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ABSTRACT

A COMPARISON ON PROTEIN, BACTERIAL ANTI-ADHESIVE AND
ANTI-BACTERIAL PROPERTIES OF ZWITTERIONIC BLOCK
COPOLYMER MICELLE CONTAINING ULTRA-THIN FILMS OF
VARYING COMPOSITIONS

Ulusan, Sinem
M. S., Department of Chemistry
Supervisor: Assoc. Prof. Dr. Irem Erel Goktepe
Co-Supervisor: Prof. Dr. Sreeparna Banerjee
January 2019, 97 pages

In this study preparation of ultra-thin coatings of zwitterionic block copolymer
micelles and a comparison of their protein adsorption, adhesiveness and anti-
bacterial properties as well as adhesiveness against osteoblast-like cells were studied.
Zwitterionic block copolymer micelles were obtained through pH-induced self-
assembly of poly[3-dimethyl (methacryloyloxyethyl) ammonium propane sulfonate-
b-2-(diisopropylamino)ethyl methacrylate] (SPDMA-b-PDPA) at pH 7.5. BPDMA-b-
PDPA micelles with zwitterionic BPDMA-corona and pH-responsive PDPA-core
were then used as building blocks to prepare either 1-layer or layer-by-layer (LbL)
assembled multilayer films together with Hyaluronic Acid (HA), Tannic Acid (TA)
or poly(sodium 4-styrene sulfonate) (PSS). Protein adsorption tests showed that 3-
layer BPDMA-b-PDPA micelles/HA films were the most effective in reducing the
adhesion of BSA, lysozyme, ferritin, and casein. In contrast, BPDMA-b-PDPA
micelles/TA films were the most attractive surfaces for protein adsorption. Bacterial
anti-adhesive tests against a model Gram-negative bacterium, Escherichia coli and a
model Gram-positive bacterium, Staphylococcus aureus were in good agreement
with the protein adsorption properties of the films. The differences in the anti-

adhesive properties between these three different film systems were discussed within
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the context of chemical nature and the functional chemical groups of the polyanions,
layer number and surface morphology of the films. Multilayers were found to lose
their anti-adhesiveness in the long-term. However, by taking advantage of the pH-
responsive hydrophobic micellar cores, an anti-bacterial agent could be loaded into
the micelles and multilayers could exhibit anti-bacterial activity in the long-term
especially at moderately acidic conditions. In contrast to anti-adhesive properties, no
significant differences were recorded in the anti-bacterial properties or osteoblast

adhesive properties between the different film types.

Keywords: LbL, polyzwitterions, anti-bacterial, anti-adhesive, surface morphology,

pH-responsive micellization
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0z

BLOK KOPOLIMER MISEL iCEREN COK INCE FILMLERIN, BAKTERI
VE PROTEIN TUTUNMASI VE ANTIi-BAKTERIYEL OZELLIKLERININ
KARSILASTIRILMASI

Ulusan, Sinem
Yiiksek Lisans, Kimya Bolimii
Tez Yéneticisi: Dog. Dr. irem Erel Goktepe
Yardime1 Tez Yoneticisi: Prof. Dr. Sreeparna Banerjee
Ocak 2019, 97 sayfa

Bu calismada zwitteriyonik blok kopolimer miseller kullanilarak, hazirlanmis ultra
ince filmlerin, bakteri ve protein tutunmasi, anti-bakteriyel oOzellikleri ve ayni
zamanda osteoblast-benzeri hiicre tutunmasi  Ozellikleri rapor edilmistir.
Zwitteriyonik blok kopolimer miceller poli[3-dimetil(metakriloyiloksietil) amonyum
propan  siilfonat-b-2  (diizopropilamino)etil  metakrilat] (BPDMA-b-PDPA)
polimerinin asidik suda ¢oziiniip (pH 3), yavas yavas pH 1 7.5 a yiikseltilmesiyle
hazirlanmistir. pH a bagh olarak sudaki ¢oziniirliigii etkilenen PDPA blogu ortam
bazik oldugunda sudaki c¢oziinlirligiinii kaybedip hidrofobik yapidaki koru ve
zwitteriyonik blok BPDMA da zwitteriyonik koronast olan miselleri kendiliginden
olusturmuslardir. Daha sonra bu miseller {i¢ farkli polianyon (Hyaluronik asit, Tanik
asit ya da poli(stiren-4-siilfonat)) ile birlikte kullanilarak katman katman filmler
olusturulmustur. Protein kaynagi olarak BSA, lizozim, ferritin ve kaseinin
kullanildig1 deney sonuglarina gére 3-katman BPDMA-b-PDPA misel/HA sisteminde
protein tutunmasinin en az, 3-katman BPDMA-b-PDPA misel/TA yiizeylerinde
protein tutunmasinin en fazla oldugu goriilmistiir. Bakteri tutunmasi deneylerinde
Gram + bakteri olan Staphylococcus aureus ve Gram — bakteri olan Escherichia coli,

model alinmistir. Bakteri tutunmasi deney sonuglari, protein tutunma deney
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sonuglariyla uyum gostermistir. Farkli yiizeylerin hem bakteri hem de protein
tutunmasina kars1 6zellikleri, kullanilan polianyonlar ve kimyasal yapilari, yiizey
morfolojileri ve katman sayilar1 gibi Olglitler g6ze alinarak kiyaslanip
kargilastirilmistir. Bu filmler kisa siire boyunca kararli kalsalar da uzun siirecte
kararliliklarini yitirmislerdir. Fakat hidrofobik kor igerisine yiiklenen ve hidrofobik
bir antibiyotik olan Triklosan sayesinde, uzun siirede filmlerden pH a bagli olarak
ilag salimi1 ve anti-bakteriyel 6zellikler de kontrol edilmistir. Tutunma deneylerinden
farkli olarak anti-bakteriyel agidan veya osteoblast tutunmasi agisindan yiizeyler

arasinda ciddi farklar gozlenmemistir.

Anahtar Kelimeler: Katman katman, polizwitteriyonlar, anti-bakteriyel, yapismaz,

yiizey morfolojisi, pH a bagli misellesme
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CHAPTER 1

INTRODUCTION

1.1. The Importance of Anti-adhesiveness on Biomaterial Surfaces

Biomaterials can be used to facilitate the wound healing process or as implants to
restore functionality in the body. Biocompatibility, biosafety and the interactions
between the implant surface and cells in the environment play an important role in
the design of biomaterials. In addition, bacterial attachment/growth on the
biomaterial surface followed by biofilm formation is a major concern in the
preparation of biomaterials. Biofilm is defined as multilayers of bacteria together
with extracellular matrix components. Thus, antibiotics are not effective in removing
biofilms due to poor drug diffusion into the biofilm [1]. Importantly, weak response
to antibiotic treatment results in the development of resistance against multiple
drugs; so called multi-drug resistant (MDR) bacteria [2]. Biofilm formation on
biomaterials may lead to the rejection of the implanted biomaterial as well as severe
infections that could either bring further complications or be fatal. Therefore, a
biomaterial that can delay or eliminate biofilm development is highly desirable.
Biofilm formation mechanism can be divided into three major stages: i) attachment,
1) maturation and iii) dispersion. The first stage in biofilm formation is the
attachment stage which can be further subdivided as initial reversible attachment and
irreversible attachment. In the initial reversible attachment flagella and type IV pili
are important. Flagella enable bacteria and surface interactions whereas type 1V pili-
mediated motilities enable bacteria to aggregate and form microcolonies. Once the
first layer of the biofilm established, the maturation stage is initiated. In the

maturation stage cells of the same species or different species gather to form a bulk



fluid containing extracellular polymeric substances i.e. exopolysaccharides, proteins,
enzymes and nucleic acids secreted from bacteria. At this stage biofilm fluid has its
own channels allowing the passage of water, air and nutrients. In addition, each
bacterium in the biofilm takes a specialized function and arrangement in
communication with each other according to their metabolism and aero-tolerance.
After maturation step, dispersion stage is initiated. The dispersion stage is important
for the life-cycle of the biofilm. When the nutrients deplete or the population inside
the biofilm exceeds, because of the competition and outgrown population, dispersion
occurs. Dispersion can occur as a whole or a part of the biofilm and the release of
planktonic bacteria, bacteria float or swim as a single cell, promotes the initiation of

new biofilms at other sites [3]. Figure 1 shows the stages of a biofilm formation.
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Figure 1. The process of biofilm formation and components of a mature biofilm.
Modified from Sintim et. al. (2015) [3].

According to the Vroman effect, the first tissue response upon implantation of a
biomaterial is the non-specific adsorption of high mobility proteins such as albumin

that is later replaced by high affinity but less abundant proteins such as globulin and
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fibrinogen; eventually the latter are replaced by the high molecular weight proteins,
i.e. kininogen [4,5]. Bacterial interactions with a target cell surface starts with
calcium binding proteins of the outer membrane such as LPS or pili. These cell
surface proteins also provide for the motility of bacteria on the surface, mediating
surface colonization [6-9]. Biofilm-associated protein 1 (Bapl) and Rugosity and
biofilm structure modulator C (RbmC) are important for stable biofilm formation on
the surface [10]. Therefore, inhibition of protein adsorption on the biomaterial

surface is critical to prevent biofilm formation and implant/device failure.

1.2. Surface Modification of Biomaterials using Polymers

Surface modification of biomaterials is a commonly applied method to improve
biocompatibility, surface-body interactions of the biomaterial and to delay or
eliminate biofilm development. Polymers have been extensively investigated to
modify biomaterial surfaces due to relatively low cost of synthesis and easy
manipulation of the physical and chemical properties. There are three major ways to
functionalize biomaterial surfaces using polymers: i) coating the biomaterial surface
using anti-adhesive polymers to prevent the first contact of microorganisms with the
surface, so called "low-fouling polymers™; ii) releasing antimicrobial agents from
polymer coatings; iii) physical/chemical immobilization of antimicrobial agents into

the polymer coating to kill the bacteria upon contact.

1.2.1. Coating of the Biomaterial Surfaces using Anti-adhesive Polymers

Previous studies have shown that hydrophilic, and highly hydrated polymers can
prevent the adhesion of proteins and bacteria by forming a network of water
molecules on top of the coating, which can act as a barrier for proteins and bacteria
that are attracted to the biomaterial surface [11-16]. The anti-adhesive or anti-fouling
polymers can be classified into five major types [17,18];

1) Poly(2-hydroxyethyl methacrylate) (PHEMA) based polymers,



i) Polyethylene glycol (PEG), oligoethylene glycol (OEG) and
Poly(ethylene glycol) methacrylate (PEGMA) based polymers,
iii) Poly(2-alkyl-2-oxazoline)s (PAOXs) and

Iv) Polyzwitterions

In 1960s, use of HEMA based polymers as anti-fouling polymers has gained
popularity. One example to HEMA based polymers is poly(2-hydroxyethyl
methacrylate) (PHEMA), which is a neutral and hydroxyl rich material. Because of
their hydroxyl-rich structures, they can make hydrogen bonds with water and can
create well-hydrated surfaces that can show resistance to biomolecule adsorption or
cell adhesion [19,20]. One disadvantage of PHEMA is its poor antifouling
performance in undiluted human blood serum and plasma possibly because of its
complex interactions between blood and serum proteins with the surface [21,22]. As
a result the need for other anti-fouling polymers was emerged. Figure 2 shows the
chemical structure of poly(2-hydroxyethyl methacrylate) (PHEMA), a commonly
used HEMA based polymer for anti-fouling applications.

HO

Figure 2. The chemical structure of HEMA. Modified from Chang et. al. (2014)
[17].

In 1970s, the use of PEG or polymers with OEG moieties has gained attention
because of their steric exclusion effect and water attracting properties to create a
hydration layer providing them anti-adhesiveness [23,24]. For example, Ober et al.
contrasted anti-fouling performance of PEG-based hydrophilic polymer coatings and
hydrophobic surfaces functionalized either with poly(dimethylsiloxane) (PDMS) or
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fluoropolymers in terms of their resistance to protein adsorption and cell adhesion.
Their findings showed that hydrophilic PEG coatings resisted protein adsorption and
cell spreading whereas hydrophobic PDMS or fluoropolymer modified surfaces were
not resistant to protein adsorption, but are non- adhesive to cells and organisms due
to their non-polar nature [18]. One drawback of PEG-based polymers as anti-fouling
materials is their low chemical stability [25-28]. Therefore, investigations for
alternative anti-fouling materials have been continued. Figure 3 shows the chemical
structure of PEG or OEG and PEGMA.

B
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Figure 3. The chemical structures of PEG or OEG (A) and PEGMA (B). Modified
from Chang et. al. (2014) [17].

A

PAOXs are well-known polymers since 1960s. Due to their relatively non-toxic
property, they have been used for biological applications such as drug or gene
delivery studies [29]. Towards the end of 1990s, the use of PAOXs as an anti-
adhesive polymer has gained attention due to greater stability of PAOXs than PEG
[30,31]. Among PAOXs, poly(2-methyl-2-oxazoline) and poly(2-ethyl-2-oxazoline)
are examples of highly hydrophilic polymers that were reported to exhibit antifouling
properties [12,18,32,33]. Figure 4 shows the chemical structure of PAOX, where R3
represents an alkyl group.

