle antibacterial and

antifouling surface®. This terpolymer of dopamine containing dopamine methacrylamide (DMA),
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cationic 2-(dimethylamino)-ethyl methacrylate (DMAEMA) and MPC was synthesized by
conventional free-radical polymerization. Pendent DMA of this terpolymer served as a surface
adhesive to successfully coat the polymer solution onto the surface by a simple one-step self-
assembly method. Instead of a larger polymer chain, Huang et al. employed small molecules of
zwitterions and dopamine’. Without any complex polymerization reactions, they conjugated
dopamine molecules with zwitterionic sulfobetaine moiety to obtain a highly packed adhesive thin

film through pH transition approach for an antifouling biointerface.

1.5.2  Co-deposition of Dopamine with Zwitterionic Polymers

Compared to traditional ‘grafting to’ method for zwitterionic polymer immobilization, dopamine-
assisted co-deposition is more robust, controllable and can be easily adjusted by changing the pH,
deposition time, concentration and atmosphere. Dopamine-assisted co-deposition can greatly
simplify the procedure of zwitterionic polymer grafting and enrich possible coating functionality
by integrating the deposition and functionalization in a single simultaneous step. In 2012, Lee et
al. first proposed the concept of dopamine-assisted co-deposition by dissolving dopamine with
molecules of a wide range in sizes (10> to 10° Da) and with various chemistries containing
carboxyl, amine, thiol, quaternary ammonium, and/catechol groups’®. Later inspired by this
dopamine assisted co-deposition concept and to avoid complicated multistep procedure for
grafting zwitterionic polymer, Xu et al. first reported one-step dopamine-assisted co-deposition
method for constructing antifouling membrane surface with poly(SBMA)>*®2. This one step
deposition using one-pot mixture of dopamine alkaline solution with polymer, greatly simplifies
the coating process and provides an ultrathin composite coating on a variety of surfaces, including
glass, silicon, nanofiber, polystyrene, perfluorinated silicon, steel, and microporous polypropylene

membranes. Dopamine-assisted co-deposition involves a second component during the deposition
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of dopamine, including synthetic polymers or monomers, small organic molecules and

nanomaterials.

The mechanism of dopamine-assisted deposition involves single or multiple covalent/non-
covalent interactions between dopamine and second component’. Compared to the non-covalent
co-deposition, the covalent co-deposition provides a robust network to promote the coating
stability. Emrick et al. utilized dopamine assisted non covalent co-deposition technique to
fabricate biocompatible, hydrophilic, and fouling-resistant surfaces via the co-deposition of
dopamine and poly(MPC)®777 Both poly(SBMA) and poly(MPC) interact with PDA through
non-covalent linkages, including electrostatic interaction and hydrogen bonding. Poly(SBMA)
interacts with PDA through local electrostatic interactions between deprotonated phenols groups
of dopamine and the quaternary ammonium of poly(SBMA)®2. Poly(MPC) interacts with PDA

through phenol-phospholipid hydrogen bonding and cation-r interactions (Figure 1.7)%.
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Figure 1.7. Schematic illustration of PDA and poly(MPC) co-deposition coating and the
mechanism of the PDA-poly(MPC) non-covalent interactions. Reprinted with permission from ref

63%.Copyright 2016 Wiley Online.
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Coating conditions, deposition time, oxidation of dopamine and solution concentration control the
coating thickness of PDA assisted coating. Oxygen diffusion barrier was still a problem for
oxidative dopamine polymerization which has been further solved by Xu et al.%*’8. They
accelerated the polymerization of dopamine and the deposition rate of PDA coatings by using
CuSO4/H20; as a trigger. Cu®** and H20; produce a great deal of reactive oxygen free radicals in
an alkaline medium which play a key role in rapid polymerization of dopamine and improve the
deposition rate of PDA coatings. In this way, they reduced the PDA based co-deposition time from
18 hrs to 1 hr only. PDA based co-deposited coating can also be used for secondary
functionalization of the surface because of the presence of some unreacted catechol group in PDA.
Unreacted —OH group of PDA based coating can be utilized to incorporate metal nanoparticles
into the coating which can impart some antibacterial activities as well. Zhao ef al. recently
reported, novel antibacterial and antifouling membrane via co-deposition of PDA and PEI-SBMA,
followed by incorporating bactericidal silver nanoparticles (AgNPs)”’. One catechol group of PDA
can lose two electrons and reduce the diffused Ag" ion to Ag’ and transformed itself into stable
1,2-benzoquinone as shown in Figure 1.8. Thus, the catechol group of PDA can reduce metal ions,

including silver and gold ions, into metallic nanoparticles without any reducing agent.
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Figure 1.8. Schematic presentation of PDA/PEI-SBMA co-deposition and AgNPs

incorporation. Redrawn with permission from ref 787%. Copyright 2016 Wiley Online.

1.5.3  Zwitterionic Post Modification of PDA Coated Surface

The catechol motif of polydopamine is more beneficial when it comes to post modification
strategies, especially in the context of conjugation with thiol or amine containing molecules. To
be specific, the oxidized quinone form of catechol of PDA can undergo reactions with nucleophilic
amine or thiol groups via Michael addition or Schiff-base reaction (Figure 1.9) to form covalently
grafted functional polymer layer®®. In a Michael addition reaction between amine terminated

polymer and polydopamine, an amine is attached to the catechol ring at the 4- or 5-position, and
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in a Schiff base reaction the amine attacks the 2-position of the catechol ring and an imine is
created®!. This reaction mechanism between oxidized quinone of PDA and amine containing
polymer depends on the type of amine. Generally, aromatic amines favor the Michael- addition
reaction, whereas aliphatic amines favor the Schiff base reaction®!. Similarly, the electrophilic
oxidized quinone of PDA is highly reactive towards nucleophilic thiol groups and can react with

thiol terminated polymer via the Michael addition reaction to form catechol—thiol adducts.
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Figure 1.9. Reactions of oxidized quinone of PDA with amines and thiols via Michael addition
and Schiff base reaction. In a Michael addition reaction both amino group and thiol group
attacks the catechol ring at the 4- or S-position, whereas in a Schiff base reaction the amino

group attacks the 2-position of the catechol ring of PDA.

1.5.3.1 PDA and Thiol Group Containing Zwitterionic Polymer Conjugation

Catechol-thiol adducts have been detected in many different systems. Inspired by this dopamine
chemistry, in 2013, Jian Shen er al. covalently grafted thiol and amino group containing
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zwitterionic material cysteine to the PDA coated PET sheets via thiol-ene Michael addition
reaction to improve the antifouling and hemocompatibility property®?. Being pH responsive, the
post modified surface with cysteine coating can act as a self-cleaning surface which was further
investigated by Shevate ef al. by anchoring cysteine on the PDA coated membranes via Michael-
addition reaction at 50°C to alleviate the antifouling ability of the membrane with foulants
solution.®> Cui et al. also immobilized zwitterionic glutamic acid and lysine-based peptides onto
PDA coated noble metals, metal oxides, polymers and semiconductors via Michael-addition
reaction between thiol of peptides and quinone of PDA groups to obtain surface-independent low
fouling surfaces®. For long-term application and to overcome the high water solubility of
zwitterionic polymer this two-step PDA assisted coating technique is convenient and effective. To
prove this concept, Lin et al. grafted dithiol-containing poly(MPC-co-2-(methacryloyloxy)ethyl
lipoate (MAEL)) copolymer to PDA coated via Michael addition reaction®® [44]. They first
modified the membrane with a thin layer of PDA coating in Tris-buffer solution. Then covalently
grafted the dithiol containing poly(MPC-co-MAEL) copolymer synthesized by RAFT
polymerization technique. Thiol-functional group containing zwitterionic copolymers grafting
showed increased hydrophilicity and superior long term antifouling properties®®. Xu et al. utilized
click chemistry to assemble zwitterionic and cationic binary polymer brushes onto PDA-anchored
stainless steel (SS) surfaces®®. Zwitterionic poly(MPC) was first polymerized grafting from the
PDA functionalized SS surface via thiol—ene “click” reaction. Alkynyl-modified cationic poly(2-
(methacryloyloxy) ethyl trimethylammonium chloride) (alkynyl-poly(META)) was then grafted
to the surface via azide—alkyne “click” reaction. This poly(MPC)/poly(META) binary polymer
brushes grafted via click chemistry to the PDA modified surface showed very stable (more than

30 days) and durable antifouling and antibacterial properties®.
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1.5.3.2 PDA and Amine Group Containing Zwitterionic Polymer Conjugation

Similar to these ‘thiol-functional’ groups containing zwitterionic polymer grafting, PDA layer also
can act as an intermediate layer to immobilize ‘amine-containing’ molecules via Michael addition
or Schiff- base reaction. Shen ef al. successfully immobilized small zwitterionic molecule lysine
(contains two amine —NH> groups) to the pre coated PDA layer via amino-ene Michael addition
reaction and obtained excellent biocompatible and antifouling surface®. To avoid the selectivity
of only amine functional group containing zwitterionic molecule grafting on PDA coated surface,
Wang et al. synthesized a copolymer of acrylate zwitterionic molecule SBMA with 2-aminoethyl
methacrylate (AEMA) named as poly(SBMA-co-AEMA)®. The amino groups (-NHz) of AEMA
segment reacted with PDA-modified surface by Michael addition or Schiff base reactions and
opened a new possibilities of grafting zwitterionic copolymers with amino group pendant chain.
Besides, by controlling the content of —NH; in the copolymers through adjusting the ratio of

Zwitterion/AEMA the interaction of the copolymer with PDA coating can also be enhanced.

Instead of utilizing the amine functional group from zwitterionic molecule/polymer, researchers
had also employed the amine groups in the bulk PDA layer and grafted amine free zwitterionic
molecule/polymer on the PDA coated surface covalently. Using this two-step post modification
approach, Liu ef al. developed a new conjugation technique to the formation of f-amino carbonyl
linkages between the amine functional group of PDA and acrylate/acrylamide zwitterionic
molecules (Sulfobetaine acrylamide (SBAA) and SBMA) via the aza-Michael reaction (Figure
1.10) for developing the multifunctional antifouling interfaces in a substrate-independent
fashion®’. The aza-Michael addition is of synthetic importance, in which the nucleophilic amine

groups of PDA coating attach to the a,B-unsaturated carbonyl compounds.
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To enhance the interaction between PDA coating and zwitterionic compound, by utilizing amine
groups of PDA coated surface, recently Narain and coworkers have developed a robust strategy
by covalently grafting adhesive monomer DMA and zwitterionic MPC containing copolymer
poly(MPC-co-DMA) onto amino (—NHj) rich polyethylenimine (PEI)/PDA co-deposited
surface®. Co-deposition of PEI and PDA helped to decorate the surface with more anchoring sites
(more nucleophilic amine groups on the surface) available for zwitterionic compound grafting.
The resulting surface was also treated for in situ deposition of antimicrobial silver nanoparticles

(AgNPs), facilitated by the presence of catechol groups of the coating to impart antibacterial

property.
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Figure 1.10. PDA and acrylate/acrylamide zwitterionic molecule conjugation by the
formation of B-amino carbonyl linkages via aza-Michael addition reaction. Redrawn with

permission from ref 87%7. Copyright 2016 American Chemical Society.
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1.6 Antifouling Strategies with Zwitterions and Dopamine Using ‘Graft from’ Approach

1.6.1 Surface Initiated Polymerization of Zwitterionic Polymers

One of the most effective methods to prevent biofouling are grafting the zwitterionic monomers
from a surface via surface-initiated atom transfer radical polymerization (SI-ATRP). Due to its
controlled/living feature, this SI-ATRP has been widely developed to generate non-fouling
polymer brushes with high packing densities and controllable film thicknesses®. One of the
challenges of the conventional SI-ATRP method are the selectivity of chemically reactive surfaces
for covalent immobilization of ATRP initiators®. The most conventionally used ATRP initiators
that can assemble on a substrate surface are thiol, chlorosilane and alkoxysilane-based’! . The
binding chemistries of these ATRP initiators are substrate-dependent. For example, the thiol-based
initiator is only effective on gold and some noble metal substrates, and the chlorosilane or

alkoxysilane-based initiators are effective on oxides surfaces’.

To overcome this limitation of SI-ATRP for the selective substrate surface, mussel-inspired robust
adhesive dopamine chemistry has been extensively studied to deposit the PDA layer onto a wide
range of surfaces and thereby acts as an efficient platform for further surface immobilization of
ATRP initiators®”*>®7. To show the efficiency of dopamine for the immobilization ATRP
initiators, Chang et al. compared catecholic dopamine and organosilane as the respective anchor
site for subsequent immobilization of ATRP initiator onto stainless steel surface and poly(SBMA)
polymerization®®. In their study, poly(SBMA) brushes grown from the respective dopamine and
silane-assembly layers were compared for the effectiveness in resisting the adhesion of plasma
protein, blood cells, mammalian cells, and bacteria. Results showed that poly(SBMA) grafted from
polydopamine interfacial layers achieved better bioadhesion resistance than from silane-based

assembly layers. Such dopamine-initiated ATRP can be applied to nearly any substrate to achieve
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the desired surface chemical characteristics, shapes and sizes for growing antifouling polymer
brushes from the surface. This dopamine-initiated ATRP method can be divided into two
approaches. In the first approach, most of the researchers first coated the surface with dopamine
followed by immersing that PDA coated substrate into ATRP initiator aqueous solution for cross
linking the PDA oligomers with the ATRP initiator and then grew zwitterionic polymer brushes
from the modified surface’>*¥(Figure 1.11). The amount of initiators immobilized on surfaces
determines the graft ratio of zwitterionic polymers on membrane surfaces>® . Usually in SI-ATRP,
the initiator’s primary concentration on a surface remains very low compared to that used for bulk
or solution ATRP®. Therefore, to obtain thicker polymer brushes at a faster growth rate and to
establish an equilibrium between dormant and active chains during SI-ATRP, an excess amount

of deactivating Cu(Il) complex in the form of CuBr is usually added.
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Figure 1.11. Schematic illustration for surface initiated ATRP for generating zwitterionic
polymer brush on PDA coated surface through immobilization of ATRP initiator onto the

PDA coated surface.

In another approach, the researchers studied modified polydopamine as an initiator layer for SI-

ATRP, which was synthesized by reacting dopamine with ATRP initiator before
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deposition®”19%191 ' This ATRP initiator modified dopamine film subsequently act as initiator to
initiate polymerization of antifouling monomers from the surface using activators regenerated by
electron transfer (ARGET) — ATRP. As the conventional SI-ATRP has few limitations including
the use of relatively high concentration of catalyst complexes, rigorous removal of oxygen and the
purification of polymers, the newly developed ATRP initiating system ARGET-ATRP can help to
mitigate these limitations by introducing reducing agent (i.e., ascorbic acid) and reducing the
concentration of the catalyst’*’%, Recently, Gong et al. reported an universal strategy of preparing
stable zwitterionic polymer brushes by integrating the advantages of both PDA chemistry and
ARGET-ATRP?. In their study, a PDA adhesive layer was first dip-coated on a substrate, followed
by covalent immobilization of 3-trimethoxysilyl propyl 2-bromo-2-methylpropionate (SiBr,
ATREP initiator) on the PDA coated surface via condensation reaction between the silicon hydroxyl
and the PDA hydroxyl groups. Then, SI-ARGET-ATRP was performed in a zwitterionic monomer
solution catalyzed by the parts per million level of CuBr; without deoxygenation (Figure 1.12).
This conveniently fabricated zwitterionic polymer brush coatings were demonstrated to have

stable, ultralow fouling, and extremely blood compatibility.
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independent substrate by PDA universal adhesion, trimethoxysilyl group cross-link, and ATRP
initiator covalent immobilization (left), (A, C) Protein adsorption and (B, D) platelet adhesion
results on (A, B) glass and (C, D) polypropylene (PP) surfaces grafted with PMPC brushes for
different hours. The graft polymerization was carried out in aqueous solution containing 20 mg
mL ! MPC, 0.0036 mg mL ' CuBr2, 0.0152 mg mL"! bipyridine (bpy), and 0.14 mg mL ! ascorbic
acid at 50 °C. Protein adsorption amount was measured by the BCA assay (right). Reprinted with

permission from ref 90°°. Copyright 2020 American Chemical Society.
1.7  Applications

In the past few years, polydopamine and zwitterion conjugation has attracted considerable interest
for various types of applications ranging from marine to biomedical industries. Because of the
unique molecular structure of zwitterionic compounds, they have been widely used as promising
candidates to tune the interface properties of materials in various fields. In conjunction with
adhesive domain dopamine or dopamine derivatives, these zwitterionic compounds are broadly

utilized in biomedical applications due to their dual capabilities for fouling resistance and
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functionalization. In most of the applications polydopamine based simple and versatile surface

modification techniques play three common roles: surface coatings, interlayers for better

compatibility and interlayers for further functionalization. Apart from antifouling application, this

dopamine-zwitterion novel conjugation has been employed to waste water treatment, drug carriers,

wound healing and biosensors etc. In Table 1, we have summarized the recent advances in the

dopamine and dopamine derivatives mediated surfaces in conjugation with zwitterions for various

applications.

Table 1.1. Summary of the recent applications of dopamine-zwitterion conjugation

Substrate Antifouling Conjugation Applications Refs.
zwitterionic mechanism with
compound dopamine/dopamine
derivatives
Stainless steel SBMA ATRP General anti-bio adhesive against plasma protein,
blood cells, mammalian cells, and bacteria.
Commercial thin-film SBMA ARGET-ATRP Mitigate biofouling on TFC membranes used in >°

composite (TFC)

membranes

Cellulose nanofibers MPC

1,3-propane

sultone

Sequential deposition

and co deposition

Ring opening reaction

desalination technology for global water

production

Antifouling nanofiber mats for tissue engineering

scaffolds and water purification technologies.

Scarless wound healing

76

102
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Electrospun poly (L -

lactic) acid (PLLA)

film

Sensor chip of surface

plasrna resonance

(SPR) instrument.

