PREPARATION OF ANTI-ADHESIVE AND ANTIBACTERIAL SURFACES
USING POLYMERS

A THESIS SUBMITTED TO
THE GRADUATE SCHOOL OF NATURAL AND APPLIED SCIENCES
OF
MIDDLE EAST TECHNICAL UNIVERSITY

BY

BORA ONAT

IN PARTIAL FULFILMENT OF THE REQUIREMENTS
FOR
THE DEGREE OF DOCTOR OF PHILOSOPHY
IN
BIOTECHNOLOGY

OCTOBER 2017






Approval of the thesis:

PREPARATION OF ANTI-ADHESIVE AND ANTIBACTERIAL SURFACES
USING POLYMERS

submitted by BORA ONAT in partial fulfillment of the requirements for the degree
of Doctor of Philosophy in Department of Biotechnology, Middle East Technical
University by,

Prof. Dr. Giilbin Dural Unver
Dean, Graduate School of Natural and Applied Sciences

Assoc. Prof. Dr. Cagdas Devrim Son
Head of Department, Biotechnology

Assoc. Prof. Dr. irem Erel Goktepe
Supervisor, Chemistry Dept., METU

Assoc. Prof. Dr. Sreeparna Banerjee
Co-supervisor, Dept. of Biological Sciences, METU

Examining Committee Members:

Prof. Dr. Ali Cirpan
Chemistry Dept., METU

Assoc. Prof. Dr. irem Erel Goktepe
Chemistry Dept., METU

Assoc. Prof. Dr. Pinar Yilgor Huri
Dept. Of Biomedical Engineering, Ankara University

Assoc. Prof. Dr. Fevzi Cakmak Cebeci
Faculty of Engineering and Natural Sciences,
Sabanct University

Assist. Prof. Dr. Ozgiil Persil Cetinkol
Chemistry Dept., METU

Date:



I hereby declare that all information in this document has been obtained and
presented in accordance with academic rules and ethical conduct. I also declare
that, as required by these rules and conduct, I have fully cited and referenced all

material and results that are not original to this work.

Name, Last name: Bora ONAT

Signature:

iv



ABSTRACT

PREPARATION OF ANTI-ADHESIVE AND ANTIBACTERIAL SURFACES
USING POLYMERS

Onat, Bora
Ph.D., Department of Biotechnology
Supervisor: Assoc. Prof. irem Erel Goktepe

Co-supervisor: Assoc. Prof. Sreeparna Banerjee

October 2017, 218 pages

Layer-by-layer self-assembly of polymers is a versatile technique which can impart
new functions to the surfaces of biomedical instruments and biomaterials. Materials
which are coated by this technique can exhibit response towards environmental
stimuli, such that the controlled release of drugs and similar biologically functional

molecules under different stimuli can be observed.

In the span of this thesis study, ultra-thin polymer films were prepared through the
layer-by-layer self-assembly technique, the physicochemical properties of the films
were assessed and their potential functions in biomedical studies which cover coating
surfaces to impart anti-adhesive and antibacterial properties were discovered. As
described in the first chapter of the thesis, multilayer films of zwitterionic block
copolymer micelles has shown bacterial anti-adhesive and pH-responsive antibacterial

agent releasing properties. The antibacterial agent was released from the pH-
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responsive cores of the block copolymer micelles. In the second chapter of the thesis,
for the purpose of supporting the bone regeneration and reducing the time of
acceptance of the implants in the body, multilayer films of antibacterial Tannic Acid
(TA) and biodegradable poly(4-hydroxy-L-proline ester) (PHPE) was studied. It was
determined that, these films are osteoconductive and support the regeneration of the
bone. In the third chapter of the thesis, multilayer films of TA and thermoresponsive
poly(N-vinyl caprolactam) (PVCL) was deposited on hydrogels composed of chitosan
and polyethylene glycol (PEG). It was shown that, at physiological temperature,
antibiotic release from the hydrogel membranes was enhanced. It was also determined
that, hydrogels with TA and PVCL multilayer-film surface modifications enhance the
viability of fibroblasts in the skin. This type of hydrogels hold promise in use as

antibacterial wound dressings.

Layer-by-layer self-assembly technique is a facile and versatile method of preparing
biologically functional surfaces. The films which are prepared in the extent of this
thesis are not only promising for bacterial anti-adhesive and antibacterial applications,

but also for bone regeneration and wound healing.