Figure 4. The chemical structure of PAOX. Modified from Chang et. al. (2014) [17].
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Polyzwitterions, are polymers that contain same number of cationic and anionic
groups in their repeating units [34,35]. As scheme 1 demonstrates, the cationic or
anionic moieties can be either on the polymer backbone (as in the F and G) or on the
side chains (as in A, B, C, D and E) as well as one of them can be in backbone or the

other one can be on the side chain (as in H, I and J) [36]. Among them, types B and

C are more commonly studied in the literature [37,38,47-54,39-46] .
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Scheme 1. Possible repeating unit architectures for polyzwitterions. Modified from
Laschewsky (2014) [36].
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The major difference between polyzwitterions and polyampholytes is that, in
polyampholytes the positive and negative charges can be scattered randomly
throughout the chain of polymer resulting in mostly charged molecules; either
positively charged or negatively charged. Therefore, polyampholytes typically
behave either as polycations or as polyanions differing from polyzwitterions which
show overall charge neutrality and behave as non-ionic polymers [36,44,55]. Unlike
polyelectrolytes, solubility of polyzwitterions in aqueous solution decrease with
increasing salt concentration, so called " anti-polyelectrolyte behaviour"” [56].

Zwitterionic polymers, because of bearing equal amount of cationic and anionic
groups on their backbone or on their side chains, are highly hydrophilic and show
good anti-fouling properties against protein adsorption [16], bacterial adhesion and
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prevent biofilm formation [57-59] even as a single layer coating [60—62]. In 2014,
Erel et.al. reported the use of poly[3-dimethyl (methacryloyloxyethyl) ammonium
propane sulfonate-b-2-(diisopropylamino)ethyl methacrylate] (BPDMA-b-PDPA)
micelle monolayers as a potential anti-adhesive surface against Staphylococcus
aureus [63]. Similar to ionically neutral hydrophilic polymers, zwitterionic polymers
owe their antiadhesive behavior to the hydration layer formed through hydrogen
bonding interactions and ionic solvation between the water molecules and the
zwitterionic coating [64-67]. Therefore, they can be used in many application areas
such as; antifouling coatings for biomedical devices [68], for marine coatings [69—
71], biosensors [72] and blood contacted sensors [17,69]. In addition, because of
their cellular membrane mimicking chemistry, they can be used as model membrane
systems [73,74]. They can also be used as lubricating agents in aqueous media for
coating of biomaterials used as synthetic human synovial joints [75,76] or separation
membranes for water cleaning [77] and blood purification [78]. Polyzwitterions also
find use in environmental engineering or food processing applications [79].
Furthermore, by modulating the charge on them by an internal or an external stimuli,
these polymers can be made stimuli responsive smart polymers which can also be
used in drug delivery applications [80-83].

1.2.1.1. History of Polyzwitterions

Polyzwitterions, although known since 1950s, did not attract attention for long time.
In 1957, Ladenheim and Morawetz published a study describing a method for the
synthesis of a poly (4-vinyl-pyridine betaine), a polymer with cationic and anionic
functional groups on the side chains. The cationic group was a quaternized nitrogen
atom in pyridine ring and the anionic group was a carboxylate moiety on each
monomer [37]. Later, in 1958, Hart and Timmerman published a study for the
synthesis of another zwitterionic polymer, poly-(4-vinyl-pyridine N-butyl
sulfobetaine) with quaternized nitrogen atom in pyridine for cationic and sulfonate

group for anionic functionality on the side chain of the polymer [38].



In 1986, Garner et al. showed the phase behavior and aqueous solution properties of
a polyzwitterion, poly [N-(3-sulphopropyl)-N-methacryloxyethyl-N,N-dimethyl
ammonium betaine] (PSPE). They reported that PSPE showed both upper critical
solution temperature (UCST) and lower critical solution temperature (LCST)
behaviors [39].

In 1988, Bazuin et al. showed the synthesis and mechanical properties for atactic
random copolymers of ethyl acrylate and diethyl-(2-methylacryloyloxyethoxy-2-
ethyly) - 1- (3-sulphopropyl) ammonium betaine. They studied the glass transition
temperature (Tg) and factors affecting the T, of this copolymer [40].

In 1996, Laschewsky et al. studied polyzwitterions and their interactions with molten
inorganic and organic salts with cationic and anionic moieties such as; azo dyes,
triphenylmethanes, oxazines and hemicyanines. They prepared polyzwitterion/salt
blends and reported that, homogeneous blends could be obtained when they used
equimolar amounts of salt and polybetaines, suggesting strong interactions between
the polybetaines and charged salts [41] .

In 2010, Long et al. reported a similar study to Laschewsky. They reported the
synthesis of two copolymers, i.e. polysulfobetaine methacrylate-co-butyl acrylate and
polysulfobetaine methacrylamide-co-butyl acrylate. They incorporated molten salts
(below 100°C) which they called as ionic liquids (ILs) into these polyzwitterions. By
this way, they improved the electrical conductivity, chemical and physical stability of
the polymer/salt blends which can be used in conductive membrane mimicking

applications in electronic devices [35].

The deep interest in polyzwitterions started since late 1980s, after their biologically
important analogues like hormones, vitamins, phospholipids and zwitterionic

polypeptides have been realized.



1.2.1.2. Types of Polybetaines Based on Functional Groups

Zwitterionic polymers are called polybetaines when the source of positive charge is a
quaternized nitrogen atom [66].

Polybetaines are classified into three major subgroups: Polycarboxybetaines,
polyphosphobetaines and polysulfobetaines which are considered as mimetics of
fouling-resistant materials because of their strong electrostatic interactions with
water [34]. Scheme 2 shows commonly used cationic and anionic moieties for the

design of polybetaines.

n
Cationic Groups Anionic Groups
-N(CH;); -COo,
-NH(CH,), -S0,
-NH,(CH,) -0S0,

Scheme 2. Widely used cationic and anionic moieties for zwitterionic polybetaines.
Modified from Liu et. al. [34].

e Polycarboxybetaines (PCBs)

PCBs are polybetaines where anionic charge sources from a carboxylic acid (-
COOH) moiety. Figure 5 shows examples of polycarboxybetaines commonly used
for biological applications. PCBs show pH-responsive behaviour due carboxylic acid
units. PCBs have been shown to exert good antifouling properties against protein
adhesion [84]. The unique property of polycarboxybetaines is that, because of the
carboxylic acid group on each repeating unit, molecules which bear amino groups



such as antibodies can be coupled to PCBs. This is advantageous for surface
functionalization of PCB-based drug carrier nanoparticles, surface coatings or tissue
scaffolds and for bio-recognition purposes such as protein microarrays [85-87].
Another advantage of polycarboxybetaines is the easy conversion of a carboxylic
acid group to an ester group. In this way PCB can also be used for gene or drug

delivery purposes from ester functionalized side chains upon hydrolysis [87].
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Figure 5. Examples for polycarboxybetaines; poly(carboxybetaineacrylamide)
(PCBAA) (A), poly(carboxybetaine methacrylate) (PCBMA) (B). Modified from
Chang et. al. (2014) [17].

e Polysulfobetaines (PSBs)

PSBs are polybetaines in which the negative charge sources from sulfonate (-SOs)
groups. Figure 6 shows an example of a polysulfobetaine. Because of the existence
of very abundant derivatives in the nature, such as taurine, an organic compound
found in animal tissues, PSBs are assumed to be very promising in biological
applications. Besides being biological mimetics, PSBs are shown to be
biocompatible and non-cytotoxic for in vivo implantation [68]. PSBs also have good
anti-fouling properties because of their strong hydration ability [64]. Although both
PSBs and PCBs show strong hydration ability, they differ in terms of their
interactions with water. As compared to PCB, PSB moieties make more coordination
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with water ie. PSBs interact with more water molecules. However, the interactions
between PCB-water is stronger than that of PSB-water [88]. In addition, because of
more favourable self-association ability of PSBs than PCBs, PSBs are preferred for
drug carrier applications [88]. This interplay between PSB and PCB can be important
for the purpose of application.

0
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Figure 6. An example for a polysulfobetaine, poly(sulfobetainemethacrylate)
(PSBMA). Modified from Chang et. al. (2014) [17].

e Polyphosphobetaines (PPBS)

PPBs are polybetaines where the anionic unit is a phosphate (-PO,) group. Due to
being phospholipid analogues, PPBs are widely used in cellular membrane
mimicking studies as lipid bilayer biomembranes or lipid based drug carriers to
enable easy passage through cell membranes [42,89-93]. In 1978, Kadome et al.
reported the synthesis of a polyphosphobetaine, which could induce electrostatic
interactions with the water molecules unlike from other non-fouling polymer
architectures [94]. Later in 1990, Ishihara et al. reported the synthesis of a
polyphosphobetaine, using 2-methacryloyloxyethyl phosphorylcholine (MPC) as the
monomer (as shown in figure 7). Upon polymerization of MPC, they prepared
hydrogels showing blood biocompatibility which can be used as biomaterials [95]. In
1997, Zwaal et al. reported that the inner membranes of red blood cells caused
thrombogenic response, while the outer membrane did not. This observation supports
that lipid components at the outside surface containing zwitterionic phospholipids,
like phosphorylcholine (PC), could be the reason for anti-fouling property of PPBs
[96]. In 2002, O’Brien and Miiller demonstrated several synthetic amphiphilic
molecules. They used phospholipid like molecules having hydrophobic tail groups,

11



and incorporated different polar head groups having styryl, diacetylenyl, dienoyl,
sorbyl, acryloyl, methacryloyl or lipoyl moieties. Upon polymerization of these
monomers, they obtained synthetic bilayers and they compared their cell membrane
mimicking properties in terms of elasticity and integrity [97]. In 2003, Lloyd et al.
designed PC-based polymers to be used in a variety of biomedical device preparation
applications to improve biocompatibility [98]. In 2009, Saavedra, Joubert and Zhang
[55] and in 2011, Blumenthal and Puri [42] reviewed the application of photo-
sensitive phospholipid like polyzwitterions as a drug carrier nanocapsules or as
platforms to incorporate transmembrane proteins. They also reported the use of
polyzwitterions as diagnostic tools for disease and pathogen detection, nano-imaging
and biosensors. Although PPBs show good hydrophilicity and anti-adhesiveness,
PSBs and PCBs are preferred more for application purposes [17] because of the

difficulty in the synthesis of PPBs.
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Figure 7. An example for a polyphosphobetaine, poly(methacryloyloxyethyl
phosphorylcholine) (PMPC). Modified from Chang et. al. (2014) [17].

1.2.2. Releasing Anti-microbial Agents from Polymer Coatings

Releasing anti-microbial agents from polymer coatings, is another strategy to modify
biomaterial surfaces. In 2014, Hammond and co-workers, reported preparation of a
wide-spectrum antibiotic, Vancomycin releasing polymer coatings. In this study,
they constructed multilayer films of poly(B—aminoester), Vancomycin and one of the
following biopolymers: i.e. alginate, dextran sulfate or chondroitin sulfate. Such a
coating was shown to inhibit the growth of S.aureus via Vancomycin release [99]. In
2014, Rahaman and co-workers, reported LbL construction of multilayer films using

poly(acrylic acid) (PAA) and poly(ethylene imine) (PEI) functionalized with biocidal
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silver nanoparticles, (Ag-PEI). As a control, they used non-functionalized PEI as
well and reported the antibacterial efficiency of both surfaces using Esherichia coli
as model organism [100]. In 2015, Gentile and co-workers, reported the construction
of surfaces modified via LbL self-assembly using poly(sodium4-styrenesulfonate)
(PSS) and poly(allylamine hydrochloride) (PAH). The antibacterial activity against
Porphyromonas gingivalis was provided by metronidazole (MET) release from the
PAH/PSS multilayers [101]. In 2018, Saramago et. al. reported the release of three
ophthalmic drugs; moxifloxacin hydrochloride (MXF), chlorhexidine diacetate
monohydrate (CHX), and diclofenac sodium salt (DIC) from the soft contact lense
material which was LbL modified with i) sodium alginate (ALG)/ polylysine
hydrobromide (PLL); ii) sodium hyaluronate (HA)/ chitosan (CHI); iii) HA/PLL.
They reported the antibacterial properties of the multilayers against Pseudomonas

aeruginosa and Staphylococcus aureus as model organisms [102].

1.2.3. Physical/Chemical Immobilization of Antimicrobial Agents into the

Polymer Coatings to Kill the Bacteria upon Contact

Direct killing of bacteria upon contact by immobilization of antimicrobial agents into
polymer coatings is another way to functionalize biomaterial surfaces using
polymers. The antimicrobial agents can be immobilized either during the coating or
after the coating through both physical and chemical means. In 2005, Ji et al reported
the multilayer construction using antibacterial agent Chitosan and anti-adhesive
agent Heparin for prevention of bacteria adhesion as well as direct killing upon
contact. They reported that only 3-8% of the E.Coli were viable on their multilayers
after 24 h [103]. In 2011, Mei et. al. reported conjugation of Lysozyme onto a
synthetic triblock copolymer with a central polypropylene oxide (PPO) block and
two poly(ethylene oxide) (PEO) terminal blocks. This Lysozyme conjugated PEO-b-
PPO-b-PEO was used for surface modification in which Lysozyme functioned as an
antimicrobial agent by disrupting the cell wall of bacteria upon contact [104].
Similarly, in 2012, Muniz et. al prepared anti-adhesive and contact killing polymer
multilayer coatings using N-Trimethyl chitosan (TMC), as an antibacterial agent, and

heparin (HP), as an antiadhesive biopolymer [105]. In 2018, Yang et. al. reported the
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construction of two polymeric brushes poly[(trimethylamino) ethyl methacrylate
chloride] (PMETAC) or poly[2-(tert-butylamino)ethyl methacrylate] (PTA) onto a
background layer of polyzwitterionic brush poly[(3-(dimethyl(4-vinylbenzyl)
ammonio) propyl sulfonate] (PDVBAPS) through surface initiated atom transfer
radical polymerization. Such a polymer coating was reported to show contact killing

and salt-responsive antibacterial agent releasing properties [106].

