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Abstract

Biofilm, the accumulation of macromolecules or microorganisms on medical devices, has
become a persistent problem in the medical field. Eradicating biofilm on the implantable device
surface, especially biofouling in biological fluids, is a significant challenge. The surface becomes
rapidly coated with proteins and other host molecules upon medical device insertion, providing a
platform for bacterial attachment and subsequent biofilm formation. This can lead to antibiotic
treatment or implant removal. A single-function coating strategy for bacteria killing or cell
resistance is insufficient to combat biofilm for a long time. Therefore, developing strategies to
endow the surface of medical devices with bactericidal and antifouling properties is highly
desirable for preparing stable coatings for antibacterial activities. The nature-inspired coating
technique, proposed as an innovative strategy, offers versatile adhesion on various substrates,
coating simplicity under mild conditions, biocompatibility, and robust reactivity to bind polymer
coatings covalently, enabling long-term use of the material. In this thesis work, the use of
natural-inspired dual-function coatings using polyphenol chemistry of tannic acid (TA) and
polydopamine (PDA) is explored as a novel approach to functionalize surfaces covalently with
zwitterionic polymers, glycopolymers, and bactericidal agents for biomedical applications.

In the first project, a natural polyphenol tannic acid is used to functionalize surfaces with a
zwitterionic polymer via robust covalent bonds in a straightforward method for flaunt resistance.
Tannic acid was also used as a reducing agent to generate silver nanoparticles (AgNPs) for
developing surfaces with bacteria-killing properties. To enhance the antifouling property and
biocompatibility of the coating, the bioinspired zwitterionic 2-methacryloyloxyethyl
phosphorylcholine (MPC) was copolymerized with 2-aminoethyl methacrylamide hydrochloride

(AEMA) using conventional free radical polymerization. Through a Michael addition reaction,
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the oxidized polyphenol groups of tannic acid enabled the co-deposition of the amino-containing
copolymer with tannic acid. Subsequently, the resulting tannic acid/polymer-coated surfaces
containing catechol groups generated silver nanoparticles (AgNPs) via the in-situ reduction of
silver ions to impart antibacterial properties to the surface. The dual-function coatings
demonstrated their effectiveness by showing antibacterial properties against E. coli and S. aureus
and remarkably decreasing the adhesion of BSA protein. The as-prepared coating is potentially
valuable for biomedical applications, providing a promising solution to the persistent problem of
biofilm accumulation on medical devices.

The second project aims to develop a facile method by covalently grafting copolymers
containing aldehyde to the amine groups of self-polymerized dopamine (PDA). Reversible
addition-fragmentation chain transfer (RAFT) polymerization was used to copolymerize either
zwitterionic  2-methacryloyloxyethyl phosphorylcholine monomer (MPC) or cationic 2-
(methacryloyloxy)ethyl trimethylammonium monomer (META) with 4-formyl phenyl
methacrylate monomer (FPMA). The two resulting copolymers [poly(MPC-st-FPMA) and
poly(META-st-FPMA)] are denoted as MPF and MTF, respectively. MPF and MTF were then
covalently grafted to the amino groups of polydopamine-coated surfaces by the dip-coating
method. PDA/MPF/MTF-coated surfaces exhibited excellent antibacterial properties against S.
aureus and E. coli and antifouling properties against bovine serum albumin (BSA) protein. The
facile surface modification strategy discussed here is expected to be helpful in biomedical
applications.

The third project developed a simple and environmentally friendly method to fabricate
bifunctional metal-phenolic network-based coatings for biomedical applications using

coordination chemistry between copper ions (Cu*?) and glycopolymer-containing dopamine
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methacrylamide (DMA). The monomers GAEMA and DMA were first synthesized and then
copolymerized by free radical polymerization to obtain the statistical copolymer poly(GAEMA-
stat-DMA) named GADMA. The GADMA copolymer and copper ions were deposited on the
glass surfaces in a one-pot step to form a coordination complex of Cu*? with catechol and amide
groups, which imparted stability to the coating. The GADMA-Cu coating was hydrophilic and
significantly reduced bovine serum albumin (BSA) protein adsorption even after shaking the
coating in BSA solution for 30 h. Moreover, the coating exhibited strong antibacterial activity
against E. coli and S. aureus and was biocompatible with 99% cell viability towards normal
human fibroblast cells (HDFa). Thus, the developed coating could be very useful for medical

devices.
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Chapter 4 of this thesis contains project 3 in my work, entitled Stable Antifouling and

Antibacterial Coating Based on Assembly of Copper-Phenolic Networks. Adel S. Imbia, Artjima
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published shortly.

Chapter 5 provides a general conclusion, summarizing the major findings of this work and
provides potential future studies to further improve the coating technology for antifouling and

antibacterial surfaces specifically for biomedical technology.
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Chapter 1: General Introduction



1.1. General Introduction.

In the United States, hospital-associated infections (HAIs) are estimated to infect at least 2
million individuals and result in 23,000 deaths every year, costing USD 55 to 70 billion.! As the
population of elderly people increases, the use of implantable medical devices is expected to
increase worldwide annually. For example, the number of knee arthroplasty procedures is
estimated to reach 1.26 million by 2030 in the United States alone.? HAIs often arise from
biofilm formation on implantable devices such as biosensors, orthopedic implants, vascular
stents, wound dressings, ocular devices, urinary catheters, dental implants, endotracheal tubes,
and hospital textiles.** Upon medical device insertion, the surface becomes rapidly coated with
proteins and other host molecules. This layer of adsorbed proteins can work as a platform for
bacterial attachment and subsequent biofilm formation, which usually requires antibiotic
treatment and negatively impacts the economy.>® Even worse, the bacteria and other cells
associated with forming biofilm matrix become significantly more antibiotic-resistant and often
necessitate device removal, which increases the risk of patient mortality.”® This developed
antibiotic-resistant bacteria highlighted the need to fight biofilm by designing functional
polymeric devices or coatings with antifouling and antibacterial properties as a potential solution
to this global health issue. Because rendering bulk materials with antibacterial properties is
impractical, the coating strategy has gained a lot of interest in endowing the device surface with
dual-functional (antifouling and bactericidal) properties to prevent HAIs.!%!! Polymer-based
coatings are cheap, biocompatible, nontoxic, and can be easily modified, leading to tunable
antibacterial functions while preserving the properties of bulk materials.!! Various techniques
have been widely used for polymeric coatings, such as sol-gel coatings,'? layer-by-layer (LBL)
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assembly,'? dip-coatings,'* spin-coatings,'®> spray coatings, plasma polymerization,'® and



surface grafting.! Among these techniques, the dip-coating method has gained significant
attention for surface functionalization due to its simplicity and suitability for polymer deposition
at ambient conditions. However, the physical interactions between the polymeric layer and
surface make it challenging to fabricate stable coatings. Hence, the fabrication of dual-functional
coating with long-term stability via a robust approach is significant for modifying medical device
surfaces. Owing to the complexity of biofilm, it is essential to inspire methods derived from
biological systems and nature. Fortunately, researchers have developed an antibacterial strategy
by mimicking the mussel adhesive proteins that inspired polydopamine (PDA) coatings because
of their strong adhesive properties on various materials, including organic and inorganic
substances.?’ Tannic acid (TA) coating is another promising way to endow the surface of
materials with better coating adhesion and stability on all materials, including organic, inorganic,
hydrophobic, hydrophilic, particles, and planner ones.?' > The oxidized catechol groups on
polydopamine and tannic acid were used to reduce metals, like silver ions (Ag") and copper ions
(Cu?"), to form metal nanoparticles (AgNPs and CuNPs) in situ.>*" The abundance of catechol
groups on TA and PDA also facilitated the coordination interactions between the hydroxyl
groups and copper ions. It contributed to the formation of stable synergistic antibacterial and
antifouling coatings.”®* Mussel- and plant-inspired coatings were developed based on the high
reactivity of their catechol groups to promote selective covalent functionalization with polymers
containing nucleophiles like amino and thiol groups in aqueous conditions and without additional
initiators.** 3 These bioinspired coatings are also biocompatible and universal and can be easily
prepared for all organic and inorganic surfaces, making them powerful tools for surface
modification. Hydrophilic polymers, such as zwitterionic polymers and poly(ethylene glycol)

(PEG) polymers, are two common hydrophilic polymers employed for endowing surfaces with



antifouling properties. However, several researchers have demonstrated that PEG coatings can be
susceptible to oxidative degradation and enzymatic cleavage over time, limiting their long-term
antifouling durability, particularly in harsh conditions such as biological environments. PEG
cleavage resulted in ethylene oxide (EO) subunits, which were finally converted into aldehyde-
terminated chains, making them more attractive to the adsorption of amine-containing
proteins.>* % PEG coatings are incompatible with some substrates and often require additional
surface modifications, which can be costly when PEG is applied to larger substrates.>”*® More
importantly, PEG coatings show limited protein resistance at the temperature of the biological
environment because PEG polymer may form a hydration layer via hydrogen bonds and easily
lose its hydration layer, limiting their antifouling properties over long-term applications.*
Therefore, zwitterionic polymers have been used as an alternative to PEG polymers due to their
amphoteric nature, allowing them to form electrostatic interactions with water, which are much
stronger than hydrogen bonds.** Zwitterionic polymers have been recognized as the next
generation of promising antifouling materials because of the simplicity of synthesis and
polymerization and the abundance of raw materials.>* While such coatings can significantly
reduce the adsorption of foulants, it is highly promising to fabricate synergistic coatings to repel
and kill foulants for biomedical applications.

Polymer-based dual-functional coatings are expected to improve the comprehensive antibacterial
function compared to the coatings function by either antifouling or bactericidal properties.
However, bacteria can potentially adhere to and colonize surfaces due to the accumulation of
dead bacteria and other debris on the coating surface, reducing the contact-active bactericidal
efficacy.*! Furthermore, the fast release rate of the release-killing agent may cause rapid

depletion of bactericidal. In contrast, the high concentration of bactericidal agents will promote



cytotoxicity in an in vivo environment.*> Hence, a dual-functional coatings strategy that can
overcome the disadvantages of conventional strategies by killing bacteria and resisting foulants
is needed. Considering all these facts, this thesis intends to develop hydrophilic polymer-based

coatings with dual-functionality and high stability for potential biomedical applications.

1.2 Pathogenesis of Bacterial Biofilm Infection.

Biofilm is bacterial colonies enclosed in an extracellular polymeric substance matrix (EPS) and
attached to foreign surfaces in a living organism. The initial adhesion of planktonic bacteria to
the device surface commonly begins with nonspecific and reversible interactions such as
hydrophobic and van der Waal’s forces. The bacteria cells then undergo specific covalent
binding and irreversible attachments. The adhered bacteria multiply and produce an extracellular
polymeric substance matrix, followed by exopolysaccharide (EPS) colonization, which initiates
biofilm formation (mature biofilm) on the surface. In the last step, some bacteria detach from
mature biofilm and disperse again to start a new cycle of biofilm formation. In biomedical
devices, after implanting the device in the body, molecules like proteins and polysaccharides
immediately adhere to the device surface, forming a thin layer of conditioning film, which works
as a platform for bacteria attachment and biofilm formation (Scheme 1.1).***° Biological factors
like extreme temperature, high pH, limited nutrients, high salt, and antimicrobial agent
concentration can trigger biofilm development.*** In addition to biological conditions, biofilm
formation can be influenced by the hydrophobicity and charge of the device surface that affect
the interactions between bacteria and the surface. Since the bacteria cells are often hydrophobic
and negatively charged, hydrophobic and positively charged surfaces are more prone to
colonization than those with high hydrophilicity and negative charges. These interactions are

proposed to be through hydrophobic-hydrophobic interactions or by electrostatic force



attraction.*° As a result, it is practical in biomedical applications to use an antifouling coating
strategy to inhibit protein adsorption and bacteria cell adhesion and a bactericidal coating

strategy to kill the bacteria.
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Scheme 1.1. Stages of biofilm formation reprinted with permission from ref.”!

1.3. Strategies for Antifouling and Bactericidal Coatings.

1.3.1. Antifouling Coating Strategies.

The polymer-based coating strategies for medical device surfaces can be either fouling-resistant
or fouling-release, depending on the modification of surface chemistry, topography, and
architecture. The antifouling ability of the former is related to high interfacial energy surfaces.
These coatings are commonly prepared from hydrophilic or zwitterionic polymers, inhibiting the
nonspecific interactions of proteins and bacteria by forming a water layer as a physical barrier
between the surface and foulants. Foulants can also be inhibited by steric repulsive forces that
arise from the arrangement of polymer confirmations when the foulants approach the surface,

which is an entropically unfavorable condition. On the other hand, hydrophobic polymers are



usually used to design coatings with low surface energy to promote detachment of weakly

foulant-surface interaction if the coating is subjected to hydrodynamic shear force.>>>*

1.3.1.1 Fouling-Release Strategy (Superhydrophobic Coating).

Inspired by the superhydrophobic hierarchical structure of the lotus leaf surface, efficient
fouling-release coatings are often fabricated from fluoropolymers and silicones because they
mostly meet the strategy requirements to release the weakly polar interactions. For example, a
low surface energy containing fluoroalkylated acrylic acid oligomers reduced the S. mutans

> However, fluorine-based polymers proved

adhesion on substrate for dental application.
susceptible to shear-induced damage, resulting in irreversible interactions with foulants.
Additionally, the low solubility of these polymers makes them hard to process and attach to
surfaces, which limits their application in the biomedical field.®*” Similarly, silicone-based
coatings, like polydimethylsiloxane (PDMS) coatings and their derivatives, with poor
mechanical properties and long reaction times under high temperatures, are seen as obstacles in
biomedical applications.*®

1.3.1.2. Fouling-Resistant Strategy (Hydrophilic, Zwitterionic, and Glycopolymer
Coatings).

The most promising hydrophilic polymers for resisting foulants include polyethylene glycol
(PEG),” poly(2-hydroxyethyl methacrylate) (PHEMA),*® poly(acrylamide) (PAAm),*' and
poly(2- methyl-2-oxazoline) (PMOXA).%? They typically consist of polar groups that can form
hydrogen bonds with the surrounding water molecules in an aqueous environment, inhibiting the
adsorption of proteins and bacteria. Among hydrophilic polymers, polyethylene glycol (PEG)

and its derivatives are promising biocompatible candidates for medical device coatings. PEG

polymer comprises repeat units (-CH2-CH2-0O-), and each oxygen atom interacts with one water



molecule via hydrogen bonds. However, the oxidative degradation and enzymatic cleavage in
biological conditions reduced its antifouling efficacy and caused concern for its stability during
long-term applications.>*® Zwitterionic polymers have been used as an antifouling alternative to
the PEG polymer.

Zwitterionic polymers, characterized by an equal number of positively and negatively charged
groups, can form a strong hydration layer through ionic interactions with water, making them
highly hydrophilic and antifouling candidates. Zwitterionic polymers can be classified into
polybetaines and poly ampholytes according to the position of positively and negatively charged
groups on the monomer subunits. While polybetaines carry the cationic and anionic groups on
the same monomer unit, polyampholytes bear their oppositely charged groups on different
monomer subunits. All polybetaines carry the same positive moiety (quaternary ammonium
group). However, their negative groups can be phosphonate, carboxylate, or sulfonate.
Therefore, polybetaines can be further classified into phosphonate-betaines (PB), carboxylate-
betaines (CB), and sulfonate-betaines (SB) (Figure 1.1).%° Poly(2-
methacryloyloxyethylphosphorylcholine) (PMPC), poly(carboxybetainemethacrylate)
(PCBMA), poly(sulfobetainemethacrylate) (PSBMA), and poly(N-(3-
aminopropyl)methacrylamide hydrochloride-co-acrylic acid (AMP-AA) are the most common
examples of PB, CB, SB, and polyampholyte, respectively.®* Zwitterionic groups are close to
each other and interact via strong electrostatic forces, giving rise to many distinctive properties
of zwitterionic polymers. For example, zwitterionic polymers have an anti-polyelectrolyte effect
owing to the change in their confirmations from a collapsed state in the absence of salt to a
stretched state in the presence of salt.®> Another distinctive property is their ability to form a

maximum electrostatically induced hydration layer and avoid favorable interaction with proteins.



Zwitterionic polymers are also pH-responsive and can change from a cationic state to anionic,
zwitterionic polymers depending on the pH of the environment.%®’ Recently, Poly(2-
methacryloyloxyethylphosphorylcholine) (PMPC), which is biologically inspired by
phosphorylcholine headgroups of phospholipids in cell membranes, has been demonstrated to
bind strongly to water molecules, forming a hydration layer that prevents nonspecific protein and
cell fouling on medical devices.®® Thus, it is ideal to introduce the biocompatible layer of PMPC

coatings onto target surfaces.

R\
Ox P
P 0
/ Yo o N/,
= ©° //S\
\ (CHy), 0" (CHy),
+ / +
N B,
| £\ g\

Phosphonate-betaines (PB) Carboxylate-betaines (CB) Sulfonate-betaines (SB)

Figure 1.1. Chemical structures of zwitterionic functional groups: phosphonate-betaines (PB),
carboxylate-betaines (CB), and sulfonate-betaines (SB).
It is well known that polysaccharides have been demonstrated as promising hydrophilic
antifouling agents to replace synthetic polymers owing to their biocompatibility, renewability,
and non-toxicity. One of the first polysaccharides explored for antifouling coating is hyaluronic
acid (HA). Morra and Cassineli reported that covalently bound HA with a first layer of
poly(ethyleneimine) coatings has shown good non-fouling properties with a significant reduction
in bacterial adhesion compared to the uncoated glass slides.®” Chitosan and its derivatives are
another option that replaced the synthetic polymers and have been studied extensively as
antibacterial and antifouling coatings. Wang et al. fabricated CMC-Ag-PU composite coating to

endow polyethersulfone (PES) membranes with dual-functional antibacterial and antifouling



properties using a mussel-inspired method. o-Carboxymethyl chitosan (CMC) was modified by
catechol using a straightforward step, which was achieved by linking the oxidized catechol with
amino groups on CMC. A catechol-modified chitosan layer coated the substrates and then loaded
by AgNPs via in situ reduction. The CMC-Ag-PU coating was finally formed after immersing
the substrates in polyurethane containing PEG solution, which significantly reduced the adhesion
of E. coli and S. aureus compared to pristine PES membrane.”®

Glycopolymers are also an alternative to hydrophilic polymers and exhibit excellent antifouling
behavior. Their structures contain many hydroxyl groups; therefore, their antifouling property
mimics the hydrophilic carbohydrate-containing polymers (polysaccharides) by preventing
bacterial adhesion and protein adsorption to surfaces.”’’? As a result, synthetic glycopolymers
containing pendant saccharides have been used to design antifouling coatings. Cheng et al.
designed a glycosylated coating with antibacterial adhesion and antifouling properties fabricated
by grafting amphiphilic terpolymer-containing glycopolymer onto the amine-modified substrate.
The terpolymer was composed of 2-lactobionamidoethyl methacrylamide (LAEMA), glycidyl
methacrylate (GMA), and isobornyl acrylate (BA). GMA facilitated the covalent attachment with
the surface, LAEMA enhanced the surface hydrophilicity, while BA, with a particular
stereochemical structure, provided antibacterial adhesion functionality. The control coating
fabricated by copolymer containing only LAEMA and without the hydrophobic BA, segment
showed the lowest water contact angle and the highest cell viability, confirming the
hydrophilicity and biocompatibility of LAEMA.”> Another group prepared glycopolymers-co-
dopamine methacrylamide-based coating using the one-pot method. Silver nanoparticles were
then generated by in sifu reduction of silver ions, taking advantage of oxidized catechol groups

on the surface. The formation of AgNPs promoted the bactericidal property while the
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glycopolymer increased the antifouling and antifogging functionalities, suggesting that this
transparent coating may have potential ocular application.”