Polydimethylsiloxane
(PDMS) membranes

Silicon wafer, glass and

stainless steel mesh

Cellulose paper,

Gold and silica

Titanium Surface

Stainless steel

Polypropylene

Poly(ethylene
terephthalate) (PET)

SBMA

MPC

CBMA

MPC,

SBMA

CBMA

MPC

MPC

SBMA

Cysteine,

Lysine

ATRP

Amidation reaction
with intermediate PDA

layer

ATRP

Hydrogen  bonding,

cation- T interaction

and electrostatic

interaction

ATRP

ATRP

SI-ATRP

SI-ATRP

Michael addition

reaction

Ultra low fouling in complex media for

biomedical application

Advanced antifouling surfaces for clinical
catheters, vascular stent, artificial lung,
hemodialyzer, biomedical devices and long

circulating nanocarriers

Anticoagulant biomaterials with reduced platelet

fouling

Underwater super oleophobic surface for oil/water

separation

Functionalized biosensor for sensing and

detection in complex media

For improved hemocompatibility of

cardiovascular stent and some

other biomaterials.
Marine antifouling
immobilization and

Oriented antibody

immunoassay

Hemocompatible anti-biofouling

55

103

58

62,63

57,71,104

95

96

105

82,85
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Ultrafiltration (UF)

membranes

Polyethersulfone
ultrafiltration

membrane

PVDF membrane

Poly(lactic acid)

membrane

Poly(lactic-co-glycolic

acid) nanoparticles

Mesoporous silica

nanoparticles

Glass, mica, and gold

SBMA

SBMA

MPC

SBMA

CBMA

CBMA

SBMA

Michael addition
reaction

Schiff-base and
Michael addition

Amidation reaction

ATRP

Schiff-base

ATRP

Crosslinking

Waste water reuse in water treatment

Ultrafiltration membranes for reduced biofouling

in skim milk filtration

Oil/Water separation

Hemodiafiltration for hemodialysis

Nano drug carriers

Stealth multifunctional biocarriers for drug

delivery / diagnostics

antifouling , anti- freezing and antifogging

106

107

108

109

23

110

111

1.8 Challenges of Dopamine — Zwitterion Conjugation

Though most of the dopamine-zwitterion conjugation strategies have shown excellent results in

combating the problem of fouling, some of them are also associated with shortcomings related to

stability, and complexity of the method of fabrication.

Superhydrophilic zwitterionic polymers have been extensively used as a promising antifouling

material for surface modification. However, it remains challenging to form a thick layer with high

zwitterion content on the surfaces with different degrees of hydrophilicity. Since the zwitterionic

polymer brush chain non-covalently attached to the surface often suffer stability problems,

researches have widely exploited mussel-inspired polydopamine (PDA) adhesive functional layer
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to attach zwitterion layer stably via thiol and amine chemistry. Due to material-independent
coating ability, simplicity of the deposition process, and the unique and broad ranging capabilities
for donating sufficient binding sites for antifouling agents PDA coating has become the most
convenient and universal coating material to graft other polymers. The conjugation of PDA and
zwitterionic polymer act as one of the most effective antifouling systems with durable
performance. The key to graft zwitterionic polymers using dopamine is to optimize the functional
groups of the zwitterionic monomers that can react with PDA to achieve uniform layers and high
zwitterion content on the surface for maximum antifouling properties. Despite several notable
achievements on PDA-zwitterion conjugation, there are still some challenges in this field including
better understanding of PDA formation mechanisms, enhancement of mechanical robustness of

PDA coating, and extension of the PDA coating approach to large scale industrial applications.
1.9  Prebiotic Chemistry-Inspired Aminomalononitrile (AMN) Coating:

Hydrogen cyanide (HCN) derived polymers in the research of prebiotic chemistry have been
widely explored as a possible building block to the origin of life !>, Among them AMN — a trimer
of HCN has recently been reported as cross linked nitrogenous coating for simple and
biocompatible surface modification purposes''?. Similar to polydopamine and polyphenol based
versatile coating mechanism, AMN polymerizes spontaneously when the commercially available
p-toluenesulfonate is neutralized in basic buffer solution ''*!, The adhesive AMN film can be
deposited as a brown colored coating to a wide range of surfaces at room temperature''?. The
polymerization and deposition mechanism of AMN film is still under investigation. However in a
recent study Vincent et al. proposed a possible chemical structure (Figure 1.13) of self-

polymerized AMN through investigating the polymeric material obtained at the solid-liquid
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interface from an AMN based solution at pH = 8.6 ''*. AMN contains a primary amine group, an

active methylene and two activated nitrile groups in its structure.

i NH, /T\ NC NH,
NUCY UC e
CN
N NH N NH
NC N N
H
H CN NH CN

N NH N NH;
h% § N NH
NCX N)\p é H N
H CN NHQ CN

HN\\ Hr\\ -
NC % /K(
,CﬁN
H20
NC )% )Y
/C¥N

General formula: (CsN50),

N/C = 0.66
O/C=0.33

Figure 1.13. Proposed chemical structure of self-polymerized AMN film formed at solid-

liquid interface. Reprinted with the permission from ref 114114,
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As shown in the Figure 1.13, the coating formation self-polymerization reaction mostly involves
the active methylene and nucleophilic primary amine groups through attacking reactive nitrile
groups of another AMN molecule and finally forms an amidine. Thus for every AMN amine
reacting with a nitrile, there will be one unreacted nitrile. Furthermore studies revealed that AMN
coating can successfully functionalize a surface by incorporating small organic molecule or
polymer containing suitable functional group such as aldehydes and amines!!>!'*!!5 The
unreacted nitrile of AMN after polymerization can take part in reaction with an exogenous amine
from secondary molecule as shown in Figure 1.14 (a)'!2. Richard et al. proposed two possible
reaction mechanisms of aldehydes with HCN polymers. Either amine groups from the HCN
polymers can react with aldehydes and form imine or active methyl hydrogen available in AMN
can be expected to react with aldehyde by nucleophilic reaction (Figure 1.14 (b)). Apart from
amines and aldehydes, AMN coating can possibly incorporate thiol containing small molecule or
polymer as reported by Raulin et al.''®. Nitrile groups available in AMN can be readily attacked
by the nucleophilic thiol group and can form iminothioester as shown in Figure 1.14 (c). Along
with reactions with secondary molecules, highly nitrogenous AMN coating has proven ability to
incorporate metal nanoparticles such as Silver nanoparticles via in situ deposition into the coating
which provides the opportunity for the fabrication of antibacterial surface!'>. As AMN coating
provides several electron donors such as amines and nitriles, these nucleophiles can take part in

metal coordination.
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Figure 1.14. Possible chemical reaction mechanisms of AMN with a) amines, b) aldehydes

and c) thiol containing molecules. Reprinted with the permission from ref 112112,

The biocompatible AMN coating provides an outstanding cell attachment platform with negligible
cytotoxicity which makes it suitable for a wide range of biomedical applications. Any surface
coating produced either from AMN or dopamine are highly biocompatible. Mostly, the application
fields of PDA and AMN-based surface modifications are very similar even though the chemical

pathways leading up to these coatings are different.
1.10 Bacteria characterization:
Bacterial biofilm is one of the main causes of biofouling in most industrial sectors'!’. So, it is

important to understand the bacteria cell structure and how it influences bacteria’s adhesion to a
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variety of surfaces. The most studied characteristics of bacteria cell can be divided into two key
areas: structural characteristics and physicochemical characteristics. Based on the morphology
(size and shape), all the bacteria available in nature are commonly defined as elongated rod-shaped
cell (bacillus), spherical cell (coccus) or spiral shaped cell (spirillum)!''®. The cell volume of
bacteria varies from ~0.4—3 um?>. Most of the rod-shaped bacteria are found between 0.25 um and
4 um wide and less than 10 pum long, while coccus-shaped bacteria have an average diameter of
about 0.5—1.0 um. Depending on the nutrient available in the media, the cell length and width of
the same shaped bacteria can vary!'?. For example, rod-shaped E. coli bacterial cells can readily
adapt their lengths and widths in response to environmental changes. Another fundamental aspect
to characterize bacteria is the cell wall. Depending on the cell wall structure bacteria can be divided
into two distinct groups: gram positive and gram negative. Bacteria with a thick peptidoglycan
layer surrounding the plasma membrane are called Gram-positive and bacteria with a thin
peptidoglycan layer between the outer membrane and the inner plasma membrane are called Gram-
negative. Gram staining is an effective technique to identify and distinguish certain bacteria. This
method developed in 1882 involves the use of crystal violet or methylene blue as the primary
colour'?’. The thick cell wall of gram-positive bacteria retains the primary colour and appear
purple-brown under a microscope whereas the thin peptidoglycan layer of gram-negative bacteria
cannot take up primary stain and appear red under a microscope. An overview of structural
characteristics of gram negative and gram-positive bacteria is listed in Table 1.2. Some cell surface
appendages such as flagella, cilia, and fibrils are also present on some bacteria species, and which
can also influence bacterial adhesion to surfaces. Electron microscopy is a particularly powerful

tool for visualizing adhesion structures of bacteria cell.
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Table 1.2 Summary of gram-positive and gram-negative bacteria

Gram-positive Gram-negative
Color after Gram staining Dark blue/violet Red/pink
Thick peptidoglycan layer Thin peptidoglycan layer

Outer membrane with

Characteristics of cell wall lipopolysaccharides and
No outer membrane

proteins
Negatively charged teichoic No teichoic acids
acids are often present
Staphylococcus aureus Pseudomonas aeruginosa
Examples Streptococcus mutans Escherichia coli
Staphylococcus epidermidis Salmonella typhimurium

This basic bacteria cell wall structure may not influence the adhesion of bacteria on the surfaces
directly, however, differences between the adhesion of Gram-positive and Gram-negative species
of bacteria to surfaces have been reported'?!. Researchers have found that positively charged
surfaces attract more bacteria, but this effect can be counterbalanced by the absence of any growth,
at least for the Gram-negative strains'?!. Surface charge of bacteria also play a significant role on
the adhesion or interaction of bacteria with varies surfaces, ions or particles. Surface charge is
mostly related to their envelope structure composition and interactions with surfaces in natural
environments. Bacteria cell surface possess net negative charge under physiological condition due

to the presence of peptidoglycan, which is rich in carboxyl and amino groups'??

. A variety of
methods has been used to characterize bacterial cell surfaces for the determination of the cell-

surface charge'?>. Among them the most reliable technique to measure this physicochemical
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parameter is micro electrophoresis or electrokinetic or zeta ({) potential measurement, which can
be estimated from the electrophoretic mobility of cells. A cellular dispersion with a determined
ionic strength is placed into an electrophoresis chamber that is subjected to a potential difference.
After applying voltage, the time that cells spend migrating under a constant electric field is related
to their electrophoretic mobility. The C potential and electrophoretic mobility of cells is dependent
on variety of factors i.e. the cell surface charge, electric field, temperature and ionic conditions of

the cellular dispersion'*.

1.11  Objective:

‘Graft to” and ‘graft from’ these two methods have been exploited so far to fabricate nonfouling
polymer coating. Compared to ‘graft to’ methods, ‘graft from’ methods are more complicated and
need multiple steps with special conditions such as no water, no oxygen and an inert atmosphere.
This limits its large-scale practical application. ‘Graft to’ method is the most adopted coating
strategy since it is very convenient and simple to employ. Nevertheless, there are some major
challenges in this modification such as short-term efficiency and limited stability in complex
environments. Most of the approaches explored by researchers for ‘graft to’ method include weak
physical adsorption or hydrogen bond which are weaker than other chemical bond. That is why, a
strong covalent bond between polymer and surface is highly desired to graft hydrophilic polymer
onto the surface for maintaining a strong hydration layer. A strong hydration layer can keep the
foulant away and make the surface unfavorable for any microbial attachment for long-term
application. But developing a dual functional surface with both antifouling and antimicrobial

property with high biocompatibility in a facile way is challenging.

The main objective of this thesis was to establish facile surface modification techniques using

dopamine chemistry and prebiotic chemistry to prepare a zwitterionic polymer coating with both
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antifouling and antimicrobial properties. Different types of molecular interactions have been

explored to graft the synthesized zwitterionic polymers and prepare a stable multifunctional

coating for biomedical application. The following three types of surface modifications strategies

has been developed:

1y

2)

In the first project of this thesis, catechol containing adhesive monomer Dopamine
methacrylamide (DMA) has been copolymerized with MPC monomer and resultant
copolymers covalently grafted onto the amino (-NH>) rich polyethylenimine (PEI)/PDA
co-deposited surface. The purpose of incorporation of PEI of low molecular weight (My, =
600 Da) was to accelerate the deposition process and covalent network between PEI and
PDA and improve the coating stability under both strong acidic and alkaline environments.
To improve antibacterial activity of the surface silver nanoparticles (AgNPs) have also
been introduced into the surface. Unreacted catechol groups can reduce Ag’ ions
effectively from the AgNOs solution and help to prepare a stable dual functional antifouling
and antibacterial surface. To understand the effect of adhesive catechol content for
anchoring the zwitterionic copolymer onto the PDA/PEI coated substrate, three different
polymers containing different percentages of adhesive DMA monomer content have been
synthesized. The covalently grafted polymer coated surface demonstrated to be stronger
and more stable than any other weak physical adsorption such as electrostatic forces and
hydrogen bonds.

Rapid accumulation of dead bacteria or protein on a bactericidal surface can reduce the
effectiveness of the modified surface and alter its biocidal activity by shielding the surface
biocide functional groups, promoting microbial attachment and subsequent biofilm

formation. Therefore, developing a smart self-cleaning surface is of great interest. In the
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3)

second project of this thesis, sugar responsive self-cleaning surface has been developed by
utilizing covalent boronic ester bonds between catechol groups from polydopamine (PDA)
layer and benzoxaborole pendant from zwitterionic and cationic polymers. This distinctive
boronic ester complex is reversible and sugar responsive. To impart surface hydration
zwitterion and for incorporating biocidal activity cationic quaternary ammonium moieties
was utilized to prepare a dynamic dual-functional surface based on the unique property of
boronic ester. Thus, the modified surface has been endowed with bacteria contact-killing
property. However, after the addition of cis-diol containing sugar such as fructose solution
onto the modified surface, this boronic ester complex with PDA could be cleaved and the
attached copolymer layer removed from the surface resulting in the release of all attached
dead bacteria from the surface. After sugar treatment, more than 85% of attached bacteria
on the surface has been released. As this benzoxaborole-catechol complexation is
reversible, after sugar treatment, the copolymer grafted PDA surface can be regenerated by
simply adding freshly prepared polymer solution onto the sugar treated surface to form the
benzoxaborole-catechol complexation again at physiological pH 7.4 which is higher than
pKa value (~7.2) of benozoxaborole. The resultant sugar responsive self-cleaning surface
can be used as a non-leaching, self-sterilizing surface for potential applications in
biomedical implants.

Multifunctional coating decorated with antifouling and antibacterial property is widely
used to combat this biofouling related infections. But in practice, during storage, transport,
and clinical use accidental mechanical damage, such as scratching, and abrasion can
happen which significantly affect and alter the coating properties exposing the underlying

substrate. This scratched area acts as an active site for microbial colonization and
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1.12

(1)

2)

€)

subsequently diminishes the antifouling or antibacterial functionality of the coating. To
overcome this challenge, introduction of intrinsic self-healing property into the antifouling
and antibacterial coating can be a promising solution. Considering this fact, in the third
project of this thesis an excellent biocompatible coating with intrinsic self-healing property
along with antifouling and antibacterial functionality have been developed. In this project,
prebiotic chemistry inspired self-polymerization of aminomalononitrile (AMN) has been
used as a primary coating layer which act as a primer to graft vitamin B5 analogous
methacrylamide  polymer  poly(BSAMA) and  zwitterionic  compound  2-
methacryloyloxyethyl phosphorylcholine (MPC) containing polymer poly (MPC-st-
B5AMA) by forming strong hydrogen bond. BSAMA having multiple polar groups into
the structure act as an intrinsic rapid self-healing material. Moreover, being hygroscopic in
nature, BSAMA based coating has shown excellent antifouling property against protein
and bacteria maintaining a good hydration layer similar to MPC containing polymer. In
addition, incorporation of silver nanoparticles into the coating by in sifu deposition, has

provided excellent antibacterial properties.
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2.1 Introduction

Biofouling due to undesirable accumulation of microorganisms on wet surfaces has become a
common and serious problem in the medical industry!. Prosthetic implants, biosensors, catheters,
vascular stents, dental implants and other medical equipment are prone to surface biofouling due
to irreversible adhesion of microbial or thrombotic agents®. Therefore, endowing surfaces with
antifouling and antimicrobial properties to mitigate the biofouling has become a great demand.
Currently, researchers are designing a broad range of antifouling strategies to tackle the fouling
issues by nature-inspired approaches ranging from coatings to cleaning techniques®~’. Bio-passive
polymers (PEG-based polymer or zwitterionic polymers) can be considered as one of the most
promising materials for combating biofouling because of their retaining a hydration layer near the
surface which is believed to be a physical barrier to prevent direct contact between biomolecules
and surface by endowing low interfacial energy®'°. Hydration layer formed by hydrophilic
polymers such as polyethylene glycol (PEG) and their derivatives, is maintained by weak hydrogen
bonds!®!! and they can be easily degraded by oxidation, especially in complex media which limits
their long-term applications'?>. On the other hand, zwitterionic polymers having an equimolar
number of homogenously distributed anionic and cationic groups on their polymer chains®!? can
maintain more tightly bound hydration layer through electrostatic interactions'® which makes these

polymers more effective in discouraging biomolecules adsorption.

Zwitterionic polymers can be effectively immobilized onto the surface by either ‘grafting to’ 1416

»17-19

or ‘grafting from method using mussel-inspired dopamine chemistry®®. Alkali-induced

21,22

autoxidation?'*? of dopamine into polydopamine (PDA)? coatings is the most interesting single

step surface functionalization method®* to obtain nonfouling surface. The PDA-coated surface

25,26

layers contain amino groups and phenolic hydroxyl groups>-°, which can react with a variety of
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molecules via Schiff-base and Michael addition chemistries to facilely immobilize thiol or amine
containing molecules and directly reduce metal cations to metal nanoparticles’*?’. Jiang and co-
workers have developed a series of nonfouling surfaces with zwitterionic polymers such as
poly(sulfobetaine methacrylate) (PSBMA)>*? and poly(carboxybetaine methacrylate)
(PCBMA)'"*3%3! through direct modifications** by zwitterionic polymer chain with adhesive
dopamine group or dopamine assisted surface-initiated polymerization®>. With the help of
catecholic initiator they carried out the polymerization of zwitterionic polymers via atom transfer
radical polymerization (ATRP) method?®. Xu and coworkers utilized the non-covalent interaction
between dopamine and zwitterionic polymers and developed dopamine triggered one step
codeposition of zwitterionic monomers (SBMA, MPC and CBMA) to fabricate nonfouling
surface’*. Kang et al.*® and Lin et al.* recently grafted thiol-containing MPC polymer brush on the

PDA coated surface via click chemistry to mitigate the surface fouling.