In summary, the efficacy of coatings that release anti-microbial agents decrease once
the anti-microbial agents deplete. On the other hand, it was also reported that
microorganisms might gain resistance against immobilized antimicrobial agents on
contact-killing coatings [107]. Therefore, although low fouling polymers undergo
proteolytic degradation which reduces their stability for long term applications, these
polymers are still more promising to delay or prevent biofilm development compared

to other types of coatings [108-110].

1.3. Layer-by-Layer Self-assembly Technique

Layer-by-layer (LbL) self-assembly is a simple, environmentally friendly and
economical method to modify surfaces with polymers via various interactions such
as electrostatic, hydrogen bonding, charge-transfer interactions or coordination
bonding [111]. LbL technique was first discovered by ller in 1966 to deposit
positively and negatively charged silica nanoparticles on a glass surface [112]. Later,
in 1992 Decher and Hong adopted this technique to polyelectrolytes [113]. LbL
assembled films are used in many applications due to easy control of film thickness
and multilayered structure, providing a simple approach to design and construct
complicated surface modifications [114-121]. Figure 8 shows the schematic

representations for LbL self-assembly process.
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Figure 8. The schematic representation of LbL self-assembly process. Modified

from Yang et. al. [122].

Figure 9 shows the interactions between the multilayers when the driving force for
the construction is hydrogen bonding (A) or electrostatic interaction between charged

groups (B).
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Electrostaticinteractions

Figure 9. Schematic representation of the interactions between the layers when the
driving force for the construction is hydrogen bonding (A) or electrostatic
interactions (B). Modified from Yang et. al. [122].

There are many advantages of LbL self-assembly technique. It allows using aqueous
polymer solutions and there is no limitation of size or shape for the substrate [123].
Substrates can be 2D shaped glass, quartz, silicon wafer or mica [124] as well as 3D
shaped capsules, nanotubes [80]. LbL technique can also be used to incorporate drug,
DNA, RNA, dye, magnetic nanoparticles within the multilayers [125]. With the use
of stimuli responsive polymers, LbL constructed multilayer films can be made
responsive to changes in the conditions like, pH, temperature, ionic strength,
magnetic field, light, different solvent in the form of change in solubility, volume,
conformation and phase of the polymer. This feature makes LbL technique

promising for controlled drug release applications [80,122-126]. In LbL technique,
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the film thickness can be controlled easily and layer properties can be altered during
LbL assembly [127] as well as post assembly [80,128-130]. For example, Rubner
and co-workers reported that, when PAA and PAH were constructed at pH 7, thin
and flat layers were obtained. On the other hand, when the same polymer layers were
deposited at pH 5, thick and loopy layers were obtained [127]. Figure 10 shows
schematic representation of PAA/PAH multilayers constructed at pH 7 and pH 5.

n n
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pH7.0 | pHS5.0

Thin, flat layers Thick, loopy layers

Figure 10. Controlling film thickness through film deposition pH during LbL self-
assembly. Adapted from Rubner et. al. [127].

It is also possible to control the film properties at the post-assembly step. For
example, multilayers of poly(vinylpyrrolidone) (PVPON) and PEO with various
polyacids such as PAA and poly (methacrylic acid) (PMAA) were reported to exhibit
pH dependent conformational change resulting in rhodamine 6G release either by
destructive or non-destructive manner (Figure 11). In this study, above pH 6.5,
multilayers were not stable and destructively released rhodamine 6G whereas below

pH 6.5 multilayers were stable and non-destructive drug release was observed [130].
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Figure 11. Controlling film properties at the post-assembly step. Adapted from
Granick et. al. [130].

1.3.1. Layer-by-Layer Self-assembly of Polybetaines

Incorporation of polybetaines into LbL films is challenging. In the traditional LbL
films, there is formation of polyelectrolyte complexes between polyanions and
polycations at the surface. However, in case of LbL assembly of polybetaines,
polyelectrolyte-polybetaine complexes, because of being not electrically neutral,
show tendency towards desorption from the surface during film deposition, leading
to inhibition of LbL growth [131]. One of the first successful multilayer film
deposition of polybetaines was reported by Laschewsky and co-workers. They
coupled small and charged molecules with polybetaines to chemically activate them.
After chemical activation, polybetaines became permanently charged polymers and
thus could be used for traditional LbL construction [132,133]. In 2003 and in 2007
the studies for LbL deposition using PSB and PCB were reported by Schlenoff [134]
and Sukhishvili [135]. Schlenoff and Sukhishvili followed two strategies: i) self-
assembly of PSB and PCB with a polyanion under strongly acidic conditions when
polybetaines carried net positive charge, ii) self-assembly of PSB and PCB with a
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polyanion and a polycation at neutral pH values in an alternating manner forming
hybrid films [134,135]

Erel-Goktepe and co-workers previously reported strategies to incorporate
electrically neutral polyzwitterions into LbL films. They obtained block copolymer
micelles with zwitterionic coronae via pH-induced self-assembly. Later they made a
charge screening between negatively charged units of the zwitterionic micellar
coronae and a polycation PAH and obtained positively charged zwitterionic
micelle/PAH complexes. Multilayers were then constructed via LbL deposition of

positively charged micellar complexes and PSS [66].

1.3.2. Block Copolymer Micelle Containing LbL Films

Amphiphilic block copolymers can self-organize into miceller structures under
specific conditions forming water-insoluble core and water-soluble coronae. The
advantage of the hydrophobic core can be loading of water-insoluble molecules, thus
increasing their solubility in aqueous environment. In 2005, Ma et. al. reported LbL
construction of multilayers of poly(styrene-b-acrylic acid) (PS-b-PAA) micelles with
hydrophobic PS-core and negatively charged PAA-coronae using poly(diallyl-
dimethylammonium chloride) (PDDA). They reported release of pyrene from the
hydrophobic cores, upon increase in the ionic strength due to the structural changes
in the micelle structure i.e. shrinkage of the corona [136]. In 2006, Cho and co-
workers, reported micelle/micelle multilayers using Nile-red loaded poly(styrene-b-
4-vinylpyridine) (PS-b-P4VP) micelles with cationic P4VP-corona and pyrene
loaded poly(styrene-b-acrylic acid) (PS-b-PAA) micelles with anionic PAA-coronae
[137]. In 2007, Zhang et. al. reported LbL deposition of pyrene loaded (PS-b-PAA)
micelles with PAA-coronae and PDDA [123]. In 2011, Sukhishvili and co-workers,
reported preparation of pH and temperature responsive micellar multilayers. The
multilayers were constructed using pH and temperature responsive cationic block
copolymer micelles of poly(2-(dimethylamino)ethyl methacrylate)-b-poly-(N-
isopropylacrylamide) (PDMA-b-PNIPAM) and a polyanion PSS. They reported
controlled release of pyrene from the micelles in response to changes in pH and

temperature [138]. In 2018, Palanisamy and Sukhishvili reported the multilayers of
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temperature responsive poly(acrylamide-co-acrylonitrile)-b-polyvinylpyrrolidone
(P(AAm-co-AN)-b-PVP) micelles and TA. They studied the reversible changes in
the micellar size and film swelling in response to changes in the temperature. At
temperatures above the UCST of the micelles, they observed water uptake within
multilayers whereas at temperatures below the UCST of the micelles, they observed

release of water from the micellar cores [139].

1.3.3. Anti-Adhesive and Antibacterial LbL Films

LbL coatings of zwitterionic polymers for anti-fouling applications to prepare
surfaces that are anti-adhesive to proteins and bacteria [33,140,141] together with

anti-bacterial properties [142-145] were reported.

In 2006, Rubner et.al. reported contact killing behaviour of a polymer having
quaternized amino group, 3-(trimethoxysilyl)propyl]octadecyl-dimethylammonium
chloride (OQAS), which resulted in the leakage of cytoplasm of bacteria due to the
interactions between positively charged polymer and negatively charged cell wall of
bacteria [146].

In 2012, Ji et. al. reported construction of multilayers composed of PEI-Ag* complex
and PAA on a Teflon substrate. They reported that upon de-attachment from the
surface, they obtained free-standing films with two different behaviors from the two
sides of the films. One side of the films was superhydrophilic and capable of
releasing silver that kills bacteria and the other side was superhydrophobic, capable
of preventing bacteria adhesion [147].

In 2013, Hammond and co-workers, reported preparation of Gentamicin releasing
multilayers. They constructed tetralayer films of hydrolyzable poly(p-amino ester),
CHI, PAA and PDDA via spray coating. They studied the anti-bacterial property of
the multilayers using Staphylococcus aureus as model organism. Multilayers
released Gentamicin upon hydrolysis of poly(p-amino ester) at neutral pH conditions
[148].
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The disadvantage of anti-bacterial multilayers is that when the bioactive agent is
diminished, they become less effective. Therefore, designing LbL films using bio-
inert or low-fouling polymers becomes more important.

Recently, Erel-Goktepe and co-workers showed preparation of dual responsive
surfaces, i.e. anti-adhesive and antibacterial using block copolymer micelles with
zwitterionic corona- and pH-responsive core. In this study, micellar core blocks were

used to load and release antibacterial agents [67].

1.3.4. Surface Coatings Promoting Osteoblast Adhesion

Biomaterial-associated infection (BAI) is one the most commonly seen hospital-
acquired infections [149,150]. It is assumed that; up to 50% of all hospital-acquired
infections are implant-related [151]. Therefore, inhibiting bacterial adhesion to
reduce or prevent biomaterial-related infections is very important. However, the
general methods for preventing bacterial adherence often prevent the desired
eukaryotic cell adherence which inhibits biomaterial-host tissue integration and
results in the rejection of the biomaterial. To this purpose, surfaces that promote the
attachment and proliferation of eukaryotic cells while inhibiting bacterial adherence
and colonization are needed [149]. The initial strategy was to use cell adhesive
surfaces to promote both bacteria and eukaryotic cell adhesion together with
antimicrobial agents [152]. However, this approach was found to be non-effective
after the depletion of the antimicrobial agents. Therefore, anti-adhesive surfaces for
both bacteria and eukaryotic cells together with eukaryotic cell adhesive motifs
gained popularity. While anti-adhesiveness prevents adhesion of cells, eukaryotic
cell adhesive motifs promote selective adhesion of eukaryotic cells. In 2011, Boyan
and co-workers, reported the use of poly-L-lysine-grafted polyethylene glycol (PLL-
g-PEG) coated Titanium surfaces. In this study the coated surfaces were
functionalized with a peptide motif arginine—glycine—aspartic acid (RGD) that is
found in extracellular matrix and was shown to increase osteoblast attachment.
Another peptide motif, lysine—arginine—serine—arginine (KRSR), known to inhibit
osteoblast attachment, was used as a negative control [153]. In 2012, Kim et. al.

reported the use of heparin-dopamine coated Titanium surfaces to promote
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eukaryotic cell adhesion mechanism. Heparin promotes eukaryotic cell adhesion due
to its high binding affinities to vascular endothelial growth factor (VEGF), basic
fibroblast growth factor (bFGF), and transforming growth factor-f (TGF-). In
addition these authors functionalized these surfaces using Gentamicin, an anti-
bacterial agent to prevent bacteria adhesion and bone morphogenic protein-2 (BMP-
2) to promote osteoblast adhesion [154]. In 2014, Herrmann and co-workers,
reported the preparation of anti-adhesive surfaces using block copolymer poly
(lactide-co-glycolide) (PLGA) functionalized with antimicrobial peptides (AMP).
The surfaces were able to kill bacteria on contact, and arginine— glycine—aspartate
(RGD) peptides to promote the adhesion and spreading of host tissue cells [155].
Recently, Miura and co-workers, reported the effect of phosphate-enriched surfaces
on osteoblast adhesion. The authors generated surfaces modified with PEGMA-
Phosmer which behaved as anti-fouling purposes for bacteria as well as surfaces
promoted osteoblast adhesion. They concluded that phosphate groups on the
Phosmer, caused Calcium ion attraction and therefore promote osteoblast adhesion
[156].