While glycopolymers can be easily functionalized by functional monomers, synthesis of these
glycopolymers is primarily time-consuming and requires multiple steps to protect and deprotect
the hydroxyl groups on saccharides. In addition, the copper catalyst employed in glycopolymer
synthesis via copper(l) catalyzed azide-alkyne cycloaddition may lead to cytotoxicity in vivo
applications. Therefore, preparing glycopolymers using a simple method without protecting
groups would be ideal. Narain group prepared stable glycol monomers containing stable amide
linkages, such as 2-gluconamidoethyl methacrylamide (GAEMA) and 3-gluconamidopropyl
methacrylamide (GAPMA), by introducing methacrylamide groups into carbon 1 (anomeric

carbon) of the sugar (Figure 1.2).7°
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Figure 1.2. Chemical structures for GAEMA and GAPMA glycopolymers
1.3.2. Bactericidal Coating Strategies.
The most common bactericidal strategies for killing bacteria on medical device surfaces are (i)
contact-active strategies or (ii) release-killing strategies.
1.3.2.1. Contact-Active Strategies.
Contact-killing coatings mainly contain non-leaching bactericidal moieties lethal to bacteria

t.76’77

upon contac Many contact-active coatings rely on cationic biocides, including
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nonpolymeric quaternary ammonium compounds (QAC),’® antimicrobial peptides,” and

antimicrobial cationic polymers.5%8!

Among them, bactericidal polymers have attracted
significant attention in the biomedical field due to their ability to maintain bactericidal activity
over time, making them promising candidates for long-term applications. Additionally, unlike
antibiotics, they may not present pathways for the development of bacterial resistance.’> The
general mechanism of cationic polymeric coatings involves the electrostatic attraction between
the positively charged polymers and the negatively charged bacterial cell membranes.
Subsequently, as the cationic polymers interact with bacterial cell membrane, the hydrophobic
groups on polymers begin to insert into the cell wall and disrupt it, resulting in the death of
microbes.®> Generally, the cationic and hydrophobic groups are essential for the bactericidal
efficacy of antimicrobial cationic polymers. For cationic groups, several types of cationic
polymers, including naturally derived polymers like chitosan® and cellulose® or synthetic
cationic polymers that bear ammonium ions, sulfonium ions, or phosphonium ions.%¢%” However,
the research mainly focused on ammonium-based cationic polymers because of the simplicity of
synthetic methods. For the hydrophobic groups of cationic polymers, the lengths of hydrophobic
alkyl chains often affect the bactericidal efficacy of cationic polymers. Tiller et al. designed a
poly(4-vinyl-N-alkylpyridinium bromide) coated glass slides to kill airborne bacteria on contact.
The QA-polymer coatings designed with different lengths of alkyl chains showed a distinctive
reduction in viable bacteria. While chains containing 3 to 6 carbon atoms showed significant
effectiveness, those containing 10 to 16 carbon atoms exhibited no bactericidal activity.®® 2-
(methacryloyloxy)ethyl trimethylammonium chloride polymer (META), a cationic polymer with
2 carbon atoms alkyl group, was frequently used for fabricating antibacterial coatings owing to

its bactericidal and fungicidal activities against a broad spectrum of microbial.®* META

12



monomer is commercially available and can easily be polymerized using free radicals and well-
defined polymerizations.”®”! Therefore, META polymer is highly desirable for constructing
antibacterial coating based on contact-active mechanism.

1.3.2.2. Release-Killing Strategies.

Release-killing agents provide a first line of defense against bacterial adhesion and biofilm
formation on medical devices. These agents can kill the bacteria on the surface and planktonic
bacteria in suspension near the surface before they can colonize the surface. Common release-
based agents for coating include metal nanoparticles,”® antibiotics,”® nitrogen oxide,**

> and peptides.”® Among these agents, metal nanoparticles have been

antibacterial enzymes,’
widely used for creating antibacterial coatings due to their distinct bactericidal properties,
attributed to their high surface-to-volume ratio, against various microorganisms.”” When metal
nanoparticles are incorporated into polymeric coatings, it is crucial to design the polymer
matrices to ensure that the release kinetics and stability are appropriate for the intended
application, whether short-term or long-term. The release rate in the antibacterial polymer
coatings depends on the cross-linking degree between the bactericidal agent and the polymer
coating. A fast release is expected if the agent is loaded on the polymeric coating with fewer
interactions. For instance, Meng et al. prepared AgNPs-modified silk fabrics with 2-8 layers of
poly(acrylic acid) (PAA)/poly(dimethyl diallyl ammonium chloride) (PDDA). Based on their
experimental data of the growth curve assay, the more significant the number of layers, the more
extended the release profile of silver ions is to achieve a sustainable antimicrobial effect. They
suggested that the 2-layer coating had low-density loading of AgNPs and fewer protection layers

to slow down the release profile.”® An example of a biomedical application that requires the

short-term release of an antibacterial agent is preventing infections associated with internal
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fixation devices during the early period after orthopedic implant insertion.”® On the other hand,
bactericidal agents with slow release rates are widely used in the coating of most medical
implants, where these implants are responsible for a significant number of device-associated
infections annually. Silver and copper nanoparticles are the most commonly bactericidal agents
employed in constructing stable polymeric-based coatings for medical devices. The general
mechanism of metal nanoparticles in many studies is related to the enhanced release of metal
ions from nanoparticle surfaces because the specific area increases as the particle size decreases,
allowing for more interactions between the particle and the surrounding bacteria.*®

While coatings function by either antifouling or bactericidal properties, which can significantly
reduce the adhesion of foulants or kill the bacteria, the antifouling coatings are usually unstable
and will degrade over time, which may promote the proliferation of any attached bacteria. On the
other hand, using coatings based on bactericidal activity alone will cause the loss of
antimicrobial activity over time due to the depletion of the active species and the adhesion of
dead bacteria.'® Hence, there is a need to integrate antifouling and bactericidal properties in a
single synergistic coating to increase the probability of inhibiting bacterial colonization.!'*!
However, achieving an ideal coating with high stability and long-term durability is still

challenging in many applications. Thus, we need stable and durable antifouling coatings that can
be cost-effective and universally applied to various surfaces.

1.4. Universal Bifunctional Polymer-based Antibacterial Coating Techniques.

Grafting the hydrophilic and zwitterionic polymer brushes on medical devices via stable covalent
bonds is a common strategy to prevent biofilm formation. The well-known controllable grafting
methods are usually classified into “grafting to” and “grafting from.” “Grafting to” means

preformed functional polymers are grafted to a preliminary treated surface via a chemical bond,
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while “grafting from” refers to the grafting reaction that can proceed by polymerizing the
monomer from the surface. Although the two methods can produce high-grafting density, they
suffer from susceptibility toward degradation and need complicated and expensive protocols.
Also, the process of pre-activation for hydrophobic and inert surfaces requires the use of harsh
conditions and multiple chemical steps. These covalent strategies are also problematic when
translated to larger surface areas easily and facilely. Therefore, there is a need to develop
universal coatings that can be formed by versatile, efficient, and simple methods that avoid direct
and specific chemical interactions between the coating and the substrate. The most common
universal coatings technologies include layer-by-layer (LbL) assembly, mussel-inspired
deposition, and polyphenolic (e.g., tannic acid) deposition.

For the layer-by-layer assembly (LbL) method, neutral polymers or polyelectrolytes with
opposite charges are deposited on charged surfaces, and after multiple cycles, multilayer films
are formed. The four main driving forces for constructing multilayer films using LbL assembly
are electrostatic interaction, hydrogen bonding, covalent interaction, and coordination
interaction. Although the versatility of this technique and the ability to generate stable
multilayer-coatings through consecutive covalent interactions, it involves multiple steps and
requires polymer functionalization for crosslinking, making it a time-consuming and labor-
intensive method. These problems may be overcome by using surface-independent
polydopamine and tannic acid coatings.

1.5. Chemistry of Dopamine.

In 2007, Messersmith and coworkers reported a simple and versatile strategy for surface
modification inspired by the polydopamine adhesive ability of mussels.!®? A few years later,

Caruso and his team found that natural polyphenols (e.g., tannic acid) can also form films on
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various substrates.'®® After the seminal discovery by Messersmith and Caruso, researchers have
been paying more attention to functionalizing surfaces via dopamine and tannic acid chemistries.
It has been reported that dopamine under oxidative conditions can be self-polymerized to form a
thin film layer in a one-step method. Hong et al. proposed that this polydopamine was formed
through non-covalent self-assembly and covalent polymerization (Figure 1.3).!% The residual
quinone, catechol, and amino groups of (PDA) can covalently bind with other molecules
containing thiol, amine, or aldehyde groups via Michael addition and Schiff-base reactions to
facilitate the secondary immobilization.'® Additionally, the quinone groups of the polydopamine
film can reduce the metal ions in situ to generate metal nanoparticles. PDA also serves as a linker
for initiators for atom transfer radical polymerization (ATRP) and reversible
addition—fragmentation chain-transfer polymerization (RAFT) techniques. By connecting
polydopamine coating with these initiators, various polymer chains can be grafted onto the PDA-
modified surfaces via ATRP or RAFT polymerization. Based on recent studies, polydopamine-
assisted deposition of a combination of fouling-resistance polymer and cationic polymer or metal
ions in fabricating universal multifunctional coatings using the following approaches:
spontaneous deposition of dopamine and polymers, post-modification of PDA-coated surface,

direct modification of dopamine with polymers, and polymerization of initiated surfaces.'%
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1.6. Universal Antibacterial Coatings Based on Polydopamine.

Based on dopamine chemistry, several universal coatings with antifouling and bactericidal
properties have been prepared. Generally, these coatings can be prepared either by the “grafting
from” method based on crosslinking polydopamine with initiators for polymerization or by
“grafting to” based on the conjugating polydopamine with functional polymers. For the “grafting
from” method, the substrates are usually coated first with PDA film. This is then immersed in the
ATRP initiator aqueous solution for PDA/initiator crosslinking, followed by growing the
functionalized polymers from the modified surface. In the normal SI-ATRP, the polymerization
reaction requires a high toxic transition metal catalyst concentration. This limitation can be
avoided by limiting the catalyst concentration to the parts per million level (ppm). Zhou ef al.
prepared antibacterial and antibiofilm coating for cylindrical catheters via supplemental activator
and reducing agent surface-initiated atom-transfer radical polymerization (SARA SI-ATRP). In
their study, the ATRP initiator (a-bromoisobutyryl bromide, BiBB) was grafted onto the reactive
sites of PDA film. Three different monomers [3-acrylamidopropyl trimethylammonium chloride
(AMPTMA), quaternized polyethyleneimine methacrylate (Q-PEI-MA), and polyethylene glycol
methacrylate (PEGDMA)] were then heated and polymerized for coating fabrication in the
presence of copper wire to stabilize the Cu' species in situ at low oxygen levels. Coating 1
containing AMPTMA/PEGDMA exhibited good antibiofilm and antimicrobial effect (2.21 log
reduction) against methicillin-resistant Staphylococcus aureus (MRSA) due to its high
hydrophilic  properties and positive charge density. Coating 2 consisting of
AMPTMA/PEGDMA/Q-PEI-MA had significant efficacy (1.5 log reduction) against
vancomycin-resistant Enterococcus faecalis (VRE) (Figure 1.4).!°” In another study, the authors

developed a universal method for efficient fabrication of compatible blood coatings via
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polydopamine-assisted surface-initiated activators regenerated by electron transfer atom-transfer
radical polymerization of zwitterions (PDA-SI-ARGET-ATRP) and without deoxygenation. The
PDA-adhesive film was first deposited on material-independent substrates, such as stainless
steel, glass, PP, PET, PDMS, PC, and PTFE, followed by covalent immobilization of 3-
trimethoxysilyl propyl 2-bromo-2-methylpropionate (SiBr, ATRP initiator). Finally, Zwitterionic
polymer brushes are prepared by immersing the PDA/SiBr-coated substrates in zwitterionic
monomer solutions containing CuBr> and reducing agent (ascorbic acid) to change the catalysts
from Cu(Il) to Cu(l) in aqueous solution under atmospheric conditions. The as-prepared
zwitterionic polymer brushes showed ultralow biofouling against bovine serum albumin (BSA)
and extreme blood compatibility.!” Although the SI-ATRP strategy can prepare zwitterionic
polymer coatings with high density and large thickness, the approach involves multistep,

resulting in a high-cost and time-consuming process.
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Figure 1.4. In vitro antibacterial activity of PDMS catheter control and coatings 1, 2, and 3

against MRSA and VRE (top). Coating steps using the SARA SI-ATRP technique for fabricating

three different coatings (bottom). Reprinted with permission from re

For the “grafting to” method, it is highly convenient and feasible to endow the surfaces with
antifouling and bactericidal functions because of its simplicity in coating fabrication. The first
report published by Messersmith’s group in 2003, where the monomethoxy terminated PEG
polymer covalently conjugated onto PDA coating, was the first idea for the “grafting to”
approach using mussel-inspired coating chemistry.!” Following this strategy, tethering
zwitterionic polymers directly with dopamine-containing catechol groups is highly desirable

because of its adhesive property to a wide range of substrates in a one-step method. Chen’s
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group successfully synthesized a novel bio-inspired terpolymer by conventional free radical
polymerization. The terpolymer consists of three monomer components [MPC for antifouling,
dopamine methacrylamide (DMA) for anchoring, and 2-(dimethylamino)-ethyl methacrylate
(DMAEMA) for the potential contact killing. The silicon wafers and pristine PDMS substrates
were immersed in terpolymer solution, followed by quaternization of the terpolymer coating by
1-bromoheptane, and finally resulted in P(DMA-co-MPC-co-DMAEMA") coating. The coating
was successfully killed and resisted the adhesion of E. coli and S. aureus.''* Similarly, released-
based bactericidal coatings were prepared for wound dressing applications as they can kill the
bacteria in deeper skin tissue layers. Liu et al. recently reported a coating decorated with Ag NPs
for wound healing application. A one-step co-deposition of PDA and PEI was carried out via the
polymerization of dopamine and the simultaneous reaction of the formed PDA with PEI through
Schiff-base coupling and Michael addition reactions (Scheme 1.2). Anionic gallic acid stabilized
Ag NPs (GA@AgNPs) were then anchored through Michael addition (between the carboxyl of
GA and imine of PEI) and hydrogen bonding with PEIL resulting in a negatively charged
GA@AgNPs/PDA—PEI coating. The GA@AgNPs/PDA-PEI surface had nonfouling and
bactericidal properties against E. coli, S. aureus, and Methicillin-resistant S. aureus (MRSA).
Their coating followed the synergistic strategy “repel-kill-release” due to the presence of a high
density of anionic carboxyl groups on the outer GA@AgNP layer, contact killing and ion-
mediated killing of GA@ AgNPs, and sustained release of Ag", respectively.!!! To increase the
binding affinity of dopamine-modified zwitterionic polymer, Sun ef al. fabricated a coating for
biosensing applications by conjugating poly(carboxy betaine) (PCB) with L-3,4-
dihydroxyphenylalanine (DOPA) groups via a simple “grafting to” deposition. The catechol

groups facilitated the strong adhesion of the coating on the paper-based sensor surface, and pCB
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provided the antifouling functionality while the covalent immobilization of bovine serum
albumin antibody (anti-BSA) and fibrinogen antibody (anti-Fg) onto the pCB-coated surface via
1-ethyl-3-(3-(dimethylamino)propyl)-carbodiimide and N-hydroxysuccinimide (EDC/NHS)

chemistry facilitated the detection of antigens.'!?

Antibacterial activity based on the synergic Cross-linking between PDA- PEI and GA@AgNPs
”F{)pc)]_ki[{_release r s{rﬂreg}. ‘E ------------------------------------ - --------------------- :

[ Mussel -inspired adhesion > Schiff base reaction

Michael addition [ Hydrogen bond

GA@AgNPs/PDA-PEI coated cotton fabrics

Scheme 1.2. Schematic routes represented the cross-linking interactions of GA@AgNPs/PDA—
PEI-coated cotton fabrics and their antibacterial strategies. Reprinted with permission from

ref.!!

1.7. Chemistry of Tannic Acid (TA).

Polyphenol compounds (tannic acid) have gradually become a research focus for surface
modification owing to their unique adhesive capability, water solubility, and low price. TA, a
plant-derived compound, is commonly classified as gallotannin and commercially extracted from
the gallnuts found on oak and sumac trees. TA, or penta-m-digalloyl glucose, has a chemical

structure composed of a central glucose molecule containing two functional groups of 2,3,4-tri
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hydroxyphenyl (esterified gallic acid) on each hydroxyl group of the sugar moiety (Figure
1.5).!"3 The high number of dihydroxyphenols (catechol) and trihydroxyphenols (pyrogallol) in
the TA structure leads to the formation of colorless and uniform coating of TA on a wide range
of substrates that can actively inhibit the adhesion of bacteria and microbes.!'* Under oxidative
conditions, these phenolic groups, like dopamine, work as active functional sites to fabricate
antifouling and bactericidal surfaces via spontaneous or sequential modifications such as metal

coordination, boronate ester complexation, and covalent and non-covalent interactions.'!
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Figure 1.5. Chemical structure of tannic acid
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1.8. TA-Assisted Universal Dual-Functional Coatings.

Inspired by the inherent adhesive affinity of plant polyphenols, TA can be anchored onto a wide
range of substrates via multiple non-covalent interactions, such as electrostatic interactions,
hydrogen bonding, hydrophobic attractions, or van der Waals interactions, making it an ideal
candidate to fabricate polymer-based coatings. Functional polymers can be deposited to TA-
driven surfaces through several methods, including the co-deposition process in which the
functional polymers and tannic acid are simultaneously deposited onto the surface. Polymers can
also be deposited onto the TA-coted surface via covalent or noncovalent interactions. Polymer-
modified tannic acid is another technique that can be directly deposited onto the substrates.
Polymer chains are grown from pre-initiated TA-coated surfaces via “grafting from”
polymerization.