Among all these ‘grafting to’ or ‘grafting from’ methods, ‘grafting from’ methods are more
complicated and need multiple steps with special conditions such as no water, no oxygen and inert
atmosphere®® which limits its large-scale practical application. Though the mostly adopted ‘graft
to’ method is very simple to employ, there are some major challenges in this modification such as
short-term efficiency and limited stability. By this ‘graft to’ method most of the polymer coatings
are attached to the surface by weak physical adsorption such as electrostatic forces and hydrogen
bonds®” which limits their long-term application. However, strong covalent bond between surface
and polymer coating is mostly desired for long-term application. Thus, it is still a great challenge
to optimize the surface modification for developing such a stable surface in a facile way with both

antifouling and antimicrobial properties.

Hence, we report here a robust simple dip-coating technique for covalently grafting adhesive DMA
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residues containing phospholipid bioinspired p(MPC-co-DMA) copolymers to the amino rich PEl/
PDA co-deposited surface via amino—ene Michael addition reaction®®. The unreacted catechol
group of the PEI/PDA coated surface was used to incorporate in situ AgNPs from the AgNO3
solution to prepare a stable dual functional antifouling and antibacterial surface. To understand the
effect of adhesive catechol content for anchoring the zwitterionic copolymer onto the PDA/PEI
coated substrate, three different polymers containing different percentage of DMA monomer:

P(MPC100), p(MPCoo-co-DMA 10) and p(MPCgo-co-DMA20) were synthesized.
2.2 Experimental Section

2.2.1 Materials

Dopamine hydrochloride, 4,4’-Azobis (4-cyanovaleric acid) (ACVA), polyethyleneimine (PEI,
M,=600), silver nitrate (AgNO3) and bovine serum albumin (BSA) was purchased from Sigma-
Aldrich and used without further purification. Coomassie (Bradford) protein assay kit, standard
BSA and LIVE/DEAD BacLight Bacterial Viability Kit L-7012 was purchased from Thermo
Fisher Scientific Inc. Escherichia coli (E. coli) (ATCC® 25922™) and Staphylococcus aureus (S.
aureus) (ATCC® 25923™) (ATCC, USA) were used as model bacteria in all bacterial test. Luria-
Bertani broth (LB) and Tryptic Soy Broth (TS) (Fisher Scientific, USA) was used as liquid media

for E. coli and S. aureus, respectively.

2.2.2 Synthesis and characterization of PMPC and P(MPC-co-DMA) copolymers

Three different polymers containing different percentage (0%, 10% and 20% respectively) of
unprotected DMA monomer: p(MPCioo), p(MPCoo-co-DMA o) and p(MPCgo-co-DMA20) were
synthesized via simple free radical polymerization using ACVA as an initiator. Prior to these

copolymers synthesis, DMA monomer was synthesized according to our previously reported
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protocol®® and the purity was confirmed by 'H NMR (Figure S1). For the synthesis of p(MPC10o)
with 0% DMA content, MPC (700 mg, 2.37 mmol) and ACVA (10 mg, 0.036 mmol) were placed
in a 50-mL polymerization tube and dissolved with a mixture of methanol and DMF. After
degassing with nitrogen for 30 min, the polymerization was carried out at 70 °C in an oil bath for
24 h. The reaction was terminated by rapid cooling in liquid nitrogen and exposure to air and the
resultant polymer was purified by precipitating in acetone followed by dialyzing against distilled
water (DI) water for 24 h and lyophilized to obtain the polymer as a powder. For the synthesis of
p(MPC-co-DMA), in a typical procedure, MPC (903.5 mg, 3.06 mmol), DMA (75.14 mg, 0.34
mmol) and ACVA (9.52 mg, 0.034 mmol) were placed in a 50-mL polymerization tube and
dissolved with a mixture of methanol and DMF. Rest of the polymerization was carried out
following the same procedure as mentioned above. The resulting polymer was characterized by 'H
NMR and Viscotek conventional gel permeation chromatography (GPC) to determine the
composition and molecular weight, respectively. '"H NMR spectra of the monomers and polymers
were recorded on a Varian 500 MHz spectrometer. The number (M,) and weight (M,,) average
molecular weights and polydispersity (PDI = M,/M,) of the zwitterionic polymers were
determined by GPC system equipped with one G5000PWxi TSK-GEL column using 0.5 M
sodium acetate/0.5 M acetic acid buffer as eluent at a flow rate of 1.0 mL/min. The GPC was

calibrated by monodisperse pullulan standards (Mw = 5900-404,000 g/mol).

2.2.3  Dip coating protocol

22 x 22 mm? glass cover slips were ultrasonically cleaned with ethanol and DI water for 30min
and dried with air. 50mL clear polypropylene centrifuge tube was filled with 25 mL of Tris-HCI
(50mM, pH 8.5) buffer solution. Dopamine hydrochloride (DA) and PEI was dissolved into that

25mL Tris-HCI buffer solution with a mass ratio of 1:1 and their concentrations were 2mg/mL.
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The cleaned glass cover slip was immersed into freshly prepared DA/PEI solution and shaken at
200 rpm with a mechanical shaker for 8 hours at 25 °C. PDA/PEI — modified substrate was washed
with DI water several times and dried. Then the synthesized MPC copolymer was dissolved into
25mL Tris-HCI buffer solution at 2mg/mL concentration. The dried as prepared PDA/PEI —
modified substrate was immersed into that polymer solution for 7 h and mildly shaken at 25 °C in
dark. Modified substrate was then taken out of the solution and rinsed with DI water for three times
followed by drying under N> gas stream. As catechol group (-OH) of dopamine can go to auto-
oxidation in the presence of oxygen all the modified substrates were stored in an inert and dark
environment for further characterization. In this inert environment, all the coatings can be stored
for a long time ensuring no oxygen is present for further reaction of dopamine. The coated samples
were named as PDA, PDA/PEI, PDA/PEI/P(MPC), PDA/PEI/P(MPCoop-co-DMA19) and

PDA/PEI/P(MPCgo-co-DMA20).

Further an inorganic component, silver nanoparticles (AgNPs) were deposited onto the modified
surfaces by simply immersing all the modified substrates in AgNO3 solution (0.1M) for 18 h in
dark. The AgNPs incorporated surfaces were then rinsed with DI water; and the corresponding
surfaces were named as PDA/Ag, PDA/PEI/Ag, PDA/PEI/P(MPC)/Ag, PDA/PEI/P(MPCoo-co-
DMA10)/Ag and PDA/PEI/P(MPCso-co-DMA2¢)/Ag respectively. This AgNps loaded surfaces
also stored in inert and dark environment for further characterization and to make them stable for

long time.

2.2.4 Surface Characterizations

Chemical composition of the polymer modified substrate was determined by X-ray photoelectron
spectroscopy (XPS) using an AXIS Nova spectrometer (Kratos Analytical Inc., Manchester, UK)
with a monochromated Al Ka source at a power of 180 W (15 kV x 12 mA) and a hemispherical
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analyzer operating in the fixed analyzer transmission mode. Survey spectra were collected at a
pass energy of 160 eV. The atomic concentrations of the detected elements were calculated using
integral peak intensities and the sensitivity factors supplied by the manufacturer. To acquire more
detailed information, high-resolution spectra were recorded from individual peaks at 40 eV pass
energy, yielding a typical peak width of less than 1.0 eV (polymer C 1s). Each specimen was
analyzed at an emission angle of 0° as measured from the surface normal. Binding energies for all
spectra were referenced to the aliphatic carbon peak at 285.0 eV. Surface morphology of the
modified substrates was examined in a dry state by atomic force microscope (AFM) using a Bruker
Dimension Icon, operated in the PeakForce QNM mode with a SNL-10 probe (k = 0.6 N-m ™).
The surface morphology of AgNPs loaded surface was observed by field emission scanning
electron microscopy (FESEM, Zeiss Sigma 300/VP) and Ag elemental contents on the coated

substrate were also tested using Bruker energy dispersive X-ray spectroscopy (EDX).

2.2.5 Surface Wettability

Water contact angle (CA) measurement is a convenient method of characterizing the surface
relative hydrophilicity and wetting properties*’. Smaller contact angle indicates higher
hydrophilicity. Water contact angle of all the coated substrates were measured using a model 590
goniometer. All the contact angles were measured with a 4 pL water droplet onto the surface at
room temperature. Three contact angles were measured for each substrate at three different

locations and their average recorded as a result.

2.2.6  Bacteria adhesion assay

Both gram-negative Escherichia coli (E. coli) and gram-positive Staphylococcus aureus (S.
aureus) were used as the model bacteria to evaluate anti-adhesion performance of pristine and
modified substrates. A single bacteria colony of E. coli and S. aureus was collected from the Luria-
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Bertani (LB) and Tryptic Soy (TS) agar plate respectively, to inoculate 25 mL of liquid LB broth
and TS broth respectively. After inoculation at 37 °C for 18 h, bacteria cells were washed with
sterile PBS solution through centrifugation at 4000 rpm for 5 min and resuspension in PBS for
twice. The harvested bacterial cells were resuspended in PBS solution to an optical density (OD)
of 0.1 at 670 nm (OD 670) of 0.1, corresponding to ~8x10° cells/mL. Coated samples were
immersed into that bacterial solution and mildly shaken for 3 h at 37 °C to foul with bacteria. To
check the initial adhesion on the surface only 30 min incubation of a sample in bacteria solution
in a static condition is enough*!. But to show the long-term stability of the coating we chose a
longer time and non-static mode to foul with bacterial solution. Primarily we immersed all the
coated samples for three different hours 3h, 4h and 5h. But we did not find any difference in the
number of the adhered bacteria on the modified surface for these three different time intervals.
That is why we have chosen 3h culture time following the same procedure as previously
reported*>*. The bacterial solution was then discarded and coated substrates were gently washed
with PBS for 3 times to remove suspended bacterial cells. The PBS buffer was used because it
helped maintain a constant pH and a balanced osmotic pressure between the inside and outside of
the bacterial cells. The bacterial cells attached on the glass slides were stained with 50 pL of
LIVE/DEAD stain in dark for 15min and then washed with PBS gently. After that, each slide was
examined by a fluorescence microscope with a magnification of 400x. The number of bacterial
cells was obtained through counting the bacterial cells in five areas (4 corners plus the center) of
the glass slides and then averaging. The counted number of the attached bacteria was analyzed

using an ImageJ software package and shown as cells/cm?.

2.2.7 Antibacterial Assay

Bactericidal activity of the modified substrates will be qualitatively investigated by conducting an
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inhibition zone test. 30 pL of bacteria-containing liquid media were pipetted on the surface of agar
plate (LB agar for E. coli and TSA for S. aureus) and evenly spread over the surface of
corresponding agar using a sterile plastic spreader. Glass slides were broken into small pieces and
coated following the coating protocol. Then the control and small coated substrates were carefully
plated on the top of agar plates in triplicate and incubated at 37 °C for 24 h for the evaluation of
growth inhibition. The halo zone formed after 24 h served as an indicator of the antibacterial

activity which was recorded using a digital camera.

2.2.8 Protein adhesion

BSA was used as a model protein for protein adsorption test. The coated samples were immersed
into 2mg/mL BSA solution in PBS at 37 °C for 3 h. Then the adsorbed protein was detached by
washing with 1mL DI water and the concentration of the absorbed protein was measured using the
Bradford method**. A standard calibration curve following the micro test tube protocol*® (working
range 1-25 pg/mL) was obtained using standard BSA solution and all the absorbance was
measured at 595 nm. Using this standard curve protein concentration of each unknown sample was

measured.
2.3 Results and Discussion

2.3.1 Polymer synthesis and Characterization

DMA monomer was first synthesized according to our previous report® and characterized by 'H
NMR (Figure S 2-1). The purity was confirmed by comparing the integrals of the typical benzyl
protons in DMA (8 6.78, 6.61and 6.43 ppm) with integrals of methacrylate peaks (6 5.58 and 5.27
ppm) for DMA. Then, free radical polymerization of MPC with different DMA content (0%, 10%

and 20%) was conducted as illustrated in Scheme 2-1 with a targeted degree of polymerization
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(DP) of 100 and listed as: p(MPCioo), p(MPCo-co-DMA19) and p(MPCso-co-DMA20)
respectively. The '"H NMR results of all the synthesized polymers were presented in Figure S 2-2
to Figure S 2-4. The characteristic signals of MPC and DMA units were clearly observed, and all

peaks were well assigned with their chemical structures.

NH
0=P—0 Methanol/DMF (80:20) O
o+
S" ACVA, 24brs
4 HO OH @ @
% ) ©

HO OH

MPC DA p(MPC-co-DMA)

Scheme 2-1. Free-radical copolymerization of MPC with catechol containing DMA

monomer

DMA content in the MPC copolymer was calculated by comparison of characteristic peak integrals
of MPC (6 4-4.35 and 3.2-3.7 ppm) and DMA (6 6.71, 2.68 and 3.1 ppm). The calculated results

of DMA content from '"H NMR and the weight-average molecular weight (My) and number-
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average molecular weight (M,) of the MPC copolymers determined by aqueous GPC are shown
in Table 2.1. The polydispersity index (PDI) of the synthesized polymers was found quite high
which is mostly because of the polymer synthesis method. As there is no control during free radical
polymerization, the PDI could be very random and high. But this high PDI won’t have any

significance in changing surface properties.

Table 2.1. Chemical composition and molecular weights of the synthesized polymers

Composition? Molecular Weight?
(mol%)

Polymers MPC DMA Ma (g/mol)  Mw (g/mol)
p(MPCio0) 100 _ 36900 218200
p(MPCoo-co-DMA 9) 90.9 9.1 43200 198900
p(MPCgo-co-DMA ) 84.75 15.25 39360 161800

% Calculated from "H NMR results using D20 or D,O/DMSO-ds mixture as solvent. ® Obtained
from aqueous GPC using 0.5 M sodium acetate/acetic acid buffer as eluent.

2.3.2 Surface Characterization

According to the coating protocol, five coated glass coverslips were prepared and the surface
morphology of these modified surfaces were investigated by AFM. As shown in Figure 2.1 the
bare glass slide was relatively smooth with a root mean square (RMS) roughness of 6.4 nm. In

comparison, the RMS roughness increased remarkably to 30.3 nm for the PDA deposited surface
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due to self-polymerized large PDA aggregates*®. But after introducing PEI into the coating, for
PDA/PEI codeposited surfaces, no large aggregates were observed because of the destruction of
noncovalent interactions between PDA aggregates*’. PDA/PEI surface showed lower surface
roughness of 16.1 nm only due to the absence of particle aggregation which also proves the
successful crosslinking of PDA with PEI. After introducing MPC copolymers no significant
change in surface roughness was observed. PDA/PEI/P(MPC), PDA/PEI/P(MPCoo-co-DMA 10)
and PDA/PEI/P(MPCgo-co-DMA20) modified surface showed surface roughness of 16.2, 16.5 and
16.6 nm respectively. As the AFM experiment was conducted in air, slightly increased roughness
may indicate increased polymer attachment to the surface. DMA content in polymer did not show

any effect on surface roughness.
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Figure 2.1. QNM-mode Atomic Force Microscopy images of the bare glass, PDA, PDA/PEI,
PDA/PEI/P(MPC), PDA/PEI/P(MPCo-co-DMA1w) and PDA/PEI/P(MPCso-co-DMA20)

modified surfaces in dry state. The dimension of each scan image is 5X5 pm.

The surface elemental compositions of the modified surface were determined by XPS spectra
(Figure 2.2). Successful attachment of the MPC copolymer on the PDA/PEI codeposited surface
was confirmed by the characteristic phosphorus P 2p signal at 133.7 eV, which was absent in both
pure PDA and PDA/PEI coating. High resolution of XPS showed phosphorus to carbon ratio (P/C)
increased from 0.009 to 0.013 (Table S1) with the increase of the DMA content in MPC
copolymer, which indicates higher grafting of MPC to the surface. A possible amino-ene Michael
addition chemical reaction between DMA and PEI can be considered as one of the mechanisms

for grafting MPC copolymer to the PDA/PEI surface®®. This covalent bond between MPC
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copolymer and PDA/PEI surface is responsible to make it a promising stable coating. Messersmith
et al. also reported that the initial pull-off force of this covalent bond to surface-bound amine is
2.2nN which is very high magnitude pull-off force*® and indicates the strong bond between DMA
containing MPC copolymer and amino rich PDA/PEI surfaces. The presence of unique
phosphorylcholine (PC) groups also confirmed by the quaternary ammonium N 1s peak at 403.60

eV which was only present in PDA/PEI/P(MPCoo-co-DMA10) and PDA/PEI/P(MPCgo-co-

DMA»).
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Figure 2.2. XPS spectra of the modified substrates; High-resolution O 1s, C 1s, N 1s, and P

2p narrow scans as a function of electron binding energy
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The strong signal of O 1s with highest intensity at 533.16 eV is related to the auto oxidation of the
PDA layer. High resolution N 1s spectra also demonstrated the highest nitrogen to carbon (N/C)
ratio of 0.209 indicating successful crosslinking of PEI with PDA. For both PDA/PEI/P(MPCoo-
co-DMA o) and PDA/PEI/P(MPCgo-co-DMA»o) surfaces N/C ratio (0.172) was almost unchanged

indicating homogenous grafting of MPC copolymer to the surface.

To investigate the surface wettability, the static water contact angle (WCA) of the pristine glass
slides and modified surfaces were measured in air. As shown in Figure 2.3, WCA of pristine glass
substrate was 64.5°. All the other modified glass substrates showed lower WCA than pristine glass
due to their improved hydrophilicity. Among them PDA/PEI/P(MPCoo-co-DMA 1¢) coated glass

substrate showed lowest WCA: 6.8°- indicating the presence of a stronger surface hydration.

c)

64.5+4.9° 48.4 +2.3° 29.2+1.8°
50 3 +2° 6.8+0.8° 14.3+0.8°

Figure 2.3. Water contact angle of a) bare glass, b) PDA coated glass, ¢) PDA/PEI coated
glass, d) PDA/PEI/P(MPC), ¢) PDA/PEI/P(MPCoo-co-DMA10) and f) PDA/PEI/P(MPCso-

c0-DMA20) coated glass slides.
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2.3.3 Bacteria Adhesion Assay

Bacterial adhesion on the medical devices is the primary cause for biofilm formation which leads
to medical-device related infection. The initial attachment of a single bacterial cell to a surface is

% as such, the number

considered as the key preliminary step in the biofilm formation processes*
of initially attached bacteria on the surface is one of the most important factors for evaluating
antifouling properties of the surface. In this study, to evaluate bacteria antifouling properties of the
modified substrates quantitatively, gram positive S. aureus and gram-negative E. coli bacteria was
selected. After 3 h incubation with bacteria solution containing 8x10° cell/mL, all the coated
samples were rinsed with PBS to remove loosely bound bacteria and stained using LIVE/DEAD
stain for microscopic examination under fluorescence microscopy. As shown in Figure 2.4 many
green spots (live bacteria) with only a few red spots (dead bacteria) were observed for PDA coated
glass substrate for both E. coli and S. aureus adhesion indicating the insignificant anti-adhesion
efficiency of the PDA coated glass surface. PDA/PEI coated substrate showed less number of
adhered bacteria than both bare glass and PDA coating because of a more hydrophilic amino rich
surface*®. After introducing zwitterionic MPC (without any DMA content) onto the surface, the
number of E. coli bacteria adhesion was significantly reduced (about 85.6%) for PDA/PEI/P(MPC)
coating indicating high antiadhesion efficiency as strong hydration layer induced by the
zwitterionic copolymers. But for S. aureus adhesion no significant reduction was observed for
PDA/PEI/P(MPC) coating. Whereas MPC copolymer with DMA content showed dramatically
reduced bacteria adhesion for both E. coli and S. aureus confirming highest grafting density and
stability of MPC copolymer on the PDA/PEI coated surface. Both PDA/PEI/P(MPCoo-co-DMA 10)

and PDA/PEI/P(MPCgo-co-DMA2) coating showed less than 92% reduction in bacterial adhesion.