1.4. Aim of the Thesis

The aim of this thesis was to obtain LbL modified surfaces which show anti-
adhesiveness against bacteria and proteins but at the same time allow adhesion of
mammalian cells. In addition, this thesis aimed to understand the effect of chemical
nature and the functional chemical groups of the polyanions, layer number and
surface morphology of the films on the anti-adhesive properties. In this respect,
BPDMA-b-PDPA micelles with zwitterionic PPDMA-corona and pH-responsive
PDPA-core were LbL deposited at the surface using three different polyanions, i.e.
HA, TA and PSS. Protein adhesion onto these three different types of multilayers
was assessed through BSA, Casein, Lysozyme and Ferritin adsorption onto the
coatings using ellipsometry and microBCA techniques. Bacterial adhesion was
examined using Gram (-) bacteria E.coli and Gram (+) bacteria S.aureus as model

bacterial cells using agar plating, crystal violet staining and fluorescent microscopy
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techniques. Adhesion of osteoblast-like SaOS-2 cells as model mammalian cells onto

multilayers was investigated through fluorescent microscopy.
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CHAPTER 2

EXPERIMENTAL

2.1. Materials

5-Chloro-2-(2,4-dichlorophenoxy)phenol  (Triclosan), poly(sodium  4-styrene
sulfonate) (PSS) (Mw 70,000), Hyaluronic acid sodium salt from Streptococcus equi
(HA; ~1.5-1.8 x 10°Da), Ferritin from equine spleen Type I, saline solution,
Chloramphenicol, Casein from bovine milk, Gram Staining Kit for microscopy and
formaldehyde solution were purchased from Sigma-Aldrich (USA). Tannic Acid
(TA; Mw 1701.20), Mueller-Hinton (MH) broth, Phosphate Buffered Saline (PBS),
Sodium dihydrogenphosphate dehydrate and Luria Bertani (LB) broth (MILLER)
were purchased from Merck Chemicals (Darmstadt, Germany). Bovine Serum
Albumin (BSA) was purchased from VWR. Agar bacteriological (Agar No.1,
Oxoid), MicroBCA protein assay kit and 3,3'-dioctadecyl-5,5'-di(4-sulfophenyl)
oxacarbocyanine sodium salt (SP-DiOCg(3)) were purchased from Thermo
Scientific (USA). Lysozyme BioChemica BC was purchased from AppliChem
GmbH (Germany). Sterile PTFE syringe filters (0.22 pm and 0.45 pum) were
purchased from Sartorius AG (Goettingen, Germany). Dulbecco's Modified Eagle's
medium (DMEM), Fetal Bovine Serum (FBS), Dulbecco’s Phosphate Buffered
Saline and trypsin-EDTA solution were purchased from Biological Industries
(Kibbutz Beit Haemek, Israel). Cell culture plates and T25 flasks were purchased
from Sarstedt (Nibrecht, Germany). The deionized (DI) H,O was purified by passage
through a Milli-Q system (Millipore). Staphylococcus aureus ATCC 29213 strain
and Escherichia coli ATCC 8739 were kindly provided by Dr. Emel Uzunoglu
(Microbiology Laboratory, Giresun Medical Faculty) and Prof. Dr. Aysegiil Cetin
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Gozen (Department of Biology, Middle East Technical University), respectively.
Escherichia coli K12 ATCC 700926 was kindly provided by Prof. Dr. Hiiseyin Avni
Oktem (Department of Biology, Middle East Technical University). To generate
fluorescently labeled bacteria, the E. coli K12 strain was transformed with a pSB1C3
(obtained from IGEM open sourceware http://parts.igem.org/Part:pSB1C3), a high
copy number plasmid that expresses green fluorescent protein (GFP). Colonies were
selected using chloramphenicol. PDMAg7,-b-PDPAg s diblock copolymer was
provided by Prof. Dr. Vural Biitiin’s Research Laboratory (Department of Chemistry,

Eskisehir Osmangazi Universitesi).

2.2. Preparation and characterization of BPDMA-b-PDPA micelles

0.1 mg/mL BPDMA-b-PDPA solution was prepared at pH 3 using 0.001 M
phosphate buffer. pH of BPDMA-b-PDPA solution was gradually increased using 0.1
M NaOH solution and BPDMA-b-PDPA micelles were obtained at pH 7.5. The
micellar solution was filtered through 0.22 um syringe filter prior to use. For
preparation of Triclosan loaded BPDMA-b-PDPA micelles, first 2.5 mg/mL
Triclosan solution was prepared in ethanol (> 99.8 %). 1 mL of Triclosan solution in
ethanol was added dropwise into 200 mL of 0.001 M phosphate buffer. The final
concentration of Triclosan was 0.0125 mg/mL. 0.1 mg/mL BPDMA-b-PDPA
solution was prepared using Triclosan containing 0.001 M phosphate buffer solution.
pH of the solution was increased to pH 7.5 for micellization. BPDMA-b-PDPA
micellar solution was stirred overnight at dark for efficient Triclosan loading into the

micellar cores. The solution was filtered through 0.22 um syringe filter prior to use.

Dynamic light scattering and zeta-potential measurements of BPDMA-b-PDPA were
performed using Zetasizer Nano-ZS equipment (Malvern Instruments Ltd., U.K.).
Hydrodynamic sizes were obtained by cumulants analysis of the autocorrelation data.
Zeta-potential values were obtained from electrophoretic mobility values using the
Smoluchowski approximation. TEM image of BPDMA-b-PDPA micelles was
obtained using an FEI Tecnai G2 Spirit Bio-Twin CTEM operating at an acceleration
voltage of 20 — 120 kV. A drop of BPDMA-b-PDPA micellar solution at pH 7.5 was
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placed on the surface of a copper grid coated with a carbon substrate with 3 mm

diameter and air-dried.

2.3. Deposition and characterization of multilayers

Silicon wafers or glass slides were immersed into concentrated sulfuric acid for 85
minutes. Substrates were rinsed with deionized (DI) water and dried under a flow of
nitrogen. Then, the substrates were immersed into 0.25 M NaOH solution for 10
minutes, followed by thorough rinsing with DI water and drying under nitrogen flow.
1-, 3- and 5- layer films were prepared at pH 7.5. For 1-layer films, the substrates
were immersed into 0.1 mg/mL BPDMA-b-PDPA micellar solution at pH 7.5 for 15
minutes. For 3- and 5- layer films, substrates were immersed alternatingly into 0.1
mg/mL BPDMA-b-PDPA micellar solution and 0.1 mg/mL HA or TA or PSS
solutions at pH 7.5 for 15 minutes. Between each layer deposition, substrates were
rinsed twice using 0.001 M phosphate buffer solution at pH 7.5. Importantly, TA
solution was always prepared fresh prior to multilayer construction due to
degradation of TA at neutral conditions. HA was dissolved at 4°C overnight. All
films had the BPDMA-b-PDPA micellar layer as the outmost layer.

For the preparation of Triclosan containing BPDMA-b-PDPA micellar films,
Triclosan loaded PPDMA-b-PDPA micelles were used in film assembly. Film
growth and pH-stability were monitored by measuring the dry film thickness using a
spectroscopic ellipsometer (Optosense, USA, OPT-S6000). For microbiology
experiments, each side of the coated wafers or glass slides were UV-sterilized for 1
hour. Film deposition was carried out under sterile conditions in a Class Il Biosafety
Cabinet.

AFM imaging of the films was performed using an NT-MDT Solver P47 AFM in
tapping mode using Si cantilevers. Roughness values were obtained from images
with 2 x 2 um scan size. Multilayers were deposited onto 1.5 cm x 1.5 cm silicon
wafers as described in section 2.3. Static contact angles were measured using
Attension Theta Lite optical tensiometer. Approximately 2 uL. drop of deionized
water was formed and deposited onto the substrates. Three water droplets were
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deposited onto each coated substrate. For each droplet, 10 independent

measurements were recorded with 16 milisecond frame intervals.

2.4. Growth conditions for bacteria

Luria Bertani (LB) broth and Mueller Hinton (MH) broth were prepared using
deionized water, autoclaved and filtered through 0.45um syringe filter. LB broth was
used for overnight culture of S. aureus ATCC 29213 and E. coli ATCC 8739. MH
broth was used in the experiments done for examination of antibacterial and anti-
adhesive properties for both coated and uncoated slides. The pH of MH broth was

adjusted to either 5.5 or 7.5. All experiments were carried out aseptically.

2.5. Cell culture and imaging

Sa0S-2 cells (human bone osteosarcoma cell line) were cultivated in DMEM
complete medium supplemented with 10% FBS, 2 mM L-glutamine, 100 U/mL
penicillin, and 100 ug/mL streptomycin. After thawing 5% DMSO containing stocks,
cells were cultivated in T25 flasks for 2 days. All cell culture flasks and plates were
maintained in a humidified atmosphere at 37°C in 95% air and 5% CO,. The cells
were routinely checked for mycoplasma contamination. Plasmocin was used at a
maintenance dose to prevent any mycoplasma growth during the experiments. To
harvest cells from the flasks, 0.5 mg/mL porcine trypsin with 0.2 mg/mL 4X Na-

EDTA solution was used.

1-, 3-, 5-layer BPDMA-b-PDPA micelles/rHA, BPDMA-b-PDPA micelles/TA and
BPDMA-b-PDPA micelles/PSS coated substrates were placed inside 24-well tissue
culture plate. 100,000 cells were seeded in each well incubated for 4 h. This duration
was selected as it would allow the cells enough time to adhere, but not to proliferate
since Sa0OS-2 cells have a doubling time of approximately 36-40 h. To assess the
spreading of cells on the substrates, the plates were washed twice with sterile PBS
and fixed in 10% parafolmaldehyde for 1h. After rinsing the surfaces twice with

PBS, the cells were permeabilized with 10 mM Tris-HCI containing 2 mM MgCl,
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and 0.5% Triton X-100 in PBS for 1h and rinsed again 4 times with PBS. For better
visualization the cells were treated with the lipid binding dye, 3,3’-dioctadecyl-5,5'-
di(4-sulfophenyl) oxacarbocyanine sodium salt (SP-DiOCig(3)) at a final
concentration of 5 ug/mL in PBS for 15 min in a cell culture incubator at 37°C and
subsequently for 15 min on ice. The cells were observed under EVOS FLoid Cell
Imaging microscope (Thermo Fisher Scientific) in the green channel. Images from 3

random sites for each substrate were recorded.

2.6. Transformation of E. coli K12 to stably express GFP

Stable GFP expressing E. coli K12 ATCC 700926 was generated by transformation
of 5 pg/mL pSBIC3 plasmid into competent cells using standard techniques. The
transformed bacteria underwent antibiotic selection with 25 pg/mL chloramphenicol

and the positive colonies were collected for fluorescent microscopy.

2.7. Light Microscopy

25 uL of S. aureus ATCC 29213 or E. coli ATCC 8739 cultures (from a broth
containing ~ 1.2 x 10’ CFU.mL™) were added onto blank glass slides (control) and 1-
, 3-, 5-layer BPDMA-b-PDPA micelles/HA, BPDMA-b-PDPA micelles/TA and
BPDMA-b-PDPA micelles/PSS coated slides, which were immersed into 1 mL MH
broth in a 24-well cell culture plate. Samples were incubated for 1 hour at 37°C. All
substrates were then washed three times with PBS. Control and coated substrates
were examined under a 40X inverted light microscope (Leica, USA) and the bacteria

were counted from the images for a quantitative analysis.

2.8. Fluorescent Microscopy

25 uL of the E. coli K12 cells expressing GFP (from a broth supplemented with 25
ng/mL of chloramphenicol, containing ~ 2.5 x 10" CFU.mL™) were added onto blank
glass slides (control) and 1-, 3-, 5-layer BPDMA-b-PDPA micelles/HA, PPDMA-b-
PDPA micelles/TA and BPDMA-b-PDPA micelles/PSS coated substrates which
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were immersed into 1 mL MH broth in a 24-well cell culture plate. Samples were
incubated for 1 hour at 37°C. The glass slides were then washed three times with
PBS. All slides were examined under EVOS FLoid Cell Imaging microscopy using
Green and White light channels, Thermo Fisher Scientific. Fluorescence intensities
were quantified using Image J (https://imagej.nih.gov/ij/index.html).

2.9. Kirby-Bauer Test

Agar plates containing MH broth at pH 7.5 or 5.5 were prepared. 80 pL of E. coli
ATCC 8739 cultures (grown in LB medium up to ODggo = 0.20) was spread-plated
on MH agar. Triclosan loaded 1-, 3-, and 5-layer pPDMA-b-PDPA micelles/HA,
BPDMA-b-PDPA micelless/TA and BPDMA-b-PDPA micelles/PSS coated glass
substrates were placed onto MH agar such that the uncoated sides of the substrates
touched the MH agar. The plates were incubated overnight at 37°C and clear zones

were measured. Two independent biological replicates were carried out.

2.10. Protein Adsorption Tests

2.10.1. Determination of protein adsorption by measuring protein amount via

microBCA assay

Bovine Serum Albumin and Lysozyme adsorption on coated and blank (control)
glass slides were evaluated by the microBCA assay. 1 cm x 1 cm glass slides were
cut and cleaned as described in Section 2.3. 1-, 3-, and 5-layer films were deposited
onto cleaned and sterilized 1 cm x 1 cm glass slides. Each substrate was placed in
each well of a 24-well containing 1 mL of BSA solution (50 mg/mL prepared in
PBS) or Lysozyme (25 mg/mL prepared in PBS). After 1 hour of incubation at 37°C,
the substrates were washed three times with PBS, placed in 300 uL of PBS
containing 0.5 M NaCl and 1% SDS and vortexed for 1 minute each to remove
proteins from the substrate surface. Lastly, microBCA assay was carried out
according to the manufacturer’s instructions. UV-Vis absorption spectra of these
solutions were recorded at 562 nm using Multiscan Go Microplate
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Spectrophotometer (Thermo, USA). The amount of BSA was determined using a

calibration curve.