1.8.1. Grafting Polymer Chains From TA-coted Surfaces.

Researchers have explored “grafting from” polymerization to grow polymers from TA-based
coatings to achieve ideal antibacterial coatings since this method provides better polymer brush
density than the “grafting to” method. Kang and co-workers have synthesized TA-based initiator
primer by partial modification of TA with alkyl bromide to facilitate the initiator anchoring
through the remaining trihydroxy phenyls of TA onto stainless steel, titanium oxide, polystyrene
dish, silicon wafer, and glass slide via tridentate coordination complexes. The bromide-TA
served as initiating sites for the post-modification of surface-initiated atom transfer radical
polymerization (SI-ATRP) of 2-(methacryloyloxy)ethyl trimethylammonium chloride (META),
2-methacryloyloxyethyl phosphorylcholine (MPC), and N-(3-sulfopropyl)-N-
(methacryloxyethyl)-N, N-dimethylammonium betaine (SBMA). The cationic polymer-grafted

stainless steel [SS-g-P(META)] exhibited bactericidal function against Gram-negative
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Pseudomonas sp. And Gram-positive Staphylococcus aureus (S. aureus), while the zwitterionic
coatings [SS-g-P(MPC) and SS-g-P(SPMA)] resisted the adhesion of bacteria. However, the
drawback of this strategy is the requirement of a high concentration of catalysts (CuBr and
CuBr») to allow for a redox cycling mechanism.''® To overcome this limitation, Jeong et al.
introduced an activator regenerated by electron transfer polymerization (ARGET) ATRP under
air conditions and in the presence of the reducing agent (ascorbic acid), which acts as a chemical
reservoir to regenerate active Cu(l) species from inactive Cu(Il) species. Their coating was
versatile for designing coatings with antifouling properties since the zwitterionic polymer can be
initiated from various initiating substrates (“grafting from” process). The substrates were first
treated with TA and Fe'! jons to deposit the TA-metal complex via coordination bonds, followed
by functionalizing the TA-based coating with an aryl azide-based initiator (ABI) under
photoreaction to generate ATRP initiating sites. The polymerization of MPC was then carried out
to develop a hydrophilic MPC polymer brush layer on the surface.!!’

1.8.2. Deposition of Polymer-Modified TA Coating.

The high number of reactive phenolic groups in tannic acid facilitates various chemical
modifications, including (a) electrophilic and nucleophilic substitution reactions. (b) TA can
form phenoxy radicals, which participate in oxygen-carbon and carbon-carbon coupling
reactions. (c) TA can also be oxidized into a-hydroxy-ortho-quinones, which act as nucleophiles,

electrophiles, and (hetero) dienes and dienophiles in Diels—Alder reactions (Figure 1.6).''°
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Figure 1.6. Mechanism routes of phenol modification. Reprinted with permission from ref.!!>
Direct modification of TA with zwitterionic polymer was used to prepare multifunctional
coatings that could be used in in vivo applications; Teo and co-workers used catalyst-free
reversible addition—fragmentation chain transfer (RAFT) polymerization and copper-free
azide—alkyne cycloaddition to functionalize TA with zwitterionic polymer and lysine,
respectively, to prepare the coating p(MPC)-TA-p(Lys)). As shown in Figure 1.7, TA was
quickly modified by RAFT agent (CTA) and azide in a one-pot reaction to form the “clickable”
macro-CTA (CTA-TA-N3). The authors found that their coating was stable against protein
adsorption, bacterial adhesion, and microalgal attachment after 30 days of exposure to

seawater.'!8
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For long-term application of TA-driven coatings, pH-responsive polymers have been
incorporated into the TA to develop a coating with a self-release/self-cleaning strategy.
Lowering the pH induced by bacteria growth is an external trigger for releasing antibacterial
agents. For example, pH-responsive poly(2-diisopropylaminoethyl methacrylate)-b-poly(2-
methacryloyloxyethyl phosphorylcholine) (PDPA-b-PMPC) and cationic polylysine (PLYS)
chains were simultaneously conjugated with TA to design the PLYS-TA-PDPA-b-PMPC. Using
a one-pot strategy, the TA-derived polymer was coated on the stainless-steel substrate for
antifouling and antimicrobial applications. Since the bacterial infection lowers the pH to less
than 6, the protonation of the PDPA (pK.=7.3) occurred at pH=5.5, resulting in swelling and
improving the antifouling ability. In contrast, after raising the pH to 7.4, the antimicrobial
resumed. The coating, after aging for 30 days in filtered seawater, showed similar antimicrobial

and antifouling as the freshly coated substrate.'"

1.8.3. Post-Deposition of Functional Polymer onto TA-coated Surfaces.

The high number of tri-hydroxyphenyl groups facilitates the adhesion of TA to the substrates via
non-covalent interactions. The remaining oxidized quinone of catechol motifs can bind
covalently with polymers containing amine or thiol groups via a Michael addition or Schiff-base
reaction to form a selective and stable layer.

Stable and antifouling surfaces were developed by a simple dip-coating process and based on the
crosslinking between zwitterionic polymer containing quaternary polyethyleneimine (PEI-S)
with pre-formed TA/Fe™ complex in its oxidized state via Schiff-base reaction or Michael-type
addition (Figure 1.8a). These coatings contain TA/Fe™ (M-TA) complex that can be
disassembled in acidic conditions and oxidized in basic environments. For long-term

applications, the stability of the polymeric-coated polyethersulfone (PES) membranes was
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investigated by measuring the water contact angle (WCA) after immersing the PES membranes

coated by (M-TA), (M-TA/PEI), and (M-TA/PEI-S) in acidic and alkaline solutions for 12. As

shown in Figure 1.8b, the WCA for the sample M-TA increased significantly in both the acidic

and alkaline solutions; however, in the case of (M-TA/PEI) and (M-TA/PEI-S), there was no

significant change observed in the respective figures. The as-prepared surface could effectively

resist protein adsorption, bacteria attachment, and platelet adhesion. This universal coating could

also be applied to various materials, including polyvinylidene fluoride (PVDF) and polystyrene

(PS) membranes, as well as the 3D-polyvinyl chloride (PVC) surface (yellow duck toy).!?
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Figure 1.8. a) Grafting of zwitterionic-modified cationic polyethylene (PEI-S) onto metal-TA
complex coating via dip-coating. b) WCA measurements were taken for three different samples
at different pH values, and the M-TA/PEI-S coating showed low WCA values in all media.
Reprinted with permission from ref.!?°
Similarly, Xie et al. proposed integrating zwitterionic polymer and in situ formation of silver
nanoparticles (AgNPs) into membrane surface by universal, one-step, and environmentally
friendly methods. This approach aims to endow the TA-coated membrane with simultaneous
antifouling and antibacterial functions. The polymer-based membrane showed antibacterial
activity even after being cocultured with the bacteria over 96 h.'?! Temperature-responsive and
antibacterial tannic acid-based coatings have also been developed to overcome the limitations of
conventional coatings via an “on-demand” killing strategy. One of the investigations developed a
smart, TA-based surface with a switchable function between bacteria killing and bacteria
releasing based on near-infrared photothermal activation and thermal responsiveness for
potential applications in the health sector. This study involved the deposition of TA-Fe3+

complexes onto the bare Au surface (Au-TA/Fe) and then grafting of poly(N-
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isopropylacrylamide) (PNIPAM) polymer to form the coating (Au-TA/Fe-PNIPAM) through
Schiff base reaction or Michael addition. The Au-TA/Fe-PNIPAM surface showed that 90% of
the attached E. coli on the surface after being killed photothermally, were released when the
temperature decreased to 4 °C. However, the Au-TA/Fe surface released only 5% of the attached
bacteria. Moreover, no significant change in killing and release abilities was observed after two
attach-kill-release cycles. The switchable coating was also highly stable, and the coated
substrate, after aging for 10 days in PBS, showed a similar antibacterial efficacy as the freshly

coated substrate.'??

1.8.4. Grafting of TA and Polymer in One Step Process.

Tannic acid-assisted co-deposition allows for precise control over the thickness of the coating,
leading to tailored material properties. TA-driven co-deposition can simplify the coating
procedure by integrating the deposition and functionality in one step. A coating on the titanium
surface was fabricated via simultaneous and successive deposition of a polyphenol tannic acid
(TA) and four-armed poly (ethylene glycol) (PEG1ox-4— OH) to obtain the modified surfaces (Ti-
TA/PEG) and (Ti-TA-PEG), respectively. The (Ti-TA/PEG) process is rapid and yields a
uniform coating with a tunable thickness compared to the (Ti-TA-PEG) coating. Due to the
formation of hydrogen bonds between hydroxyphenyl groups on TA as hydrogen-bond donors
and hydroxyl groups on PEG as proton acceptors, both (Ti-TA/PEG) and (Ti-TA-PEG) coatings
showed good antifouling properties against proteins adsorption and bacteria and platelet
adhesion. Moreover, the former had better fouling resistance than (Ti-TA-PEG) coating, which
could be attributed to the higher thickness of the former as illustrated by ellipsometry
measurements.'>> In another study, a coating based on tannic acid and thermo-responsive

microgel was fabricated for the multifunctional antibacterial property. The TA/Fe** complex as
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an adhesive layer was simultaneously deposited with poly (N-isopropylacrylamide-co-
sulfobetain methacrylate) [poly (NIPAM-co-SBMA)] microgels on a silicon wafer. This coating
killed about 94.3% of E. coli and 93.6% of S. aureus after 24h of incubation. Due to its
zwitterionic and thermos-responsive polymer components, the coating reduced the adhesion of
bacteria over 72h and released as high as 91.7% for E. coli and 94.4% for S. aureus by lowering
the temperature. The authors suggested that their hemocompatible coating has promising

applications in biomedical and industrial fields.!**

1.9. Biomedical Applications of Polydopamine- and Tannic Acid-Based Coatings.

Recently, Tannic acid and dopamine coatings have been investigated for their potential
biomedical applications, particularly in developing polymer-based coatings with integrated
bactericidal and antifouling properties for medical devices. These coatings have shown promise
in limiting biofilm formation and subsequent bacteria attachment. The simplicity and versatility
of the coating processes make them attractive for surface modification in biomedical
applications.!?> Therefore, a combination of tannic acid or polydopamine with hydrophilic
polymers makes them a great potential to develop advanced coatings for medical devices such as
wound dressings, implants, catheters, biosensors, etc. Tables 1.1 and 1.2 summarize the recent
advances in tannic acid and dopamine-mediated surfaces in conjugation with hydrophilic
polymers for various applications.

Table 1.1. Summary of the recent applications of dopamine-based coatings

Substrate Coating material Coating Application Refs
method

Polypropyle | Sulfobetaine methacrylate and glycidyl | SI-ATRP Orientation- 126

ne methacrylate p(SBMA- co-GMA) based
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immobilization
of antibodies
and the creation
of a responsive
immunoassay

platform.

Stainless

steel

SBMA

SI-ATRP

Bioadhesion
resistance
against plasma
protein, blood
cells,
mammalian
cells, and

bacteria.

127

Titanium

MPC

ATRP

Inhibition of
platelet and
fibrinogen
adhesion for
potential use in
blood-contact
devices like
cardiovascular

stents.

128
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Porcine skin | Zwitterionic sulfobetaine modified Catechol/FeC | Wound healing | '%

catechol containing poly(amidoamine) | I3 cross-

polymers (CPAA-ZS). linking
Electrospun | poly (sulfobetaine methacrylate) ATRP Antifouling in 130
poly (L - (pSBMA )-catechol complex media
lactic) acid for biomedical
(PLLA) film application
poly(L)- Polydopamine (PDA) combining Increased 131
lactide electrospinni | hydrophilicity,
(PLLA) ng and post- | cell growth,
nanofibrous in-situ proliferation,
scaffold polymerizatio | excellent

n. oxidation

resistance, and
notable in-vitro
elimination
ability of ROS.
In vivo,
approved
nanofibers have
good
histocompatibili

ty, Antibacterial
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ability

Commercial | Poly(Sulfobetaine methacrylate-b-[2- ARGET- Antifouling and | '*
thin-film (Methacryloyloxy)ethyl]trimethylammo | ATRP antimicrobial
composite nium chloride activities for
(TFC) (SBMA-b-MTAC) biomedical
membranes applications.
Titanium (DOPA )s-bioactive peptides Multivalent Improving 133
SCrews coordinative | clinical outcome
interactions of Ti-based
implants in the
osteoporotic
condition
Glass hyaluronic acid—dopamine conjugate LbL Potential 134
substrate with silver-doped bioactive glass application for
nanoparticles orthopedic
implants
Glass, Dopamine-modified hyaluronic LbL Inhibition of the | !
stainless acid/polyvinyl amine (HA-DN/PVAm) bacteria and
steel, gold, tumor cell line
and growth
polyvinyl
chloride
(PVC)
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Table 1.2. Summary of the recent applications of tannic acid-based coatings

Substrate Coating material Coating Application Refs.
method
Polyamide thin TA/polyethylene One-pot dip Antibacterial and 136
film composite imine/graphene coating antifouling coating for
forward osmosis | oxide nanosheets method membrane filtration

(FO) membranes

PP membrane,

TA/APTES/ODS or

Dip coating

Oil/water separation, dye

137

fabric, and PEI or AgNPs method adsorption, and reduction
copper mesh) of 4-nitrophenol
Titanium surface TA/PEG-40H One-pot dip Antifouling application 138
coating
method
Silicon wafers TA and TA Antibacterial coating for 139
benzalkonium modification, preventing catheter-
chloride then a one-step associated infections
(BAC)/AgNPs coating
method
Titanium (Ti), PEG-TA/V™ One-step co- Antifouling and 140
polystyrene (PS), deposition photothermal antibacterial
silicon (S1), method properties, preventing

glass, and zinc

biofilm formation
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alloy

Silicon (Si) TA-PEI One-step Antifogging and 141
wafers, glass deposition antibacterial coating for
slides, process optical devices
polycarbonate
(PC), poly
(methyl
methacrylate)
(PMMA),
polystyrene (PS)
sheets, and safety
goggles
PVDF membrane TA-Cu-Fe One-step Antibacterial function and 142
coupon codeposition | algal inhibition application
method

1.10. Goal and Outline of the Project.

Antifouling and antibacterial coatings to combat medical device-associated infections are hot

research topics. “Grafting to,

fabricating dual-functional antifouling and antibacterial applications. Although the grafting

” “grafting from,” and LBL are the most common methods for

techniques can produce a high density of coatings, they are susceptible to degradation and need

complicated and expensive protocols. Also, these surface-dependent grafting processes need a

pre-activation for hydrophobic and inert surfaces, which is problematic when transferring the
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coating to a larger scale. The LBL method is a universal and surface-independent coating
technique that can deposit functional materials onto surfaces through non-covalent bonds. The
process involves applying multiple steps to form a stable coating, making it time-consuming
when upscaling is required for coating fabricating. Hence, achieving stable and cost-effective
bifunctional coating using these methods is challenging.

The main objective of this thesis is to construct bifunctional coatings by combining the
functional polymers with tannic acid, dopamine, and dopamine methacrylate via strong covalent
bonds to enhance the mechanical stability of the coatings. Hydrophilic polymers and bactericidal
agents have been exploited to prepare stable dual-functional coatings for biomedical
applications. Three different projects have been developed in this thesis as follows:

First project: A simple dip-coating method using tannic acid chemistry was used to develop a
superhydrophilic coating with antifouling and antibacterial properties. The copolymer [
zwitterionic 2-methacryloyloxyethyl phosphorylcholine-random-2-aminoethyl methacrylamide
hydrochloride] (MPC-co-AEMA) was randomly grafted to the tannic acid through Michael
addition reaction and using one-step co-deposition. The remaining quinone groups on TA
generated silver nanoparticles (AgNPs) in situ. The dual-functional coatings showed antibacterial
properties against E. coli and S. aureus and remarkably decreased the adhesion of BSA protein.
The resulting coating is potentially valuable for biomedical applications.

Second project: stable contact-killing coating was developed, which killed the bacteria even after
immersion in PBS for 7 days, using a simple co-deposition process. Reversible addition-
fragmentation chain transfer (RAFT) polymerization was used to copolymerize -either
zwitterionic  2-methacryloyloxyethyl phosphorylcholine monomer (MPC) or cationic 2-

(methacryloyloxy)ethyl trimethylammonium monomer (META) with 4-formyl phenyl
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methacrylate monomer (FPMA). The copolymers were then covalently grafted to the amino
groups of polydopamine-coated surfaces and exhibited excellent antibacterial properties against
S. aureus and E. coli and antifouling properties against bovine serum albumin (BSA) protein.
The resulting coating is expected to be helpful in biomedical applications.

Third project: a stable dual-functional bactericidal coating was developed based on the copper
ions-catechol complexation. The monomers GAEMA and DMA were first synthesized and then
copolymerized by free radical polymerization to obtain the random GAEMA-DMA. This
copolymer containing glycopolymer with fouling-resistance properties was incorporated with
copper ions via metal-phenol networks (MPNs) to fabricate a coating with high antifouling
properties and stability. The copper ions inhibited the bacterial cell adhesion and imparted
stability to the coating, resulting in reduced protein adsorption even after 30 h of incubation in a
BSA protein solution. MPNs interactions increased the antifouling durability of the bifunctional

bactericidal coating, demonstrating the potential for its application in the biomedical field.
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Chapter 2: Tannic Acid-Based Coatings Containing
Zwitterionic Copolymers for Improved Antifouling and

Antibacterial Properties
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2.1. Introduction.

Biofilm, which is the attachment of bacteria and microorganisms to the surfaces of medical
devices, has become a severe problem in the biomedical field.! Upon medical device insertion,
the surface becomes rapidly coated with proteins and other host molecules. This layer of
adsorbed proteins can work as a platform for bacterial attachment and subsequent biofilm
formation, ultimately leading to device failure.? Hence, endowing a medical device surface with
antifouling and antibacterial properties is crucial to combat the foulant attachments to medical
devices. Recently, researchers have developed several surface modification technologies to
combat biofilm formation, such as chemical coating,’ surface grafting,* and surface topography
modification.’ Among all methods, the nature-inspired coating technique has been proposed as
an innovative strategy to alternate other grafting methods owing to its versatile adhesion on
various substrates, robust reactivity for chemical modification, coating simplicity under mild
conditions, and biocompatibility. For example, in situ polymerization of dopamine under mildly
alkaline conditions generated polydopamine coatings on different organic and inorganic surfaces
through a simple dip coating process.® Moreover, the PDA-coated surfaces can covalently graft
polymers with amine-containing molecules and reduce metal ions to metal nanoparticles.”
However, the complex polymerization chemistry, which can be challenging for controlling
coating uniformity, and the potential neurotoxicity of polydopamine may limit its applications in
the biomedical sector.”!” Moreover, due to the relatively high dopamine price, the industrializing
method was complex. Hence, a universal and low-cost approach toward antifouling surfaces was
strongly required.