Percentage of DMA in their coating did not significantly affect the bacterial adhesion. With
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increasing the DMA content bacterial adhesion was slightly reduced. So, a little amount of DMA

in an MPC copolymer is enough to graft them more firmly to the PDA/PEI coated surface.
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Figure 2.4. E. coli and S. aureus bacterial adhesion on the different polymer coated

surfaces
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2.3.4 Protein adhesion

The data of the amount of protein adsorbed on the surface is considered one of the most important
factors for evaluating biocompatibility and antifouling property of materials®°. Because adsorption
of protein is considered to be the first step of biofouling in biomaterials. Figure 2.5 has shown that
the amount of absorbed protein percentage on the MPC copolymer grafted surface was
significantly less than without MPC polymer on the surface. Among them PDA/PEI/P(MPCso-co-
DMA o) showed lowest amount of protein adsorption indicating highest grafting density of MPC
copolymer on the surface due to increased anchoring DMA content. But it did not vary much with
other MPC copolymer grafted surfaces ensuring that only a small amount of DMA residues in the
polymer chain is enough to maintain a strong antifouling surface. As zwitterionic polymers contain
both positive and negative charge moieties, they can create a diffusion resistant layer by
maintaining a strong hydration layer on the top of their surface. So the increased amount of MPC

on the surface is responsible for lowest protein adhesion on the materials®'.

74



100

80

Relative Protein Fouling (%)

Figure 2.5. Relative protein fouling levels for different coating

2.3.5 Antibacterial Activity

After the in-situ formation of AgNPs on all the modified surfaces, different morphological
structures were investigated using SEM and the elemental percentage of the AgNPs loaded
surfaces was investigated using EDX. SEM images (Figure 2.6) showed cluster-like distribution
of round-like AgNPs on a PDA coated surface. But after introducing MPC polymer the AgNPs
were uniformly distributed with less size in diameter. More clusters of AgNPs were observed in
PDA coating only because of the presence of the high amount of reducing catechol groups in the
PDA layer which is mainly responsible for the in-situ AgNPs formation®?. After grafting both PEI

and MPC copolymer, the amount of catechol groups was reduced which consequently also
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decreased the amount and size of AgNPs on the surface. EDX analysis (Table S2) also
demonstrated the same phenomena. Compared to all three MPC copolymer grafted surface
PDA/PEI/P(MPCsgo-co-DMA»0) showed the highest amount of AgNPs presence on the surface

because of the presence of more catechol groups in DMA content.

SO —— =1 smcx _mry i weue BRG] [ sssne s siee _sis e s

K=t soer ucovs_sam mrogvem = P ——

PDA/Ag PDA/PEI/Ag PDA/PEI/P(MPC)/Ag PDA/PEI/P(MPCyg-c0-DMA)/Ag  PDA/PEI/P(MPCyg-co-DMA,)/Ag

Figure 2.6. SEM images of the surface morphology of AgNPs loaded surfaces

Bactericidal activity of the AgNPs loaded surfaces were studied via a bacterial inhibition zone
towards E. coli and S. aureus, respectively. As shown in Figure 2.7. no apparent bacterial growth
under the surface was observed for all the silver incorporated surfaces. Though PDA/Ag coated
surface showed highest amount of the AgNPs (Table S2) on the surface, inhibition zone for all the
other samples: PDA/PEI/Ag, PDA/PEI/P(MPC)/Ag, PDA/PEI/P(MPCoyo-co-DMA0)/Ag and
PDA/PEI/P(MPCsgo-co-DMA20)/Ag was larger. Release rate of AgNPs from the developed
surfaces or the deposited AgNPs sizes can contribute to this inhibition zone formation. This

bactericidal activity is attributed to the presence of PEI which can act as a stabilizer for AgNPs>.
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E.coli

S. aureus

Figure 2.7 Inhibition zone images for E. coli and S. aureus bacteria respectively; i) PDA, ii)
PDA/PEL iii) PDA/PEI/P(MPC), iv) PDA/PEI/P(MPCoo-co-DMA10), v) PDA/PEI/P(MPCso-
co-DMA2o), vi) Bare glass slide, vii) PDA/Ag, viii) PDA/PEI/Ag, ix) PDA/PEI/P(MPC)/Ag,

x) PDA/PEI/P(MPCsi-co-DMA 10)/Ag and xi) PDA/PEI/P(MPCso-co-DMA20)/Ag.

2.4 Conclusion

A uniform surface coating with PDA/PEI co-deposition and subsequent grafting of P(MPC-co-
DMA) polymer onto that amino rich modified surface was developed by a facile dip coating
method. This coating showed excellent antifouling and antibacterial properties. Here P(MPC-co-

DMA) copolymer was covalently grafted via possible amino-ene Michael addition reaction with
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amino rich PDA/PEI coated surface which demonstrated to be stronger and more stable than any
other weak physical adsorption such as electrostatic forces and hydrogen bonds?’. Small amount
of DMA content in the MPC copolymer is enough to enhance hydrophilicity, grafting density and
antifouling properties. The outstanding antifouling property of the covalently grafted
PDA/PEI/P(MPC-co-DMA) surface makes it a promising dual functional coating for application

in biomedical devices.
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2.5  Supporting Information:
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Figure S 2-1. DMA monomer synthesis scheme and 'H NMR spectrum of DMA (DMSO-dj)
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Figure S 2-3. "TH NMR spectrum of p(MPCoo-co-DMA10) (CD3:0D+DMSO-d5)
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Figure S 2-4. "TH NMR spectrum of p(MPCso-co-DMA20) (CD3:0D+DMSO-dy)

Table S 1 Atomic ratio (X/C) — elemental analysis of the high resolution XPS that provide

compositional analysis of the different coated surfaces.

Samples 0O/C N/C P/C
Bare Glass slides 4.581 0.047
PDA 0.235 0.099
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PDA/PEI 0.200 0.209

PDA/PEI/P(MPCyo-co- 0.217 0.172 0.009
DMA o)

PDA/PEI/P(MPCsgo-co- 0.250 0.172 0.013
DMA )

Table S 2 Surface elemental compositions of the AgNPs loaded surfaces using EDX

Samples C o Na Mg Al Ag Si Ca
PDA/Ag 2450 21.13 6.52 1.77 053 1445 2656 4.54
PDA/PEI/Ag 1571 33.04 798 202 058 735 29.03 429

PDA/PEI/P(MPC)/Ag 2771 32.69 7.47 187 054 390 27.08 4.07

PDA/PEI/P(MPCop-co- | 33.10 2596 646 161 054 423 2445 3.64
DMA 0)/Ag

PDA/PEI/P(MPCso-co- 2233 3052 722 182 059 603 2724 424
DMA2)/Ag
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Chapter 3 Dopamine Assisted Self-cleaning, Antifouling

Antibacterial Coating via Dynamic Covalent Interactions

The content of this chapter was published in
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3.1 Introduction:

Infections caused by microbial attachment and subsequent biofilm formation has become a serious
global threat for public health and industrial sectors'2. Thousands of people have experienced
severe illnesses and even death due to biomedical implant related infections. Prevention of initial
microbial attachment on biomedical implant is critical because within a few seconds of
implantation, the implant’s surface is fouled by proteins such as fibronectin, fibrin and fibrinogen
which lead to irreversible adhesion of microbials and biofilm formation®. Consequently, implant

failure occurs followed by early postoperative infection.

Therefore, it is a great demand to endow surfaces with non-fouling and antimicrobial properties to
combat biofouling. To reduce the biofilm formation, researchers have adopted a series of
approaches*® which can be categorized into two strategies: non-adhesive surface and biocidal
surface. For a non-adhesive surface, the surface is functionalized with flexible and water soluble

112 and glycopolymers'*!4 that

polymers such as poly(ethylene glycol)®!°, zwitterionic polymers
creates a super hydrophilic surface to prevent the bacteria attachment over shorter time periods.
These hydrophilic polymers create a strong hydration layer on top of the surface to avoid the
initial attachment of bacteria'>. Depending on the surface hydration, packing density and polymer
chain flexibility, sometimes these hydrophilic polymers experience the transition from non-fouling
to fouling and fail to provide long-term protection against bacteria colonization'®. On the other
hand, for biocidal surfaces, researchers either incorporate releasable bacteria killing agents such
as silver nanoparticles!’, antibiotics'® and enzymes'® into the surface or modify the surface with
bactericidal functionalities such as quaternary ammonium salts®®, polycations®!, chitosan®?,

graphene oxide® for contact killing. Most of the contact killing mechanism involves the

electrostatic interaction between the positively charged biocides and the negatively charged cell
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membranes leading to the damage of the cell by disrupting cellular membrane charge distribution
and finally resulting in death 2*. However, most of the biocidal surfaces face the challenge of rapid
accumulation of dead cells after they are killed by contact, which can cover the attached biocide
functional groups and promote further adhesion of bacteria and biofilm formation®>%¢. Therefore,
for long-term resistance, unifunctional biocidal or non-adhesive surfaces are insufficient for
preventing biofilm formation. To overcome this limitation, non-adhesive and biocidal dual-
functional surfaces are highly desirable, where non-adhesive functionality can help to inhibit the

initial microbial adhesion, and the biocidal functionality aids in killing the attached bacteria cells.

Smart self-cleaning surfaces are also promising to solve this issue, from which both live and dead
bacteria cells can be easily released. Recently, researchers have investigated many strategies to
develop smart antibacterial surfaces with controllable release property>?*?’2. Using surface-
initiated atom-transfer radical polymerization (SI-ATRP), Jiang and co-workers developed
switchable polymer surface coating by combining the advantages of both nonfouling and cationic
antimicrobial materials®’*®. They synthesized a novel polymer-coated surface through SI-ATRP
from thiol initiator. By altering the pH of the environment, that coating could transform reversibly
from bacteria cell killing state to a releasing state’®. For SI-ATRP, convenient determination of the
density of grafted initiator and polymer brush along with the efficiency of the initiator is still a
challenge®-*. Moreover SI-ATRP requires organic solvent which could be an issue for
biocompatibility!'®. Lopez and co-workers prepared temperature triggered fouling release hybrid
surfaces by grafting nanopatterned poly(N-isopropylacrylamide) (PNIPAAm) brushes utilizing
interferometric lithography and surface-initiated polymerization®®>2¢. To impart antimicrobial
property, several biocides (such as quaternary ammonium salts (QAS)?¢, antimicrobial enzymes™,

and singlet oxygen sensitizers®*®) were physiosorbed onto the modified surface. Above the lower
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critical solution temperature (LCST), these nanopatterned PNIPAAm chains were collapsed and
the resulting surfaces became hydrophobic accelerating the initial attachment of bacteria, and
exposing the biocides to kill the surface adhered bacteria?®. On the other hand, decreasing the
temperature to below the LCST induces the hydration of PNIPAAm, which promotes
hydrophilicity and swelling of the PNIPAAm brushes and consequently the release of dead cells
from surface. Although these nanopatterned temperature responsive surfaces showed promising
results to effectively release the dead bacteria cells from the surface, formulation of these hybrid
surfaces needs sophisticated equipment and involves relatively complex procedures, which limits

their practical broad application®*?’.

However, most of the “smart” self-cleaning surfaces reported to date require surface pre-treatment
and complicated multistep processes to promote polymer adhesion, and they can only be fabricated
under laboratory conditions. Simple, economic, biocompatible and scalable fabrication method for

dual functional self-cleaning coating is highly desired.

To overcome these challenges, we report herein a facile technique of developing sugar responsive
dynamic antifouling and antibacterial coatings by forming covalent boronic ester bonds between
catechol groups from dopamine and benzoxaborole pendant from zwitterionic and cationic
polymers. This distinctive boronic ester complex is reversible and sugar responsive®® *°, We have
utilized the advantages of the surface hydration of zwitterion and biocidal activity of cationic
quaternary ammonium moieties to prepare a dynamic dual-functional surface based on the unique
property of boronic ester. To impart antifouling property, we selected a zwitterionic compound 2-
methacryloyloxyethyl phosphorylcholine (MPC) and synthesized a copolymer with benzoxaborole
pendant poly(MPC-s#-5-methacrylamido-1,2-benzoxaborole (MAABO)). Additionally, in order to

impart antibacterial property to the surface, benzoxaborole pendant containing cationic copolymer
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poly(2-(methacryloyloxy)ethyl trimethylammonium (META)-st-MAABO) ) was synthesized. As
illustrated in the Scheme 3-1, these benzoxaborole containing antifouling and antibacterial
copolymers were covalently grafted to the catechol rich polydopamine (PDA) coated surface via
the formation of a strong cyclic boronic ester complex with catechol group of PDA layer, thus
endowing the surface with bacteria contact-killing property. However, after the addition of cis-
diol containing sugar such as fructose solution onto the modified surface, this boronic ester
complex with PDA could be cleaved and the attached copolymer layer removed from the surface
resulting in the release of all attached dead bacteria from the surface. The resultant sugar
responsive self-cleaning surface can be used as a non-leaching, self-sterilizing surface for potential

applications in biomedical implants.

PDA

- ’-%
{ 3\
|
¢ Dopamine Polymer solution
—_— —_—
Tris HCI, pH 8.5 Tris HCI, pH 8.5

Scheme 3-1. Schematic illustration of PDA coating to subsequently graft benzoxaborole
containing cationic polymer poly(META-st-MAABO) and zwitterionic polymer poly(MPC-
st-MAABO) on the PDA coated surface by forming boronate ester bond ; dissociation of

benzoxaborole-catechol complex in presence of sugar such as fructose solution.
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3.2 Experimental:

3.2.1 Materials:

MPC was obtained from Prof. Ishihara’s lab (University of Tokyo, Japan). The initiator, 4,4'-
azobis(4-cyanovaleric acid) (ACVA), Bovine serum albumin (BSA) and Dopamine hydrochloride
were purchased from Sigma-Aldrich and used without further purification. META chloride
solution (80 wt. % in H>O, stabilized with 600 ppm MEHQ) was purchased from Sigma-Aldrich
and purified before reaction by passing the monomer through a column of alumina to remove the
inhibitor and filtration by a membrane filter. The Live/Dead BacLight Bacterial Viability Kit L-

7012 and Micro BCA Protein Assay Kit were obtained from Thermo Fisher Scientific.

3.2.2  Synthesis of Zwitterionic Copolymer:

MAABO was synthesized as previously reported*! and purity was confirmed by 'H NMR.
Benzoxaborole-containing  zwitterionic random copolymer poly(MPC-s-MAABO) was
synthesized via free-radical polymerization. To synthesize poly (MPC-st-MAABO), MPC (1.062
g, 3.6 mmol), MAABO (86.8 mg, 0.4 mmol), and ACVA (5.6 mg, 20 umol) were placed in a
polymerization tube and dissolved with a mixture of methanol (3.5 mL), DMF (1.5 mL), and DI
water (1 mL) and degassed for 30 mins followed by putting into the oil bath at 70 °C for 18 h After
degassing with nitrogen for 30 min, the polymerization was carried out at 70 °C for 18 h. The
resultant polymer was further purified dialyzing against DI water for 48 h and freeze-dried to get
the purified polymer poly(MPC-s--MAABO) as a powder. All the synthesized monomers and
polymers were characterized using 'H NMR spectra and gel permeation chromatography (GPC)

as reported before!!.
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3.2.3 Synthesis of Cationic Copolymer:

Benzoxaborole-containing cationic random copolymer poly (META-st-MAABO) was synthesized
via free-radical polymerization. To synthesize poly(META-st-MAABO), cationic monomer
META (1.062 g, 3.6 mmol), benzoxaborole-containing monomer MAABO (86.8 mg, 0.4 mmol),
and initiator ACVA (5.6 mg, 20 umol) were dissolved in a mixture of methanol (3.5 mL), DMF
(1.5 mL), and DI water (1 mL) and followed by similar steps as mentioned above for zwitterionic
copolymer synthesis. The resulting purified polymer was characterized by 'H NMR and GPC as

well.

3.2.4 Surface Preparation:

Cleaned glass substrates were coated with dopamine first following the same protocol as reported
in our previous study!!. After PDA coating, at different weight ratio of synthesized zwitterionic
and cationic polymer mixed solution (2mg/ml in Tris buffer at pH 8.5) was added onto the PDA
coated surface following the similar procedure '!. Depending on the different weight percentage
of the added polymer solution onto the PDA coated surface, prepared samples were denoted as

PDA/(MP50/MT50), PDA/(MP20/MT80) and PDA/MT100 ; details are listed in Table 3.1.

Table 3.1 Sample details of polymer coating on PDA modified surfaces

Sample name poly(MPC-s--MAABO) poly(META-s--MAABO)
Wt.% Wt.%
PDA/(MP50/MT50) 50 50
PDA/(MP20/MT80) 20 80

96



PDA/MT100 0 100

3.2.5 Surface Analysis:

The chemical composition of all the modified surfaces along with the control glass substrate was
determined by X-ray photoelectron spectroscopy (XPS) using either an AXIS Nova or an AXIS
Ultra-DLD spectrometer (Kratos Analytical Inc., Manchester, U.K.) with a monochromated Al Ka

source.

To confirm the polymer grafting to the surface, the coating was characterized by FTIR using an
Agilent Technologies Cary 600 Series FTIR spectrometer (ATR mode) between the wavelength

of 600 and 3900 cm™! .

Surface morphology and roughness of the modified surfaces was observed by atomic force
microscopy (AFM) in non-contact tapping mode at dry conditions. Surface roughness was

expressed as root-mean-square (RMS) value.

To investigate the surface relative hydrophilicity and wetting properties, water contact angles of
all the modified surfaces along with bare glass control were measured using a model 590

goniometer with a 4 uLL water droplet onto the surface at static condition in air.