Keywords: Layer-by-layer films, Stimuli-response, Antibacterial, Anti-adhesive,

Tissue regeneration
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(074

POLIMERLERIN KULLANIMI iLE ANTIBAKTERIYEL VE YAPISMA
ONLEYICi YOZEYLERIN HAZIRLANMASI

Onat, Bora
Doktora, Biyoteknoloji Bolimii
Tez Yéneticisi: Dog. Dr. irem Erel Goktepe

Yardimci Tez Yoneticisi: Dog. Dr. Sreeparna Banerjee

Ekim 2017, 218 sayfa

Polimerlerin katman-katman kendiliginden yapilanma teknigi biyomedikal cihazlarin
veya biyomalzemelerin yiizeylerine yeni fonksiyonlar katmakta kullanilan uygulamasi
basit bir yontemdir. Bu yontem ile kaplanan malzemeler ¢evresel etmenlere duyarlilik
kazanabilmekte, ilag ~ vb.  biyolojik  molekiillerin  kontrollii  salimini

gerceklestirebilmektedir.

Bu tez ¢aligmasinda, katman-katman kendiliginden yapilanma yontemi kullanilarak
ultra-ince polimer filmler hazirlanmis, fizikokimyasal oOzellikleri incelenmis ve
yapisma Onleyici ve antibakteriyel polimer yiizeylerin hazirlanmasin1 da kapsayan
biyomedikal uygulamalar i¢in potansiyelleri ortaya ¢ikarilmistir. Tezin ilk bolimiinde,
zwitteriyonik blok kopolimer miseller iceren ¢ok-katmanli filmlerin bakteri yapigsma
onleyici 6zellikler gosterdigi, ayn1 zamanda pH'a duyarli misel ¢ekirdekleri sayesinde

yilizeyden antibakteriyel ajan salim1 gerceklestirebildikleri gdsterilmistir. Tezin ikinci
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boliimiinde, kemik olugumunu desteklemek ve implantlarin viicuda uyum saglama
stirecini kisaltmak amaciyla antibakteriyel Tannik Asit’in (TA) ve biyobozunur bir
polimer olan poli(4-hidroksi-L-prolin ester)’in (PHPE) kullanarak cok-katmanl
filmler hazirlanmis ve bu filmlerin kemik rejenerasyonunu destekledigi ve
osteokondiiktif Ozellik gosterdigi ortaya c¢ikarilmistir. Tezin tiglincli boliimiinde,
kitozan ve polietilen glikol’den olusan hidrojellerin iizerinde TA ve sicakliga duyarl
poli(N-vinil kaprolaktam) (PVCL) ¢ok-katmanl filmleri biriktirilmis, hidrojellerin
ylizeyinden viicut sicakliginda antibiyotik (Siprofloksasin) salimi gerceklestigi
gosterilmistir. Yiizeyleri TA ve PVCL ¢ok-katmanli filmleri ile modifiye edilen
hidrojellerin deri i¢erisinde bulunan fibroblastlarin viabilitesini artirdigi bulunmustur.

Bu tip hidrojellerin yara sargis1 olarak kullanilabilme potansiyeli vardir.

Katman-katman kendiliginden yapilanma yontemi, biyolojik olarak islevsel filmlerin
hazirlanmasi i¢in kolay uygulanabilir ve ¢ok yonlil bir yontemdir. Bu tez c¢aligmasi
kapsaminda hazirlanan filmler, yapisma onleyici ve antibakteriyel olmalar1 yaninda
kemik dokusu rejenerasyonu ve yara iyilestirme uygulamalari i¢in de {imit verici

niteliktedir.

Anahtar Kelimeler: Katman-katman filmler, Uyariciya duyarli filmler,

Antibakteriyel, Yapisma onleyici, Doku yenilenmesi

2211-Yurt I¢i Doktora Burs Programi kapsaminda sagladig1 destekten 6tiirii
TUBITAK Bilim Insan1 Destekleme Daire Baskanlig1 birimine tesekkiir ederim.
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CHAPTER 1

INTRODUCTION

1.1. Layer-by-Layer Self-Assembly Technique

Various strategies of building ultra-thin films have been applied in coating surfaces
and the most prominent ones are the Langmuir-Blodgett (LB) technique [1] and the
self-assembled monolayer (SAM) method [2]. Even though LB and SAM techniques
have been widely used in the literature, the LB technique is mostly only applicable to
the assembly of amphiphilic molecules onto surfaces and the SAM technique is limited
to a single layer and do not allow the assembly of multiple layers on surfaces. Layer-
by-layer (LbL) self-assembly technique is a cheap and versatile technique allowing the
build-up of polymer multilayers as ultra-thin films, and is highly tunable due to the

range of materials that can be incorporated in film structures [3,4].