Tannic acid, a polyphenol compound, has gradually become a research focus for surface

modification owing to its unique adhesive capability, water solubility, and low price. TA is also
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an antibacterial and antioxidant agent and non-toxic at minimal concentrations, making it an
ideal agent for fabricating coatings for biomedical applications.!!.!2.!3!4 Research has shown that
tannic acid can be combined with zwitterionic polymers for fabricating surfaces on various
substrates, such as polyvinylidene fluoride, polystyrene,'> polyurethane, silicon wafer, glass

1,'7 and polyethersulfone membrane.!® For example, Yeh

slide, titanium dioxide,'® polyurushio
and co-workers developed a one-pot coating method by depositing sulfobetaine methacrylate-
aminoethyl methacrylate copolymer and self-polymerized pyrogallol on various surfaces to resist
the protein and cell adhesions passively. Interestingly, their modified surfaces suppressed the
attachment of 1929 cells by about 99%.'" The high antifouling performance for these coatings
could be attributed to the ability of hydrophilic zwitterionic polymeric brushes to interact with
water through strong electrostatic interactions and form a physical barrier to resist protein
adsorption on the surface.?’

The functional groups of TA have been investigated to oxidize under oxidative conditions into
quinone groups, which can work as active sites for the co-deposition and post-modification
coatings through several interactions such as metal coordination, boronate ester complexation,
covalent and non-covalent interactions. For example, the tannic acid coating has been
successfully used as a versatile platform for introducing functional materials via robust covalent
crosslinking using a layer-by-layer technique (LBL). Xu and co-workers effectively resisted four
different types of bacteria and Amphora coffeaeformis microalgae by taking advantage of the
increased number of coating multilayers. They initially applied tannic acid chemistry to anchor
the stainless-steel surface by TA, followed by covalently tethering parasin | peptide into TA-

modified steel surface via Michael addition/Schiff base reaction between catechol groups of TA

and amine-rich parasin 1.>! In another study, stimuli-responsive, antibacterial tannic acid-based
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coatings have been developed to overcome the limitations of conventional coatings via an “on-
demand” killing strategy. The authors developed a smart, TA-based surface with a switchable
function between bacteria killing and bacteria releasing based on near-infrared photothermal
activation and thermal responsiveness for potential applications in the health sector. This study
involved the deposition of TA-Fe3+ complexes onto the bare Au surface (Au-TA/Fe) and then
grafting of poly(N-isopropylacrylamide) (PNIPAM) polymer to form the coating (Au-TA/Fe-
PNIPAM) through Schiff base reaction or Michael addition. The Au-TA/Fe-PNIPAM surface
showed that 90% of the attached E. coli on the surface after being killed photothermally were
released when the temperature decreased to 4 °C; however, the Au-TA/Fe surface released only
5% of attached bacteria. Moreover, no significant change in killing and release abilities was
observed after two attach-kill-release cycles. The switchable coating was also highly stable, and
after aging for 10 days in PBS, the coated substrate showed a similar antibacterial efficacy as the
freshly coated substrate.”” To prolong the application of TA-driven coatings, pH-responsive
polymers have been incorporated into the TA to develop a coating with a self-release/self-
cleaning strategy. Lowering the pH induced by bacteria growth is an external trigger for
releasing antibacterial agents. For example, pH-responsive polymer [cationic polylysine — tannic
acid - poly(2-diisopropylaminoethyl methacrylate)-b-poly(2-methacryloyloxyethyl
phosphorylcholine)] (PLYS-TA-PDPA-b-PMPC) was coated on the stainless-steel substrate for
antifouling and antimicrobial applications. Since the bacterial infection lowers the pH to less
than 6, the protonation of the PDPA (pK.=7.3) occurred at pH=5.5, resulting in swelling and
improving the antifouling ability. In contrast, after raising the pH to 7.4, the antimicrobial
resumed. After aging for 30 days in filtered seawater, the coating showed antimicrobial and

antifouling properties similar to the freshly coated substrate.> To endow surfaces with
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antibacterial activity, various bactericidal materials, such as antimicrobial peptides,?! cationic

2425. and metallic nanoparticles,?® have been introduced on surfaces via polyphenols

polymers,
chemistry. For instance, AgNPs-based coating can be generated within the reaction mixture from
the redox reaction between oxidative tannic acid and reductive silver nitrate without additional
reagents. These AgNPs-coated surfaces showed excellent antimicrobial properties against
various microorganisms.?”?® For this reason, the in situ generation of silver nanoparticles method
is superior to other conventional techniques, such as electrochemical deposition, ion exchange,
and plasma spraying, owing to its simplicity, where special equipment and energy sources are
unnecessary. As a result, modification of medical devices with antifouling and bactericidal
coatings is considered the first step to resist the initial adsorption of biofouling.?’

Researchers have explored that a dip coating process to fabricate tannic acid-based coatings has
the potential for scaling up at a pilot scale due to its simplicity. Jyske et al. reported that tannic
acid-coated fiber networks at a pilot scale as substituents for plastics, surgical face masks, and
food packaging prevented the infection of S. aureus, E. coli, and Enterovirus coxsackievirus. The
authors also reported that their coatings must be developed to ensure a long-term antibacterial
effect since the non-covalent bonds were the driving force between the TA and hand sheet
substrate.’® As a result, the durability of the zwitterionic polymer-based coating is a challenge
during the large-scale application, even when the polymer was covalently linked to the TA.3!

In this work, we report a simple one-pot dip-coating process for depositing TA and zwitterionic
copolymers containing amine groups under oxidizing conditions to form covalent conjugation
between the quinone and amino groups via the Michael addition reaction.’* The unreacted
catechol and pyrogallol groups on the as-prepared surface were used to reduce silver ions to

generate AgNPs, resulting in a modified surface with antifouling and antibacterial properties
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(Scheme 2.1). Three polymers with different molar ratios of MPC and AEMA [pMPCioo,
pMPCgo-st-AEMA»o, and pMPCoo-st-AEMA 9] were synthesized using conventional free radical

polymerization, and they are denoted as pMP, pMPS8AE2, and pMP9AEI, respectively.

0 OLQ‘OH Mn:hael * Protein
)L 0 Addition W Live bacteria

% Dead bacteria

0 55 =0 AgNPs
TA + pMPAE
Tris-HCI (pH=8.5) . _ ** Yo #
@ — AgNO (aq) U
= —> YA MIAAN AN

TA/pMPAE

Scheme 2.1. Schematic showing the co-deposition of TA and poly(MPC-st-AEMA) onto glass
surface followed by in situ generation of AgNPs. The polymer was covalently cross-linked to
TA, and the coating showed antibacterial activity.

2.2. Experimental Section.

2.2.1. Materials. MPC monomer was acquired from Prof. Ishihara’s lab (University of Tokyo,
Japan). Azo-initiator [4,4’-Azobis(4-cyano valeric acid) (ACVA)], bovine serum albumin (BSA),
Silver Nitrate (AgNO3), and Tannic acid (TA) were obtained from Sigma-Aldrich. Micro BCA™
Protein Assay Kit was purchased from Fisher Scientific. N,N-dimethylformamide (DMF),
Sodium dodecyl sulfate (SDS), Ethylene diamine (EDA), Isopropanol, Methacrylic anhydride,

and Dimethyl sulfoxide (DMSO) were obtained from Caledon Laboratories Ltd. (Canada).
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2.2.2. Synthesis of Zwitterionic Polymers. Free radical polymerization was used to synthesize
homopolymer (pMP) and copolymers (pMP9AE1 and pMPS8AE2) by combining MPC and
AEMA monomers at molar ratios of (100/0, 90/10, and 80/20), respectively, using 4,4'-
Azobis(4-cyano valeric acid) (ACVA) as an initiator.

2.2.2.1. Synthesis of pMP. In a 50-ml polymerization tube, MPC monomer (600 mg, 2.03
mmol) and ACVA (6.25 mg, 0.0223 mmol) were dissolved in a solvent mixture of DI water and
DMF, and then the tube was sealed with a rubber septum. The reaction mixture was degassed
under nitrogen for 30 min, and the reaction vessel was transferred to an oil bath and heated at 70
°C with continuous stirring. The polymerization reaction was allowed to continue for 24 h and
stopped by quenching in liquid nitrogen. The crude homopolymer was then dialyzed against
distilled water using a cellulose membrane (MWCO 12 kDa) for three days to remove the
residual monomer and solvent. The purified polymer (pMP) was finally obtained by drying the
resultant using lyophilization for three days.

2.2.2.2. Synthesis of pMP9AE1. MPC monomer (659 mg, 2.23 mmol), and AEMA monomer
(41 mg, 0.25 mmol) were mixed in a tube of polymerization, and ACVA (6.95 mg, 0.0248
mmol) was dissolved in 0.5 mL of DMF and added to the mixture. Mixed solvents of DI water
and DMSO were added to the reaction tube. The rest of the protocol steps were the same
procedure indicated above. The structures and molecular weights of the synthesized polymers
were characterized by 'H NMR and Viscotek conventional gel permeation chromatography
(GPC), respectively.

2.2.3. Surface Modification using Co-deposition of TA and Polymer. A solution of TA (2
mg/mL) and polymer (5 mg/mL) was prepared using 10 mM Tris-HCI buffer solution (pH 8.5)

and then shaken by hand for 1 min. The glass substrates were soaked in the solution, followed by
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shaking by a shaker for 10 h at RT. Finally, the modified glass coverslips were removed, washed
gently with deionized water, and dried at RT to give the substrates (TA, TA/pMP,
TA/pMPSAE2, and TA/pMP9AE1). The coated glass slides were immersed in a well plate
containing silver nitrate solution (8 mg/mL). The well plate was kept in the dark at RT for 18 h.
The in situ AgNPs-coated surfaces were rinsed thoroughly with diH20 before being air-dried to
obtain the substrates (TA/Ag, TA/pMP/Ag, TA/pMP8AE2/Ag, and TA/pMP9AEI1/Ag).

2.2.4. Surface Characterization. Attenuated total reflectance Fourier transform infrared (ATR-
FTIR) spectroscopy using an Agilent Technologies Cary 600 Series FTIR spectrometer was
utilized to investigate the chemical structures of the pristine propylene and TA/polymer-coated
propylene surfaces. Atomic force microscopy (AFM) in PeakForce tapping mode and under dry
conditions was employed to measure the morphology and roughness of the modified substrates.
Zeiss Sigma Field Emission scanning electron microscopy (FESEM), operated in high vacuum
and variable pressure modes, was used to observe silver nanoparticle morphology. Bruker energy
dispersive X-ray (EDX) system with a resolution of 123 eV was used to collect EDX spectra of
AgNPs-coated substrates. To investigate the hydrophilicity of the substrates, the water contact
angle (WCA) of every modified surface and the control were measured using a contact angle
goniometer equipped with a camera to capture the water droplets.

2.2.5. Protein Adsorption on Functionalized Substrates. Using a BCA protein assay Kkit,
bovine serum albumin (BSA) was employed to evaluate the antifouling properties of bare and
TA/polymer-modified glass slides.>>* Briefly, 0.5 mL of BSA solution was incubated on each
sample for 2 h at 37 °C, followed by rinsing with DI water to remove the loose protein.
Subsequently, a solution of SDS (2 mg/mL) was added to the control and modified surfaces

before shaking the well plate for fifteen minutes using an ultrasonic cleaner to separate the
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adsorbed BSA on each sample. The protein extracts were then transferred to a 96-well
microplate with an equal volume of BCA reagent. The plate was then incubated at 37 °C for 2h
before measuring the absorbance at 570 nm using a Tecan GENios Pro microplate reader. The
concentration of adsorbed protein was calculated according to the standard curve. The
experiment was conducted in triplicate for all the samples.

2.2.6. Antibacterial Properties of the AgNPs-coated Substrates. Having identified the protein-
resistant property of our coatings, we next assessed the bacteria-killing activity of the bare glass
and AgNPs-modified glass substrates against the gram-negative E. coli (ATCC 25922, USA) and
gram-positive S. aureus (ATCC 25923, USA). For this, pre-mixed LB and TS agar powders were
used to prepare nutrient-rich culture media following the instructions outlined by the
manufacturer. Subsequently, E. coli and S. aureus single colonies were collected from LB and
TS agar plates using a sterile pipette tip and then put into tubes containing 25 mL of autoclaved
LB and TS buffer solutions. To allow an aerobic culture of bacteria, the tube caps were loosened
before putting the tubes into a shaking incubator for 16 h at 37 °C. A centrifuge instrument set on
4000 revolutions per minute (rpm) and for 5 minutes was used to centrifuge the tubes containing
cultured bacteria thrice by replacing the supernatants with fresh PBS media. After centrifuging
the bacterial suspensions, the collected bacteria were dispersed in a volume of PBS solution to
obtain bacterial populations with optical densities (ODsoo) of 0.15, corresponding to about 8 x
107 cells/mL.

2.2.6.1. Inhibition Zone Test. A zone-of-inhibition test was first employed to investigate the
antibacterial activity of AgNPs-loaded coatings against E. coli and S. aureus. Briefly, 30 pl of
each bacteria suspension, with a concentration of 8 x 107 cells/mL, was spread onto sterile LB

and TS agar plates using a plastic spreader. Afterward, the controls and AgNPs-modified
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substrates were placed onto the agar plates and incubated at 37 °C. After 24 h of incubation, the
presence of inhibition zones surrounding the substrates was observed and imaged using a digital
camera.

2.2.6.2. Growth Curve Assay. The impact of silver-coated surfaces on the growth of E. coli and
S. aureus bacteria, with a concentration of approximately 8 x 10° cells/mL, was investigated
using the growth curve assay and following the methodology reported elsewhere.>* (further
details can be found in the Supplementary Information section).

2.2.7. In vitro Cell Viability Assay. The cell growth on the coating extracts was evaluated by
placing the coating substrates in a well plate containing DMEM media (100 pL in each well) for
24 h. Each coating extract and fresh DMEM medium (as a control) were then incubated with the
precultured normal human lung fibroblast cells (RMC-5) in a culture plate for 48 h and tested by

MTT assay as per our published report protocol.

2.3. Results and Discussion.

2.3.1. Synthesis of Copolymer, P(MPC-st-AEMA). 2-aminoethyl methacrylamide
hydrochloride monomer (AEMA) was prepared as per the procedure reported previously by our
group.?® The '"H NMR spectrum of AEMA was recorded using D,O as a solvent to confirm the
chemical structure (Figure S2-1). Subsequently, we used the conventional free-radical
polymerization technique to synthesize the homopolymer (pMPC) and the statistical copolymers
pP(MPCgo-st-AEMA20) and p(MPCoo-st-AEMA o). Figures (2.1a and 2.1b) show the reaction
routes for the as-prepared polymers, and Figures S2-2 and S2-4 show their 'H NMR spectra
recorded on a Varian spectrometer using D>O as a solvent. The molar ratios of AEMA content
were calculated from the spectra to be 18% and 10% in the copolymers pMPS8AE2 and

pMPYAEI, respectively. These calculations were achieved by comparing the proportional
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integral intensities of CH» signals appearing at 3.75 ppm in the MPC backbone and 3.10 ppm in

the AEMA chain (Table 2.1).
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Figure 2.1. Synthetic route for the polymers (a) pMPC and (b) p(MPC-st-AEMA).
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Table 2.1. Chemical Compositions and Molecular Weights of the Synthesized Polymers

Composition of copolymer (mole %) molecular weight

polymer MPC:AEMA? MPC:AEMAP® M, (10% PDI
pMP 100:0 - 2.04 2.0
pMPSAE2 80:20 82:18 2.34 2.5
pMP9AEI 90:10 90:10 2.58 2.6

%Feed molar ratio. ®"Molar ratio calculated from 'H NMR spectra. “Obtained by aqueous GPC.
2.3.2. Surface Characterization. To confirm the grafting of TA onto the pristine propylene (PP)
surface, we conducted ATR-FTIR measurements as part of our study. Analysis of the ATR-FTIR
spectra (Figure 2.2) revealed the presence of new peaks in the TA-coated PP surface,
distinguishing it from the original PP substrate. The appearance of a broad peak between 3600
and 3100 cm™! in the spectrum can be attributed to the stretching vibration of the —OH groups,
resulting from the abundant presence of phenol groups in TA. The absorption peak at 1643 cm!
indicates the stretching vibration of the C=0 bond in the phenolic ester groups.>® The frequency
at 1554 cm’! corresponds to the stretching vibration of the C=C bond in the aromatic ring.” The
peak at 1518 cm! can be attributed to the in-plane bending of the hydroxyl group bonded to a
carbon atom (C-O-H). The absorption at 1380 cm™! represents the stretching vibration of the C-O
bond.*® After TA/pMPS80AE20 coating on PP, the intensity of characteristic peaks of the PP
surface slightly reduced. The absorption at 1280 cm™' corresponds to the stretching vibration of
the C-N bond. The absorption at 1145 cm™ arises from the C-O-C bond in polymer and TA.*

The peak observed at 1527 cm' is attributed to the bending of the secondary N-H bond,
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indicating the occurrence of Michael’s addition product.*
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Figure 2.2. FTIR spectra for PP, PP/TA, and PP/TA/pMPSAE2
2.3.3. Surface Morphology. The surface morphologies of our coatings were determined using
Atomic Force Microscopy (AFM) in noncontact tapping mode under dry conditions. The
analysis was conducted to compare the surface characteristics of the control glass surface with
that of TA/polymer-coated surfaces (Figure 2.3). The AFM images showed that the root-mean-
square (RMS) roughness values ranged from 0.51 to 0.37 nm. These values may indicate the
formation of uniform and smooth polymeric coating surfaces, which could be attributed to the
hydrophilic state of the coatings® and the gradual covering of the whole substrates.!” As shown in
Figure 2.3, the control bare glass surface had a relatively low smooth surface, with an RMS
roughness value of 1.25 nm. In contrast, the surface coated with TA was smoother, with an RMS
value of 0.51 nm. The co-deposition of TA with zwitterionic polymers led to a decrease in the
RMS (Table S2-1).*! This indicates that the polymers were successfully bound with TA and

grafted on the surfaces, forming highly smooth surfaces.
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Figure 2.3. AFM images of (a, b) bare glass and TA-covered glass (as controls) and (c, d, e)
polymer-covered glass.

Coatings with AgNPs were achieved by immersing all the modified surfaces in an aqueous
solution of silver nitrate. After 18 hours of coating, the appearance of colorless TA/polymer-
coated surfaces turned brown, as shown in Figure S2-5. This color change strongly indicated the
in-situ generation of silver nanoparticles. The transformation in color is attributed to the presence
of tannic acid (TA), which acts as a reducing agent, facilitating the reduction of silver ions to
form silver nanoparticles (AgNPs).!®%? Next, SEM and EDX techniques were used to examine
the morphology and elemental composition of surfaces loaded with silver nanoparticles

(AgNPs). The SEM images in Figure 2.4 provided visual evidence of the successful formation of

AgNPs, displaying small particles of AgNPs in the samples.* Moreover, it was observed that
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more nanoparticles with smaller diameters covered the TA/Ag and TA/pMP surfaces. These
results are consistent with the percentages of silver from EDX, as shown in Figure S2-6 and
Table S2-2. The EDX results indicated that the control TA/Ag and TA/pMP coatings exhibited
the highest percentages of the silver element compared to the surfaces covered with copolymers.
This high silver content can be explained by many catechol groups on the TA layer that reduce
silver ions into AgNPs.** By contrast, the amino groups on copolymer coatings can bind
covalently with TA, resulting in fewer catechol groups and less amount of AgNPs on the
surfaces. As expected, the EDX results for pMPS8AE2/Ag coating, with the highest ratio of
AEMA content, showed that this coating had the lowest percentage of AgNPs, which could be
ascribed to the low number of catechol groups available to reduce silver ions.