3.2.6  Protein Adsorption Assay

To investigate the protein adsorption on the modified surfaces, all sample surfaces (each of 1x1
cm? area) were fouled with model protein bovine serum albumin. Following the same protocol of
our previous studies*? absorbed protein on the sample surfaces were quantified by bicinchoninic

acid (BCA) protein assay kit consistent with the manufacturer’s instructions*’.
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For sugar triggered release of protein from the coated surface, the protein-adsorbed initial surfaces
were incubated into a fructose solution (60 mM in PBS) for 30 min and gently rinsed with PBS to
remove loosely bound one. The amounts of remaining adsorbed protein were quantified using the

similar procedure as mentioned above.

3.2.7 Attachment and Detachment of Bacteria

For bacterial attachment, all the sample surfaces were incubated into Escherichia coli (E. coli)
(ATCC 25922) and Staphylococcus aureus (S. aureus) (ATCC 25923) suspension (1 x 108
cells/mL in PBS, pH 7.4) for 3h at 37 °C, followed by 3 times gently rinsing with sterile PBS to
remove loosely attached bacteria cells. Bacteria fouled surfaces were then stained with 50 pL. of
LIVE/DEAD stain in the dark for 15 min and the density of surface adhered bacteria on each
sample surface was studied by a fluorescence microscope with a magnification of 400x. To
understand the effect of the addition of sugar on the surface and for the predicted detaching of the
adhered bacteria cells, all the bacteria fouled sample surfaces were immersed into fructose solution
(60 mM in PBS) for 30 min followed by rinsing with sterile PBS. LIVE/DEAD staining assay was

then carried out as demonstrated above to determine the density of the remaining bacteria.

3.2.8 Antibacterial Activity Assay:

Two bacteria strains of E. coli (Gram-negative) and S. aureus (Gram-positive) were used to
investigate the anti-bacterial activity of the coating materials. Two different assays were carried
out by colony forming unit (CFU) assay (details are listed in the Supporting Information) and
LIVE/DEAD assay to study the antibacterial activity of the samples. To examine the non-leaching
property of the antibacterial coating, zone-of-inhibition tests were performed. 50ul of E. coli and
S. aureus solution of 8 x 10® cell/ml concentration was uniformly spread onto sterile LB and TS
agar plate respectively using a sterile plastic spreader. Then, the samples were placed onto these
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agar plates and incubated for 24 h at 37 °C to assess the presence or absence of an inhibition zone.
The appearance of an inhibition zone was taken as an indication of cationic polymer leaching from

the surfaces.

3.2.9 InVitro Cell toxicity Assay:

The cytotoxicity of the sample coating extracts was investigated by performing the MTT assay
with normal human lung fibroblast cells MRC-5. CCL-171™. The in vitro cell toxicity was
assessed with both coating extracts and modified sample surfaces. The experimental details are

mentioned in the supporting information.
33 Results and Discussion:

MAABO was synthesized as previously reported*' and characterized by '"H NMR (Figure S 3-1).
The purity was confirmed by comparing the integrals of the typical phenyl protons in MAABO (8
7.3,7.7, and 8.1 ppm) with integrals of methacrylate peaks (6 5.5 and 5.8 ppm). Then free radical
polymerization of MPC and META with 20% MAABO content was conducted as illustrated in
Figure 3.1. (a) and 3.1.(b) with a targeted degree of polymerization of 100 and listed as poly(MPC-

st-MAABO) and poly(META-st-MAABO) respectively.

The benzoxaborole pendant MAABO mol contents in the MPC and META copolymer chains were
calculated by "H NMR (Figure S 3-2 and S 3-3 respectively) to be 17.2% and 16.7%, respectively
by comparing the integral of the characteristic peak for MAABO (& 5.01 ppm) with the
characteristic peak integral for MPC (6 3.7-3.4 ppm ) and META (6 4.6-4.27 ppm and 6 4-3.6
ppm) which is quite consistent with the designed ratio. The monomers mol content, number (M)
and weight (M,) average molecular weights of poly(MPC-s--MAABO) and poly(META-st-

MAABO) were determined by aqueous GPC and are summarized in Table 3.2.
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Table 3.2 Chemical Composition and Molecular Weights of the Synthesized Polymers

Composition of Copolymer (mol%)

Molecular weights

b

Polymer In Feed In Polymer ? . M, M,
MPC MAABO META MPC MAABO META kDa
(MPC-st-MAABO) 80.0 20.0 _ 82.8 17.2 _ 14.5 16.0
(META-st-MAABO) _ 20.0 80.0 _ 16.6 83.3 50.3 73.8

2 Calculated from '"H NMR signal integration.

® Obtained from aqueous GPC
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Figure 3.1. a) Reaction scheme of free radical polymerization between MPC and MAABO

and (b) Synthetic route of free radical polymerization between META and MAABO
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3.3.1 Surface characterization:

To confirm the presence of the polymeric layer on the substrate and the crosslinking reaction
between primary PDA layer and benzoxaborole containing polymers, the surface chemical
structures of the modified and unmodified PAN membranes were characterized by attenuated total
reflectance Fourier transform infrared (ATR FTIR) spectroscopy. As glass substrates can
completely absorb the Infrared radiation, it may be impossible to get a reliable result by ATR FTIR
for surface modifications on glass surface. That is why, instead of choosing glass substrates, for
FTIR analysis we chose polyacrylonitrile membrane (PAN) as a substrate. Moreover, successful
coating on different substrates proves the surface independence of our proposed coating strategy.
Absorption band at 2242 cm™! and 1454 cm™!' for PAN membrane spectra (Figure 3.2) is mainly
attributed to the stretching vibration of nitrile groups (—C=N) and a bending vibration of
methylene** (-CHx-) respectively from PAN membrane®. After PDA coating on PAN membrane
intensity of these two characteristics peaks of PAN membrane slightly reduced. Though in both
PAN and PAN/PDA coated surface a strong peak for nitrile group at 2242 cm™! was observed, this
peak was reduced significantly after grafting poly(MPC-st-MAABO) and poly(META-st-
MAABO) polymers on the membrane indicating a good coverage of polymer coating on the
membrane surface. In the PAN/PDA spectra (Figure 3.2), the appearance of broad peak at 3342
cm’! is due to the combination of the stretching vibration of O—H and N-H which mostly arises
from polydopamine structure *. All the spectra displayed absorption peak at around 2854-2958
cm ! wavelength corresponding to -CH> stretching which is one of the main building blocks of
PAN, PDA and both poly (MPC-st-MAABO) and poly (META-st-MAABO) polymers. Compared
to the control PAN or PAN/PDA spectra, in PAN/PDA/(MP50/MT50) spectra new absorbance

peaks at 1722 cm™ and 1483 cm ! were observed. Appearance of these peaks at 1722 cm™ and
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1483 cm™! can be attributed to carbonyl group (C=0)*" of the polymer backbone and the (C-H)
bending vibrations of the cationic N*(CH3)s group®® respectively. As all these peaks are aligned
with the chemical structure of the poly(MPC-s--MAABO) and poly(META-s--MAABO)
polymers, presence of these characteristic peaks confirms the successful grafting of both polymers
on PDA coated PAN membrane. The characteristic peak of P=0 bending*’ from MPC content was
also identified at 1230 cm™! wavelength in PAN/PDA/(MP50/MT50) spectra. Moreover, after
grafting polymers onto the PDA coated surface the intensity of the C-O-C characteristic absorption
peak at 1068 cm! increases which also arises from both MPC and META structure. Most
importantly, in PAN/PDA/(MP50/MT50) spectra, appearance of absorption peak at 1338 cm™!

4930 and peak of B-C stretching vibration in boronate ester >! at

characteristic for boronate ester
1149 cm™! proves that all the MAABO containing MPC and META polymer was grafted into the

PAN/PDA coated surface by forming dynamic boronate ester covalent bond with PDA layer

successfully.
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Figure 3.2. FTIR spectra of PAN membrane, PAN with PDA layer (PAN/PDA) and
PAN/PDA postdeposition of 50 wt.% poly(MPC-st-MAABQO) and 50 wt.% poly(META-st-

MAABO) polymers PAN/PDA/(MPS0/MTS0)

XPS analysis was also performed to investigate the chemical composition of the different surfaces
after modifications. Table 3 compiles atomic ratios (normalized to carbon) determined for the main
elements; excluded are the minor elements detected in the case of glass (Na, Mg, K, Ca). In
addition, high resolution spectra of C 1s, N 1s and P 2p were evaluated qualitatively to confirm
the successful grafting of both poly(MPC-s--MAABO) and poly(META-st-MAABO) polymers
on the PDA coated surface. For XPS analysis, the PDA/(MP50/MT50) coating sample was chosen
to confirm the presence of both polymers and to compare this polymer-modified surface with PDA
and bare glass. Though the main constituent of bare glass was SiO2, some expected adsorbed
organic contamination (adventitious carbon and Nitrogen)*> was observed (Table 3.3). After
introducing the PDA coating, Si was no longer detected, indicating that the glass substrate was
completely covered with PDA. The composition of the PDA-coated surface (C, N and O) and the
C 1s spectrum were roughly consistent with the polydopamine structure, keeping in mind that PDA
is not expected to have a well-defined, regular structure. The high resolution C 1s spectra PDA
surface had a broad, pronounced shoulder towards higher binding energy (BE), assigned to
functional groups such as C-N and C-O based species. In addition, it displayed a broad signal
centered at 290 - 291 eV BE, assigned to the expected shake-up peak of aromatic groups. After
introducing poly(MPC-st-MAABO) and poly(META-st-MAABO) polymers on the PDA coated
surface, the overall composition of C, N, O did not change significantly since concentrations of

major elements are similar in both surfaces (PDA/(MP50/MT50) and PDA). However, compared
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to the control PDA surface, PDA/(MP50/MT50) coating showed the appearance of new spectral
peaks, P 2p (Figure 3.3 (e)) and an additional strong N 1s peak at higher BE 402.8e¢V (Figure
3.3(a)). The strong N 1s signal at 402.8 eV can be attributed to the positively charged nitrogen (N*
(CHs3)3) of MPC and META. The appearance of the characteristic peak of P 2p peak at 133.1 eV
(Figure 3.3 (e)) is assigned to the phosphorus atom in MPC. Compared to control ratios of P/C and
N*/C of PDA/(MP50/MT50) coating also increased from 0 to 0.034 and 0 to 0.054 respectively
(Table 3.3). The detection of phosphorous (P) and charged nitrogen (N") is clear evidence for the
presence of the PDA/(MP50/MT50). Moreover, by analyzing the high resolution spectra of C 1s
for PDA/(MP50/MT50) coating, successful attachment of both poly(MPC-st-MAABO) and
poly(META-st-MAABO) polymers on the PDA coated surface was confirmed by the appearance
of a characteristic peak of C 1s (Figure 3.3 (b)) at 289.1 eV (ester groups) and a strong increase in

the peak at 286.6 eV (attributed to C—O and C-N)°* as would be expected for META and MPC.

Table 3.3. Surface compositions determined by XPS. Concentrations are presented as atomic

ratios X/C, i.e., atomic concentration of element X relative to that of Carbon (C).

Surfaces Composition (X/C)
C Si P N N* (0]
Bare Glass 1.000 0.792 _ 0.058 _ 2.075
PDA 1.000 0.102 0.003 0.237

PDA/(MP50/MTS0) 1.000 0.011 0.034 0.084 0.054 0.342
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Figure 3.3. XPS high-resolution C 1s, P 2p and N 1s narrow-scan spectra of the modified
glass substrates. High resolution a) N 1s spectra for PDA/(MPS50/MTS50) surface b) C 1s
spectra for PDA/(MP50/MT50) surface, ¢) N 1s spectra for PDA surface d) C 1s spectra for

PDA surface, and e) P 2p narrow scan spectra for PDA and PDA/(MP50/MT50) surface

3.3.2 Surface Morphology:

The surface morphology of the modified surfaces was investigated by AFM in non-contact tapping
mode and at dry condition. As shown in Figure S 3-4, the control glass surface has shown a smooth
surface with a root-mean-square (RMS) roughness of 1.2 nm. Compared to bare glass, PDA coated
surface showed significantly higher surface roughness value of 16.3 nm which is mostly because

of the deposition of self-polymerized large PDA aggregates*®. However, after introducing
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poly(MPC-st-MAABO) and poly(META-st-MAABO) polymers onto the PDA coated surface, no
such aggregates were detected. A homogenous and smooth surface with RMS roughness of 1.6
nm was obtained for PDA/(MP50-MT50) surface confirming a good coverage on PDA aggregates
layer. However, after 30 mins of sugar treatment of the PDA/(MP50-MT50) surface, RMS
roughness increased to 6.8 nm exposing the PDA aggregates layer again. This phenomenon also
confirms the dissociation of boronate ester bond and removal of polymer layer from the PDA
coating. However, the surface roughness of sugar treated PDA/(MP50-MT50) surface is very low

compared to bare PDA coating.

3.3.3  Surface hydrophilicity:

Water contact angle (WCA) measurement is one of the most reliable techniques of characterization
of the surface’s relative hydrophilicity and wetting properties®®. Reduced water contact angle
indicates higher hydrophilicity of the surface. As shown in Figure 3.4, the WCA of the pristine
glass substrate and control PDA coating was 49.1+3.3°nd 40.7+1.9° respectively. All of the other
polymer grafted PDA surfaces showed a lower WCA and improved surface hydrophilicity
compared to control glass and PDA surfaces. Among them, the PDA/(MP50/MT50) coated sample
surface showed the lowest WCA, 11.4+1°, possibly reflecting the presence of a stronger surface
hydration due to the presence of a dense zwitterionic polymer content!® on the surface coating.
Decreasing the zwitterionic polymer content on the surface resulted in a slight increase in the water
contact angle. Without the presence of poly(MPC-s--MAABO) polymer on the PDA surface,
sample PDA/MT100 showed increase in WCA suggesting that the zwitterionic groups of the

poly(MPC-s--MAABO) polymer brushes can interact more strongly with water and create more

106



effective surface hydration layer'® than the cationic groups of the poly(META-st-MAABO)

polymer brushes.
49.1+ 3.3° 40.7 £1.9° 114+ 1° 15.7 £ 0.8° 20.4+1.3°
e ‘ s e = iR
Glass PDA/(MP50/MT50) PDA/(MP20/MT80) PDA/MT100

Figure 3.4 Water contact angle of bare glass, PDA, PDA/(MP50/MT50), PDA/(MP20/MT80)

and PDA/MT100 coated glass substrates

3.3.4 Antibacterial Activity:

To quantify the percentage of viable bacteria cells attached to coated surfaces, CFU (colony
forming unit) counting assay was conducted. The number of CFUs of each sample was determined
after an incubation period of 24 hours. Then the viable bacteria cell fraction was calculated using
the formula (N/No) x 100, where Ny is the average CFUs number obtained for the control glass
surface and N is the average CFUs number for other PDA modified sample surfaces. All the
surfaces were challenged with 108 cell/ml bacteria solution in PBS. From the results (Figure 3.5 a)
it was observed that all coatings with poly(META-st-MAABO) polymer showed less than 10%
bacteria cell viability for both gram positive S. aureus and gram negative E. coli. With increasing
the poly(META-s--MAABO) polymer weight ratio into the coating the killing efficiency also
increased. For the sample PDA/MT100 cell viability against S. aureus was found to be only 1.1%.
META has quaternary ammonium (QA) moiety, which is a commonly used biocide with a
permanent, pH-independent positive charge which can damage the negatively charged outer
membranes of bacteria. This disruption is usually caused by the cell leakage through destroying
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the charge equilibrium of the negatively charged bacteria cells due to the charge transfer between
cell membrane and positively charged polymer chain® which results in cell death>®. These results
confirm that the biocidal activity is mainly due to the QA component from poly(META-st-
MAABO) polymer attracting bacteria by electrostatic interaction, then degrading the cell
membrane and destabilizing the intracellular matrix through a contact killing mechanism. The
fluorescent LIVE/DEAD staining assay was also performed to evaluate the antibacterial adhesion
properties of hydrophilic coatings against E. coli and S. aureus. Results (Figure 3.5) showed that
bare glass with and without PDA coating favored the attachment of bacteria cells without
compromising their viability which was reduced drastically after introducing zwitterionic and
cationic polymer coating on the surface. Such results are evidence for a stable functionalization of
glass surface with PDA and benzoxaborole-containing zwitterionic and cationic polymer. As
expected, both the S. aureus and E. coli bacteria were well-kept on the surface of bare glass and
PDA coating with very little amount of cell damage but the appearance of dead cells (red in color)
increases with increasing weight percentage of poly(META-st-MAABO) polymer into the coating.
Compared to PDA/(MP50/MT50) and PDA/(MP20/MT80) surfaces, PDA/MT100 showed better

antibacterial activity with the highest number of dead cells detected on the surface.
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Figure 3.5. a) Cell viability of E. coli (left) and S. aureus (right) of all sample surfaces. b)
Fluorescence images of E. coli and S. aureus attached on different surfaces (Glass, PDA,

PDA/(MP50/MT50), PDA/(MP20/MT80) and PDA/MT100) (Scale bar: 20 pm)

To examine the non-leaching property of the biocide QA containing polymer coating, a zone-of-

inhibition test was carried out. From the Figure S 3-6, it is clearly observed that no inhibition zone
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was developed against both gram-positive and gram-negative bacteria after placing the polymer
coated surfaces on the bacteria containing agar plates. The absence of an inhibition zone confirms

the non-leaching property and the stability of our antibacterial coating.