2.10.2. Determination of protein adsorption by ellipsometry

1-, 3-, and 5-layer BPDMA-b-PDPA micelles/HA, BPDMA-b-PDPA micelles/TA
and PPDMA-b-PDPA micelles/PSS films on silicon wafers were immersed into i) 25
mg/mL Casein; ii) 25 mg/mL Ferritin; iii) 25 mg/mL Lysozyme and iv) 25 mg/mL or
50 mg/mL BSA solutions for 1 hour at 37°C and rinsed three times using PBS. The
substrates were dried and ellipsometric thickness values were recorded. All protein

solutions were prepared using PBS at pH 7.5.

Long-term protein adhesion tests were performed using ellipsometry. Blank silicon
wafer, and silicon wafers coated with 3-layer BPDMA-b-PDPA micelles/HA,
BPDMA-b-PDPA micelless/TA and BPDMA-b-PDPA micelles/PSS films were
immersed into BSA solution (25 mg/mL prepared in PBS at pH 7.5) for 24 hours at
37°C and rinsed three times using PBS. The substrates were dried and ellipsometric

thickness values were recorded.

2.11. Counting of viable surface-adherent bacteria

Cultures of S. aureus ATCC 29213 and E. coli ATCC 8739 in LB broth were
adjusted to ODggo=0.2 which corresponds to ~1.2 x 10" CFU.mL™ of bacteria. 1 cm x
1 cm glass slides, either blank (control) or coated with 1-, 3-, and 5-layer BPDMA-b-
PDPA micellessHA, BPDMA-b-PDPA micellessTA and BPDMA-b-PDPA
micelles/PSS coated substrates were immersed into 1 mL MH Broth containing 25
uL of the bacterial cultures mentioned above in a 24-well cell culture plate and
incubated at 37°C for 1 hour. Each substrate was washed three times by immersing
into 1 mL sterile PBS (0.01 M phosphate buffer salts, 0.0027 M KCI, 0.137 M NaCl
at pH 7.5) followed by immersing into 5 mL of PBS (pH 7.5). The slides were
vortexed at 2000 rpm for 1 min, sonicated in a bath sonicator for 5 min, and vortexed
at 2000 rpm for another 1 min. 100 pL of the sample was 100x diluted in PBS (pH
7.5). 80 uL of this diluted solution was spread-plated on LB agar. After an overnight
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incubation at 37°C, colonies of viable bacteria were counted and normalized to the

control in each replicated experiments.

2.12. Crystal violet staining assay

Blank glass slides (control) or substrates coated with 1-, 3-, and 5-layer BPDMA-b-
PDPA  micellessHA, PPDMA-b-PDPA micelless/TA and BPDMA-b-PDPA
micelles/PSS films were placed in each well of a 24-well plate containing 1 mL of
MH broth including 25 pL of S. aureus ATCC 29213 or E. coli ATCC 8739 cultures
(from a broth of 1.2 x 10 CFU.mL™) and incubated at 37°C for 1 h. Each substrate
was washed three times with 1 mL PBS (pH 7.5) and then placed into 1 mL of 1%
crystal violet solution and incubated at room temperature for 1 h. Each substrate was
washed twice with 1 mL of PBS (pH 7.5) and then immersed into 400 pL of a
decolorizer solution containing ethanol and acetone for 5 min. This duration was
enough to decolorize both Gram positive and Gram negative bacteria. 300 pL from
the decolorization solution was taken as 3 technical replicates (100 pL each) and this
solution was transferred into individual wells of a 96-well plate and the absorbance
of each sample at 590 nm was immediately recorded in a Multiscan Go Microplate
Spectrophotometer (Thermo, USA). The absorbance for the control was assumed as
100 % and data were normalized accordingly. To eliminate the contribution of the
coatings to absorbance readings, coated substrates that were not incubated in
bacteria-containing growth media were dipped into 1% crystal violet solution for 1 h
and the absorbance values were subtracted from that of the coated substrates that

were incubated in bacteria-containing media.

2.13. Hydrophobicity Plots

Hydrophobicity plots were generated using ExPASyProtScale
(http://web.expasy.org/protscale/). The accession numbers (AC) were found from

UniProtkKB and protein sequences were determined. Hydrophobicity plots were

generated using Kyte & Doolittle parameters.
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2.14. Statistical analysis

Film thickness measurements were expressed as the means of three different
measurements obtained from different regions on a substrate and the standard
deviation (SD) of means. Where indicated, statistical difference between samples
were determined by either t-test or ANOVA. Holm-Sidak’s test was also performed
as a multiple comparisons test following ANOVA. p value < 0.05 was considered to

be significant.
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CHAPTER 3

RESULTS & DISCUSSION

3.1. Preparation and Characterization of Multilayers

BPDMA-b-PDPA micelles were prepared at pH 7.5 by gradually increasing the pH of
BPDMA-b-PDPA solution from pH 3 to pH 7.5. The unprotonation of the amino
groups of PDPA-core blocks above the pK, of PDPA (~ 6 ) [157] followed by self-
aggregation of PDPA blocks was the driving force for the pH-induced self-assembly
of BPDMA-b-PDPA and formation of micellar aggregates. Scheme 3 shows the
chemical structures for LbL assembly used for this study. BPDMA-b-PDPA micelles
with ~ 18.1 £ 0.5 nm size were used as building blocks to construct the multilayers at
pH 7.5. Scheme 4 shows the pH dependent micellization of BPDMA-b-PDPA. Figure
12A and 12B show the shift in the number average hydrodynamic size distribution of
BPDMA-b-PDPA upon micellization and TEM image of pPDMA-b-PDPA micelles
at pH 7.5, respectively. Note that micellization of pPDMA-b-PDPA at pH 11 has
been reported before and the average size of the micelles was ~ 22 nm [158]. Despite
the electrically neutral zwitterionic corona, PDMA-b-PDPA micelles had average
zeta-potential of ~ 4.9 £ 0.3 mV at pH 7.5 due to either several unbetainized tertiary
amino groups which could not be detected by *H NMR Spectroscopy or some slight
positive charge remaining on the surface of PDPA-core. Figure 12C shows the zeta
potential distribution curve for BPDMA-b-PDPA micelles at pH 7.5.

BPDMA-b-PDPA micelles were LbL deposited at the surface using three different
polyanions, i.e. Hyaluronic Acid (HA), Tannic Acid (TA) and poly(styrene
sulfonate) sodium salt (PSS) at pH 7.5. Figure 13A, 13B and 13C show the LbL
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growth of BPDMA-b-PDPA micellessrHA, BPDMA-b-PDPA micelles/TA and
BPDMA-b-PDPA micelles/PSS, respectively at pH 7.5.

BPDMA-b-PDPA HA

Scheme 3. Chemical Structures of BPDMA-b-PDPA, HA, TA, and PSS.
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Figure 12. (A) Number-average hydrodynamic size distribution of BPDMA-b-PDPA
at pH 3 and pH 7.5. Right direction arrow denotes the shift in size distribution to
higher values. (B) TEM image of PPDMA-b-PDPA micelles at pH 7.5. (C) Zeta
potential distribution of BPDMA-b-PDPA micelles at pH 7.5. Size and zeta potential
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distribution curves obtained from several individual measurements of the

sample are represented with different colors.

Thickness (nm)

Thickness (nm)

Thickness (nm)

60 -

50 -

40}

30

20 -

10+

60 -

50 -

40}

30

20 -

10+

60 -

50 -

40t

30

20 -

10+

A

ZBCM/HA

3 4 5 6 7 8 9 10 11

Layer Number

ZBCM/TA

3 4 5 6 7 8 9 10 11
Layer Number

C

ZBCM/PSS

3 4 5 6 7 8 9 10 11
Layer Number

Same

Figure 13. LbL growth of BPDMA-b-PDPA micelles with HA (A), TA (B) and PSS

(C)atpH 7.5.

It is observed that, LbL deposition of BPDMA-b-PDPA micelles and PSS could not

be formed at pH 8.5 [66]. To understand the driving force behind multilayer
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formation at pH 7.5, LbL deposition at pH 7.5, pH 8 and pH 8.5 were compared.
Figure 14 compares the LbL growth profile of BPDMA-b-PDPA micelles with HA
(A), TA(B) and PSS (C) at pH 7.5, 8 and 8.5.
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(A); PPDMA-b-PDPA micelles/TA (B) and BPDMA-b-PDPA micelles/PSS (C) at

pH 7.5, pH 8 and pH 8.5.
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It is observed that multilayers could be grown at pH 7.5 and pH 8 but not at pH 8.5.

The inhibition of LbL growth at pH 8.5 can be explained by the formation of

electrically non-neutral BPDMA-b-PDPA micelles-polyanion complexes at the

surface resulting in desorption during the self-assembly procedure. Therefore,

successful LbL growth at pH 7.5 and pH 8 suggested that the interactions among the

layers was more than the electrostatic association among quaternized amino groups

of BPDMA-coronae and sulfonate/phenolate/carboxylate groups of the polyanions at

pH 7.5 and pH 8. These results suggested two possible scenarios as the driving force
for LbL growth:

i)

Zeta potential measurements showed that BPDMA-b-PDPA micelles had
positive zeta potential at pH 7.5 and pH 8 (~ 4.9 £ 0.3 mV and ~ 0.98 £+ 1.1
mV at pH 7.5 and pH 8, respectively) possibly arising from either several
unbetainized amino groups remained on the PPDMA-coronae which could
not be detected by *H NMR analysis and/or few protonated amino groups of
PDPA remained at the core-corona interface. In general, the result obtained
from the calculation of *"H NMR spectrum based on such conversion may
contain 1-2 % error. These residues might be the source of possitive zeta
potential at pH 7.5 and pH 8. This additional association among the
polyanions and tertiary amino groups on BPDMA-b-PDPA micelles might
have contributed to LbL assembly which was not possible when the layers
associated solely through the quaternized amino groups of fPDMA-coronae
and sulfonate/phenolate/carboxylate groups of the polyanions. Indeed, the
lower thickness values obtained at pH 8 also supports this possibility. As the
film deposition pH increased from 7.5 to 8, the percent ionization of free
tertiary amino groups on BPPDMA-b-PDPA micelles decreased resulting in
lower extent of association at the surface and lower thickness values at pH 8.
However, at pH 8.5, when the tertiary amino groups got further deprotonated
and the layers interacted solely through quaternized amino groups of
BPDMA-coronae and sulfonate/phenolate/carboxylate groups of the
polyanions, LbL growth was inhibited. Of note, BPDMA-b-PDPA micelles

carried no more positive zeta potential beyond pH 8.
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i) Contribution of hydrogen bonding interactions to LbL growth which was
disrupted as the film deposition pH increased and polyacids got further
deprotonated. This is likely to be true for BPDMA-b-PDPA micelles/HA and
BPDMA-b-PDPA micelles/TA films which possibly interacted also through
hydrogen bonding interactions among sulfonate groups of BPDMA-coronae
and hydroxyl groups of TA or HA. However, the fact that PSS and BPDMA -
b-PDPA micellar layers, which were not expected to associate through
hydrogen bonding interactions due to lack of hydrogen donating groups in
PSS, also showed similar LbL growth trend at pH 7.5, pH 8 and pH 8.5
strengthens the first scenario. However, it is worth mentioning that hydrogen
bonding interactions among PPDMA-b-PDPA micelles and TA or HA and
dipole-dipole interactions among BPDMA-b-PDPA micelles and PSS
possibly contributed to LbL growth.

In all films, the thickness increment after every micellar layer was greater than that
of a polyanion layer. The highest thickness was obtained for BPDMA-b-PDPA
micelles and TA films. TA is a polyphenol composed of five digalloyl ester groups
bound to a central glucose core. It has twenty five hydroxyl groups per molecule.
The pK, of TA varies with the source that it is extracted [159]. The pK,1 and pK,, of
TA which was used in this study were estimated as 6.5 and 8, respectively in one of
our recent studies [160]. Therefore, TA was partially charged at the deposition pH of
7.5. On the other hand, HA has a pK; of 2.87 for COOH groups [161] and PSS is a
strong polyanion. The lower thickness of PPDMA-b-PDPA micelles/HA and
BPDMA-b-PDPA micelles/PSS films was correlated with the adsorption of fully
charged HA and PSS on the layer of pPDMA-b-PDPA micelles in the extended
form. An earlier study on LbL assembly of TA has shown that the thickness value of
a layer of TA was greater than the molecular dimensions of TA [162] and this was
explained by the self-association of polyphenols [163]. Therefore, the greater
thickness of BPDMA-b-PDPA micelles/TA films was correlated with the self-
association of TA molecules.

The surface morphology of the multilayers was also examined via AFM imaging.

Figure 15 and 16 contrasts the AFM height images and roughness values of 3-layers
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of PPDMA-b-PDPA micelles/HA, BPDMA-b-PDPA micelles/TA and PPDMA-b-

PDPA micelles/PSS films from different z-scales and same z-scales, respectively.