TA/Ag TA/pMP/Ag

Figure 2.4. SEM images of AgNPs-loaded coatings [TA/Ag, TA/pMP/Ag, TA/pMPS8AE2/Ag,

and TA/pMPOAE1/Ag]

73



2.3.4. Surface Hydrophilicity. Surface wettability plays a crucial role in surface
biocompatibility and antifouling ability. Zwitterionic polymers have gained recognition as
promising materials for their potential as antifouling agents due to their ability to create
hydration shells through electrostatic interactions, forming more compact and closely bound
water layers.*>*¢ The static water contact angles (WCAs) of the bare glass and polymer-coated
glass surfaces were measured To assess the surface wettability (Figure 2.5). The initial contact
angle of the uncoated glass surface was measured to be 37 + 0.5°. However, after applying a
coating of tannic acid (TA), the contact angle significantly decreased to 13.9 + 1.5°. More
importantly, when TA was co-deposited with zwitterionic copolymers, there was a remarkable
drop in the water contact angle (WCA) to less than 5°. This drop in WCA indicates a substantial
improvement in the hydrophilicity of the surfaces. Among these coated surfaces, the
TA/pPMP9AE1 combination exhibited a low contact angle, in which the water droplet spread
entirely on the glass slide. These findings are consistent with the protein adhesion assay results in
Figure 2.6, demonstrating a remarkable antifouling performance of the TA/pMP9AE1-coated

surface, achieving nearly 93% effectiveness.

Bare glass TA TA/pPM
37X0.5° 13+1.5° = 5°

Aﬂ-_

TA/pPMSAE2 TA/pPMYAE1
< /Y < Ht

- ] == ————m—— |
Figure 2.5. WCA for bare glass, TA, TA/pMP, TA/pMPSAE2, and TA/pMP9AEI
2.3.5. Protein Adsorption. To quantify the adsorbed protein on our coatings, we employed a

BCA protein assay using BSA as a standard for protein quantification due to its enhanced non-
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specific adhesion to a wide range of surfaces, which promotes bacterial adhesion.?*’ We
selected BSA as a versatile, non-specific adhesive protein because it can bind to surfaces with
positive and negative charges. BSA is negatively charged at neutral pH and expected to be
repelled by opposing surfaces; however, its adsorption on the negatively charged was observed
where the predominant interactions are expected to be hydrogen bonding or hydrophobic
interaction. While both negatively and positively charged surfaces proved to have a similar
qguantity of adsorbed BSA, the initial kinetic adsorption rate of BSA for positively charged
surfaces is faster than for negatively charged surfaces.*® As shown in Figure 2.6, the bare glass
surface exhibited the most significant amount of adsorbed BSA by 2.9 ng/cm?, consistent with its
highest RMS value measured by AFM spectroscopy (Table S2-1). However, the surface
antiadhesion performance significantly improved after polymer coating the surfaces. These
polymer coatings showed variations in the amount of adsorbed protein depending on the molar
ratio contents of the polymer. For example, the protein amounts adsorbed on pMP8AE2 (0.7
pg/cm?) and pMP9AE!1 (0.21 pg/cm?) surfaces are lower than that on the pMP coating (1.28
pg/cm?). This phenomenon can be explained by the pMP interacting with TA through
noncovalent interactions, including phenol-phospholipid hydrogen bonding and cation-nt
interactions,*. At the same time, AEMA moieties may promote the grafting of copolymers on the
surfaces via the Michael addition reaction, which may increase the grafting density and the
stability of zwitterionic moieties on the coatings containing copolymers>’. On the other hand,
high AEMA content on pMP8AE2 coating may facilitate more electrostatic interactions between
the cationic amino groups of AEMA and the anionic charges of BSA at pH 7.4, resulting in
higher adsorbed protein compared to pMP9AEI substrate. This is consistent with the study that

demonstrated that high AEMA content increases the positive charges, so less AEMA (9:1) is
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optimal for antifouling property over 8:2 content and the homopolymer.’! Additionally, the
pMPIAE1-coated surface with a higher content of zwitterionic polymer-containing positive and
negative charged moieties may create a strong hydration layer on the top of the surface, resulting

in more protein resistances. !
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Figure 2.6. In vitro protein adsorption on glass, TA, TA/pMP, TA/pMP8AE2, and TA/pMP9AEI.
2.3.6. Antibacterial Activity of Coatings. The inhibitory effects for the controls (bare glass and
glass/TA) and AgNPs-coated surfaces against E. coli and S. aureus were initially evaluated using
the inhibition zone test. In brief, the control slides and AgNPs-loaded coatings were placed in
direct contact with the agars containing the bacteria for up to 24 h. The images in Figure 2.7
showed that all the samples coated with silver were surrounded by inhibition zones against E.
coli and S. aureus, indicating the suppression of bacterial growth on these substrates. In contrast,
the lack of antibacterial activity of the controls against both bacteria was qualitatively confirmed

by the absence of bacterial inhibition zones around the bare glass and tannic acid surfaces.
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Figure 2.7. Photographs of the inhibition zones against (a) E. coli and (b) S. aureus, for (1) bare
glass, (2) TA, (3) TA/Ag, (4) TA/pMP/Ag, (5) TA/pMP9AE1/Ag, and (6) TA/pMPS8AE2/Ag.
To investigate the effect of AgNPs releases from the coatings, we further evaluated the growth of
bacteria on the modified surfaces using the growth-inhibition test. As shown in Figure 2.8a, the
growth rate of E. coli at 24 h of incubation of bare glass was measured to be high, with an OD
value of 1.30. By contrast, E.coli growth on all AgNPs-modified surfaces exhibited only OD
values of 0.05 during the initial six hours of incubation, indicating slow growth of the bacteria

compared to bare glass, which could be attributed to the ability of a coating to release a relatively
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large amount of silver.*>*> There was a slight increase in growth rate at 24h, but the bacterial
growth values were still less than that on the control. Figure S2-7 shows that the turbidity of
bacterial suspensions of bare glass after 6h of incubation can be observed slightly more than the
turbidity appearances of AgNPs-loaded surfaces. The higher the bacteria growth, the more
visible the cloudy appearance of the turbidity. Moreover, it is worth noting that the
TA/pMP9AE1/Ag surface demonstrated the lowest OD value of only 1.00, indicating relatively
limited growth of E. coli on this surface. This OD value was lower than the observed growth
value (1.15) on TA/pMP8AE2/Ag coating. One potential reason for the decreased E. coli growth
on TA/pMP9AE1/Ag is the high content of released AgNPs; the explanation is consistent with
EDX results in Table S2-2. Also, the decreased growth of E. coli on the TA/pMP9AE1/Ag
coating can also be explained by the increased hydrophilicity imparted by the presence of a
higher content of MPC moiety that prevents the adhesion of bacteria and the debris of dead
bacteria, leading to better bactericidal activity. A similar phenomenon for S. aureus (Figure 2.8b)
is that the OD values during the first ten hours of incubation on AgNPs-loaded surfaces were
only 0.12. The figures moderately increased after 24 h of incubation, with the lowest OD value
of 1.20 for TA/pMP9AEI1/Ag coating, which was still lower than the growth rate observed for
the bare glass surface (OD =1.44). Generally, The coatings release the bactericidal agent over a
short time, making them suitable for short-term surgical applications, where a high-dose release
is desirable during the early period of implant insertion.>* The coatings were expected to diffuse
the agent into the aqueous medium rapidly since the agent was loaded without any chemical
interactions with the polymer matrix.>* Moreover, AgNPs-loaded coatings exhibited antibacterial
properties against gram-positive S. aureus for longer than the gram-negative E. coli. These

findings were mainly due to the differences in bacterial cell wall structure. Gram-negative
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bacteria have an additional outer membrane composed of lipopolysaccharides and proteins,
compared with gram-positive bacteria.’”> The results align with the antibacterial properties
marked in the inhibition zone assay and support the potential of using TA/pMP9AE1/Ag coating

as an effective agent in preventing bacterial growth.
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Figure 2.8. Growth curves of (a) E. coli and (b) S. aureus were treated with glass, TA-coated

glass (controls), and AgNPs-coated surfaces.
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2.3.7. Cell Cytotoxicity. The cytotoxic effect of the supernatants of silver-free and silver-coated
surfaces on normal human lung fibroblast cells (MRC-5) was assessed via the MTT assay. To
that end, MRC-5 cells at a density of 6 x 103 cells per well were incubated for 24 h with the
culture media or coating extracts and then used to evaluate the cell viability. As shown in Figure
2.9a and as expected, the silver-free coatings showed no toxic activity on MRC-5 cells. TA/pMP,
TA/pMP9AEI1, and TA/pMPS8AE2 coatings all promoted cell proliferation and exhibited
favorable cell viability compared to the control. We also assessed the cell toxicity of AgNP-based
coatings, as shown in Figure 2.9b. The control TA/AgNPs coating exhibited slightly lower cell
viability, ~ 84%. This reduction in cell survival could be due to the high number of catechol
groups on the surface, promoting the formation of AgNPs and, subsequently, making the surface
slightly more toxic to the cells. These findings are consistent with the EDX results where the
TA/AgNPs-grafted surface had the highest silver element. On the other hand,
TA/polymer/AgNPs coatings were found to have less silver, which may contribute to the
increased cell growth on these surfaces compared to TA/AgNPs coating. Our coatings generally
showed negligible cytotoxicity to normal human lung fibroblast cells (MRC-5). According to
ISO 10993-5, percentages of cell viability above 80% are considered non-cytotoxic, those within
the range 80%—60% are considered weak, percentages falling between 60%—40% are regarded as
moderate, and values below 40% are regarded as strong cytotoxic.”> Based on in vitro data, our
coatings demonstrate suitability for biomedical applications. However, in vivo studies are

required to confirm their true potential.
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Figure 2.9. Cytotoxic effects of (a) TA, TA/pMP, TA/pMPI9AE1, and TA/pMPS8AE?2 (b) control,

TA/Ag, TA/pMP/Ag, TA/pMP9AE1/Ag, and TA/pMPS8AE2/Ag coating extracts on MRC-5 cells.
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2.4. Conclusion.

A dip-coating technique was employed for a uniform coating by simultaneously depositing TA
and p(MPC-st-AEMA). The subsequent in sifu reduction of silver ions enabled the formation of
silver nanoparticles directly on the coated surface. In this process, the tannic acid (TA)
covalently bonded to the copolymer and facilitated the binding of coating materials to the
surfaces. The anti-adhesion property of the as-prepared coatings was challenged with bovine
serum albumin protein (BSA), and the antibacterial effect was challenged with Gram-negative
bacteria (E. coli) and Gram-positive bacteria (S. aureus). The resulting TA/pMP9AE]1 coating,
with silver nanoparticles embedded within the coating matrix, exhibited desired antifouling and
antibacterial properties and reliable biocompatibility. Thus, the proposed surface modification is
potentially useful as an effective and biocompatible antifouling coating for biomedical

applications.
2.5. Supporting Information.

2.5.1. Synthesis and Characterization of Monomer [AEMA].
The monomer [AEMA] was synthesized following our previously published report.>® The
chemical structure was characterized by the 'H NMR spectrum recorded on a Varian 500 MHz

spectrometer in D>0 (Figure S2-1).
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Figure S2-1: 'H NMR spectrum of 2-aminoethyl methacrylamide hydrochloride monomer

(AEMA).
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Figure S2-2: '"H NMR spectrum of 2-methacryloyloxyethyl phosphorylcholine homopolymer
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Figure S2-4: 'H NMR spectra for statistical copolymer p(MPCs,-st-AEMA 5) (500 MHz, D,0).

Sample RMS Value (nm)
Bare glass 1.250
TA 0.510
TA/pMP 0.373
TA/pMPSAE2 0.303
TA/pMPIAEL1 0.371

Table S2-1. Root-mean-square (RMS) in nanometer (nm) measurements using atomic force
microscopy (AFM) for the bare glass, TA-coated glass, TA/pMP, TA/pMP8AE2, and

TA/PMPYAEL.
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5 TA/pMPYAEA TA/pMP9AE1/Ag

Figure S2-5: photographic images for glass slides coated by TA, TA/pMP9AEI, and

TA/pMPIAE1/Ag.
Sample C(%) | O(%) | Na(%) | Mg %) | Si(%) | Cl(%) | Ca(%) | Ag (%)
TA/Ag 280 | 1329 | 241 | 068 | 9.48 - 233 | 69.01
TA/pMP/Ag 328 | 17.86 | 286 | 071 | 737 - 220 | 65.72

TA/pMP8AE2/Ag | 9.61 28.18 6.37 1.52 23.03 0.77 5.61 2491

TA/pMP9AE1/Ag | 5.32 27.01 5.04 1.16 16.28 - 4.46 40.73

Table S2-2. Elemental composition percentages (%) of the surfaces (TA/Ag, TA/pMP/Ag,
TA/pMP8AE2/Ag, and TA/pMP9AE1/Ag) were measured by Bruker energy dispersive X-ray

spectroscopy (EDX).
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Figure S2-6: EDX spectra for TA/Ag, TA/pMP/Ag, TA/pMPS8AE2/Ag, and TA/pMP9AE1/Ag
surfaces. The y-axis represents the number of counts, and the x-axis represents the energy of X-

rays.
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2.5.2. Growth Inhibition Curve Assay.

Sterile culture tubes containing 3 mL of autoclaved LB (Luria-Bertani) or TSB (Tryptic Soy
Broth) media were prepared. Every sample was immersed separately in the LB or TSB medium
in each culture tube. Aliquot (10 uL) of E. coli or S. aureus bacterial suspension was inoculated
in the above tubes before incubating at 37 °C and for up to 24h. The bacterial growth in each
medium for every sample was obtained by measuring the optical density (OD) at a wavelength of
600 nm using a spectrophotometer (Aliquots at intervals of every two hours were taken). The
growth graph was then conducted by plotting the average of triplicate OD measurements versus

time.

Bare glass
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TA/pMP/Ag
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Figure S2-7. Pictures of E. coli sustentions cultured with glass and AgNPs-loaded surfaces at
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2h,4h, 6h, 8h, 10h, and 24h.
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Figure S2-8. Pictures of S. aureus sustentions cultured with glass and AgNPs-loaded surfaces at

2h, 4h, 6h, 8h, 10h, and 24h.
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3.1. Introduction.

Biofilm formation is a severe complication formed after implant-associated infections, creates a
high risk to human health worldwide, and negatively impacts the economy.!”? The initial
adhesion of protein and other substances to the surface of the device develops into a film that is
prone to subsequent microbial attachment, resulting in biofilm formation.? Therefore, there is an
urgent need for an alternative approach to creating durable antibacterial surfaces that can
effectively prevent or eradicate infections related to implants. The coating method is one of the
various strategies developed to tailor the inherent physical and chemical characteristics of
surfaces. Currently, coating technology is dominated by two strategies according to their
mechanisms: passively resisting biofouling (antifouling coatings),* and the other aims to actively
kill bacteria (antibacterial coatings).> Although the passive antifouling strategy is widely used in
coating chemistry, its ability to suppress bacteria attachments, especially in the case of
proliferative fouling, is limited.® On the other hand, when the bactericidal coating method is used
to kill the bacteria, the increased dead and accumulated bacteria could provide binding sites for
subsequent biofilm forming, ultimately leading to the loss of the antibacterial property.
Therefore, modification of coatings with a combination of zwitterionic polymers and
unrealizable quaternary ammonium compounds provides a promising strategy to reduce implant-

associated infections.’

Hydrophilic polymers, such as zwitterionic polymers and poly(ethylene glycol) (PEG) polymers,
are two common hydrophilic polymers employed for antifouling surface fabrication.® However,
several researchers have demonstrated that PEG polymers may form a hydration layer via
hydrogen bonds, and they are prone to oxidize under biological conditions, which limits their

antifouling properties over long-term applications.”!® Therefore, zwitterionic polymers have
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been used as an alternative to PEG polymers due to their amphoteric nature, which allows them
to form strong electrostatic interactions with water.'!2 Niu and coworkers reported that catechol
containing dopamine methacrylamide (DMA) and the zwitterionic monomer 2-
methacryloyloxyethylphosphorylcholine (MPC) copolymers were grafted on stainless steel
meshes and silicon wafers via ozone activation. The poly MPC-grafted surfaces effectively
resisted protein adsorption and showed promising antifouling properties.!> However, these anti-
fouling coatings are unable to kill the approaching bacteria. Therefore, bactericides, such as
antibacterial peptides, antibiotics, carbon nanotubes, quaternary ammonium salts, and metal
nanoparticles, have been widely coated on surfaces for bacteria killing. Among them, coatings
bearing ammonium salts were determined to be successful materials for killing bacteria due to
their ability to kill bacteria even at low concentrations.'*!® The potential mechanism of these
agents is that polymers bearing positive charge groups, like poly(META), can interact with the
negatively charged phospholipids on bacterial membranes. Then, the hydrophobic tail penetrates
the membrane and disrupts it, resulting in cell death.'*' Farah et al. prepared coatings with
antimicrobial ability based on quaternary ammonium polymers. They prepared Quaternary
ammonium-based Polydiethylaminoethyl methacrylate (QA-PDEAEM) in the first method by
alkylation of DEAEM monomer followed by free radical polymerization and vice versa in the
second method. Their QA-polymers coated well-plate showed distinctive antibacterial activity
against four representative Gram-positive and Gram-negative bacteria after 6 days of

incubation.??

Recently, a mussel-inspired dopamine strategy has increasingly been used for coating multi-
functionalities based on the self-polymerization of dopamine under mild conditions, giving rise

to the formation of polydopamine. Hong et al. proposed that this polydopamine was formed
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through two pathways: non-covalent self-assembly and covalent polymerization.?® The residual
quinone, catechol, and amino groups of (PDA) give rise to secondary modification.”* The
quinone and catechol groups could react with nucleophilic amino and thiol groups via the
Michael addition and Schiff base reactions under basic conditions. For example, Qiu et al.
modified a membrane surface by co-deposition of dopamine/polyethyleneimine (PEI), and then
they obtained an N-alkylated PEI-coated membrane with antimicrobial properties.?> The
membrane surface modification was also achieved by Michael's addition reaction between a
thiol-containing zwitterionic polymer and an intermediate polydopamine layer.?® Moreover,
Zhang et al. prepared a biocatalytic membrane based on polydopamine (PDA) coating to
facilitate enzyme immobilization with the aim of applications in food, pharmaceutical, and water
treatment. Glutaraldehyde (GA) was grafted on the PDA-coated membrane by the reaction
between aldehyde groups of GA and hydroxy/amino groups of PDA, which was regarded as an
active site for further covalently binding enzymes.?’ Herein, we employ glass slides as a model
for inorganic surfaces and propose a facile strategy to construct antimicrobial polycationic-
zwitterionic coatings by firstly depositing polydopamine, then followed by grafting the
copolymers poly(MPC-st-FPMA) and poly(META-st-FPMA) which are donated as MPF and
MTF, respectively (Scheme 3.1). The antimicrobial and antifouling properties of the resultant

coatings were evaluated.
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Scheme 3.1. Schematic illustrates the grafting of MPF copolymer containing aldehyde to the

amino groups of PDA-coated substrate, resulting in protein-resistant bacteria-killing.