3.3.5 Attachment and Detachment of Bacteria

Conventional contact-killing biocidal surfaces often face critical complications for long-term
applications due to the accumulation of attached dead cells and other debris, which leads to
secondary contamination and inflammation. Therefore, to maintain effective long-term
antibacterial activity it is of great interest to develop a biocidal surface with dead cell release
property in a facile way once they are killed®*. With this objective in mind, we immobilized both
zwitterionic and cationic polymers on the PDA coated substrates with the facility to reduce
bacterial attachment and increase their cellular membrane disintegration. Compared to bare glass
or PDA coating alone, decreased number of E. coli (Figure 3.6) and S. aureus (Figure S 3-5) cells
adhesion were found on the polymer coated PDA surfaces. This low adhesion of bacteria cells may
be attributed to the increased hydrophilicity imparted by the presence of poly(MPC-s--MAABO)
zwitterionic polymer in the coating. In our coating system, both zwitterionic and cationic polymer
were attached to the PDA coated surface via dynamic covalent boronate ester bonds with the
catechol group of PDA coating. This covalent boronate ester bond can be dissociated after the
addition of competitive diol containing molecules such as saccharides / sugars®’. Thus, it can
facilitate the removal of both live and dead bacteria electrostatically attached to the polymer layer
avoiding fouling related to the accumulation of dead bacteria. Here, in this project, fructose was
selected as the competitive diol containing molecule to dissociate benzoxaborole-catechol
complex, because of its higher binding affinity with benzoxaborole than glucose®®. As shown in

Figure 3.6 and Figure S 3-5, more than 85% of attached bacteria on the surface were released after
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fructose treatment. The quantities of the bacteria attached initially and after exposure to fructose
solution or PBS were calculated using ImageJ software from the fluorescence images of the
surfaces. On the other hand, surfaces with no polymer coating such as bare glass and PDA coating
showed only around 10% and 12% E. coli bacteria release ratio respectively confirming that the
release of bacteria from PDA/(MP50/MTS50) coated surface was due to the sugar-triggered
dissociation of boronate ester bonds. In addition to sugar responsiveness, benzoxaborole-catechol
complex is pH responsive and can be dissociated at acidic pH and reconstructed at pH higher than
7.2%°. Due to the release of metabolites during bacterial growth on the surface, pH of the localized
environment can go down to a value of pH 5.5%*6!, Thus, in an acidic environment due to a large
number of bacteria attachments, dissociation of benzoxaborole-catechol complexation can trigger

the self-cleaning effect similar to sugar addition.
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Figure 3.6. E. coli bacteria cell attachment to different surfaces (glass, PDA and
PDA/(MPS0/MT50)) and release ratio of the attached bacteria cells after sugar addition on

the surface; fluorescence images of the attached cells on the surface.

As this benzoxaborole-catechol complexation is reversible, after sugar treatment, the
PDA/(MP50/MT50) surface can be regenerated by simply adding freshly prepared polymer
solution onto the sugar treated surface to form the benzoxaborole-catechol complexation again at
physiological pH 7.4 which is higher than pK, value (~7.2) of benozoxaborole®’. After sugar
treatment, the surface may act as bare PDA coated surface with many catechol functional groups
available. Due to high affinity of benzoxaborole towards cis-diol> of PDA, after adding freshly
prepared bezoxaborole containing polymer solutions onto the sugar treated surface, a new

PDA/(MP50/MT50) can be regenerated. This surface regeneration ability as an indication of long-
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term performance was also explored against S. aureus bacteria. After sugar treatment the
PDA/(MP50/MT50) surface was dried and incubated with fresh bacteria solution for 24 hrs. Then
LIVE/DEAD assay was conducted to observe bacterial adhesion on the sugar treated surface. As
shown in Figure 3.7 (b), after sugar treatment the surface acts as only a PDA surface with few dead
cells and many live cells attached. But compared to freshly prepared PDA coating (Figure S 3-4),
this sugar treated PDA/(MP50/MT50) surface showed relatively low bacteria adhesion which can
be related to reduced surface roughness as shown in Figure S 3-4. Moreover, after adding freshly
prepared polymer solutions of poly(MPC-s--MAABO) and poly(META-st-MAABQO) onto the
sugar treated PDA/(MP50/MT50) surface, the regenerated PDA/(MP50/MT50) surface (Figure
3.7 (c)) showed similar killing efficiency as before (Figure 3.7(a)) with less amount of attached

bacteria on it. Thus the regeneration of this coating makes it a potential candidate for many

applications where antibacterial activity maintained overtime is needed.

Figure 3.7 Fluorescence images of S. aureus bacteria on PDA/(MPS0/MTS50) surface: (a)

before and b) after sugar treatment; c) regenerated PDA/(MP50/MT50) surface.
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3.3.6 Adsorption and Release of Protein:

Having confirmed the sugar-responsiveness of the benzoxaborole pendant containing polymer
layers on the PDA coating system towards the bacteria release, we further investigated the potential
of this system for the absorbance and release of protein. This reversible control of protein
adsorption is of great interest for applications such as medical diagnostics, on-demand delivery
methods of therapeutics®® and protein purification®®. Protein adsorption on the polymer-coated
surface was evaluated by the BCA protein assay. As shown in Figure 3.8, a stronger interaction
between protein and polymer grafted surfaces (PDA/(MP50/MT50), PDA/(MP20/MT80) and
PDA/MT100) was observed. Both bare glass and PDA coating showed relatively low adsorption
of protein 36 and 31 pg/cm?® respectively whereas all the other polymer coated surfaces showed a
strong increase of protein adsorption. With the increase of cationic polymer content into the
coating the adsorption of protein increased because of the strong interaction between positively
charged QA moiety and negatively charged BSA protein®. PDA/MT100 surface showed a
maximum amount of absorbed protein of 82 pg/cm?. Reversibility of BSA adsorption on the
polymer coated surfaces in response to fructose solution was then explored. After introducing
sugar onto the coating the boronate ester bond was dissociated resulting in the cleavage of both
cationic and zwitterionic polymer coating from the surface. With the dissociation of boronate ester
bond, all of the electrostatically attached protein on the polymer brushes were also released
resulting in a significant reduction in adsorbed protein on the surfaces. After sugar (fructose)
treatment, the amount of protein adsorption on PDA/(MP50/MT50), PDA/(MP20/MT80) and
PDA/MT100 surfaces was reduced to 19, 22 and 20 pg/cm? (down from 52, 67, 82 pg/cm?
respectively). In sugar the release percentage of the absorbed protein was found 63.4 %, 67.2%

and 75.6% for PDA/(MP50/MT50), PDA/(MP20/MT80) and PDA/MT100 surfaces respectively.
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On the other hand, for PDA coating after sugar treatment, no significant change in the amount of
adsorbed protein was observed which confirms that the release of BSA protein was associated with

the sugar-triggered dissociation of boronate ester bonds.
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Figure 3.8. BSA protein adsorption on different surfaces (Glass, PDA, PDA/(MPS50/MTS50),
PDA/(MP20/MT80) and PDA/MT100) before and after 30mins immersion into the sugar
solution (60mM of Fructose solution in PBS). PDA/(MP50/MT50), PDA/(MP20/MT80) and
PDA/MT100 surfaces showed significantly low amount of absorbed protein after sugar

treatment.
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3.3.7 Cell toxicity:

Biocompatibility of a polymer coating is a crucial requirement for its use in biomedical
applications. Therefore, we conducted standard MTT assays to examine the cytotoxicity of all the
modified surfaces and polymer coatings (Figure 3.9). Cell toxicity was investigated by incubating
MRC-5 cells with culture medium containing the polymer coating extracts for 24 h. From Figure
3.9 (a) we can observe that, after 24h of incubation, all the polymer coatings showed excellent cell
viabilities. After comparing all the samples, PDA/(MP50/MT50) exhibited the best cell viability
which was 96.8%. This excellent biocompatibility can be ascribed to the fact that the
PDA/(MP50/MT50) sample has the highest content of cell membrane biomimetic
phosphorylcholine based poly(MPC-st-MAABO) polymer. Inspired by the phospholipid bilayer
cell membrane structures, MPC-based polymers are widely considered as nontoxic and safe
biomaterials®®®’. An important advantage, associated with the incorporation of poly(MPC-st-
MAABO) polymer into the coating, is to reduce the overall cell toxicity of the coating, thereby
making it more biocompatible. For the coating PDA/MT100, a slightly reduced cell viability of
around 88% was noted. The drop in cell viability of MRC-5 cells incubated with poly(META-st¢-
MAABO) extract can be explained by the potential cytotoxicity activity of quaternary
ammonium® moiety from META. In addition to cell viability with coating extract, cell viability
and growth was observed onto the PDA, PDA/(MP50/MTS50), PDA/(MP20/MT80) and
PDA/MTI100 coated 96 well plates using the same protocol. Cells were allowed to grow for 24hrs
onto the PDA, PDA/(MP50/MT50), PDA/(MP20/MT80) and PDA/MT100 deposited 96 well
plate. As shown in Figure 3.9 (b), only PDA/MT100 coated well showed less cell viability
compared to other modified surfaces. PDA, PDA/(MP50/MT50) and PDA/(MP20/MT80) coated

well showed outstanding cell attachment with more than 100% cell viability. The lack of
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cytotoxicity and the cell-adhesive nature of PDA/(MP50/MT50) and PDA/(MP20/MT80) coatings

underline their suitability in a broad range of biomedical applications.
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Figure 3.9. Cell viability of MRC-5 cells after 24 h incubation with a) different coating
extracts (Glass, PDA, PDA/(MP50/MT50), PDA/(MP20/MT80) and PDA/MT100) and b)
cell viability onto the PDA, PDA/(MP50/MT50), PDA/(MP20/MT80) and PDA/MT100

coated surfaces.

34 Conclusion:

In summary, a sugar-responsive, self-cleaning surface with dual functional property has been
successfully developed. The coating is based on benzoxaborole-catechol complexation and cyclic
boronic ester bond. Zwitterionic polymer and quaternary ammonium containing cationic polymer
with different weight ratios were successfully grafted to the PDA coated surface. It was observed
that presence of a small amount of zwitterionic poly(MPC-s--MAABO) polymer into the coating

not only helped to reduce the bacteria adhesion but also facilitated the development of a very
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hydrophilic surface with excellent biocompatibility. On the other hand, positively charged
poly(META-st-MAABO) polymer brushes effectively interact with the negatively charged cell
membranes of the bacteria, leading to the rupture and lysis of the cellular membrane of bacteria
and thus delivering antibacterial properties to the surface. The dead bacteria and negatively
charged protein was electrostatically attached to the cationic polymer brushes. After addition of
the free sugar molecules to the surface, the benzoxaborole-catechol interactions were cleaved
resulting in the release of the polymer chains as well as any attached proteins and bacteria on the
surface. This dynamic self-cleaning surface with contact killing and release strategy could have

great potential in the field of biomedical applications.
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3.5 Supporting Information:
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Figure S 3-1. 'TH NMR spectrum of 5-methacrylamido-1,2-benzoxaborole (MAABO) in

DMSO-de.
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Figure S 3-2. "TH NMR spectrum of benzoxaborole-containing zwitterionic polymer

poly(MPC-st-MAABO).
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Figure S 3-3. "TH NMR spectrum of benzoxaborole-containing cationic polymer

poly(META-st-MAABO).
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Figure S 3-4 . AFM images of surface morphology with roughness scale for glass, PDA and

PDA/(MPS0/MT50) and sugar treated PDA/(MPS0/MT50) surfaces
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Figure S 3-5. 8. aureus bacteria cell attachment to different surfaces (glass, PDA and

PDA/(MP50/MT50)) and release ratio of the attached bacteria cells after sugar addition on

the surface; fluorescence images of the attached cells on the surface.
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Figure S 3-6. Images of inhibition zone development against S. aureus (left) and E. coli (right)
bacteria for different surfaces: a) bare glass, b) PDA, c¢) PDA/(MPS50/MT50), d)

PDA/(MP20/MT80) and e¢) PDA/MT100

3.5.1 Colony-forming units (CFU) Assay:

A single bacteria colony of E. coli and S. aureus was collected from the Luria-Bertani (LB) and
tryptic soy (TS) agar plate, respectively, to inoculate 25 mL of liquid LB broth and TS broth,
respectively. After inoculation at 37 °C for 16 h, bacteria cells were washed with sterile PBS
solution through centrifugation at 4000 rpm for 5 min and resuspension in PBS thrice. The
harvested bacterial cells were resuspended in PBS solution to an optical density (OD) of 0.1 at 670
nm (OD 670) of 0.1, corresponding to ~8 x 10° cells/mL. The bacteria suspension was adjusted in
PBS to a final concentration of approximately 103 cell/mL. 100 uL of this bacteria suspended PBS
solution was added on top of all the sample surfaces placed in a petri dish. The plate was afterwards

sealed and incubated at 37°C under static conditions for 24 hrs. After 24 hrs aliquots were taken
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from the top of all treated and control sample surfaces. After serial dilution in phosphate buffer
solution, bacteria cells were spread out onto the Luria-Bertani (LB) and tryptic soy (TS) agar plate
for E. coli and S. aureus respectively. Three parallel aliquots were taken for spreading from each
diluted cell suspension. The number of CFUs was determined after an incubation period of 24
hours. The viable bacteria cell fraction was calculated using (N/No) x 100, where No and N are the
average number of CFUs obtained for the control glass substrate and for the investigated sample,

respectively.

3.5.2 MTT Assay:

The cell cytotoxicity of all the coated substrates and bare glass was investigated using MRC-5
cells by the standard MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide)
method. Prior to cell seeding, all the samples were sterilized with UV light. Coated samples were
placed in 24-well plates and DMEM culture medium (including 10% fetal bovine serum (FBS),
1% penicillin/streptomycin and 1% sodium pyruvate) with a volume fraction of 6 cm?mL
specimen superficial area was added, and the coating extracts were collected after 48 hrs. MRC-5
cells were seeded in 96-well plates in a density of 6000 cells per well with 100 uL of DMEM
medium and incubated at 37 °C for 24 hrs. After 24hrs, the media were substituted with 100
uL of fresh DMEM medium (for blank control ) or DMEM medium containing polymer coating
extracts, and with these new media MRC-5 cells were incubated for another 24 hrs. The
cells were allowed to be further incubated for 3-4 hrs after the addition of MTT solution (20
puL, 5 mg/mL in sterilized PBS). The media were carefully removed, followed by the addition of
100 pL of dimethyl sulfoxide / isopropanol (1:1 v/v) solution to dissolve the formazan crystals.

After that the absorbance at 570 nm was obtained via the TECAN Genios pro microplate reader
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and percent cell viability was calculated by comparing OD values of cells treated with/without

coating extracts.
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Chapter 4 Bioinspired Antifouling and Antibacterial Polymer

Coating with Intrinsic Self-healing Property
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4.1 Introduction:

Surface deposited microorganisms are the critical sources of biofilm formation which has become
a serious global health concern due to their resistance to antibiotics and resulting chronic infections
1.2 Protecting biofilm formation with a recyclable antifouling® > and antimicrobial coating®’ is a
promising approach to control biofilm related infections 5. One of the most common strategies
adopted by researchers are to functionalize the surface with hydrophilic polymer®!'® (such as
poly(ethylene glycol)'!, zwitterionic polymers'? and glycopolymers'?) coating to create a strong
hydration layer on top of the surface which usually helps to reduce the adsorption of foulants such
as protein and bacteria. But this passive strategy is not effective for long term application and
ineffective toward the microbials that had attached to the surface'®. Researchers have developed
many strategies'>'® to generate dual functional surfaces combining both biocidal or non-adhesive
functionalities. Non-adhesive functionality helps to reduce the initial microbial adhesion while the
biocidal property helps to simultaneously kill bacterial cells in contact with the surfaces. To impart
biocidal property into surfaces, researchers either incorporate releasable bacteria killing agents
such as nanoparticles!®, antibiotics?® and enzymes®' or modify the surface with antimicrobial
functionalities such as quaternary ammonium salts 7, polycations®? and chitosan®’ etc. for contact
killing. Although various concepts to protect surfaces from foulant were introduced, there are still
many challenges to be overcome for practical applications. In practice, it was found that during
storage, transport, and clinical use accidental mechanical damage, such as scratching, and abrasion
can happen which significantly affect and alter the coating properties exposing the underlying
substrate '°. Since bacteria or other microorganisms could invade through the cracks***, a
mechanical damage or defect generated during operations might be the origin for surface fouling

and accelerated function failure of the coating. One of the promising solutions to overcome this
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challenge is to introduce self-healing property into the antifouling and antibacterial coating.

Several research on self-healing coatings development have been reported, including multi-layer

24,25 26,27 28,29

polymer brushes“~, hydrogels*>“’, microspheres and nanocomposites’’. Self-healing

mechanisms can be categorized into two approaches such as “extrinsic self-healing” and “intrinsic

self-healing” 3!

. In ‘extrinsic self-healing approach, a large number of microspheres or
microcapsules containing a “healing agent” is usually pre-embedded into the material. The crack
of the material will cause the release of the healing agent that can reconnect the fractured parts,
resulting in the formation of new healed material. The recyclability of extrinsic self-healing is very
limited because it allows the material to heal only a limited number of times depending on the
amount of healing agent. In contrast, intrinsic self-healing enables the materials to heal infinitely
which is more suitable for materials under requirements of long operation lifespans. In an intrinsic
self-healing mechanism, healing of the mechanical damage of materials happens by the formation
of reversible dynamic covalent bonds*?, non-covalent interactions such as hydrogen bonds®,

electrostatic attractions®* and so on. This self-healing can also be stimulated by heat or by the

action of water.

To functionalize the surface, mussel-inspired dopamine chemistry has been widely used due to its
simplicity, versatility and strong reactivity for secondary functionalization®>-°. Recently, similar
to polydopamine coating, prebiotic chemistry inspired another simple, biocompatible and substrate
independent functional coating that has been developed by spontaneous polymerization of amine-
rich aminomalononitrile (AMN) 378 The adhesive AMN coating has been utilized as a facile and
versatile platform for developing multifunctional coating, immobilizing antifouling®® and
antibacterial polymers in a two-step method*’. In this study, we exploited this unique surface

modification technique to develop a rapidly self-healable, anti-fouling and antibacterial surface.
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Recently reported vitamin BS analogous hygroscopic methacrylamide (BSAMA)*! compound was
used to impart the self-healing property by forming amide-amide and amide-hydroxyl multiple
hydrogen bonds into the coating. To better understand the self-healing mechanism of the BSAMA,
a homopolymer poly(BSAMA) was synthesized and grafted onto the AMN coated surface by
hydrogen bonding interactions between poly(BSAMA) and AMN coating. With a zwitterionic
compound 2-methacryloyloxyethyl phosphorylcholine (MPC) and BSAMA a statistical copolymer
poly (MPC-st-BS5AMA) was also synthesized to graft onto the AMN coating for developing a
biocompatible, antifouling and self-healing coating. As AMN coating can strongly bind silver
nanoparticles (AgNPs) from silver nitrate solution*’, AgNPs was also incorporated into the AMN
coating to impart antibacterial property into the coating. The developed multifunctional
antifouling, antibacterial and self-healing coating is expected to be a promising material for

biomedical application.
4.2  Experimental Section:

4.2.1 Materials:

MPC was obtained from Prof. Ishihara’s lab (University of Tokyo, Japan). The initiator, 4,4'-
azobis (4-cyanovaleric acid) (ACVA), thiazolyl blue tetrazolium bromide (MTT), Bovine serum
albumin (BSA), Aminomalononitrile p-toluenesulfonate 98% and D-(—)-Pantolactone were
purchased from Sigma-Aldrich and used without further purification. The Live/Dead BacLight
Bacterial Viability Kit L-7012 and Micro BCA Protein Assay Kit were obtained from Thermo
Fisher Scientific. Escherichia coli (E. coli) (ATCC 25922) and Staphylococcus aureus (S. aureus)
(ATCC 25923) (ATCC, USA) were used as model bacteria in all bacterial tests. Luria-Bertani

broth (LB) and tryptic soy broth (TSB) (Fisher Scientific, USA) were used as liquid media for E.