LbL self-assembly technique was first introduced by Iler in 1966. Alumina and silica
colloidal particles were deposited on substrates to form LbL structures. By Decher et
al. in the 90s, LbL technique was adopted to polyelectrolytes, which resulted in the
formation of ultrathin multilayers [5-7]. These alternating multilayer structures
developed by Decher, Hong, and Schmitt, were composed of polyanions and
polycations and were the frontiers of the LbL self-assembled polymer thin films. The
basic procedure in the LbL self-assembly of molecules is the alternating deposition of
two polyelectrolytes with opposite charges to a substrate. Basically, negatively
charged substrate is immersed into a polycation solution for a determined period, and
then rinsed. Then, the polycation-coated substrate is immersed into the polyanion
solution for a determined period of time and rinsed again. The procedure is repeated

until the desired thickness or layer number is achieved [8] (Scheme 1. 1.).
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Scheme 1. 1. The schematic representation of LbL deposition of polyelectrolytes via

dip-coating.

Although electrostatic interactions are the main driving force for LbL self-assembly
of polymers at the surface, hydrogen-bonding interactions have also been investigated
to construct LbL films (Scheme 1. 2.). In 1994, Rubner and colleagues introduced the
use of hydrogen-bonding interactions between polymers to form LbL films of
poly(vinyl pyrrolidone) (PVP), poly(vinyl alcohol) (PVA), poly(acrylamide) (PAAm),
or poly(ethylene oxide) (PEO) with polyaniline [9]. Further studies showed that water-
soluble non-ionic polymers with hydrogen-accepting functional groups could also be

LbL constructed at the surface using hydrogen-donating polyacids [10,11].
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Scheme 1. 2. The schematic representation of LbL films via hydrogen-bonding

interactions or electrostatic interactions as the driving force.

One significantly important advantage of LbL films is that they are composed of water-
soluble molecules and polymers, thus LbL films can be prepared in aqueous
environment in the absence of toxic organic solvents. Although majority of LbL films
are prepared in aqueous solutions, there are studies where different solvents were used
to deposit water insoluble polymers at surfaces. For example, alternating deposition of
a dimethylformamide (DMF)-soluble azo-containing polymer as the anionic
counterpart and poly(diallyldimethyl ammonium chloride) (PDAC) as the cationic
counterpart was reported to form polyelectrolyte LbL films of varying thicknesses with
linear growth patterns [12]. As also reported, “reverse-phase LbL deposition” is a
potential approach in the self-assembly of anionic or cationic polymers in their non-
ionized forms. As reported by Beyer et al., suspensions of poly(diallyldimethyl
ammonium) (PDADMA) and poly(methyl acrylate) (PMA) in ethanol render them
non-ionized, though diffusion forces them to self-assemble on surfaces in a non-
similar fashion to the aqueous LbL technique where the primary driving force for

polymers to self-assemble on surfaces is the Coulomb interactions [13].

The growth pattern of LbL films is basically divided into two: linear growth and
exponential growth [14]. In linear growth, the thickness increase by one bilayer is
constant, thus the growth is considered to be linear. In exponential growth, the overall
thickness of the film increases exponentially as the layer number increases.