BPDMA-b-PDPA micelles/TA BPDMA-b-PDPA micelles/PSS

BPDMA-b-PDPA micelles/HA

1: Height

Average roughness =1.3 nm Average roughness =4.9 nm Average roughness=2.1 nm

Figure 15. AFM height images and roughness values of 3-layer BPDMA-b-PDPA
micelles/HA, BPDMA-b-PDPA micelles/TA and BPDMA-b-PDPA micelles/PSS
films. The average surface roughness values were estimated over 2 um x 2 pum areas

on three different randomly selected places of the sample surface.

BPDMA-b-PDPA micelles/PSS

BPDMA-b-PDPA micelles/TA

BPDMA-b-PDPA micelles/HA

Average roughness=2.1nm

Average roughness=1.3nm Average roughness =4.9 nm

Figure 16. AFM height images (same z-scales) and roughness values of 3-layers
BPDMA-b-PDPA micelles’/HA, BPDMA-b-PDPA micelles/TA and BPDMA-b-
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PDPA micelles/PSS films. The average surface roughness values were estimated
over 2 um x 2 um areas on three different randomly selected places of the sample

surface.

The surface of BPDMA-b-PDPA micelles/TA film was rougher (roughness ~ 4.9 nm)
than the surfaces of both PPDMA-b-PDPA micellessrHA and BPDMA-b-PDPA
micelles/PSS films with roughness values of ~ 1.3 nm and ~2.1 nm, respectively.
The greater roughness of BPDMA-b-PDPA micelles/TA films could be correlated
with self-association of TA in solution leading to adsorption of TA in the aggregated
form. The lateral size values of the surface features on all types of 3-layer films
varied between 40-75 nm which were greater than the size of BPDMA-b-PDPA
micelles obtained by DLS. As a control experiment, the lateral size of surface objects
on 1-layer of BPDMA-b-PDPA micelles was measured. It was found that 1-layer
BPDMA-b-PDPA micellar film was incomplete and irregularly packed and the size
of surface features varied between 28 nm and 60 nm. We suggest that in case of 3-
layer films, when TA, HA or PSS coated surfaces (2-layer films) interacted with
BPDMA-b-PDPA micellar solution (deposition of the third layer), BPDMA-b-PDPA
micelles possibly adsorbed onto higher parts of the surface rather than in the holes
and the surface features were not solely BPDMA-b-PDPA micelles deposited as the
outmost layer but a combination of the micelles and the underlying surface features.
It is worth to note that the size of the objects at the surface of 1-layer film was still
higher than BPDMA-b-PDPA micellar size obtained by DLS. This could be due to
spreading of PPDMA-b-PDPA micelles as well as association of pPDMA-b-PDPA

micelles with each other at the surface through zwitterionic coronal chains.

The wettability of the films was also examined. The wettability of multilayer films
was reported to be determined by the outermost layer [59]. Besides, chemical
composition, surface roughness and degree of interpenetration was found to play a
role in wettability [164]. Figure 17 shows the evolution of contact angle as a function
of layer number. For all films, the contact angles varied between 20.2°-27.1° when
the outmost layer was PPDMA-b-PDPA micelles. However, the contact angle
increased in the order of PBPDMA-b-PDPA micelles/TA, BPDMA-b-PDPA
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micelles/PSS and BPDMA-b-PDPA micelles/THA when the outermost layer was the
polyanion. A study by Wenzel reported that for surfaces with contact angle smaller
than 90°, increasing surface roughness enhanced the surface wettability [165]. The
results are in good agreement with this report since the lowest contact angle was
recorded for PPDMA-b-PDPA micelles/TA films, which exhibited the highest

surface roughness.
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Figure 17. Static contact angles of PPDMA-b-PDPA micelles’THA (square),
BPDMA-b-PDPA micelles/TA (circle) and BPDMA-b-PDPA micelles/PSS (triangle)

films.

3.2.  Stability of Multilayers

Prior to determining the anti-adhesive and anti-bacterial properties of the films, the
stability of the multilayers was examined. To mimic a biological environment,
multilayers were immersed into PBS at 37°C. The amount of material retained on the
surface was determined at pH 7.5 as well as pH 5.5 as a representation of the acidic
environment at an infectious site. Figure 18 shows the fraction retained at the surface
of PPDMA-b-PDPA micelles/HA, BPDMA-b-PDPA micelles/TA and PPDMA-b-
PDPA micelles/PSS at pH 7.5 (A) and pH 5.5 (B) at 37°C in PBS solution.
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B in PBS solution at pH 5.5
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ZBCM/HA ZBCM/TA ZBCM/PSS

Figure 18. Fraction retained at the surface of BPDMA-b-PDPA micelles/HA,
BPDMA-b-PDPA micelles/TA and PPDMA-b-PDPA micelles/PSS films after
immersion into PBS at pH 7.5 (A); pH 5.5 (B) at 37°C. In all figures, the red
columns correspond to fractions before immersion, the gray columns correspond to
the fractions of the films retained at the surface after being immersed into PBS for 1
hour at 37°C and the black columns correspond to the fractions of the films retained
at the surface after being immersed into PBS for 2 hours at 37°C. ZBCM refers to
BPDMA-b-PDPA micelles.

The stability of the films in bacterial culture medium (LB broth) was also examined.
Similar to stability experiments performed in PBS, 3-layer PPDMA-b-PDPA
micelles/HA, BPDMA-b-PDPA micelles/TA and BPDMA-b-PDPA micelles/PSS

films were immersed into bacterial culture medium at 37°C and at pH 7.5 and pH
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5.5. Fractions retained at the surface after immersion into bacterial culture medium
(Figure 19A and 19B) were similar to those obtained upon immersion into PBS
(Figure 18A and 18B) for 1- and 2-hour periods.

A in bacterial culture medium at pH 7.5

1,00

0,75

0,50

Fraction retained at surface

0,25
B initial
[ after 1h
0,00 I aiter 2h
ZBCM/HA ZBCMITA ZBCM/PSS
B In bacterial culture medium at pH 5.5

1,00

0,75

0,50

0,25

Fraction retained at surface

B initial
[ after 1h
I after 2h

0,00

ZBCM/HA ZBCMITA ZBCM/PSS

Figure 19. Fraction retained at the surface of BPDMA-b-PDPA micelles/HA,
BPDMA-b-PDPA micelles/TA and BPDMA-b-PDPA micelles/PSS films after
immersion into bacterial culture medium at pH 7.5 (A) and pH 5.5 (B) at 37°C. In all
figures, the red columns correspond to fractions before immersion, the gray columns
correspond to the fractions of the films retained at the surface after being immersed
into bacterial culture medium for 1 hour at 37°C and the black columns correspond
to the fractions of the films retained at the surface after being immersed into bacterial
culture medium for 2 hours at 37°C. ZBCM refers to BPDMA-b-PDPA micelles.
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No significant difference in stability between pH 7.5 and pH 5.5 was observed for
the three films. Importantly, although all multilayers were deposited at pH 7.5,
different extent of erosion from the surface was recorded upon immersion of the
films in PBS even at pH 7.5. This may be correlated with the high salt content of
PBS. PBS is a mixture composed of 0.002 M NaH,PQO,4, 0.008 M Na,HPQ,4, 0.0027
M KCI and 0.137 M NaCl. The salt content of PBS is significantly greater than that
of 0.001 M phosphate buffer solution which was used for the preparation of
deposition and rinsing solutions. The salt ions penetrating from PBS into the
multilayers have possibly resulted in disruption of polymer ionic pairs within the
multilayers and induced release of polymer chains from the surface. Among the three
film systems, BPDMA-b-PDPA micelles/TA films showed the greatest stability. This
was correlated with the dendrimer-like structure of TA enhancing the association
among the layers. In addition, hydrogen bonding interactions between the phenolic
hydroxyl groups of TA and sulfonate groups of BPDMA-coronae possibly provided
additional stability to BPDMA-b-PDPA micelles/TA films. Indeed, the stability of
BPDMA-b-PDPA micelles/TA films at pH 55 can be an indication of the
contribution of hydrogen bonding interactions to the stability of multilayers despite
the protonation of TA with decreasing pH and disruption of electrostatic association
among BPDMA-b-PDPA micelles and TA (pK,1 = ~ 6.5 and pK,2 = ~ 8 for TA
[160]). BPDMA-b-PDPA micelles and HA films, which could also potentially form
hydrogen bonding interactions among the layers, did not present such a stability in
PBS. It is possible that dendrimer-like structure of TA was highly critical for
multilayer stability. Wan and Xu reported that the stability of poly(sulfobetaine
methacrylate) (PSBMA)/TA films was greater than that of PSBMA/poly(acrylic
acid) (PAA) films under identical conditions and mentioned the dendritic structure of
TA as one of the causative factors [166,167]. BPDMA-b-PDPA micelles/PSS films
also showed greater stability in PBS compared to pPDMA-b-PDPA micelles/HA
films. The greater molar concentration of the functional groups of PSS as well as
greater hydrophobicity of PSS arising from the aromatic rings possibly rendered
BPDMA-b-PDPA  micelles/PSS films more stable than PPDMA-b-PDPA
micelles/HA films. The effect of hydrophobicity on the stability of multilayer films

has been reported earlier [168].
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The stability of multilayers was also examined over long-term period. For that the
multilayers were immersed into PBS and bacterial culture medium at pH 7.5 and 5.5
for 24 hour-period. However, in contrast to the stability of PPDMA-b-PDPA
micelles/TA films in PBS for a 24-hour period (~ 82 % retained at pH 7.5 and ~ 72
% at pH 5.5), same multilayers were almost completely dissolved in bacterial culture
medium within the same duration. Figure 20 shows the long-term stabilities of the
multilayers in PBS solution at pH 7.5 (A) and pH 5.5 (B) and Figure 21 shows the
long-term stabilities of the multilayers in bacterial culture medium at pH 7.5 (A) and
pH 5.5 (B).

1,25t A in PBS solution at pH 7.5
1,00
0,75
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Fraction retained at surface
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Figure 20. Fraction retained at the surface of BPDMA-b-PDPA micelles/HA,
BPDMA-b-PDPA micelles/TA and BPDMA-b-PDPA micelles/PSS films after
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immersion into PBS at pH 7.5 (A) and pH 5.5 (B) for 24 hours at 37°C. In all figures,
the gray columns correspond to fractions before immersion, the black columns
correspond to the fraction of the films retained at the surface after being immersed

into PBS for 24 hours at 37°C. ZBCM refers to BPDMA-b-PDPA micelles.

1,25 A in bacterial culture medium at pH 7.5
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Figure 21. Fraction retained at the surface of BPDMA-b-PDPA micelles/HA,
BPDMA-b-PDPA micelles/TA and BPDMA-b-PDPA micelles/PSS films after
immersion into bacterial culture medium at pH 7.5 (A) and pH 5.5 (B) for 24 hours
at 37°C. In all figures, the gray columns correspond to fractions before immersion,
the black columns correspond to the fraction of the films retained at the surface after
being immersed into bacterial culture medium for 24 hours at 37°C. ZBCM refers to

BPDMA-b-PDPA micelles.
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3.3.  Protein Adsorption onto Multilayers

The adherence of BSA to 1-, 3-, and 5-layer films was analysed by immersing the
substrates into PBS at pH 7.5 containing BSA at a concentration of 50 mg/mL. The
UV absorbance values of three replicates of 1-, 3-, and 5-layer films of each system
were recorded using the microBCA assay followed by a calculation of the BSA
amount adsorbed at the surface using a calibration curve. As seen in Figure 22, 3-
layer films showed the minimum amount of BSA adsorption in the BPDMA-b-PDPA
micelles/HA and BPDMA-b-PDPA micelles/PSS systems.

6r =
= 1
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4 -
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€
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2+ I control
Bl 1-layer
B 3-layer
0 5-layer
Control ZBCM/HA ZBCM/TA ZBCM/PSS

Figure 22. Protein adsorption onto modified or unmodified slides. Amount of BSA
adsorbed onto BPDMA-b-PDPA micelles/HA, PPDMA-b-PDPA micelles/TA and
BPDMA-b-PDPA micelles/PSS films at pH 7.5 and 37°C. For each film system, the
first, second and third columns refer to the adsorption onto 1-, 3- and 5-layer films,
respectively.

The lower BSA adsorption onto 3-layer BPDMA-b-PDPA micelles/HA and fPDMA-
b-PDPA micelles/PSS films compared to 1-layer films can be explained with the
higher surface coverage in 3-layer films. When a comparison is made between 3- and
5-layer films, the higher amount of BSA adsorption onto 5-layer films can be
correlated with the decrease in the number of free zwitterionic units at the topmost

layer due to higher interpenetration of the layers as they move away from the
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substrate. Interestingly, PPDMA-b-PDPA micelles/TA demonstrated a different
profile. The amount of BSA deposited at the surface increased with an increasing
layer number of BPDMA-b-PDPA micelles/TA films. More importantly, the amount
adsorbed onto 3-layer BPDMA-b-PDPA micelles/TA films were significantly higher
than that adhered onto 3-layer BPDMA-b-PDPA micelles/HA or BPDMA-b-PDPA
micelles/PSS films. This can result from the difference with the greater surface
roughness of BPDMA-b-PDPA micelles/TA films, promoting BSA deposition at the
surface due to increased surface area. Moreover, TA is partially ionized at pH 7.5,
thus protonated phenolic hydroxyl groups could have also enhanced the adhesion of
BSA on the surface. Hydroxyl groups have been reported to promote protein
adsorption [167,169].