3.2. Experimental Section.

3.2.1. Materials. 4,4'-Azobis(4-cyano valeric acid), bovine serum albumin, 2-
(methacryloyloxy)ethyl trimethylammonium chloride, dopamine hydrochloride, 4-
hydroxybenzaldehyde, triethylamine, thiazolyl blue tetrazolium bromide, and methacryloyl
chloride were purchased from Sigma-Aldrich. Micro BCATM Protein Assay Kit was purchased

from Fisher Scientific. Organic solvents were obtained from Caledon Laboratories Ltd.
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3.2.2. Synthesis of Random Polymers (MPF and MTF).
2-(1-carboxy methylethylsulfanylthiocarbonylsulfanyl)-2-methyl propionic acid (CTA) and 4-

formyl phenyl methacrylate (FPMA) were initially synthesized as previously reported,?®?

and
their compositions were confirmed by 'H NMR. The MPF and MTF copolymers were obtained
by RAFT polymerization using CTA as a chain transfer agent and ACVA as an initiator (Figures
3.1 and 3.2). Typically, the reactants of the two copolymers [FPMA (180 mg, 0.9473 mmol),
MPC (1.12 g, 3.7966 mmol), CTA (29.85 mg, 0.106 mmol), and ACVA (5.97 mg, 0.0213
mmol)] and [FPMA (242 mg, 1.2736 mmol), META (1058 mg, 5.0938 mmol), CTA (40.81 mg,
0.1447 mmol), and ACVA (8.11 mg, 0.02894 mmol)] were put in polymerization tubes
containing methanol, DI water, and DMF. The reaction mixtures were stirred to dissolve the
reactants and then degassed under nitrogen for 30 min. The polymerization reactions were
carried out in an oil bath while stirring at 70 °C for 20 h. After that, dialysis was performed
against diH>O, followed by lyophilization to obtain the copolymers. The random polymers (MPF
and MTF) were characterized by 'H NMR spectroscopy to analyze the chemical composition and

gel permeation chromatography (GPC) to measure the average molecular weights as indicated in

the literature.>°
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Figure 3.1. Reaction scheme of RAFT polymerization between MPC and FPMA
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Figure 3.2. Reaction scheme of RAFT polymerization between META and FPMA.

3.2.3. Deposition of Polydopamine and Copolymers onto the Glass Slides. The slides were
placed in diH>0O and sonicated for 20 minutes, followed by rinsing the slides with ethanol for at
least 10 minutes. The surfaces were then dried by exposure to the air. Dopamine hydrochloride
(DA) was dissolved in Tris-HCI, pH 8.5, to prepare a dopamine solution with a 2 mg/mL
concentration. The slides were immersed into a 24-well plate containing 500 pl of DA solutions.
After shaking the plate for 8 h at room temperature, the PDA-modified surfaces were removed
and washed carefully with DI water. Three concentrations of MPF and MTF solutions were
prepared to graft the polymers on polydopamine coatings (see Table 3.1). The same protocol as
in the polydopamine layer was used for the post-coating of copolymers to afford the samples

(control PDA-, PDA/MPF-, PDA/MPF/MTF-, and PDA/MTF-coated glass surfaces).

Table 3.1. Weight ratios of MPF and MTF polymers applied to PDA-coatings.

Sample MPF (wt%) MTF (wt%)
PDA/MPF 100 0
PDA/MPF/MTF 50 50
PDA/MTF 0 100
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3.2.4. Surface Characterization. The chemical interactions of polydopamine and polymers with
polypropylene (PP) surfaces were investigated by collecting ATR-FTIR (Attenuated total
reflectance Fourier transform infrared) spectra for the pristine PP, PP/PDA, and PP/PDA/PMPF-
PMTF substrates. The surface morphology and roughness of the modified substrates were
characterized by atomic force microscopy (AFM) in dry conditions. The wettability of surfaces
was evaluated by measuring the water contact angle (WCA) in the air using a goniometer. 10 pl
of DI water was dropped on each surface, and the average of WCA in three different locations

was calculated.

3.2.5. Protein Adsorption Assay. All sample substrates (each with a surface area of 1 x 1 cm?)
were stained with bovine serum albumin (BSA) to investigate protein adsorption on the polymer-
coated surfaces and bare glass. Following the previous study protocol, the BCA protein assay kit

determined how much protein was absorbed on the sample surfaces.’!

3.2.6. Bacterial Adhesion Assays. S. aureus (Gram-positive) and E. coli (Gram-negative) were
used as typical bacteria to evaluate the antibacterial properties of zwitterionic and cationic
polymers coated glass substrates. A colony forming units (CFU) assay was carried out to study
the antibacterial adhesion activity.*>** In brief, S. aureus and E. coli were collected as single
bacteria colonies from TS and LB agar plates, inoculated in 25 mL of TS broth and LB broth,
respectively, and cultured for 16h at 37 °C. The cells were centrifuged at 4000 rpm for 5 minutes
and resuspended thrice in a sterile PBS solution. Next, the bacterial cells were dispersed in 1 mL
PBS buffer solution and then adjusted to an optical density of 0.15 readout at 670 nm (OD 670),
corresponding to about (8x10° cells/mL). The bacteria suspension was diluted in PBS to obtain a
cell concentration of about (1x107 cells/mL). 100 pl bacterial solution (1x107 cells/mL) was

dropped onto surfaces and co-cultured for 3h at 37 °C. The bare glass and modified surface
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samples were washed gently three times with PBS to ensure the non-adherent bacteria were
removed. Then, Surfaces were sonicated in 10 mL PBS solution to remove the attached bacteria
onto substrates. Subsequently, dilutions were carried out for each bacteria suspension, and 10 uL
from each dilution was cultivated in triplicate on TS and LB agar plates. Colony forming units
(CFU) were observed after spreading the bacteria onto agar plates and incubating them for 24 h
at 37 °C. The viable bacteria colonies were counted, and the number of attached bacteria was
calculated using the equation (N/N0)x100, where NO and N are the numbers of bacterial colonies

on the bare glass and modified substrate, respectively.

3.2.7. Stability and Durability of the Coatings. The stability and durability of the bare glass
and polymer-coated substrates were assayed by subjecting the surfaces to phosphate-buffered
saline (PBS) solution (pH=7.4) and shaking for 7 days. The bacterial adhesion activity of aged

substrates against S. aureus and E. coli was evaluated using CFU assay.

3.2.8. Cell Viability Assay (MTT). The MTT assay was performed to investigate the
cytotoxicity of the modified surfaces using normal human lung fibroblast cells (MRC-5). Briefly,
to prepare the coating extracts, 100 pl of Dulbecco’s modified Eagle’s medium (DMEM) [1%
sodium pyruvate, 10% FBS, and 1% penicillin/streptomycin] was placed separately in each well
of the culture plate. Every coating substrate was immersed in the medium solution, followed by
shaking the samples for 24h. After collecting the extracts, MRC-5 cells with a density of 6x10°
cells/well were seeded onto each well of the cell culture plate containing 100 pul of DMEM
medium and incubated at 37 °C for 24 h. Afterward, the old media were replaced by fresh
DMEM medium (as a positive control) or media of coating extracts and incubated for another
24h. Next, following the supplier protocol (Micro BCA Protein Assay Kit, Thermo Fisher

Scientific), twenty microliters of MTT dye solution (5 mg/mL in sterilized PBS) were added to
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each well, followed by incubation for 4h. After removing the media, 100 pl of
isopropanol/DMSO solution was added as a lysis buffer. The absorbance measurements were

then taken for every sample, and the number was expressed as percentages of the control.

3.3. Results and Discussion.

3.3.1. Synthesis of MPF and MTF Copolymers. A difunctional reversible addition-
fragmentation transfer agent (CTA), S,S’-bis (a,0’-dimethylacetic acid) trithiocarbonate, was
prepared from Carbon disulfide, chloroform, acetone, and tetrabutylammonium chloride, similar
to the protocol described elsewhere.?® as a chain transfer agent, this CTA has been demonstrated
to give excellent control of molecular weight (MW) with narrow polydispersity index PDI for
methyl methacrylate polymers. It was also used in the synthesis of water-soluble and
temperature-sensitive polymers.>* For this purpose, we used this CTA to facilitate the
copolymerization of FPMA with either MPC or META. FPMA was prepared from 4-
hydroxybenzaldehyde and methacryloyl chloride (FIgure S3-1) following the procedure in the
previous report.?’ Proton nuclear magnetic resonance spectra (‘H NMR) of CTA and FPMA
were recorded with a Varian spectrometer at 500 MHz; DMSO-ds was used as a solvent
(Figures S3-1 and S3-2). The (MPC-st-FPMA) and (META-st-FPMA) were synthesized via
RAFT polymerization of FPMA with either MPC or META and a targeted degree of
polymerization of 130. Figures 3.1 and 3.2 show the synthesis routes for MPF and MTF,
respectively. The FPMA mole contents within the MPF and MTF copolymer chains were
determined using '"H NMR analysis (Figures S3-3 and S3-4). By comparing the integral of the
distinctive peak for FPMA (& 8.12-7.50 ppm) with the characteristic peak integrals for MPC (6
3.72 ppm) and META (6 3.86 ppm), the calculated FPMA mole contents were found to be 17%

and 18% for MPF and MTF, respectively. These values align closely with the intended designed
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ratio of the copolymers Table 3.2. The number (Mn) and weight (My,) average molecular weights

of MPF and MTF were determined by aqueous GPC and summarized in Table 3.2.

Table 3.2. Characteristics of the Copolymers (MPF) and (MTF).

Composition (mole %) Molecular weight

Calculated from

GPC

in feed Calculated from 'H NMR

Polymer | MPC | META | FPMA | MPC | META | FPMA | M, x 10*(Da) | PDI

MPF 80 0 20 83 0 17 4.23 1.05

MTF 0 80 20 0 82 18 2.93 1.12

3.3.2. Surface Characterization.

3.3.2.1. Surface Composition.

The deposit of PDA and polymers was confirmed by conducting attenuated total reflectance
Fourier transform infrared (ATR-FTIR) spectroscopy for the surfaces (PP, PP/PDA,
PP/PDA/PMPF-PMTF, PP/PDA/MTF, and PP/PDA/MPF) (Figure 3.3). Polypropylene surface
(PP) is a material that can be used as a substrate for FTIR analysis.**>*® As shown in Figure 3.3,
polypropylene spectra displayed asymmetric and symmetric stretching peaks at 2950 and 2867
cm! for the CHs group and at 2923 and 2836 cm™ for the CH> group, while the two intensive
peaks at 1454 and 1375 cm’! were assigned to the C—H bending vibration of CH> and CHj3
groups, respectively.’’” The intensities of these peaks are slightly reduced on the spectra of
polymer-coated PP substrates, confirming the deposition of polydopamine and polymer coatings

on the PP surfaces. In all PDA and PDA/polymer coatings, the broad peaks between 3200 and
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3600 cm ™! were assigned to the stretching vibration of N-H and O—H, which mainly originates
from the polydopamine. In contrast, the broad peak at 500 to 900 cm™ could be attributed to the
fingerprint area for the catechol stretching vibration.*® Looking at the spectra of copolymer
substrates, new peaks were observed compared to the pristine PP and PP/PDA spectra. The peak
at 1650 cm' was observed on the spectra of PP/PDA/MPF-MTF, PP/PDA/MTF, and
PP/PDA/MPF surfaces. This peak is assigned to the C=N vibration of the Schiff base (reaction of
PDA with the polymers MPF and MTF). Moreover, the band at 1275 cm™ on the spectra of
PP/PDA/MPF-MTF and PP/PDA/MPF was attributed to the absorption of the P=O group on
MPF chains, which was absent in the PP/PDA and PP/PDA/MTF spectra.’*-° The signal at 1720
cm! was assigned to C=O aldehyde in PP/PDA/MPF and PP/PDA/MTF spectra. The
overlapping broad peak at 3200 to 3600 cm™' on the PP/PDA/MTF spectrum can be assigned to
the adsorption of O-H and —N*(CH3); groups.*’ The absorption peak at 1626 cm’! in the
PP/PDA/MPF-MTF spectrum was attributed to N—H stretching. All these results confirmed that
the polydopamine and two polymers (MPF and MTF) were successfully deposited on PP

surfaces.
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Figure 3.3. FTIR of PP, PP/PDA, PP/PDA/MPF/MTF PP/PDA/MTF, and PP/PDA/MPF

substrates

3.3.2.2. Morphologies of Modified Surfaces.

The bare and functionalized glass surface morphologies were investigated using atomic force
microscopy (AFM) (Figure 3.4). The bare glass was relatively smooth, with an RMS of 1.22 nm.
However, the root mean square (RMS) roughness of the PDA (polydopamine) coated surface is
measured to be 3.96 nm, indicating that the surface is rougher than the control glass surface. In
this case, the increased roughness is primarily attributed to the deposition of self-polymerized
large PDA aggregates on the surface, which leads to uneven surface morphology.*! Introducing
MPF and MTF copolymers onto the PDA-coated surface led to homogeneous and smoother
surfaces with lower RMS values than polydopamine coating. In particular, the PDA-MPF surface

showed the lowest RMS roughness with a value of 1.27 nm. These observations suggest that the
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MPF and MTF were successfully grafted onto the PDA-coated surfaces. This decrease in
roughness can be ascribed to the contribution of copolymers to form more uniform and even

surfaces, thereby confirming their adequate coverage over the PDA aggregates layer.

Glass PDA PDA/MPF

8.0 nm

-8.0 nm

HeighlSnor - Heigh ensor 1.0 pm Height Sensor 1.0 pm
PDA/MPF/MTF PDA/MTF

8.0 nm

-8.0 nm

Height Sensor 1.0pm Height Sensor 1.0 pm

Figure 3.4. AFM images of bare glass-, PDA-, PDA/MPF-, PDA/MPF/MTF-, and PDA/MTF-

coated surfaces.

3.3.2.3. Surface Hydrophilicity.

The hydrophilicity of biomaterials is an important characteristic that can impact protein
adsorption and other surface interactions. The static water contact angle (WCA) was measured to
evaluate the hydrophilicity of bare glass and the coated surfaces. As shown in Figure 3.5, the
pristine glass slide had a WCA of 37.5 = 0.7° (n = 3), indicating its moderate hydrophilicity. The

PDA-coated surface exhibited a higher WCA of 41.1 £ 1.4°, suggesting low hydrophilicity and a
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weak affinity for water compared to the glass control. In contrast, all polymer-modified surfaces
showed lower water contact angles than the bare glass and PDA-coated surface. The PDA/MPF-
coated surface demonstrated the lowest WCA of 14.3 £ 1°, suggesting that dense zwitterionic
polymeric coating contributes to more surface hydration. The zwitterionic polymer content likely
enhances the interaction with water, leading to a more effective surface hydration layer.*> When
the zwitterionic polymer content on the surface was decreased, there was a slight increase in the
water contact angle, indicating that the presence of MPF polymer on the PDA surface contributes

to a more robust interaction with water than the cationic groups of the MTF polymer brushes.*

37.5+0.7° 41.1+£1.4° 14.341°

S ——

Bare glass PDA PDA/MPF

214+1.2° 29.9+0.8°
e,

PDA/MPF/MTF PDA/MTF

Figure 3.5. WCA images of bare glass, PDA, PDA/MPF, PDA/MPF/MTF, and PDA/MTF

surfaces.

3.3.3. Protein Adsorption.

The adsorption of BSA (bovine serum albumin) on our coatings was measured using the BCA
assay. As shown in Figure 3.6, the bare glass and PDA-coated surfaces showed the highest
percentage of protein adsorption due to their hydrophobic interactions with BSA protein and
their hydrophobicity, confirmed by their relatively high contact angles, as shown in Figure 3.5.

This lack of protein suppression could also be attributed to the increase in surface roughness
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caused by the PDA coating.** After introducing the polymer coating, the substrates became more
hydrophilic, leading to less adsorbed protein. However, some protein was adsorbed onto the
coatings containing MTF polymer. This amount of the adsorbed protein is due to the electrostatic
interactions between the positively charged MTF polymer and the negatively charged BSA
protein.* The PDA/MPF surface showed the lowest percentage of adsorbed protein (3 %), which
can be attributed to the ability of the zwitterionic polymer to form a strong hydration layer on the
surface. This layer can prevent the non-specific adsorption of proteins.*® The small amount of
BSA adsorbed onto the MPF coating could be attributed to surface roughness and the formation
of covalent bonds between the aldehyde groups of MPF copolymer and amino groups of BSA.*
Generally, it has been demonstrated that the protein adhesive layer is a platform for bacterial
attachments and subsequent infections. Bacterial infections usually induce weak acidic
conditions in the biological environment. These acidic environments could cleave the Schiff base
linkage between the PDA and MPF or MTF copolymers. Such irreversible covalent bonds can
facilitate the removal of both live and dead bacteria electrostatically attached to the polymer

layer and release the adsorbed protein.*’
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Figure 3.6. Relative protein adsorption onto bare glass, PDA, PDA/MPF, PDA/MPF/MTF, and

PDA/MTF.