Specifically, there are two hypotheses on the occurrence of the exponential growth of



LbL films. In the first hypothesis, thickness increases by increasing number of layers,
because the molecules used in the LbL deposition form complexes throughout the self-
assembly process. After each layer deposition, some part of the film dissociates into
the solution, forms complexes with the molecules that are present in the solution and
these complexes self-assemble again at the surface [15]. In the second hypothesis, the
substrate with few deposited layers is immersed inside a solution of a particular
polyelectrolyte. That polyelectrolyte, other than getting deposited as the topmost layer,
can cross the energy barrier provided by the film and diffuses inside the film. These
polyelectrolytes do not always interact with the oppositely charged polyelectrolytes
inside the film, thus some of them diffuse back into the rinsing solution. However, still
some remain within the multilayers making complexes inside the film [16]. This case
fits suitably for poly(glycolic acid) (PGA)/ poly(L-lysine) (PLL) films [14], however
note that, as reported by Ruths et al. [17], interfacial roughness of the films can be the
mechanism behind the exponential growth of polyelectrolyte films [such as
poly(styrene sulfonate)(PSS)/poly(allyamine hydrochloride (PAH) films]. Multilayer
films of PLL and alginate [18] and PLL and hyaluronan [19,20] were the first reports
of LbL films where researchers detected an exponential growth pattern on surfaces.
The first five layers generally tend to be omitted in considering the type of the growth
pattern, due to the substrate effect. Substrate-polymer interactions can reduce the
extent of polymer-polymer interactions in the first layers. The substrate acts like a
mechanical support for the LbL build-up of polymers, but this does not always mean

that a successful LbL deposition can be achieved as further layers.

When it comes to the methods scientists use in obtaining LbL films, dip-coating is the
prominent method used, but is not always the most advantageous one. In dip-coating
applications, once a substrate is immersed inside the solution that contains a polymer,
the polymer adsorbs onto the surface in a two-step fashion. At the fast initial step, the
polymer chains interact with the surface through some of the functional groups. At the
slow second step, polymer chains relax on the surface to pack densely and reorganize
the thin film [21,22]. Spin-coating and spray-coating methods also found large place
in the literature. The spin-coating method introduced shorter deposition times and

smoother surfaces of multilayer structures compared to the films prepared by the same



molecules by dip-coating method [23]. Fabrication of LbL films via spray-coating
method was first described by Schlenoff group in 2000, as an alternative to dip-coating
method [24]. By spray-coating, the deposition of polymer layers on substrates was
found to be achieved in much shorter times, compared to the time in dip-coating
process. The surface properties and thickness values achieved via spray-coating are
generally considered to be similar to that obtained via dip-coating process. So the

advantage is solely the time spent on the process.

1.2. Factors Affecting the Properties of LbL Films

1.2.1. The Composition of the LbL Film

Use of polymers in LbL film applications hold great promise due to the broad range
of functionalities and properties possessed by the polymers. The presence of functional
groups in every repeating unit of polymers and their high molecular weight make them
suitable counterparts in LbL applications. Polyelectrolytes are either anionic or
cationic depending on the charge of the functional group in the repeating unit.
Alternatively, polymers can also make hydrogen-bonding interactions between each
other through the hydrogen accepting/donating functional groups. The functional
groups on the polymers are highly critical on the behavior of polymers in solution,
thus the LbL film properties, so the primary factor that affects the film deposition is
the type of the polycation or the polyanion [25]. Functional groups induce
conformational changes in polymers, affect how they interact with themselves, other

polymers or molecules, or the solvent molecules.

1.2.2. pH

pH controls the charge density on weak polyelectrolytes, thus the conformation of the
polymers. Most of the preliminary work on the LbL self-assembly of weak
polyelectrolytes were performed under conditions in which polyelectrolytes are in
their most highly charged form [26,27]. Some initial studies of poly(acrylic acid)
(PAA)/poly(allylamine hydrochloride) (PAH) films of Rubner and coworkers have



focused on the complex behaviors of these weak polyacid/weak polybase pairs that
occur over a wide range of pH values [28-30]. For example, film depositions carried
out under highly acidic conditions (pH 2.5) ended up with thinner films compared to
the deposition under mildly acidic conditions (pH 4.5) of the same polymer pairs [28].
Charge density on weak polyelectrolytes can be controlled by pH and allows facile

control over the thickness of each self-assembled polymer layer [29,31].

1.2.3. Ionic Strength

The role of salts and free polyions in the polyelectrolyte solutions is another factor
influencing the deposition mechanism of polymers on surfaces. For example,
poly(alkyl methacrylate) (PAMA) and PAA multilayer structures, at pH 6.8 showed a
linear growth pattern under 1 mM NaNOs concentration in the solution of deposition,
but the film did not grow steadily under 5 mM NaNOs concentration, due to the
screening effect of the free ions in solution between charged polymers [32]. As
reported by Hammond and coworkers, the ionic strength dramatically affects the
behaviour of polyion depositions. In the LbL deposition of PSS and
poly(diallyldimethyl ammonium chloride) (PDAC), addition of low concentrations of
salts (NaCl) changed the conformation of polymers from rods to barrels, resulting in
thicker films. On the other hand, very high salt concentrations caused electrostatic

screening and reduced polyion depositions [33].