136



coli and S. aureus respectively. Normal human lung fibroblast cells MRC-5. CCL-171™ was used

for MTT assay.

4.2.2 Synthesis of Polymers:

2-Aminoethyl methacrylamide (AEMA) was synthesized according to previously established
procedure of our group®’. BSAMA monomer was synthesized by simple ring opening chemistry
between D-(—)-Pantolactone and synthesized AEMA, as previously reported*'. The purity of the
synthesized monomers was confirmed by 'H NMR. Homo polymer of BSAMA, poly (B5AMA)
was synthesized via free-radical polymerization. To synthesize poly (BSAMA), BSAMA (1.55 g,
6 mmol), and initiator ACVA (16.8 mg, 60 pmol) were placed in a 50 mL polymerization tube and
dissolved with a mixture of methanol (4.5 mL) and DMF (1.5 mL). After degassing the solution
mixture with nitrogen for 30 min, the polymerization reaction was carried out at 70 °C for 18 h.
The reaction was terminated by rapid cooling in liquid nitrogen and the resultant copolymer was
purified dialyzing against DI water for 48 h. Purified polymer was lyophilized to obtain
poly(BSAMA) as a powder. Zwitterionic polymer with BSAMA pendent poly (MPC-s--B5AMA)
was also synthesized via free-radical polymerization. To synthesize poly (MPC-st-BSAMA),
B5AMA (774 mg, 3 mmol), MPC (885.8 mg, 3mmol) and initiator ACVA (16.8 mg, 60 umol)
were placed in a 50 mL polymerization tube and dissolved with a mixture of methanol (4.5 mL)
and DMF (1.5 mL). After same polymerization and purification steps were carried out as
mentioned above. The resulting purified polymers were characterized by 'H NMR and Viscotek
conventional gel permeation chromatography (GPC) to determine the composition and molecular
weight, respectively. 'H NMR spectra of the monomers and polymers were recorded on a Varian
500 MHz spectrometer. The number (M,) and weight (M,,) average molecular weights of the

synthesized polymers were determined by a GPC system equipped with one G5000PWx TSK-
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GEL column using 0.5 M sodium acetate/0.5 M acetic acid buffer as the eluent at a flow rate of
1.0 mL/min. The GPC was calibrated by monodisperse pullulan standards (M,, = 5900—404000

g/mol).

4.2.3 Surface Coating:

Glass substrates were ultrasonically cleaned with acetone, ethanol and DI water for 30 min
respectively and dried with air. To modify the cleaned glass surfaces, first the glass surface was
immersed into the Smg/ml AMN solution in PBS at pH 8.5 and shaken with a mechanical shaker
at 200rpm for 24hrs to allow autopolymerisation of AMN and forming a homogenous AMN
coating on the glass substrate. After 24hrs shaking, coated glass substrate was gently rinsed with
DI water to remove loosely bound AMN aggregates from the surface and air dried. Then polymer
solution (10 mg of polymer in 100ul PBS buffer) of either poly(BSAMA) or poly (MPC-st-
B5AMA) (10 mg of polymer dissolved in 100ul PBS solution) was added dropwise onto the AMN
coated surface and placed at room temperature for 12 h. After 12hrs, the resulting coated surfaces
were gently rinsed with PBS buffer to remove unreacted polymers and dried with air. The
corresponding coated surfaces were denoted as AMN (substrate coated with AMN only), AMN/B5
(AMN coated substrate with poly(BSAMA)) and AMN/B5/MPC (AMN coated substrate with
poly(BSAMA)). To incorporate AgNPs into the coating all the modified surfaces were immersed

into the 50mM AgNOs solution for the in-sifu deposition of the AgNPs onto the surface.

4.2.4 Surface Characterization:

Surface morphology and roughness of all the modified surfaces were observed by atomic force
microscopy (AFM) using the Anton Paar Tosca 400 unit in tapping mode at dry condition. Surface
roughness was expressed as root-mean-square (RMS) value. The chemical composition of the
polymer modified substrate was determined by X-ray photoelectron spectroscopy (XPS) using
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either an AXIS Nova or an AXIS Ultra-DLD spectrometer (Kratos Analytical Inc., Manchester,
U.K.) with a monochromatic Al Ko source at a power of 180 W (15 kV x 12 mA) and a
hemispherical analyzer operating in the fixed analyzer transmission mode. To investigate the
surface relative hydrophilicity and wetting properties, static water contact angles of all the
modified surfaces were measured using a model 590 goniometer. All the contact angles were
measured with a 4 pLL water droplet onto the surface at room temperature. Three contact angles
were measured for each substrate at three different locations, and their average was recorded as a
result. The surface morphology of AgNPs loaded surfaces was observed by field emission

scanning electron microscopy (FESEM, Zeiss Sigma 300/VP).

4.2.5 Bacterial adhesion and antibacterial assay:

Gram-negative Escherichia coli (E. coli) and Gram-positive Staphylococcus aureus (S. aureus)
were used as the model bacteria to evaluate both the bacteria adhesion and antibacterial property
of the bare glass and modified glass substrates. A single bacteria colony of E. coli and S. aureus
was collected from the cultured Luria-Bertani (LB) and tryptic soy (TS) agar plate, respectively,
and cultured into 25 mL of liquid LB broth and TS broth, respectively at 37 °C for 16 hrs. Then
the grown bacteria cells were washed with sterile PBS solution through centrifugation at 4000 rpm
for 5 min and resuspension in PBS twice. The harvested bacterial cells were resuspended in 1ml
of PBS solution to get the concentrated bacteria and later diluted to an optical density reading at
670 nm (OD 670) of 0.15, corresponding to ~8 x 10° cells/mL. For bacterial attachment, all the
sample surfaces were incubated into E. coli and S. aureus suspension (8 x 10° cells/mL in PBS,
pH 7.4) for 24hs at 37 °C, followed by 3 times gently rinsing with sterile PBS to remove loosely
bound bacteria cells. The bacterial cells attached on the surfaces were stained with 50 pL of

LIVE/DEAD stain in the dark for 15 min and then washed with PBS gently. After that, each slide
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was examined by a fluorescence microscope with a magnification of 400%. The live bacteria
emitted green light and the dead bacteria emitted red light. The number of bacterial cells was
obtained through counting the bacterial cells in five different areas (four corners plus the center)
of the sample surfaces and then averaging. The counted number of the attached bacteria was
analyzed using an ImagelJ software package and represented as cells/cm?. Comparing the number
of dead cells to the total number of bacteria cells attached fraction of dead cells were calculated

which represented antibacterial ability of the AgNPs loaded surfaces.

4.2.6 Protein adsorption Assay:

The sample surfaces (each of 1x1 cm? area) were subjected to the protein adsorption test using
Bovine Serum Albumin (BSA) as a model protein and the quantification of the adsorbed protein
was performed using a bicinchoninic acid (BCA) protein assay kit according to the manufacturer’s
instructions. First, the samples were immersed into 2 mg mL ' BSA solution in PBS and incubated
at 37 °C for 3 hrs and then rinsed with PBS buffer solution to remove loosely bound protein from
the surface. Afterward, samples were placed in a 24-well plate, and 1 mL of 2.0 wt.% sodium
dodecyl sulfate solution was added, shaken, and sonicated for 1 h to separate the absorbed protein
from the sample surfaces. After the addition of equal volumes of protein solution and BCA reagent,
the 96-well plate was incubated at 37 °C for 2 h. The absorbance of the absorbed protein at 570
nm was measured using a Tecan Genios pro microplate reader. The protein absorbance
concentration of samples was calculated using the standard curve. The calculated number of

absorbed protein was expressed as (ug/cm?).

4.2.7 Characterization of Self-healing process:

The Nano scratch test (NST) was performed using a sphero-conical diamond indenter (tip radius

200 pm) mounted on a scratch test machine (Anton Paar, Micro Combi Tester, MCT?). With this
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sphero-conical stylus a 2 mm length of scratch was performed on the sample surfaces at constant
load of 5N with constant speed. Self-healing properties were characterized by measuring the
penetration depth before and after the healing process through performing the cross-scan analysis.
After the 2 mm long main scratch, three scanning scratches were done perpendicular to the main
scratch with a scanning load of 0.05N in order to scan the profile of the track at several positions.
The Pre-scan provides a profile of the surface before scratch. It allows any non-uniformity in the
flatness of the samples to borne into consideration when the penetration depth of the indenter is
measured during the scratch test. The penetration depth corresponds to the difference between the
depth of scratch and the surface profile obtained in the pre-scan step. Comparing the penetration
depth of scratch to penetration depth after healing, the percentage of recovery of the coating can
be calculated. After the scratching and healing processes reached completion, the scratch-
recovered sample was analyzed using an optical microscope. Along with the nano scratch healing
observation, macro scratch healing by optical microscope has also been observed. The modified
surface was scratched with a sharp knife followed by 5 ul of water added onto the surface for fast

healing and the resulting surface was observed under the microscope.

4.2.8 Cytotoxicity:

The cytotoxicity of the sample coating was investigated by performing the MTT assay with normal
human lung fibroblast cells MRC-5. CCL-171™. MRC-5 cells were seeded into coated (AMN,
AMN/BS and AMN/B5/MPC coating; following the same procedure as mentioned under surface
coating section) 96-well plates in a density of 6000 cells per well with 100 uL of DMEM culture
medium (including 10% fetal bovine serum (FBS), 1% penicillin/streptomycin and 1% sodium
pyruvate) and incubated at 37 °C for 48 hrs. After 48hrs, the cells were allowed to be further

incubated for 3-4 hrs after the addition of MTT solution (20 puL, 5 mg/mL in sterilized PBS). The
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media were carefully removed, followed by the addition of 100 puL of dimethyl sulfoxide /
isopropanol (1:1 v/v) solution to dissolve the formazan crystals. After that the absorbance at 570
nm was obtained via the TECAN Genios pro microplate reader and percent cell viability was

calculated by comparing OD values of cells treated with/without coating.
4.3 Results and Discussion:

Zwitterionic copolymer poly (MPC-st-BSAMA) and a homo polymer of BSAMA- poly(B5SAMA)
was synthesized by free radical polymerization with a targeted degree of polymerization (DP) 100.
Prior to that BSAMA monomer was synthesized according to the previous report*!. The purity of
the BSAMA and chemical composition of poly (MPC-st-BSAMA) was characterized by 'H NMR
(Figure S 4-1 to Figure S 4-3). The mole content of MPC and BSAMA in poly (MPC-st-B5AMA)
was calculated from "H NMR and was found to be 61% and 39% respectively by comparing the
integral of the characteristic peak for BSAMA (3 3.97 ppm) with the characteristic peak integral
for MPC (8 3.67 ppm) (Figure S 4-3). The molecular weights of the synthesized polymers are

summarized in Table 4.1.

Table 4.1 Chemical Composition and Molecular Weights of the Synthesized Polymers

Composition of Copolymer (mol%) Molecular weights °
Polymer In Feed In Polymer ? . M, M,
MPC  B5SAMA MPC B5AMA kDa
Poly (MPC-st-BSAMA) 50 50 61 39 30.2 46.5
Poly (BSAMA) 100 100 17.5 23.1
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Amine rich-AMN coating can strongly graft BSAMA by forming possible hydrogen bond between
functional hydroxyl group (-OH) of BSAMA structure and C=O functional group of proposed
AMN structure®®. To evaluate the effect of BSAMA on AMN coated surface, first a cleaned glass
substrate was immersed into AMN solution (5 mg/ml in PBS buffer solution, pH 8.5) for 24 hrs to
obtain a homogenecous AMN coating and then poly(BSAMA) and poly (MPC-st-B5SAMA)
polymer solution (10 mg of polymer in 100ul PBS solution) was added dropwise onto the AMN
coated surface to achieve a homogenous layer of antifouling coating (Figure 4.1). The resultant

surfaces are named as AMN/B5 and AMN/B5/MPC respectively.

. Polymer & AgNO, Crack/Damage
AMN solution solutlon addition
pH 8.5, 24hrs
Bare Glass AMN Coated
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Figure 4.1 Schematic illustration of self-healing coating with possible hydrogen bond

responsible for self-healing. Polymerization mechanism of poly(BSAMA) and poly (MPC-

st-BSAMA) polymer with chemical structures.

4.3.1 Characterization of Modified Surfaces: Morphology, Composition, and Wettability

The surface morphology of all the coatings on glass substrates was characterized by AFM (Figure

4.2 (a—d)). The AMN surface alone (Figure 4.2 b) was found to contain surface crystallites

spherical in shape, roughening the surface morphology. The roughly spherical features observed

by AFM represent the AMN-polymer aggregates expected to result from spontaneous

polymerization of AMN. However, they are structurally complex polymers where the exact

polymerization mechanism and structure are still under investigation’

8. After introducing

poly(BSAMA) and poly (MPC-st--B5AMA) polymers onto the AMN coated surfaces, all the

surface roughness changed significantly (Figure 4.2 ¢ and d), showing lower root mean square
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surface roughness values of 0.6 nm and 1.93 nm respectively, which also demonstrated that the
polymers were successfully grafted onto the AMN coated surfaces by hydrogen bonding

interactions.

o 0 2 4pm

AMN/B5 AMN/B5/MPC

Bare Glass

Figure 4.2 AFM images of surface morphology of a) Bare glass, b) AMN, ¢c) AMN/BS and d)

AMN/BS/MPC with surface roughness scale bar.

The elemental compositions of AMN and composite AMN/B5 and AMN/B5/MPC coatings were
determined by XPS, with representative spectra presented in Figure 4.3. High resolution spectra
of C 1s and N Is were evaluated qualitatively to confirm the successful grafting of both polymers

on the AMN coated glass surface.

Successful AMN coating to the glass surface was indicated by the existence of a strong signal of
N 1s peak at 399.2 eV which corresponds to the nitrile and secondary amine groups present in
AMN. Whereas in control bare glass no such strong peak was observed. After introducing the
zwitterionic copolymer poly (MPC-st-B5SAMA) another strong signal of N 1s at 402.4 eV has
appeared. This characteristic peak was attributed to N*(CH3); of MPC* from the polymer brushes
of poly(MPC-st-BSAMA) which concludes that the zwitterionic copolymer has been successfully

grafted to the AMN coated glass surface. In addition, it displayed a broad signal centered at 399.7
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— 399.2 eV BE, assigned to the expected amide (-HN-(C=0)-) peak from B5SAMA chemical
structure and nitrile peak from primary AMN coating. For the AMN/BS5 surface this peak was
narrowed down a little and mostly appeared at 399.8 eV attributing to the amide peak from
B5AMA. Nitrile peak for AMN/BS surface was not very strong, which confirms a good coverage
of AMN surface with poly(BSAMA). As grafting of synthesized polymers on the AMN coated
surface was mostly by forming hydrogen bond between BSAMA and AMN, the presence of less
amount of BSAMA content in poly (MPC-s--B5AMA) led to less coverage on AMN surface.
Moreover, by analyzing the high-resolution spectra of C 1s, successful attachment of both poly
(MPC-st-B5AMA) and poly(BSAMA) polymers on the AMN coated surface was confirmed by
the appearance of a characteristic peak of C 1s at 289.1 eV (ester groups) and a strong increase in
the peak at 286.4 eV (attributed to C—O and C-N). Appearance of amide peak at 287.8 eV in C 1s
also confirms the presence of BSAMA content in the polymer. As previously reported®’, only
AMN coating is supposed to be highly nitrogenous. We also found the similar result for AMN
coating with higher N/C atomic ratio compared to other two polymer samples (Table 4.2).
Moreover, N/C and O/C ratio obtained by XPS for AMN coating was found consistent with the
proposed chemical structure of AMN?®. After anchoring the synthesized polymers this N/C ratio
decreased with an increase of oxygen content. The N/C ratio for AMN coating was 0.595 which
decreased to 0.285 for AMN/BS5 and to 0.323 for AMN/B5/MPC surface. Additionally compared
to control, AMN coating and AMN/BS5 surfaces P/C ratio of AMN/B5/MPC surface increased

from 0 to 0.023 which reflects the native structure of the MPC on the AMN coated surface.
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Table 4.2. Surface compositions determined by XPS. Concentrations are expressed as atomic

ratios X/C, i.e., atomic concentration of element X relative to that of C.

Surfaces Composition (X/C)
C Si P N N* o
Bare Glass 1.000 0.181 _ 0.008 _ 0.459
AMN 1.000 0.032 _ 0.595 _ 0.229
AMN/BS 1.000 0.024 _ 0.285 0.006 0.299
AMN/BS/MPC 1.000 0.043 0.023 0.323 0.038 0.379
—— Bare Glass
Cis N1s —— AMN
—— AMN/BS
. —— AMN/B5/MPC
=
) A
s &
z
g E
£

- _

296 292 288 284 280 408 404 400 396
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Figure 4.3. XPS high-resolution C 1s, and N 1s narrow-scan spectra of the modified glass

substrates
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The wetting behavior of AMN and AMN-polymer modified glass surfaces was studied in air with
a 4 uL water droplet onto the surface at room temperature. As shown in Figure 4.4, the water
contact angle (WCA) of the pristine glass substrate was 47.3+2.0°. It was observed that after
introducing AMN coating on the glass substrate the WCA increased to 55.6+1.1° which is
consistent with our previous study® and can be explained by the higher surface roughness
observed by AFM. Both of the polymer grafted on AMN modified glass substrates showed WCA
<15° and improved hydrophilicity than pristine glass and AMN coating possibly due to the strong
interactions between water molecules and hydrophilic polymer chains of BSAMA and zwitterionic
MPC. Among them, the AMN/B5 modified glass substrate showed the lowest WCA, 11.5+1.1°,
indicating the presence of a stronger surface hydration. The presence of multiple polar groups
(hydroxyl and amide groups) into the BSAMA structure enables the stronger interaction with water

and to develop a super hydrophilic surface layer.