3.3.4. Antibacterial Performance of Polymer Coatings.

To examine the antiadhesion property of our surfaces against bacteria cells, we utilized CFU
assay to determine the survival rates of S. aureus and E. coli seeded on the substrates for 3h with
a concentration of 1x10” cells per mL. As shown in Figure 3.7(a, b), all coatings containing
MTF content showed low percentages of viable S. aureus and E. coli cells. In detail, Figures 3.7a
(top) and 3.7b (top) show the antibacterial performance against S. aureus. Massive bacterial
colonies of S. aureus were observed on the bare glass and PDA substrates, indicating the high
accumulation and adherence of bacteria, which the large surface roughness can ascribe. The
number of viable S. aureus adhered to the zwitterionic-coated substrate (PDA/MPF) was
relatively low, showing 36 % of adhered bacteria compared to bare glass. By contrast, the figures
for the PDA/MPF/MTF- and PDA/MTF-coated substrates significantly decreased to 19.20 % and

6.8 %, respectively. Meanwhile, a similar trend of the bactericidal ability of our coatings was
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observed against E. coli [Figure 3.7a (bottom) and 7b (bottom)]. For example, the E. coli
survival rate on PDA/MTF coating was the lowest by only 1.2%. This decrease in bacterial
viability can be ascribed to the fact that by introducing the cationic MTF polymer, which has a
simultaneous contact-killing action, to the coatings, the surface biocidal activity significantly
increased along with the increase of the cationic component.*® To compare the antibacterial
effect of the PDA/MTF and PDA/MPF/MTF substrates, the biocidal activity depends on the
density of cationic quaternary ammonium moieties in META brushes, which is a commonly used
biocide with a permanent and pH-independent positive charge. Therefore, PDA/MTF coating,
fabricated at a high density of MTF content, may result in a coating with a high proportion of
ammonium cationic groups and is expected to be more effective at killing bacteria than
PDA/MPF/MTF coating where the MTF density is less.*° Moreover, it has been reported that
coatings with high roughness can decrease bacterial adhesion by reducing the contact area
between the bacteria and the surface.’’ As shown in Figure 3.4, the PDA/MTF coating surface
was relatively rough and had large aggregates due to the successive deposition of polydopamine
and MTF polymer. This relatively high level of roughness may provide physical protection

against the adhesion of bacteria cells.
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Figure 3.7. The antiadhesion performance of unmodified and modified substrates. (a) CFU
images for S. aureus (top) and E.coli (bottom). (b) survival rates of S. aureus (top) and E. coli

(bottom).
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Coating stability in medical devices is essential to ensure their safety, efficacy, and durability.
Instability or degradation of coatings can lead to device failure, necessitating device replacement
and cost-effectiveness. Therefore, the stability of our coatings was evaluated after aging and
shaking for 7 days in a phosphate-buffered saline (PBS) solution by assessing the antibacterial
efficacy and comparing it with the freshly coated substrates. As shown in Figure 3.8 and Figure
3S5, only a slight increase in the number of attached bacteria is observed on the aged
PDA/MPF/MTF surface (20 and 15.4%) compared to the numbers before aging (19.2 and 4.3%)
against S. aureus and E. coli, respectively, suggesting the stability and durability of this coating
which can be attributed to its dual antifouling and bactericidal functionality.’* Generally,
compared to the aged PDA surface, the aged polymer-coated surfaces exhibited enhanced
resistance to bacterial adhesion.>® the PP/PDA/MPF-MTF coating showed better stability than
other polymer coatings. This stability could be due to its dual functionality, combining an
antibacterial polymer containing quaternary ammonium groups with antifouling zwitterionic
polymer, along with an increased count of covalent cross-linking and cation-m interaction

between electron-rich -system and cationic groups.>*
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Figure 3.8. survival rates of S. aureus (top) and E. coli (bottom) on the bare glass, PDA,

PDA/MPF, PDA/MPF/MTF, and PDA/MTF after incubation in PBS solution for 7 days.

3.3.5. Cytotoxicity.

A standard MTT assay was conducted to evaluate the cytotoxicity and biocompatibility of the
bare glass and modified surfaces. MRC-5 cells were incubated with a culture medium containing
extracts from the polymer coatings for 24h. As shown in (Figure 3.9), the different coated
surfaces showed varying degrees of impact on cell viability. While the cell viability percentage
of control was 100%, introducing coatings including DA, PDA/MPF, PDA/MPF/MTF, and
PDA/MTF resulted in varying percentages of cell viability. However, their cell viability
surpassed 94.3 % of the control, indicating that the coatings did not induce significant cytotoxic
effects or adverse reactions in the MRS-5 cells. In the PDA control surface, where no polymer
was applied, all cells remained viable, resulting in 105.64 % cell viability compared to the
control. Similarly, upon introducing the MPF polymer onto the PDA surface, the cell viability
percentage was 104.70 %. This high biocompatibility could be attributed to the increased cell

membrane biomimetic phospholipid-based MPF-polymer content in the PDA/MPF sample,

120



which is responsible for its remarkable biocompatibility. The similarity in structure between the
MPC-based polymer and cell membranes allows for a high degree of compatibility and
interaction with biological systems, making it an ideal choice for various biomedical
applications.>® The addition of MTF copolymer onto the PDA/MPC surface (PDA/MPC/MTF)
resulted in a slight decrease in cell viability to 94.3 %, which could be attributed to the potential
cytotoxicity of quaternary ammonium salts in META and AEMA contents.?! Lastly, the

PDA/MTF surface exhibited a ~100% cell viability compared to the control.
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Figure 3.9. The cell viability of MRC-5 cells was cultured for 24 hours on the surfaces (control

and coatings of PDA, PDA/MPF, PDA/MPF-MTF, and PDA/MTF modified glass).

3.4. Conclusion. Applying zwitterionic and cationic polymer coatings on surfaces has shown
great potential in providing antibacterial and antifouling properties. The morphology of the

coated surfaces plays a crucial role in determining their effectiveness. We carefully controlled
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the coating process and successfully grafted zwitterionic and cationic polymers to PDA-coated
surfaces. It was observed that as the zwitterionic polymer content in the coating increased, the
wettability of the surface increased. Similarly, with an increase in the cationic polymer within the
coating, there is a gradual enhancement in the bactericidal activity. The coating containing both
MPF and MTF demonstrates the ability to repel BSA protein (88.8%) and significantly decreases
the cell viability of S. aureus to 19.2% and E. coli to 7.7%. In addition, the coatings showed a
low toxic effect on MRC-5 cells, suggesting a great potential for these antifouling and

antibacterial coatings to fulfill biomedical applications.

3.5. Supporting Information.

3.5.1. 2-(1-Carboxy Methylethylsulfanylthiocarbonylsulfanyl)-2-methyl Propionic Acid
(CTA) Synthesis.
The RAFT agent was prepared following the methodology outlined in the literature?® and

confirmed by 'H NMR analysis (Figure S3-1).
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Figure S3-1: '"H NMR spectrum of CTA in DMSO-d6.

3.5.2. 4-Formylphenyl Methacrylate (FPMA) Monomer Synthesis.

FPMA monomer was synthesized according to the procedure mentioned in the literature. 2 g
(16.37 mmol) of 4-hydroxybenzaldehyde and 2.54 mL of triethylamine were dissolved in 17 mL
of tetrahydrofuran, followed by cooling the mixture to 0°C. Then, 1.92 g (18.37 mmol) of
methacryloyl chloride was added dropwise to the mixture at 0°C under continuous stirring. The
reaction mixture was left to stir for another 6 h at RT. The reaction solution was filtered thrice
and concentrated using a rotary evaporator. The crude product was washed with ethanol and
further concentrated using a rotary evaporator, yielding the product as a yellow oil (Yield 76%) (

Figure S3-2 and Figure S3-3).
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Figure S3-2. Synthesis of 4-Formylphenyl Methacrylate (FPMA) monomer.
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Figure S3-3: '"H NMR spectrum of 4-formylphenyl methacrylate (FPMA) in DMSO-d6.
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Figure S3-5: '"H NMR spectrum of MTF in D,O
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Figure S3-6. TS and LB agar plate photos of S. aureus (top) and E. coli (bottom) colonies
formed by the serially diluted bacterial cells detached from the bare glass and polymer-coated

glass slides after being aged in PBS solution for 7 days.
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Chapter 4: Stable Antifouling and Antibacterial Coating
Based on Assembly of Copper-Phenolic Networks
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4.1. Introduction.

One of the most detrimental consequences of bacterial surface colonization in the medical sector
is hospital-associated infections (HAIs), which can be life-threatening.! In the United States,
HAIs are estimated to infect at least 2 million individuals and result in 23,000 deaths every year,
costing USD 55 to 70 billion.? When medical devices are inserted into the body, they provide a
route for attachment and proliferation of bacteria and protein adsorption, which can develop and
become biofilm.>* Therefore, there is a need for antibacterial coatings that can potentially
minimize bacterial colonization and consequently reduce the occurrence of HAIs. To address the
emerging problem, recent studies demonstrate two major coating strategies: inhibiting the
attachment of bacteria and proteins (antifouling coatings) or killing bacteria attached to the
surface and in the vicinity (bactericidal coatings). On an antifouling coating, any bacterium that
manages to attach will proliferate, while on bactericidal coatings, the accumulation of dead
bacteria and debris provides opportunities for other bacteria to colonize the surface. As a result,
the integration of antifouling and bactericidal functionalities in a single coating has been
investigated to inhibit bacterial colonization.>

Due to their biocompatibility, renewability, and non-toxicity, polysaccharides are potential
candidates to replace synthetic polymers in various biomedical applications, such as wound
dressings, regenerative medicine, and drug delivery systems.”® Additionally, polysaccharides,
including hyaluronic acid, alginate, chitosan, and heparin, have been used in anti-adhesive
coatings for biomedical applications, demonstrating excellent antifouling properties.!*!2
Glycopolymers are another alternative to hydrophilic polymers that exhibit excellent antifouling
behavior. They are composed of many hydroxyl groups in their structures; therefore, their

complexes with divalent ions exhibit antifouling property that mimics the hydrophilic
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polysaccharides by preventing bacterial adhesion and protein adsorption to the materials.!* For
example, a poly(vinylidene difluoride) (PVDF) microporous membrane was modified with
poly(p-gluconamidoethyl methacrylate) (PGAMA) by activators generated electron transfer atom
transfer radical polymerization (AGET-ATRP) to improve the wettability and antifouling
property. With an increase in the PGAMA grafting density, the water contact angle and protein
adhesion decreased to as low as 30.4° and 0.19 mg/cm2, respectively, compared to 110° and 0.96
mg/cm? for PVDF control.'* In another study, glycopolymer was copolymerized with DMA, and
the resulting copolymer was coated onto different organic and inorganic surfaces (i.e., glass
slide, silicon wafer, and polycarbonate) by a simple one-pot process. The authors reported that
the DMA monomer provided the adhesive property and the glycopolymer provided the
hydrophilic functionality in which their coating reduced the water contact angles to 3.1 and 4.1°
compared to 56 and 52° for the glass and silicon wafer controls, respectively. '

Recently, metal-phenolic networks (MPNs), consisting of metal ions coordinated with phenolic
ligands, are considered versatile materials for simple and stable surface modification of medical
devices.'®'® In 2013, Caruso et al. first designed a simple method for fabricating pH-responsive

" and polyphenols.’ Since then, many

coating based on the coordination complex between Fe
antibacterial coatings have been developed based on metal-phenol chemistry.?’2? In particular,
silver and copper have been used for constructing antimicrobial coatings due to their low cost
and antimicrobial properties against a wide range of microorganisms.?2* Although copper
compounds are less toxic than silver compounds, the instability of CuPNs on bactericidal
coatings limited its applications.?> Therefore, a stable copper-based coating with antibacterial

properties and cytocompatibility is needed. Herein, we developed an efficient approach for

fabricating antifouling and antibacterial coating based on coordinating copper ions (Cu') and
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GADMA copolymer to form a stable metal-phenolic network on the surface (Scheme 4.1). Our
MPN coating system demonstrated long-lasting antifouling properties against bovine serum
albumin (BSA). The bacteria-killing activity of GADMA-Cu coating against Gram-positive S.

aureus and Gram-negative E. coli and the in vitro cytotoxicity of the coatings were also

investigated.
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Scheme 4.1. Schematic illustrates one-pot dip-coating on glass slide via metal-catechol networks

(MPNs) in the mixture of Cu ions and GADMA copolymer at pH=8.5

4.2. Experimental Section.

4.2.1. Materials. Azo-initiator [4,4-Azobis(4-cyano valeric acid) (ACVA)], bovine serum
albumin (BSA), copper sulfate (CuSO4.5H>0), methacrylic anhydride, sodium borate, and
dopamine hydrochloride were purchased from Sigma-Aldrich. Micro BCA™ Protein Assay Kit

was purchased from Fisher Scientific. N, N-dimethylformamide (DMF), sodium dodecyl sulfate
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(SDS), ethylene diamine (EDA), triethylene amine (TEA), isopropanol, tetrahydro furan (THF)
methacrylic anhydride, and dimethyl sulfoxide (DMSO) were obtained from Caledon
Laboratories Ltd. (Canada).

4.2.2. Synthesis of p(GAEMA-co-DMA) Copolymer [GADMA]. The monomers [2-
gluconamidoethyl methacrylamide (GAEMA) and dopamine mechacrylamide (DMA)] were first
synthesized, and their chemical structures were characterized by 'H NMR (see supporting
information for more details about protocols and characterization). The GADMA copolymer was
synthesized via free radical polymerization and using ACVA as an initiator. Briefly, GAEMA
(593 mg, 1.938 mmol), DMA (107 mg, 0.484 mmol), and ACVA (3.39 mg, 0.012 mmol) were
dissolved in deionized water and DMF in 50 mL polymerization tube. After degassing by
nitrogen for 30 minutes, the polymerization reaction was carried out in an oil bath at 70 °C for 24
hours. The product was then dialyzed against DI water for three days to remove the unreacted
monomers, followed by lyophilization to obtain the copolymer. The average molecular weight
(M,) and the polydispersity (PDI) of GADMA were measured by gel permeation
chromatography (GPC) as indicated in the literature.

4.2.3. One-step Deposition of GADMA-Cu Coating onto Glass Slides. The glass substrates
were rinsed under sonication in DI water for 20 min and then in acetone for 10 min before being
dried in air. To prepare MPNs coating, GADMA (8 mg/mL) was dissolved in 10 mM Tris-HCI
buffer solution, and the pH was adjusted to pH 8.5 by 1 M NaOH. Then, aqueous solution of
CuS04-5H>0 (5 mg/mL) was mixed with the polymer buffer solution [50:50% (v/v)]. The glass
slides were immersed into the mixture solutions and shaken for 10 h at room temperature. The
samples were then rinsed with DI water and dried in the air. The GADMA coating (without

copper) was also prepared as a control, following the abovementioned steps for MPN coating.
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4.2.4. Surface Characterization. To investigate the chemical structures of the bare glass and
GADMA coatings, attenuated total reflectance Fourier transform infrared (ATR-FTIR) spectra
were recorded using an Agilent Technologies Cary 600 Series FTIR spectrometer. Atomic force
microscopy (AFM) in PeakForce tapping mode and under dry conditions was employed to
measure the morphology of the modified glass substrates.

4.2.5. Hydrophilicity and Stability of MPNs Coating. The hydrophilicity of bare glass, pristine
polypropylene (PP), and the coated substrates [GADMA/glass, GADMA/PP, GADMA-Cu/glass,
and GADMA-Cu/PP] was examined by measuring static water contact angles (WCA) using a
contact angle goniometer at room temperature. Deionized water (3.0 pL) was dropped on three
different spots on each substrate, and the average of contact angles was calculated. WAC was
also measured for the glass substrates after incubation in PBS solution for 7 days to investigate
the stability of hydrophilic surfaces.

4.2.6. Antifouling Property of Metal-based Coating. To quantify the amount of bovine serum
albumin protein (BSA) adsorbed onto the control and GADMA and GADMA-Cu-coated
surfaces, the bicinchoninic acid (BCA) technique was performed in triplicate for each sample to
ensure the accuracy of results. 0.5 mL of BSA solution (20 mg/mL) was incubated with each
sample for 3, 15, and 30 h at 37 °C before rinsing the surfaces with DI water to remove the loose
protein. After that, samples were immersed in SDS solution (2 mg/mL) and shaken by ultrasonic
bath for 30 min to separate the adsorbed BSA. After incubating the BSA extracts with BCA
working reagent for 2 h at 37 °C, the amount of BSA in SDS extracts was determined by
measuring the absorbance at 570 nm using a Tecan GENios Pro microplate reader. The adsorbed
protein was calculated by comparing the protein concentration on each sample with initial BSA

concentrations from the standard curve.
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4.2.7. Antibacterial Activity of GADMA-coated Glass and Copper-loaded GADMA-coated
Glass Substrates. Two bacterial strains, E. coli (Gram-negative) and S. aureus (Gram-positive),
were used as model bacteria to investigate the antibacterial properties of the bare and modified
glass surfaces. In this work, E. coli and S. aureus were incubated in 25 mL of Luria-Bertani (LB)
and 25 mL of tryptic soy (TS) at 37 °C and 5% CO?2 for 18 h. Bacteria were centrifuged at 4000
revolutions per minute (rpm) for 5 min and washed with PBS twice. Finally, the harvested
bacterial cells were resuspended in 1 mL of PBS solution and diluted to an optical density of
0.15 at 670 (OD670), corresponding to a concentration of 8 x 10° cells/mL. The bacterial
suspensions were used for the following bacterial tests.

4.2.7.1. Colony-Forming Units (CFU) Assay. The viability of bacterial cells on bare glass,
GADMA surface, and GADMA-Cu surface was assessed using colony-forming units (CFU)
assay. E. coli and S. aureus suspensions with a concentration of 8 x 10° cells per mL were
adjusted by PBS solution into about 1 x 107 cells per mL. 100 uL of each bacterium was dropped
on the tops of samples in a 24-well plate and incubated for 24 h at 37 °C. The aliquots of E. coli
and S. aureus were then taken out of the surfaces and serially diluted in PBS solution and spread
onto Luria-Bertani (LB) and tryptic soy (TS) agar plates, respectively, in triplicate. After the
incubation of agar plates overnight at 37 °C, the viable colonies of bacteria were counted. The
bacteriostatic activity of the samples against E. coli and S. aureus was calculated by comparing
the surviving colonies on GADMA and GADMA-Cu coatings with the glass control.

4.2.7.2. Inhibition Zone Test. The non-leaching property of GADMA-Cu-coated glass surfaces
was qualitatively examined by performing an inhibition zone test. E. coli and S. aureus solutions
at a concentration of 8 x 10? cells/mL were inoculated on LB and TS agar plates and spread using

a disposable spreader. The substrates were placed on the agar plates and incubated overnight at
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37 °C. The results were then imaged using a digital camera to observe the halo zones.

4.2.8. Cytotoxicity Assessment Using MTT Assay. The MTT [3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide] assay was conducted to evaluate the viability of normal human
fibroblast cells (HDFa) in the extracts of bare glass, GADMA, and GADMA-Cu substrates. The
extracts were obtained by placing each substrate into the well of a 24-well plate for 24 h, each
containing 100 pL of Dulbecco's Modified Eagle Medium (DMEM). The extracts and the
control (fresh DMEM medium) were then incubated with HDFa cells for 24 h and tested by

MTT assay following the procedure outlined in our previous study.?’
4.3. Results and Discussion.

4.3.1. GADMA Copolymer Characterization.

The monomer GAEMA [( 2,3,4,5,6-Pentahydroxy-N-(2-methacrylamidoethyl) hexanamide] was
synthesized from the reaction between 2-aminoethyl methacrylamide hydrochloride (AEMA)
and D-gluconolactone and following our previously published report.?® The route of GAEMA
reaction synthesis is illustrated in Figure S4-1. Dopamine Methacrylamide Monomer (DMA)
was synthesized similarly to the protocol outlined in our previously published research (refer to
section 2 and Figure S4-3 in the supporting information document for the protocol steps).?
Proton nuclear magnetic resonance spectra (‘H NMR) of GAEMA and DMA were recorded with
a Varian spectrometer at 500 MHz using D20 and DMSO-d6 as solvents, respectively (Figures
S4-2 and S4-4). The GADMA copolymer was synthesized via free radical polymerization of
GAEMA and DMA with a targeted degree of polymerization of 220 (Figure 4.1). The mole
contents of GAEMA (77%) and DMA (23%) within GADMA copolymer chains were calculated

from the '"H NMR spectrum (Table 4.1 and Figure S4-5). These calculations were performed by

comparing the proportional integral intensities of CH» signals observed at 4.58-3.60 ppm in the
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GAEMA backbone and 2.89 ppm in the DMA chain. The number (M,) and weight (M,,) average

molecular weights of GADMA were determined by aqueous GPC and summarized in Table 4.1.