1.2.4. Temperature

On the other hand, temperature is another stimuli that controls the conformation of
polymers [34]. As described by Lvov and coworkers, the deposition temperature of
PDAC and PSS films controls the thickness of the film. Alternating deposition of
PDAC/PSS and PDAC/silica layers showed that when the deposition temperature was
60°C, the film thickness was higher compared to the thickness obtained at room
temperature. The thickness was observed to be even higher at 90°C [35]. In another
study, Tan et al. reported on the temperature-sensitive film deposition of PDAC/PSS
films. As the temperature increased to 70°C, both PDAC and PSS self-assembled to



make thicker films, compared to the films assembled at room temperature [36]. Even
though the mechanism behind the effect of temperature on polymer self-assembly is
currently not clear, this group hypothesized that the mechanism behind this
phenomenon would be the increased conformational mobility of the polymer chains at
higher temperature, which give them the freedom to interact with the polyions present
in solutions. Not only the deposition behavior of synthetic polymers is temperature-
dependent, but also natural polymers can behave similarly in terms of temperature-
sensitive deposition. Chitosan/alginate hydrogels form thicker multilayer films with
higher drug encapsulation and release once they are deposited at higher temperatures
than the room temperature, most probably because of the conformational changes in

chitosan and alginate at high temperatures [37].

1.3. Stimuli-Responsive Polymer LbL Films

1.3.1 LbL Films Responsive to pH and Ionic Strength

Electrostatic and hydrogen-bonded LbL films are responsive to pH and ionic strength
as the interaction between two polymers could be reduced via change in pH or ionic
strength of the solution. pH and ionic response of polymer films stand out more when
the polymers are weak polyelectrolytes, such as PAA and PAH [28]. For example,
carboxylic acid groups of PAA deprotonates at pH values above its pK, of 4.25 [38]
(Figure 1.1.) Such polyelectrolytes shift charges easily around their pK, values, leading
to higher or lower electrostatic interactions with other charged molecules and
polyelectrolytes [39]. This is an important property in LbL applications, because
reduced interactions between polyelectrolytes would easily lead to the dissociation of
the films. Similarly, polyelectrolyte interactions in LbL films decrease once ion
concentration in their solution increases, due to the screening of charges on functional

groups via circulating ions.
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Fig. 1. 1. Chemical structure of the unimer of poly(acrylic acid) (PAA) with at the
point where pH meets the pK, value and when pH is higher than the pK, value (Image
modified from Chan et al., 2013 [40].

In pH-responsive LbL films, the primary mechanism that drives film compositional
change is the protonation or deprotonation of specific chemical groups on polymers.
Protonation or deprotonation weakens the interactions between polyions, and changes
the conformation of the polyelectrolytes. For example, highly charged forms of PAA
and PAH tend to form rod-like conformations, but as the interactions weaken under
mildly acidic conditions, polymers form barrels and swell [41]. The secondary
mechanism is related with the pK, values of weak polyacids and polybases, but results
in the dissociation of the LbL film. As the interaction between polyelectrolytes is
weakened and the polymer-water interactions become dominant compared to polymer-
polymer interactions, the LbL film dissociates. Both mechanisms drive the release of
encapsulated molecules in LbL films [42]. pH-responsive LbL films have been
thoroughly studied in the literature, and the most significant property of these films is
the release of encapsulated agents (loaded cargo) from the thin film via pH-trigger
[43]. Similarly, hollow capsules of LbL films can show reversible porosity under pH
shifts, which is of important use in pH-responsive delivery of loaded cargo from
capsules [44]. pH-dependent permeability of cargo molecules in LbL films is an
important property for the encapsulation and release of agents in films. A schematic
representation of the mechanisms of the release of cargo molecules from LbL hollow
capsules is represented in Scheme 1. 3. For example, dextran and albumin can
penetrate inside LbL films of PSS and PAH at neutral and acidic pH, but not at basic
pH [45,46]. This makes the film load and release its cargo at acidic or neutral pH range.
Oppositely, the cargo can be prone to release from LbL films at basic pH only. As



reported by Akashi and coworkers, Allura Red, a negatively-charged dye was released
slowly at neutral and acidic pH, but much faster at basic pH from PVA/PAA LbL films
[47]. This was reported to be due to the enhanced electrostatic repulsion between

Allura Red and PAA at basic pH, due to the deprotonation of the carboxylic acid group.