47.3 % 2.0° 55.6 + 1.1° 11.5+1.1° 12.2+0.8°
Bare Glass AMN/B5 AMN/B5/MPC

Figure 4.4. Water contact angle of bare glass, AMN, AMN/B5 and AMN/B5/MPC modified

glass substrates

4.3.2 Antibacterial adhesion and antifouling property of the coating

We evaluated the antibacterial adhesion characteristics of the coatings using Gram-positive
Staphylococcus aureus (S. aureus) and Gram-negative Escherichia coli (E. coli) bacteria. The
initial attachment of bacterial cells to a surface is considered as the key preliminary step in the

biofilm formation processes *¢ and plays a vital role for evaluating the antifouling properties of the
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surface. In this study, to evaluate antibacterial adhesion properties of the modified substrates
quantitatively, all the coated samples were incubated with bacteria solution containing 8 x 10°
cells/mL for 24 hrs. After 24 hrs of incubation, all the sample surfaces were rinsed with PBS to
remove loosely bound bacteria and stained using LIVE/DEAD stain for microscopic examination
under fluorescence microscopy. As shown in Figure 4.5 (a) and Figure S 4-4 (a), many green spots
(live bacteria) with only a few red spots (dead bacteria) were observed for AMN coated glass
substrate for both E. coli and S. aureus adhesion, indicating the insignificant anti-adhesion
efficiency of the AMN coated glass surface due to the higher surface roughness of AMN surface.
After introducing poly(MPC-st-BSAMA) and poly(BSAMA) polymers on the surface the amount
of bacteria adhesion was significantly reduced for AMN/B5 and AMN/B5/MPC coating,
indicating high antiadhesion efficiency. The enhancement of this antiadhesion or antifouling
property is due the presence of a strong hydration layer which might be induced by the hygroscopic
nature of poly(BSAMA) and zwitterionic poly (MPC-s--B5AMA) polymers. Compared to S.
aureus adhesion, E. coli showed higher adhesion on AMN, AMN/BS and AMN/B5/MPC surfaces
(Figure 4.6). Because of the presence of many functional amine groups on the AMN modified
surfaces, more negatively charged E. coli might be adhered in greater numbers on the surfaces.

But no antibacterial activity or no dead cells was found in case of both AMN/B5 and

AMN/B5/MPC coating.
a)
Bare Glass AMN/B5 AMN/B5/MPC
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b)

Bare Glass/Ag AMN/Ag AMN/B5/Ag AMN/B5/MPC/Ag

Figure 4.5. Fluorescence images of S. aureus adhesion on a) modified surfaces (Bare Glass,
AMN, AMN/BS, and AMN/BS/MPC). And b) AgNPs deposited modified surfaces (Bare

Glass/Ag, AMN/Ag, AMN/B5/Ag, and AMN/BS/MPC/Ag). Scale bar 20pm.

As surfaces decorated with solely antifouling property cannot achieve long term effectiveness
against biofilm formation*, we incorporated silver nanoparticles (AgNPs) into the coating to
impart antibacterial property by simply immersing the modified surfaces into the AgNOs3 solution.
As AMN has several electron donors such as amines and nitriles for metal coordination*?, it can
help to reduce metallic silver and deposit on the surface. After introducing AgNPs into the coating
more than 90% bacteria killing efficiency was obtained for both E. coli and S. aureus due to the
release of the Ag” bactericide agent. The most evident killing mechanism of Ag" bactericide agent
is the cell membrane perforation and consequent microbial killing, after its accumulation on
negatively charged parts of the cellular membrane. From the fluorescence images (Figure 4.5(b)
and S 4-4 (b)) evidently most of the attached bacteria was found dead for all the modified surfaces
except bare glass with AgNPs. For bare glass with AgNPs only 9.625% and 13.65% fraction of

dead cells for E. coli and S. aureus respectively was found (Figure 4.6). Compared to other AgNPs
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loaded surfaces AMN/BS5/MPC surface showed relatively low killing efficiency (85.3%) towards

E. coli bacteria. Due to the presence of the outer membrane barrier of gram-negative E. coli, it

t47

tends to be more resistant™ to the killing agent and the low concentration of killing agent such as

AgNPs 8 can also attribute to its lower fraction of dead cells compared to gram-positive S. aureus

bacteria.
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Figure 4.6. Attached number of S. aureus (Left) and E. coli (right) bacterial on the bare glass
and modified surfaces (AMN, AMN/BS, and AMN/B5/MPC); Fraction of dead bacteria cell
for AgNPs deposited surfaces (Bare Glass/Ag, AMN/Ag, AMN/B5/Ag, and

AMN/BS/MPC/Ag).

To confirm the AgNPs deposition and distribution on the modified surfaces, SEM analysis was
conducted (Figure 4.7). From Figure 4.7, it was observed that AMN/Ag surfaces showed clusters
of AgNPs aggregates (white phase) onto the surface with very rough surface morphology which

supports the high roughness of AMN coating as well. On the other hand, onto the AMN/BS5 surface
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AgNPs was very homogeneously distributed. Possibly the hydroxyl group of BSAMA can take
part into in situ deposition of AgNPs along with the functional reducing group of AMN. But
compared to AMN/B5 surface AMN/BS5/MPC surface showed less amount of AgNPs onto the
surface with some aggregates which could explain the low killing efficiency towards the E. coli

bacteria.
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Figure 4.7. SEM images and surface morphology of AgNPs deposited surfaces - Bare

Glass/Ag, AMN/Ag, AMN/BS5/Ag, and AMN/BS/MPC/Ag. Scale bar 10pm.
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To understand more about the antifouling property of the coating, every coated surface was
challenged against 2 mg/mL bovine serum albumin (BSA) as a model protein solution. After 3 h
incubation of the samples with BSA solution at 37 °C, the amount of BSA absorbed on the surface
was examined using BCA assay kit. As shown in Figure 4.8, compared to bare glass, AMN coating
showed higher BSA adsorption. High surface roughness and cationic nature of AMN surface can
be attributed to this greater adsorption which also aligns with our previous study®. After
introducing poly (MPC-st-BSAMA) and poly(BSAMA) polymers on the AMN surface, protein
adsorption decreased significantly suggesting that both BSAMA and MPC moiety into the polymer
contributed almost equally to resist protein adsorption on the surface by maintain a strong

hydration layer.

40 -
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Protein adsorption(pg/cm?)

Glass AMN AMN/B5/MPC  AMN/B5

Figure 4.8. BSA protein adsorption on Glass, AMN, AMN/BS, and AMN/BS/MPC surfaces

using BCA protein assay.
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4.3.3 Self-healing property of the coating:

For long-term practical biomedical application of the surface coating, damage healing property
combining with antifouling and antibacterial is highly desirable. In practice, anti-bacterial coatings
usually failed as they experienced inevitable damage or scratches leading to the rapid loss or burst
release of loaded functional biocides®. In our developed coating, it is anticipated that BSAMA
mostly takes part in self-healing property by forming amide-amide and amide-hydroxyl multiple
hydrogen bonds as demonstrated in Figure 4.1. To characterize the self-healing property of the
coating, at constant SN load, a scratch with a sphero-conical indenter was performed on each
sample and the penetration of depth was measured using the Micro Combi Tester (MCT?). Both
penetration depth of as scratched and after healing/elastic recovery of every sample was recorded.
It is basically a comparative test where the percentage of recovery of the coating has been
determined by comparing the penetration depth of the scratched surface to the healed surface. As
shown in Figure 4.9 (b), Bare glass and AMN coating showed negligible percentage of recovery
whereas AMN/BS surface showed more than 90% recovery which proves its outstanding self-
healing property. On the other hand, compared to AMN/BS5 surface AMN/B5/MPC showed less
percentage of self-healing property which can be due to the lower concentration of hydrogen
bonding sites. As BSAMA mostly provided active sites for hydrogen bond formation for self-
healing, higher concentration of hydrogen bonding sites on AMN/BS5 surface might lead to higher
possibility of reformation of hydrogen bonds during self-healing®®. For rapid recovery, Sul of
water droplet was added onto the macro scratch (with a sharp knife random scratch was done on
the surface) of the coating which induces the mobility of the polymer chains and resulted in the
reconstruction of the damaged coating within a minute. To detect the coating damage and healing,

the most reliable microscopic observation was performed. As shown in the Figure 4.9 (c), and 4.9
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(d) for AMN/BS surface, a complete heal of both nano scratch (done by MCT?) and macro scratch

was observed which also aligns with the surface profile of nano scratch test (Figure 4.9(a)).
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Figure 4.9. a) Penetration depth of the scratch track as scratched and after healing in
function of the position of Glass, AMN, AMN/BS, and AMN/B5/MPC surfaces. b) Percentage
of recovery of the coating of every surface. ¢c) Optical microscopic images of AMN/BS surface
after nano scratch with Micro Combi Tester and after healing d) Optical microscopic image

of macro scratch on AMN/BS surface with a sharp knife and healing within a minute after

adding Spl water.

4.3.4 Biocompatibility:

As an in vitro biocompatibility test, MTT assay was performed on the human fibroblast MRC-5
cells for 48 h to reveal the biocompatibility of the developed surface coatings. As shown in Figure

4.10, all the developed surfaces showed excellent cell viability against normal fibroblast MRC-5

155



cells. All the AMN coated surfaces showed more than 100% cell viability. It might be explained
by the cell proliferating nature of AMN coating*? which resulted in higher percentage of cell
viability. Though we hypothesised that incorporation of MPC residues into the coating might
enhance the biocompatibility, from the MTT analysis no such significant change has been found
for MPC moiety incorporation. Homopolymer poly (BSAMA) grafted surface - AMN/BS showed
excellent biocompatibility similar to poly (MPC-st-BSAMA) grafted AMN/B5/MPC surface.
Thus, MTT analysis clearly demonstrated the non-toxic effect and cell adhesive nature of the
coating on the human fibroblast cells, qualifying the developed coating for a broad range of

biomedical applications.
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Figure 4.10. Cytotoxicity of coated surfaces after 48hrs incubation with MRC-5 cells
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4.4 Conclusion:

In summary, utilizing the multiple hydrogen bond, we have reported a new class of self-healing
coating with antifouling and antibacterial properties. In this multifunctional coating, the primary
AMN coating layer inspired by prebiotic chemistry not only offered the coating to be universal for
a wide range of substrates to strongly graft another functional polymer layer onto the surface but
also showed excellent biocompatibility with cell adhesive properties. As the biocompatibility of
B5AMA based coating has not been reported before, to understand and to improve the
biocompatibility of the coating, we have combined the BSAMA with zwitterionic MPC moiety.
But compared to AMN/BS5 surface, AMN/B5/MPC surface did not show any significant enhanced
biocompatibility. The presence of zwitterionic moiety did not serve any additional advantage.
Moreover, AMN/B5 surface showed almost similar outstanding antifouling property as
AMN/B5/MPC. So, we can conclude that, only poly (BSAMA) coated surface, being hygroscopic
in nature, can act as the best antifouling surface with excellent biocompatibility similar to
zwitterionic polymer coated surface. In addition to that, because of the presence of multiple polar
functional groups into BSAMA monomer structure, it serves as a promising self-healing material
for biomedical application. In our study, we showed the first report of this extraordinary self-
healing behaviour of poly (BSAMA) grafted coating. Incorporation of this intrinsic healing
material into the antibacterial coating, makes this coating system robust for long operation lifespan
of a wide range of biomedical applications such as wound dressing, biomedical implants and

optical lenses etc.
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4.5 Supporting Information:
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Figure S 4-1. "H NMR spectrum of the BSAMA monomer
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a)

Bare Glass AMN AMN/B5 AMN/B5/MPC
b)
Bare Glass/Ag AMN/Ag AMN/B5/Ag AMN/B5/MPC/Ag

Figure S 4-4. Fluorescence images of E. coli adhesion on a) modified surfaces (Bare Glass,
AMN, AMN/BS, and AMN/BS5/MPC). And b) AgNPs deposited modified surfaces (Bare

Glass/Ag, AMN/Ag, AMN/B5/Ag, and AMN/B5/MPC/Ag). Scale bar 20um.
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Chapter S Conclusion

5.1 Major Findings

Infections caused by biofouling biofouling have become a serious concern in the health care sector.
There is a significant need of developing novel antifouling and antibacterial biomaterial to resist
biofouling due to nonspecific biomolecule adsorption on wet surfaces. Multifunctional surface
with long-term stability and strong hydration layer is considered one of the best approaches to
mitigate biofouling. The success of bacteria resistant materials depends on their ability to prevent
initial adhesion of bacteria on the surface by reducing the interaction among them through
maintaining a strong hydration layer. Compared to the polyhydrophilic materials, decorating the
surface with polyzwitterionic materials is more promising for nonfouling application because of
their stable interactions with a greater number of water molecules. To stably anchor these
zwitterionic materials on the surface, a universal strong binding strategy is required which can be
facilely applied to a wide range of surfaces regardless of different surface chemistry. In this regard,
mussel-inspired dopamine chemistry has been widely used due to its surface independence and
strong reactivity. In this thesis, along with dopamine chemistry, prebiotic chemistry inspired
aminomalononitrile has been explored to successfully attach zwitterionic polymers onto the
surface. While preparing dual functional antifouling and antibacterial material, most of the time
biocompatibility of the developed material is overlooked. But in this thesis, for every project, to
achieve enhanced biocompatibility, all the surfaces have been modified with cell membrane
mimetic phosphorylcholine based zwitterionic material which is broadly considered as nontoxic

biomaterial.
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In this thesis work, three different surface modification techniques have been developed with
antifouling and antibacterial properties. Different surface chemistry has been explored to achieve
a stable hydrophilic coating for long-term biomedical applications. In chapter 2, a robust
antifouling and antibacterial coating has been developed by utilizing dopamine chemistry.
Synthesized zwitterionic copolymer poly (MPC-co-DMA) with adhesive DMA pendant was
covalently grafted to amino rich PDA/PEI surfaces via amino-ene Michael addition reaction and
superhydrophilic surface with 6.8° water contact angle was achieved. The incorporation of PEI
into the PDA coating helped to decrease the surface roughness by reducing the PDA aggregates
through destroying their non-covalent interactions. Successful grafting of zwitterionic copolymer
onto the surface helped to achieve an outstanding antifouling surface with significantly less protein
adhesion and less than 92% reduction in bacterial adhesion. This dual functional coating holds a
great potential for biomedical application where long-term antifouling and antibacterial property
is required.

In chapter 3 of this thesis, using dopamine chemistry, a self-cleaning dynamic surface has been
developed based on benzoxaborole—catechol complexation. Zwitterionic polymer poly (MPC-s¢-
MAABO) and quaternary ammonium (QA) containing cationic polymer poly (META-s--MAABO
with different weight ratios were successfully grafted to the PDA coated surface by forming a
strong cyclic boronic ester complex with a catechol group of the PDA layer. Due to the presence
of QA biocides into the coating, bacteria cell viability went down to less than 10% which offered
the coating as an excellent antibacterial surface for potential biomedical application. Additionally,
MPC moiety helped to decrease the initial bacteria attachment on the surface with increased
surface hydrophilicity. In the developed coating system, the dynamic boronate ester bond formed

between PDA and polymers could be dissociated by introducing competitive cis diol containing
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sugar molecule. Thus, it can help to remove both live and dead bacteria electrostatically attached
to the polymer layer, avoiding biofouling related to the accumulation of dead bacteria. In this
project, fructose was added as a sugar molecule which resulted in more than 85% release of
attached bacteria and around 75% release of absorbed BSA protein. As the
benzoxaborole—catechol complexation is reversible, after sugar treatment, the polymer modified
PDA surface was regenerated by simply adding freshly prepared polymer solution onto the sugar
treated surface to form the benzoxaborole—catechol complexation again at physiological pH 7.4,
which is higher than the pKa value (~7.2) of

benozoxaborole. Moreover, both the coating extracts and coated surface showed outstanding cell
viability against MRC-5 human fibroblast cells demonstrating excellent biocompatibility. The
developed sugar responsive dual functional self-cleaning surface with regeneration ability can be
a potential candidate for many biomedical applications where antibacterial activity maintained
overtime is required.

In chapter 4 of this thesis, a self-healing coating with antifouling and antibacterial properties has
been developed utilizing the multiple hydrogen bond interaction between BSAMA and prebiotic
chemistry inspired AMN coating. The presence of multiple polar functional groups into the
B5AMA structure not only made it an excellent candidate for self-healing material but also the
hygroscopic nature of BSAMA demonstrated exceptional antifouling property against bacteria
adhesion and BSA protein adsorption. Along with antifouling property, BSAMA polymer coating
also showed more than 100% MRC-5 cell viability proving similar biocompatibility as MPC based
zwitterionic polymer. We found a complete closure of a scratch within a minute due to the presence
of amide-amide and amide-hydroxyl multiple hydrogen bonds into the coating. As AMN has

several electron donors such as amines and nitriles for metal coordination, this advantage was
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utilized to reduce metallic silver from AgNOs3 solution and deposit on the modified surface. Thus,
AgNPs incorporation into the coating showed more than 90% bacteria killing efficiency against
both gram positive and gram-negative bacteria. This developed dual functional coating system
with intrinsic self-healing property and superior biocompatibility has opened up a new era of

functional coating for practical biomedical applications.

5.2 Future Work

Although in recent years significant achievements have been made in the rational design and
fabrication of antifouling surfaces using dopamine chemistry, most of the proposed chemistries
between dopamine and other molecules are still at the preliminary stage of exploration. The
underlying theories and mechanisms of developing zwitterionic brush from PDA coated surface
are still not clear. The polydopamine formation and zwitterionic polymer brush grafting and post-
functionalization still need to be optimized. There should be more elaborative exploration on the
proposed chemistries for antifouling surface development using dopamine and zwitterion
conjugation. An obvious gap between fundamental research and industrial application with several
major challenges need to be addressed such as the scale-up difficulty, high capital costs, uncertain
durability and chemical stability in practical long-time operations. Finally, it should be emphasized
that the ultimate goal for anti-fouling surface construction is to achieve high and durable
performance to better meet the requirements of industrial or large-scale applications. With more
insight on the polymerization mechanisms of dopamine and related catecholamine/polyphenol
materials, new rationally designed materials with high functionality can be achieved, addressing
the need for advanced antifouling materials for long-term applications in biomedical, agriculture,

food industry and other sectors.
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Another potential surface modification technique includes prebiotic chemistry-inspired AMN
coating whose molecular structure still lacks proper investigation. A clear understanding of its
reaction mechanism can lead to open options for many possible conjugations of organic molecules

with an AMN coated surface for antifouling and antibacterial purposes.

Future work could focus on achieving precise control of grafting multifunctional polymer chains
onto different types of substrates with different shapes, elucidating the relationship between
specific biomedical functions and the polymeric architectures grafted onto a surface, and achieving
multifunctionalities by simultaneous grafting of different macromolecules or multifunctional

polymers.

The translation of these state-of-art functional coatings can make a valuable impact in clinical
applications. Detailed in vivo studies should be conducted in large animal models to further
investigate the medical outcome of the developed antifouling and antibacterial biomaterials with

the collaboration of the clinical practitioners.
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