X Nt
HN"S0
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GAEMA DMA P(GAEMA-st-DMA)

Figure 4.1. Synthetic route of GADMA copolymer.

Table 4.1. Characteristics of the Copolymer GADMA.

Monomer (mole %) Molecular weight
Infeed Calculated from '"H NMR Calculated from GPC
Polymer GAEMA | DMA GAEMA DMA | M, x 10*(Da) PDI
GADMA 80 20 77 23 5.204 2.478

4.3.2. Chemical Structures of Coatings.

ATR-FTIR analysis was carried out to confirm the deposition of GADMA and GADMA-Cu
complex on the glass surfaces. The spectra in Figure 4.2 show the absorption of the uncoated
glass surface, GADMA, and GADMA-Cu surfaces. Looking at all spectra, the intensity of
characteristic bands at 895 and 748 cm™ on uncoated glass is slightly reduced after the
deposition of GADMA and GADMA-Cu coatings, confirming the deposition of polymer
coatings onto the glass surfaces. Compared to the control glass, new peaks can be observed on
the GADMA-coated glass spectrum. The broad band centered at 3248 cm™! could be attributed to
the stretching vibration of —OH groups presented in DMA and GAEMA. The weak signal at

2895 cm ! can be assigned to C—H stretching vibrations. The absorption peak at 1614 cm’

144



indicated the stretching vibration of the C=0O bond in the amide groups. The peaks observed at
1523 and 1408 cm! can be attributed to the C—OH in-plane bending and C—N—C stretching,
respectively. The metal ions act as electron acceptors to investigate the coordinate interaction
between Cu ions and GADMA polymer, while polymer functional groups (e.g., C=0 and —OH)
work as electron donors. These interactions are expected to weaken the functional groups and
shift their peaks to lower wavenumber regions.*° From the GADMA-Cu spectrum, there is a shift
decrease in frequencies of —OH and C=0 and groups to 3215 and 1604 cm™, respectively,
compared to the values on the GADMA spectrum. These shifts indicated the coordination
complexes involve not only the interaction between copper and phenolic groups but also the
bonding of copper with the amide group of glycopolymer. As a result, FTIR data confirmed that

GADMA and GADMA-Cu coatings were successfully adhered to the glass substrates.>!
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Figure 4.2. FTIR spectra for bare glass, GADMA, and GADMA-Cu-coated glass slides

4.3.3. Surface Morphology.
The morphologies of bare glass, GADMA, and Cu-GADMA-coated surfaces were investigated

by AFM, as shown in Figure 4.3. The RMS value of the bare glass was small by a value of 0.39
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nm, confirming that the bare glass was smooth. In contrast, the RMS roughness increased
remarkably to 2.13 nm for the GADMA-deposited surface, where particle-like aggregates were
observed due to the deposition of self-polymerized DMA-based copolymer.*? Further increase in
the RMS value was observed after the deposition of Cu-GADMA to reach 3.39 nm, and the
surface became rougher with many aggregates. The large number of Cu-GADMA aggregates
possibly indicates the successful chelation of Cu'' ions with phenolic amide groups of

GADMA .3

Bare glass GADMA GADMA-Cu

1 1

-~

L J
-

. [y
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Figure 4.3. AFM images for the bare glass, GADMA, and GADMA-Cu substrates

4.3.4. Wettability and Stability of GADMA-Cu-based Coatings on Glass Surfaces.

The wettability of both pristine (glass and PP) and surfaces coated with GADMA and GADMA-
Cu was studied by measuring the WCA in the air and at room temperature using a 3 puL droplet
of DI water. As shown in Figure 4.4a-b, the coated surfaces significantly reduced WCA values
compared to the uncoated control surfaces, suggesting that the glycopolymer layer enhances the
hydrophilicity of these surfaces.>* In Figure 4.4a, the WCA value of the pristine PP was
significantly high (106.4 + 1.3°), while the figures for GADMA and Cu-GADMA coatings
dropped to 30.9 + 0.9° and 28.7 + 1.4°, respectively. Additionally, as shown in Figure 4.4b (top),

the WCA values for the glass substrates exhibited a similar trend, with a dramatic decrease in
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WCA values for the GADMA and GADMA-Cu coatings to 10.5 = 1.2° and 7 £ 0.9°,
respectively, compared to bare glass (44.8 £ 1.8°). This decrease in WCA values indicates the
high hydrophilicity of the glycopolymer-based coatings, which could be attributed to hydroxyl
and amide groups on glycopolymer units.>> The Cu'' cross-linked catechol groups in the metal-
phenolic network structures are expected to impart stability to the coating.’**® Therefore, we
measured the WCA for the bare glass, GADMA, and GADMA-Cu surfaces after shaking them in
PBS solution for 7 days. As shown in Figure 4.4b (bottom), the WCA on the GADMA-coated
glass after the shaking recovered to 36.9 + 0.7° due to the poor stability of the GADMA coating.
On the other hand, the GADMA-Cu coating could maintain high hydration at the surface with a
WCA of 11.6 £ 0.7° even after immersing in PBS for 7 days due to its strong adhesive ability
enhanced by the MPN structure. Such stability of MPNs suggests their biomedical applications

in treating chronic wounds.*’
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Figure 4.4. WCAs images of (a) pristine PP, GADMA/PP, and GADMA/PP. (b) Fresh bare glass,

GADMA/glass, and GADMA-Cu/glass (top) and images after incubation of the coated glass

surfaces in PBS for 7 days (bottom).

4.3.5. Antifouling Property of GADMA-Cu-coated Glass Surface.

Understanding and controlling protein adsorption is crucial in the surface interactions to endow
biomedical devices with antifouling properties. We selected BSA as a versatile, non-specific
adhesive protein because it can bind to positively and negatively charged surfaces.*® 20 mg/mL
of BSA was incubated with bare glass, GADMA, and GADMA-Cu-coated glass surfaces for 3,

15, and 30 h at 37°C. The results shown in Figure 4.5 reveal that the surface of the bare glass
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exhibited the most significant amount of adsorbed BSA by concentrations of 10, 12.2, and 13.9
pug/cm?2 after 3, 15, and 30 h of incubation, respectively. The GADMA coating reduced the BSA
adsorption to 1.2 pg/cm? in the first 3 hours. Then, the amount of protein adsorbed onto the
GADMA surface increased with increasing the incubation time, reaching 10.8ug/cm? after 30 h
of incubation, suggesting that the coating without metal-phenol interaction is unstable. In
contrast, the GADMA-Cu coating reduced protein adsorption to 1.1, 1.37, and 1.61 pg/cm?2 after
incubation at 3, 15, and 30 h, indicating the excellent antifouling effect against the protein. The
antifouling property of GADMA-Cu coating is mainly due to the enhanced surface hydration
induced by the stability of glycopolymer coating based on a copper-phenolic network.>*4
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Figure 4.5. Mass of BSA adsorbed onto bare glass, GADMA, and GADMA-Cu-coated glass
slides after incubation at 37°C for 3, 15, and 30 h.
4.3.6. Antibacterial Properties.
The CFU assay was carried out to investigate the antibacterial properties of the pristine glass and
modified glass surfaces (GADMA and GADMA-Cu) against E. coli and S. aureus. The number

of CFU on each sample was calculated after seeding each bacterium on the surfaces for 24 h at a
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concentration of 1 x 107 cells/mL. Figure 4.6a-b shows a reduction in the number of viable cells
of E. coli and S. aureus on the modified glass slides compared to the control glass surface. The
number of viable E. coli and S. aureus on the pristine glass substrates is about 33 x 10% and 29.5
x 10* cells/mL, respectively. The number of viable E. coli and S. aureus on the GADMA surfaces
decreases to about 14 X 10* and 13 x 10*. After coordination of Cu', the GADMA-Cu coating
demonstrated the highest antibacterial efficiency of the coating against E. coli and S. aureus,
reducing the number of viable bacteria to zero and 1 x 10% respectively, suggesting the

synergistic action of the glycopolymer (GAEMA) and the copper. The GAEMA could prevent

36,41

the adhesion of bacteria on the surface, while the copper could kill the bacteria.
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Figure 4.6. images of (a) E. coli and S. aureus colonies after being cultivated with bare glass,
GADMA, and GADMA-Cu substrates. (b) the number of viable bacterial cells on control and
modified glass slides.

To examine the release of Cu ions of GADMA-Cu, an inhibition zone test was conducted by
placing the bare glass, GADMA, and GADMA-Cu surfaces onto the agar plates containing E.
coli and S. aureus and incubation for 24 h. As shown in Figure S4-6, clear zones were observed

around GADMA-Cu surfaces against both E. coli and S. aureus. The presence of inhibition zones
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around the GADMA-Cu-coated glass slides confirms that the amount of released copper ions
was not high enough to result in the zone of inhibition on the agar plates.*?

4.3.7. In Vitro Cell Cytotoxicity Study.

An MTT assay was carried out to evaluate the biocompatibility of the GADMA and GADMA-
Cu coatings to exploit our coatings in biomedical applications. To this end, HDFa cells were
incubated with coating extracts for 24 h, and nearly 99% cell viability was observed in all cases
compared to 100% cell viability in the presence of the control (see Figure 4.7). This
phenomenon confirmed that the GADMA polymer mimics natural polysaccharides, enhancing
biocompatibility and reducing toxicity.** MPNs have also been extensively studied for their
biomedical applications and exhibited outstanding cytocompatibility, making them safe for use in
biological environments.** This fact is consistent with the high cell viability of GADMA-Cu

extract, as shown in Figure 4.7.
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Figure 4.7. The cell viability of HDF cells was cultured for 24 hours with DMEM medium

(control), bare glass, GADMA, and GADMA-Cu substrates.
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4.4. Conclusion.

A one-step dip-coating method has shown great potential in endowing surfaces with a stable
coating for possible antifouling and antibacterial application. p(GAEMA-st-DMA) and Cu'' were
simultaneously deposited on glass and PP substrates to form a stable coating based on MPNs
chemistry. The open chains of GAEMA glycopolymers facilitated the coordinated interactions
with copper ions through its hydroxyl and amide groups, and the residual hydroxyl groups
enabled the complex adhesion to the substrates. The GADMA-Cu coating exhibited persistent
antifouling properties against BSA protein adsorption and unique antibacterial properties against
Gram-negative bacteria (E. coli) and Gram-positive bacteria (S. aureus). Thus, the resulting

coatings may have the potential to be helpful in biomedical applications.
4.5. Supporting Information.

4.5.1. Synthesis of 2-Gluconamidoethyl Methacrylamide (GAEMA).
The monomer GAEMA [( 2,3.,4,5,6-Pentahydroxy-N-(2-methacrylamidoethyl) hexanamide] was
synthesized following our previously published report.?® The route of GAEMA reaction synthesis

is illustrated in Figure S4-1. The chemical structure was characterized by the "H NMR spectrum

oH X

0 o HN. 0
~_NH, - HCl  + o OH 2
\H)LH HO © OH< .
OH HO
HO~ OHO

AEMA D-gluconolactone GAEMA

recorded on a Varian 500 MHz spectrometer in D2O (Figure S4-1).

Figure S4-1. Synthesis of 2-gluconamidoethyl methacrylamide (GAEMA). Reaction conditions:

TEA, methanol, RT, and overnight.
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Figure S4-2. '"H NMR spectrum of 2-gluconamidoethyl methacrylamide (GAEMA) in D>O.
4.5.2. Synthesis of Dopamine Methacrylamide Monomer (DMA).

5 g of sodium borate (13.11 mmol) and 2.0 g of NaHCO3 (23.81 mmol) were dissolved in 50 mL
of DI water. After degassing the mixture under nitrogen, 2.5 g (16.32 mmol) of dopamine
hydrochloride was added and stirred for another 15 min under nitrogen. Then, a mixture of 2.35
mL (15.85 mmol) methacrylic anhydride and 12.5 mL THF was added dropwise to the above
solution in an ice-water bath. The pH of the reaction mixture was monitored, kept in the range of
8 to 9 by adding 1 M NaOH solution, and stirred overnight at room temperature. Then, the
reaction mixture was washed twice with ethyl acetate and filtered. After collecting the aqueous
layer, the filtrate was acidified to pH 1-2 with 5 M HCI and extracted thrice with a large amount
of ethyl acetate. The organic layer was collected, dried with MgSO4, and concentrated under
rotavapor. The product was recrystallized in the fridge overnight, filtered, and vacuum dried to
obtain DMA monomer. The chemical structure was characterized by 'H NMR spectroscopy

using DMSO-ds solvent (Figure S4-3).
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Figure S4-3. Synthetic route of dopamine methacrylamide monomer (DMA).
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Figure S4-4. "H NMR spectrum of dopamine methacrylamide monomer (DMA) in DMSO-ds.
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Figure S4-5. "H NMR spectrum of copolymer p(GAEMA-st-DMA) using D,O as a solvent.

E. coli S. aureus

Figure S4-6. Inhibition zones test images against E. coli and S. aureus, with a concentration of 8
x 10° cells/mL, after incubation of (1) bare glass, (2) GADMA, and (3) GADMA-Cu-coated

glass surfaces on LB and TS agar plates for 24 hours at 37°C.
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Chapter 5: Conclusions and Future Directions
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5.1. Key Findings.

Developing antifouling and antibacterial coatings is becoming increasingly desirable due to the
rising number of medical device-associated infections (DAIs). The initial adsorption of proteins
on medical device surfaces can act as a platform for subsequent bacterial attachment and biofilm
formation, posing a significant challenge in preventing device-related infections. Although
antifouling surfaces can inhibit protein adsorption and initial bacterial adhesion, the few bacterial
cells that adhere may proliferate and eventually form a biofilm. Conversely, bactericidal surfaces
may suffer from the adhesion of dead bacteria and block the bactericidal moieties, leading to
eventual biofilm formation. Hence, medical devices with stable, biocompatible, versatile
coatings that combine antifouling and antibacterial properties are needed. Since most bacterial
cells are hydrophobic, they manage to colonize hydrophobic materials and vice versa
preferentially. Constructing hydrophilic coatings is generally applicable for the inhibition of
bacterial cell adhesion. Zwitterionic polymers containing zwitterionic groups close to each other
can electrostatically form a hydration layer and avoid nonspecific protein and bacteria adhesions.
Due to their biocompatibility and non-toxicity, polysaccharides have been demonstrated as
promising hydrophilic antifouling agents to replace hydrophilic synthetic polymers.
Glycopolymers are also an alternative to hydrophilic polymers and exhibit excellent antifouling
behavior. Their structures contain many hydroxyl groups; therefore, their antifouling property
mimics the hydrophilic polysaccharides by preventing bacterial adhesion and protein adsorption.
They can bind divalent ions and increase the hydration of the polysaccharide films. Metal-
phenolic networks (MPNs), consisting of metal ions coordinated with phenolic ligands, are
considered versatile materials for fabricating simple and stable coatings on medical device

surfaces.
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In this thesis, we have taken innovative approaches, developing three distinct bifunctional
coatings with excellent cytotoxicity. These coatings are tailored to the chemistry of tannic acid
and dopamine, allowing for the covalent deposition of functional polymers using surface-
independent, simple, and cost-effective methods. These novel methods open new possibilities for

developing advanced medical device coatings.

Chapter 2. A simple one-pot method was employed to endow the glass surface with antifouling
and bactericidal properties by simultaneously depositing TA and p(MPC-st-AEMA) via covalent
amine-TA interactions, followed by in situ generation of AgNPs. The modified glass surfaces
had a water contact angle of less than 5°; thus, they are super hydrophilic surfaces and
significantly reduced the protein adsorption to as low as 0.21 pg/cm? on the surface coated by
copolymer with a molar ratio of MPC: AEMA (9:1). The coatings also demonstrated bactericidal
activity by forming zones of inhibition against E. coli and S. aureus and showed negligible
cytotoxicity to normal human lung fibroblast cells (MRC-5). Thus, modified surfaces are
potentially helpful as effective and biocompatible antifouling materials for biomedical

applications.

Chapter 3. The glass surface was grafted with a self-adhered polydopamine layer via a simple
dip-coating method. To functionalize the glass surface with stable bactericidal coating, a
combination of quaternary cationic copolymer with fouling-resistant zwitterionic copolymer was
successfully grafted by Schiff base linkage between its aldehyde group and the remaining amino
groups of self-oxidized PDA. The non-leaching bactericidal quaternary ammonium moieties and
covalent bonding rendered excellent stability to the coating against the bacteria adhesion. The
coating with an equal weight ratio of copolymers reduced the adherent viable bacteria by 80%

even after shaking the sample in PBS for 7 days, compared to 81.8% of bacterial anti-adhesion
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for the fresh coating. Compared to uncoated glass, the coating decreased nonspecific BSA
protein adsorption by 10 %. Despite its antifouling property, the coating was not cytotoxic to
normal human lung fibroblast cells (MRC-5). This suggests the coating may apply to medical

devices like contact lenses for wear and loading considerations.

Chapter 4. Using Metal-phenolic networks (MPNs) interactions, a stable coating has been
developed based on the complexation of copper ions with phenolic and hydroxyl groups.
Glycopolymer poly (GEMA-st-DMA) was successfully grafted to the glass surface based on the
adhesive catechol groups of DMA and formed a coordination complex with Cu®’. The copper
ions also cross-linked hydroxyl and amide groups on glycopolymer, imparted stability to the
coating. Due to the coating hydrophilicity, WCA was reduced to 11.6 + 0.7° after 7 days of
immersion in PBS solution. The antifouling property of the coating was effective in inhibiting
BSA adsorption due to the high degree of hydration induced by the binding of copper divalent
ions with GAEMA and DMA. The coating also exhibited unique antibacterial properties against
Gram-negative bacteria (E. coli) and Gram-positive bacteria (S. aureus). Such stable MPNs-

based coatings suggested their application in the biomedical field.

5.2. Future Directions.

Given the increased number of HAIs, the ongoing development of antibacterial coatings for
potential biomedical applications is expected to gain momentum. The coatings must demonstrate
resistance to bacterial colonization and biofilm formation to combat these infections. In this
regard, significant achievements in the rational design and fabrication of dual-functional
antifouling and bactericidal polymeric-based coatings using tannic acid and dopamine
chemistries hold great promise. However, there are still challenges for innovation and

improvement in these coatings that must be addressed. Transferring the applications of TA and
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PDA coatings from the research laboratory into large-scale manufacturing needs to be
developed. Long-term stability and toxicity assessments conducted in the laboratory must be
replicated in in vivo studies, . In vivo, assessments should not be conducted solely on small
animals to save costs. Tests on large animals are needed as they often provide better predictors of

clinical outcomes.
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