Scheme 1. 3. Schematic representation of LbL hollow capsules with loaded cargo
molecules (A), release of cargo molecules from the hallow capsule upon changing
stimuli through diffusion or conformational changes in the polymer chains (B), and

through the dissociation of the LbL film (C).

The use of poly(carboxybetaine)s, due to their zwitterionic nature, have shown great
promise in forming pH-responsive LbL films. In a report by the Sukhishvili group,
(poly(4-vinylpyridiniopentanecarboxylate) (PCB5), was able to interact
electrostatically with quatermized poly(4-vinyl pyridine) (P4VP) derivative, and
poly(methylacrylic acid) (PMAA) or PSS to form hybrid films. PAVP/PCB5/PMAA
hybrid films were able to dissociate at pH <4 due to the deionization of the carboxylic
acid groups of PCBS5 and P4VP/PCBS5/PSS hybrid films were able to dissociate pH >
7 due to the ionization of carboxylic acid groups, making it highly tunable [48].
Although LbL films can be designed to dissociate or get into conformational changes
at different pH, not all of them are suitable for the release of active agents for

biomedical applications. Especially the pH range from 5.5 to 7.5, which is commonly

9



observed inside living cells or in the extracellular area of cells have been of significant
focus in designing LbL films or capsules with pH-responsive bahavior. Hammond and
coworkers have reported on several LbL films with biodegradable and pH-responsive
properties, where physiological pH induced faster degradation of the film components
due to the nucleophilicity of amine, which induce the degradation at higher pH [49,50].
To functionalize LbL films with pH-responsive drug release (such as antibiotics or
growth factors), block copolymer micelles with pH-responsive polybasic cores have
been of great use, due to their ease of demicellization under mildly acidic conditions

[51].

pH-responsive LbL films that were deposited by the hydrogen-bonding driving force
between tannic acid (TA) and thermoresponsive polymers were reported before.
Kharlampieva et al. reported that microcapsules of LbL films of poly(N-
vinylpyrrolidone) (PVPON) and tannic acid (TA) could be successfully deposited on
SiO, microparticles and the film permeability increased under mildly acidic
conditions, in contrast to TA/PAH multilayers which possessed higher permeability
at neutral or basic pH. This was attributed to a conformational change in the LbL film
of TA/PVPON where TA was ionized at higher pH [52]. Similarly, TA/PVPON films
can be deposited on living cells, however these films reduced cell viability, so needs

more insight in terms of biomedical applications [53].

One natural carrier of biological compounds is a pathogen that causes epidemic
diseases on a broad range of species. Such non-organismal pathogens are called
viruses. They carry their load in biocompatible capsids which carry antigens that can
form lock-and-key structures and allow them through cellular membranes by
intracytosis. Viruses are great natural examples of DNA and RNA vehicles which trick
prokaryotic and eukaryotic cells to internalize them as biocompatible agents. As
Kataoka et al. mentioned in a review article 15 years ago, polymer micelles can be
designed to mimic viruses and lipoproteins, especially in terms of structure, size and
methods to penetrate in tissues [54]. One type of copolymers that can form micelles
are block copolymer micelles (BCMs). BCMs are nanometer-scale micellar aggregates

of varying sizes with blocks of two different solubility properties. In case of a two-
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block copolymer micelle, one block forms the outer shell (coronae) of the structure
due to its higher solubility in the solvent of the polymer solution, compared to the
solubility of the other block. The inner (core) region of the structure forms an insoluble
aggregate in the center of the structure, as it is not either soluble in the solvent or its
solubility is low [55]. As polar or charged groups would form the coronae in a water-
soluble micellar system, the opposite is also possible for non-polar groups in non-polar

solvents.