BSA adsorption at the surface of multilayers was also examined by ellipsometry.
Figure 23 shows the evolution of film thickness before and after BSA adsorption
onto 3-layer BPDMA-b-PDPA micelles/HA, BPDMA-b-PDPA micelles/TA and
BPDMA-b-PDPA micelles/PSS films. The greatest change in thickness was observed
for BPDMA-b-PDPA micelles/TA films upon immersion of the multilayers into 50
mg/mL BSA solution, which was slightly lower than the amount adsorbed onto the
control substrate. 3-layer BPDMA-b-PDPA micelles/HA and 3-layer PPDMA-b-
PDPA micelles/PSS films were similar in the changes of their thickness. The
thickness change for BPDMA-b-PDPA micelles/HA was slightly lower than that for
BPDMA-b-PDPA micelles/PSS. The results obtained from ellipsometry
measurements were in good agreement with the results obtained from microBCA

assay.
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Figure 23. Evolution of film thickness after multilayers were immersed into BSA
solution at pH 7.5 and 37°C. Light gray parts correspond to the initial thickness of
the films. Dark gray parts correspond to the increment in film thickness upon BSA
adsorption. Concentration of BSA solution was 50 mg/mL. ZBCM refers to
BPDMA-b-PDPA micelles.

The anti-adhesive behaviour of 3-layer films against various proteins, i.e. Lysozyme,
Casein and Ferritin were also evaluated using ellipsometry. Figure 24 shows the Lys
(Lysozyme) adsorption profiles of 3-layer films of three different film systems again

by the microBCA assay (A) and ellipsometry (B) techniques.
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Figure 24. Adsorption of Lysozyme (Lys) onto PDMA-b-PDPA micelles/HA,
BPDMA-b-PDPA micelles/TA and BPDMA-b-PDPA micelles/PSS films at pH 7.5
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and 37°C. Lys adsorption was determined by the microBCA assay. For each film
system, the first, second and third columns refer to the adsorption onto 1-, 3- and 5-
layer films, respectively (A). Ellipsometry analysis showing the evolution of film
thickness after 3-layer films were immersed into Lys solution at pH 7.5 and 37°C.
Light gray parts correspond to the initial thickness of the films. Dark gray parts
correspond to the increment in film thickness upon BSA adsorption. Concentration
of Lys solution was 25 mg/mL (B). ZBCM refers to BPDMA-b-PDPA micelles.

As with BSA adsorption onto various films, both techniques provided similar
findings for Lys adsorption as well. Therefore, for the rest of the protein adhesion
experiments, ellipsometry technique was used. Due to lower solubility Casein in
PBS, for comparison, all data shown in Figure 25 were obtained by conducting the

experiments using 25 mg/mL protein solutions prepared in PBS at pH 7.5.
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Figure 25. Evolution of film thickness after 3-layer films were immersed into
Lysozyme (A), Casein (B), Ferritin (C) and BSA (D) solutions. Light gray parts
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correspond to the initial thickness of the films. Dark gray parts correspond to the
increment in film thickness upon protein adsorption. Concentrations of the protein
solutions were all 25 mg/mL. ZBCM refers to BPDMA-b-PDPA micelles.

All types of films were anti-adhesive against the proteins compared to the controls.
However, anti-adhesive behaviour of fPDMA-b-PDPA micelles/HA films was the
most prominent possibly due to lower surface roughness and more hydrophilic nature
of the multilayers. As discussed earlier, PPDMA-b-PDPA micelles/TA films
attracted greater amount of protein to the surface. BSA and Lys adsorptions onto
BPDMA-b-PDPA micelles/TA multilayers were greater than Ferritin and Casein. A
comparison of the hydrophobicity plots of Ferritin, Casein, Lys and BSA (Figure 26)
showed that Ferritin and Casein had more hydrophobic regions than Lys and BSA,
which showed more hydrophilic regions. Therefore, Ferritin and Casein with more
hydrophobic regions might have adhered less onto a hydrophilic surface. Protein
adsorption onto surfaces is a complicated process. It depends on various factors, such
as charge and chemical characteristic of the surface, electrostatic or physical
interactions between the surface and protein, hydrophilic/hydrophobic nature of the
surface as well as the protein [170]. The energy barrier for the displacement of water
molecules from a hydrophilic surface is large. Therefore, in general, the driving force
for the adsorption of proteins onto a hydrophilic surface is charge interactions among
the surface and protein and surface-induced changes in protein conformation,
providing the enough energy change to drive protein adsorption [171]. The
zwitterionic outmost layer is neutral. However, the underlying polyanion layer could
also contribute to interface chemistry, charge interactions, surface-induced changes
in protein conformation and hydrophilic/hydrophobic regions of the protein and these
properites may all be correlated with the greater adsorption of Lys and BSA onto
multilayers. Understanding the differences in the amount of adsorption of various

proteins onto the same surface requires more detailed studies.
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Figure 27 shows the effect of long term incubation of the multilayers in protein
solution on protein adsorption. BSA was selected as a model protein. 3-layer films of
all types were immersed into 25 mg/mL BSA solution (prepared in PBS) at 37°C for
24 hours.

mm initial thickness
21 mmthicknes after BSA adsomtion
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Figure 27. Evolution of film thickness after immersion of control (rhombus), 3-layer
BPDMA-b-PDPA micelles’HA (square), 3-layer BPDMA-b-PDPA micelles/TA
(circle) and 3-layer BPDMA-b-PDPA micelles/PSS (triangle) into 25 mg/mL BSA
solution at pH 7.5 and 37°C for 24 hours. ZBCM refers to PPDMA-b-PDPA

micelles.

BPDMA-b-PDPA micelles/TA films had the greatest adsorption of BSA on the
surface. BPDMA-b-PDPA micelles/rHA and PPDMA-b-PDPA micelles/PSS films
had thickness values similar to that of the control surface, pointing out dissolution of
the multilayers, which possibly resulted in loss of the anti-adhesive behaviour of
these surfaces. These results are in good agreement with the long-term (24 hours)
stability data of the multilayers in PBS (Figure 20) where BPDMA-b-PDPA
micelles/TA films were observed to be the most stable in PBS among the three film

systems.
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3.4. Anti-adhesive and Anti-bacterial Properties of the Multilayers

3.4.1. Bacterial Anti-adhesive Properties of Multilayers

To determine the adherence of bacteria to the different films, an E. coli K-12 strain

transformed with a GFP expressing plasmid was used (Figure 26).

GFP( Empty Vector)

2989 bp

Figure 28. Plasmid map of pSB1C3 showing presence of the GFP gene.
http://parts.igem.org/Part:pSB1C3.

It was observed that both PPDMA-b-PDPA micelles/HA and BPDMA-b-PDPA
micelles/PSS systems allowed minimal adherence of bacteria as shown by the
remarkably low GFP signal compared to the control uncoated sample (Figure 29). On
the other hand, the BPDMA-b-PDPA micelles/TA films showed higher adherence to
E. coli and this adherence increased as the number of layers in the sample increased.

Figure 30 shows the quantification of fluorescence intensity of the images calculated.
Quantitative representation of the fluorescent GFP signals from the bacteria adhering

to different surfaces as determined by Image J.

58


http://parts.igem.org/Part:pSB1C3

106pum

Control

3-layer ZBCM/HA

5-layer ZBCM/HA

1-layer ZBCM/HA

3-layerZBCM/TA

1-layer ZBCM/TA 5-layer ZBCM/TA

3-layer ZBCM/PSS

5-layer ZBCM/PSS

1-layer ZBCM/PSS

Figure 29. Green fluorescence images of blank glass slide (control) and 1-, 3-, 5-
layer BPDMA-b-PDPA micelles/HA, pPDMA-b-PDPA micelles/TA and BPDMA-b-
PDPA micelles/PSS coated glass slides after 1 hour incubation with Escherichia coli
ATCC 700926. ZBCM refers to BPDMA-b-PDPA micelles.
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Figure 30. Quantitative representation of the fluorescent GFP signals from the
bacteria adhering to different surfaces as determined by Image J. For each film
system, the first, second and third columns refer to the fluorescence intensity

obtained from microscopic images of 1-, 3- and 5-layer films, respectively.

Transformation of plasmids into S. aureus is technically challenging due to the
presence of Restriction Modification systems that restrict entry of foreign DNA
[172]. Therefore, crystal violet dye was used to stain adherent S.aureus as well as
E.coli on the different surfaces (BPDMA-b-PDPA micelles/HA, BPDMA-b-PDPA
micelles/TA and PPDMA-b-PDPA micelles/PSS) with a differing number of layers.
Figure 31A shows the macroscopic images of the slides after crystal violet staining.
To quantify the signal, we washed the bacteria with a decolorizing solution for over 5
min to remove the dye from both bacterial strains. Figure 31B shows the
macroscopic images of the decolorization solution. The color was then quantified
using a spectrophotometer at 590nm. Statistically significant reduction in adherence
on all surfaces was observed; however, the anti-adhesive nature of BPDMA-b-PDPA
micelles/TA films at 3 and 5 layers was weaker than the other surfaces. Figure 32
shows the normalized absorbance of the crystal violet staining solution after

decolorization process for E.coli and S.aureus.
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Figure 31. Images of crystal-violet stained blank or coated substrates incubated with
Staphylococcus aureus ATCC 29213 and Escherichia coli ATCC 8739 before (A)
and after (B) decolorization process. ZBCM refers to BPDMA-b-PDPA micelles.

61



A Escherichia coli ATCC 8739
100 +

o]
o
T

N
o
T

I control
B 1-layer
I 3-layer
Bl G ayer

N
o
T

Normalized absorbance at 590 nm (%)
[e2]
o

0
Control ZBCM/HA ZBCMITA ZBCM/PSS

B Staphylococcus aureus ATCC 29213

100 ns

I control
B 1-layer
I 3-layer
Il 5-layer

Normalized absorbance at 590 nm (%)

0
Control  ZBCM/HA ZBCM/TA ZBCM/PSS

Figure 32. Normalized absorbance of the crystal violet staining solution obtained
after decolorization of E.coli (A) and S. aureus (B) adhered to control glass slides or
glass slides coated with 1-, 3-, 5- layer BPDMA-b-PDPA micelles/fHA, BPDMA-b-
PDPA micelles/TA and BPDMA-b-PDPA micelles/PSS after 1 hour of incubation.
For each film system, the first, second and third columns refer to data obtained from
1-, 3- and 5-layer films, respectively. ZBCM refers to BPDMA-b-PDPA micelles.

To further support the bacterial adhesion data, an agar plating method was carried
out with both S.aureus and E. coli on 1-, 3-, and 5-layer films of BPDMA-b-PDPA
micelles/HA, BPDMA-b-PDPA micelles/TA and BPDMA-b-PDPA micelles/PSS. All
films had zwitterionic BPDMA-b-PDPA micelles as the outmost layer. It was
observed that the 5-layered films showed the least bacterial anti-adhesive property
compared to 1-layer and 3-layered films, which showed moderate anti-adhesive

properties (Figure 33).
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Figure 33. Viable bacterial count obtained by agar plating method with blank glass
slide (control) and 1-, 3-, 5- layer BPDMA-b-PDPA micelles/HA, BPDMA-b-PDPA
micelles/TA and BPDMA-b-PDPA micelles/PSS coated glass slides after 1 hour
incubation with E.coli (A) and S.aureus (B). For each film system, the first, second
and third columns refer to the 1-, 3- and 5-layer films, respectively. Colony numbers
for each control group was considered as 100% and the data for the experimental
groups were normalized to the value assumed for the control. Error bars represent
standard error (SE) of mean. ZBCM refers to BPDMA-b-PDPA micelles.

This is in agreement with the data shown in Figure 29, where HA containing films
showed the highest anti-adhesiveness while TA containing films showed the least.

Importantly, bacterial anti-adhesive results were in complete agreement with the
protein adhesion data (Figures 22-25), indicating that the interaction of surface
molecules on the bacteria with the functional groups on the 1-layer/multilayered
surfaces could be a mechanism of bacterial adherence [10,173,174]. Modification of
the surface with the different substrates (HA, TA or PSS) could have interfered with
this interaction [175-177]. The resistance to protein adherence and anti-adhesive
properties of a surface modified with zwitterionic poly(sulfobetaine methacrylate)
has been correlated before by Cheng et al. [60,178]. However, it has also been
reported that a surface which showed anti-adhesive behaviour against proteins had
not necessarily exhibited anti-adhesive characteristic against bacteria [179]. In this
study, resistance to protein adhesion (at least for the proteins under investigation)
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was in good agreement with the bacterial anti-adhesive behaviour of the surfaces
against E. coli and S.aureus.

Figures 34 and 35 show the long-term bacterial adherence studies using GFP
expressing E.coli K12. The results showed that the adhesiveness of all surfaces
became similar after 24 hours of incubation at 37°C (between 53 and 60% with
respect to the control as 100%). This means that the surfaces containing HA and PSS
(that were highly anti-adhesive at 1 hour, see Figure 29) were unstable at 24 hours
and therefore remarkably increased in their ability to adhere to bacteria. The TA
containing films, on the other hand, were already highly adherent at 1 hour.
However, since the surface was relatively more stable, the adhesiveness of bacteria

remained the same even after 24 hours of incubation.