Research on controlled release of compounds by BCMs were pioneered by Kataoka
and coworkers [54,56]. Rather than drugs, model hydrophobic compounds (e.g.
pyrene) were preferred as the cargo of BCMs in these initial reports. This was due to
the easy detection of these compounds using fluorescence spectroscopy and UV-Vis
spectroscopy techniques. One facile method of releasing the cargo out of the BCM is
to adjust the pH of the polymer solution only. As the core of the micelle is hydrophobic
in a specific pH range and hydrophilic out of this range, hydrophobic compounds such
as pyrene can be easily encapsulated in the core of these micelles and released once
the core becomes hydrophilic. For example, Zhang and coworkers were the first to
report on thin films of block copolymer micelles. They reported on the LbL films of
micelles of poly(styrene-b-acrylic acid) and poly(diallyl dimethylammonium chloride)
(PDAC) where the hydrophobic dye pyrene was encapsulated in the polystyrene
micellar cores of poly(styrene-b-acrylic acid) copolymer micelles and pyrene was
released from the surface by increasing the concentration of NaCl in the solution. In
their report, the release of functional molecules from LbL films where the agent was
released at higher amounts by increasing NaCl concentration in solution was reasoned
to be due to the loosening of the micelle core and shrinkage of the coronae due to the

screening effect of Na* and CI” ions [57].

Drug-loaded BCM containing LbL films are highly useful in constructing surfaces of
biological value. Such studies have been extensively carried out by Hammond and co-
workers. First reports on the drug release from micelle-incorporated nano-films for
extended periods of time (more than couple of days) were reported by this group of

researchers [58,59]. In one study, multilayers of PAA and PEO-b-PCL micelles with
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poly(ethylene oxide) (PEO)-corona were deposited at mildly acidic conditions when
carboxylic acid groups of PAA were protonated and disintegrated when these groups
were deprotonated at physiological pH. After the disintegration of the micelles from
the films, drug release from micelle cores was observed due to the diffusion of the
drug [58]. Another report by this group focused on using block copolymer micelles in
LbL films for the release of triclosan, a bactericidal agent. Here, authors claimed that
the high encapsulation efficiency of triclosan by the block copolymer micelles with
poly(propylene glycol) (PPG)-core and poly(amidoamine) (PAMAM)- coronae was
due to the dendritic architecture of the coronae part of the micelle [60], which showed

that the architecture of the BCM coronae can influence the amount of cargo loaded.

Drug-conjugated BCMs has found use in LbL films. First of all, conjugating drug
molecules to micelle forming BCMs for cancer therapy was first introduced by
Kataoka and coworkers [61-63]. Hammond and coworkers pioneered the studies on
pH-responsive release of doxorubicin from LbL films that incorporated drug-
conjugated BCMs. In this study, they conjugated doxorubicin to the PHEMA-cores of
poly(ethylene  oxide)-block-poly(2-hydroxylethyl —methacrylate) (PEO-b-PHEMA)
micelles via carbamate linkage which could be cleaved under acidic conditions leading

to release of doxorubicin from the micellar cores as well as from the surface [64].

Although many thin films with micelles released drugs because the core-forming block
of the block copolymer micelle was stimuli-responsive, Kim and coworkers came up
with the idea of micelle-releasing thin films. The poly(2-ethyl-2-oxazoline) block of
the BCM effectively made hydrogen-bonding with PAMAM dendrimers with
peripheral carboxyl groups under mildly acidic conditions, micelles released from
films at pH > 5.6 due to ionization of the carboxylic acid groups. The hydrophobic
agent in the core of the micelle was released sequentially with the micelles out of the

thin film [65].

Addison, Biggs, Armes, York and coworkers carried out significant amount of
research on the deposition of block copolymer micelles with core blocks that are pH-