BPDMA-b-PDPA micelles/HA

BPDMA-b-PDPA micelles/TA

BPDMA-b-PDPA micelles/PSS

Figure 34. Long term (24 hour) bacterial adhesion. Adherence of GFP expressing
E.coli K12 to glass slides (control) or glass slides coated with 3-layers of BPDMA-b-
PDPA  micellessHA, PPDMA-b-PDPA micellessTA and PBPDMA-b-PDPA
micelles/PSS.
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Figure 35. Long term (24 hour) bacterial adhesion. Quantitative representation of the
fluorescent GFP signals from the bacteria adhering to 3-layer BPDMA-b-PDPA
micelles/HA, BPDMA-b-PDPA micelles/TA and BPDMA-b-PDPA micelles/PSS
coated substrates as determined by Image J. The control substrate (blank glass slide)
was assumed as 100 % and the fluorescence intensities obtained from 3-layer films
were normalized to the value assumed for the control. ZBCM refers to BPDMA-b-
PDPA micelles.

These data are also in agreement with the long-term protein adsorption behaviour of
the films (Figure 27).

3.4.2. Anti-bacterial activity of multilayers

Block copolymer micelles are ideal carriers for hydrophobic functional molecules
due to their hydrophobic core regions. Block copolymer micelles with a polybasic
core are of interest specifically for the delivery of hydrophobic molecules at
moderately acidic conditions. Therefore, block copolymer micelles that have a
polybasic core and dissolve at moderately acidic pH to release the cargo are
important for anti-bacterial applications due to local pH drops in the body at an
infectious site. To determine whether the block copolymer micelles used in the
current study could be modified to show anti-bacterial function against E. coli ATCC

8739, the anti-bacterial agent Triclosan was loaded into the micellar cores and
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mutilayers were prepared using Triclosan embedded BPDMA-b-PDPA micelles as
building blocks. The anti-bacterial activity of PPDMA-b-PDPA micelles/HA,
BPDMA-b-PDPA micelles/TA and BPDMA-b-PDPA micelles/PSS multilayers was
assessed at neutral and moderately acidic conditions using a modified version of
Kirby-Bauer test. The amount of Triclosan released from the multilayers was
deduced by comparing the diameters of the “zone of inhibition” around the substrates
coated with 5-layer films placed on agar. As control substrates, multilayers
composed of unloaded BPDMA-b-PDPA micelles were prepared. As seen in Figure
36, no clear zone of inhibition of bacterial growth was observed for the films of
unloaded micelles. However, 5-layer films of all types of Triclosan loaded BPDMA -
b-PDPA micelles showed a clear zone of inhibition of bacterial growth on MH agar
at both pH 7.5 and pH 5.5, indicating an antibacterial effect on E. coli ATCC 8739.
Scheme 5 shows the chemical structure of Triclosan, 5-chloro-2-(2,4-
dichlorophenoxy) phenol and representation for Triclosan loaded BPDMA-b-PDPA

micelles.

Cl OH

Cl Cl

Unimer Triclosan loaded- Zwitterionic Block
Copolymer Micelle

Scheme 5. Chemical structure of Triclosan and representation for Triclosan loaded
BPDMA-b-PDPA micelles.
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pH7.5

5-layer ZBCM/HA 5-layer ZBCM/TA 5-layer ZBCM/PSS

5-layer 5-layer 5-layer
Triclosan-ZBCM/HA  Triclosan-ZBCM/TA  Triclosan-ZBCM/PSS

5-layer ZBCM/HA 5-layer ZBCM/TA 5-layer ZBCM/PSS

pH 5.5

5-layer 5-layer 5-layer
Triclosan-ZBCM/HA  Triclosan-ZBCM/TA  Triclosan-ZBCM/PSS

Figure 36. Kirby-Bauer tests from 5- layer Triclosan loaded BPDMA-b-PDPA
micelles/HA, BPDMA-b-PDPA micelles/TA and Triclosan loaded BPDMA-b-PDPA
micelles/PSS films. 5-layer films of unloaded BPDMA-b-PDPA micelles at pH 7.5

and pH 5.5 were used as control. ZBCM refers to BPDMA-b-PDPA micelles.

Preliminary experiments indicated that there was no difference in the growth rate of
the bacteria in MH broth at pH 7.5 or at 5.5; additionally, treatment of E. coli with
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50pg/ml Triclosan resulted in comparable cell death at both pH values. Importantly,
a larger zone was observed at pH 5.5 due to protonation of the tertiary amino groups
of PDPA-core blocks and pH-induced release of Triclosan. Figure 37 shows the
diameter of the clear zones for Triclosan loaded 5-layer BPDMA-b-PDPA
micelles/HA, BPDMA-b-PDPA micelles/TA and BPDMA-b-PDPA micelles/PSS
films at pH 7.5 and pH 5.5. Of note, the zone of inhibition was larger for 5-layer
films than that for 3-layer films specifically at pH 5.5 most likely due to higher
number of Triclosan loaded PPDMA-b-PDPA micelles at the surface resulting in

greater release of Triclosan (data not shown).
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Figure 37. Diameter of clear zones for Triclosan loaded 5-layer PDMA-b-PDPA
micelles/HA, Triclosan loaded BPDMA-b-PDPA micelles/TA and BPDMA-b-PDPA
micelles/PSS films at pH 7.5 and pH 5.5. ZBCM refers to BPDMA-b-PDPA

micelles.



3.5. Osteoblast-like Cell (SaOS-2) Adhesion Properties of Multilayers

Anti-bacterial and anti-adhesive surface coatings for biomaterials are the most ideal
coatings to prevent biofilm associated infections [180]. However, for an implant to
be functional in the body, the required surface interactions between cells in the body
fluid and implant surface should occur [181]. Therefore, surfaces that are anti-
adhesive for bacteria and at the same time, adhesive for mammalian cells like
fibroblasts or osteoblasts would be the ideal for biomaterial coating [182]. To
understand whether bacterial anti-adhesive surfaces used in this study were adhesive
for mammalian cells, the human osteoblast-like SaOS-2 cells were used. Osteoblast-
like SaOS-2 cells were chosen, because of the usage of zwitterionic polymers for
knee and bone replacement surgeries, due to their good lubrication properties. The
1-, 3- and 5- layer BPDMA-b-PDPA micelles/HA, PPDMA-b-PDPA micelles/TA
and BPDMA-b-PDPA micelles/PSS multilayers were prepared on glass substrates
and incubated with SaOS-2 cells for 4h as described. The uncoated glass was used as
a control. To visualize the adherent cells on the different substrates, cells were
incubated with the lipophilic dye, 3,3’-dioctadecyl-5,5'-di(4-sulfophenyl)
oxacarbocyanine sodium salt (SP-DiOC;g(3)) that can bind to the plasma membrane.
Figure 38 shows the fluorescent microscopy images of the various surfaces incubated
with SaOS-2 cells for 4h.
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Figure 38. Fluorescence images of blank glass slide (control) and 1-, 3-, 5- layer
BPDMA-b-PDPA micelles’HA, BPDMA-b-PDPA micelless/TA and BPDMA-b-
PDPA micelles/PSS coated glass slides after 1 hour incubation with SaOS-2 cells.
ZBCM refers to BPDMA-b-PDPA micelles.

It was observed that all surfaces allowed the adsorption and spreading of the cells
after 4h of incubation. In fact the substrates allowed the SaOS-2 cells to remain
adsorbed, survive and proliferate even after 24h of incubation (data not shown). The
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fact that there was no significant difference between the adhesiveness of the cells
indicated that, the difference of the surfaces in terms of their morphology or
chemical functional groups may not be the major factor for mammalian cell
adherence. This is in contrast to the bacteria adhesion where the functional groups
and morphology of the surfaces were seen to play a major role. This result can be
because of the differences in the mechanisms of bacterial and mammalian cell
attachment and surface protein interactions [183]. Being the extracellular matrix
component of HA, the high adhesiveness of BPDMA-b-PDPA micelles/HA
multilayers towards SaOS-2 cells was expected [184]. However, the adhesiveness of
BPDMA-b-PDPA micellessTA and BPDMA-b-PDPA micelles/PSS multilayers,
independent of the layer number, might indicate a different mechanism for adhesion.
Although zwitterionic polymers are known to exert good anti-fouling behavior
against bacteria as well as mammalian cells [183,185], the reported studies usually
assumed to have complete charge neutrality within the polymer [185]. As shown in
Figure 12C, the overall charge of the BPDMA-b-PDPA micelles in the solution were
not exactly zero. In addition, as seen in the AFM analysis, the BPDMA-b-PDPA
micelles underwent spreading and interpenetrating with the polyanion on the surface.
These may result in the formation of free sulfonate groups on the surface which can
be attractive to Ca®* ions. Similar strategy for the adhesive behavior of phosphate
groups on polyphosphobetaine was reported by Miura et al [156]. The importance of
calcification in osteogenesis, bone formation, was reported in the studies of Liu and
Xu [186]. Therefore, the effect of Ca®* deposition on the surfaces may promote the
adhesion of osteoblast cells, even in monolayer coated BPDMA-b-PDPA micelles.
Although the exact mechanism behind the different anti-fouling profile of BPDMA-
b-PDPA micelle multilayers remains to be established, the adhesive property of the
substrates towards SaOS-2 cells is a highly desirable characteristic that will be

necessary to promote tissue-implant interaction and implant acceptance [182].
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CHAPTER 4

CONCLUSIONS

In this study block copolymer micelles were prepared through pH-induced self-
assembly of BPDMA-b-PDPA in aqueous solution at pH 7.5 and 25°C. These
micelles were then used as building blocks to modify the surface of substrates
forming ultra-thin films composed of 1-, 3- and 5-layers. For the preparation of
multilayers, HA, TA or PSS were used as the polyanion and layers were deposited in
a LbL fashion for 3 or 5 layers to generate ultra-thin films. It is observed that 3-layer
BPDMA-b-PDPA micelles/HA and BPDMA-b-PDPA micelles/PSS films were anti-
adhesive against various proteins such as BSA, Lys, Ferritin and Casein. The anti-
adhesiveness of 3-layer PPDMA-b-PDPA micellessHA and BPDMA-b-PDPA
micelles/PSS films was found to be greater than that of 1-layer films of the same
polymer pairs due to higher surface coverage by PPDMA-b-PDPA micelles. Anti-
adhesive behaviour of BPDMA-b-PDPA micellessHA and BPDMA-b-PDPA
micelles/PSS films diminished as the layer number increased from 3 to 5, possibly
due to greater extent of interpenetration of the layers while moving away from the
surface resulting in lower number of free zwitterionic units at the topmost layer.
Interestingly, protein adsorption onto 1-, 3- and 5- layer BPDMA-b-PDPA
micelles/TA films exhibited a different profile. The layers became more adhesive
when the number of layers was increased and more importantly, the amount of
protein adsorbed onto BPDMA-b-PDPA micelles/TA films was significantly greater
than that adsorbed onto PPDMA-b-PDPA micellessHA and BPDMA-b-PDPA
micelles/PSS films. The difference was correlated with the greater surface roughness
of BPDMA-b-PDPA micelles/TA films and hydroxyl groups of TA which possibly
increased the protein adsorption at the surface. Bacterial anti-adhesive tests were

performed against a model Gram-negative bacterium, Escherichia coli and a model
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Gram-positive bacterium, Staphylococcus aureus. Results obtained for both bacteria
were in excellent agreement with protein resistant behaviour of the films. Anti-
adhesive behaviour was found to be lost when multilayers were exposed to protein
solutions for long-term. However, we showed that by taking advantage of the
hydrophobic micellar cores, these micelles could be loaded with an anti-bacterial
agent Triclosan and multilayers constructed using Triclosan loaded BPDMA-b-PDPA
micelles exhibited anti-bacterial activity in the long term. The anti-bacterial activity
of the films was found to increase at moderately acidic pH due to protonation of the
tertiary amino groups of PDPA and dissolution of the micellar cores. The
adhesiveness of the multilayers was compared in terms of osteoblast-like cell line
using Sa0S-2. All multilayers were shown to exhibit fouling properties. In contrast
to anti-adhesive behaviour, no significant difference in anti-bacterial activity and
adhesiveness against SaOS-2 cells was recorded between the different types of films.
The difference in the behavior of the adhesiveness of the surfaces was correlated to
different adhesion mechanisms of bacterial and eukaryotic cells. The HA, due to
being an extracellular matrix component, could be improved the adhesiveness of
BPDMA-b-PDPA micelles/THA multilayers towards SaOS-2 cells. BPDMA-b-PDPA
micelles/TA multilayers, which were already not showing anti-adhesiveness against
bacteria, again were not anti-adhesive for SaOS-2 cells, could be because of greater
surface roughness of pPDMA-b-PDPA micelles/TA films and hydroxyl groups of
TA. BPDMA-b-PDPA micelles/PSS multilayers were adhesive for SaOS-2 cells
could be explained by the increased electrostatic interactions promoting deposition of

calcium ion and resulted in SaOS-2 adhesion.
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