responsive and shell blocks with tunable charge. They showed that micellization pH
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could be altered by varying the chain length of the core block. This group of
researchers synthesized BCMs with cationic [66], anionic [67] and zwitterionic corona
[68] that greatly increased the range of potential applications of pH-responsive
micelles. Some of these reports were specifically focusing on BCMs immobilized on
core templates such as silica [66] , polystyrene latex [69] and calcium carbonate [68].
One important publication by this group reported that LbL deposition of BCMs on
substrates can hinder the effect of critical micelle concentration, but on the other hand,
once micelles dissociate below the pH of micellization, they do not desorb out of the
film. For example, poly[2-(dimethylamino)ethyl methacrylate-block-poly(2-
(diethylamino)ethyl methacrylate)] (PDMA-b-PDEA) copolymers were able to form
micellar structures at pH 7 - 8. They figured out that, once these micelles were
immobilized on substrates, some of the micelles that dissociated under mildly acidic
conditions regained their micellar structure on substrates when the pH of the solution
was raised above pH 8 [68]. These researchers has worked extensively on coating
microparticles with layers of BCMs and to achieve hollow microparticles. The major
problem with preparation of hollow microcapsules was described by Addison et al.
BCM dissociation and drug release could not be prevented during the removal of the
sacrificial core template once silica templates were used for LbL assembly [66]. This
problem was solved only when calcium carbonate templates were used. Templates
could be removed by a treatment with dilute EDTA. This removal did not affect the
micelle structure physically or cause any loss of the cargo drug, resolving the concerns
on encapsulated cargo loss from BCMs coated on microparticles [68]. Hong et al.
achieved similar hollow particles after removing polystyrene templates, though these
capsules were only stable when specific My ratio of the core-forming and coronae-
forming blocks was chosen. This study showed that electrostatic attractions between
the coronae of loaded micelles immobilized on polystyrene templates could be stable

after removal from the template and additional cross-linking were not necessary [70].

Hammond and coworkers were the first to report on the hydrogen-bonded BCM
multilayers of poly(ethylene oxide)-block-poly(e-caprolactone) (PEO-b-PCL)
micelles and polyacrylic acid (PAA) showing the diffusion of an antibacterial agent

from the micelle cores [58]. A study by Erel et al. showed that, the hydrogen-bonded
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LbL films of block copolymer micelles of poly[2-(N-morpholino)ethyl methacrylate-
block-2-(diisopropylamino) ethyl methacrylate] (PMEMA-b-PDPA) could be
successfully deposited at neutral pH and the film dissociation was triggered at either
mildly acidic or mildly basic pH. Release from the micellar cores as well as from the
surface at acidic conditions was due to dissolution of the micellar cores. However, at
basic pH, PMEMA-b-PDPA micelles were released from the surface due to ionization
of the polyacid component of the film and loss of hydrogen bonding interactions

among the layers [71].

1.3.2. Polymer LbL Films Responsive to Biological Stimuli

As described previously, screening or the elimination of the charges on functional
groups, or any elimination of the interactions between polymers in LbL films would
lead to their dissociation in their aqueous environment. Competitive binding is one of
the methods to eliminate the interactions between polymers, and is observed when
externally provided molecules make interactions between particular functional groups,
thus screen the interactions between polymers that make up the LbL film.
Incorporation of moieties that trigger conformational changes in polymers under the
influence of biomolecules is the first mechanism of LbL films that are responsive to
biological stimuli. Living cells commonly release enzymes in their extracellular matrix
(ECM) to design the ECM they live, migrate, and proliferate in. They sometimes
release factors as signaling molecules that target integrins in other cells. A great
number of studies described the use of natural polymers in LbL films. For example,
the presence of natural polysaccharides (such as chitosan, hyaluronic acid, chondroitin
sulfate) or protein fibrils, such as collagen type I can be used to build LbL films that
are biodegradable, thus sensitive to biological activity [72—74].

In 2008, Levy et al. reported on carbohydrate-sensitive LbL microcapsules composed
of PAA and a phenylboronic acid moiety (PAA-BOH). Mannan and PAA-BOH
multilayer films were successfully deposited on surfaces in solutions at basic pH (9-
11). These films, due to the selective interaction between phenylboronic acid and

fructose, mannose, glucose, and galactose, were prone to lose their structure and
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dissociate inside polysaccharide-containing solutions. One drawback of these
multilayer films was that, they were dissociating at neutral pH and physiological
conditions [75], so were not suitable for biomedical applications. To provide
carbohydrate-sensitive responses to LbL films at physiological conditions, several
groups have tried variety of modifications of LbL films possessing phenylboronic acid
moieties. Zhang and coworkers reported on poly(butyl acrylate) (PBA)-PAAm and
PVA films which were unable to dissociate at physiolocial pH, unless 5-30 mM
glucose was present in the buffer [76]. More rapid film dissolution was observed when
PAMAM dendrimers were modified by phenylboronic acid and self-assembled on
substrates together with PVA [77].

Polysaccharides are significant examples of biological molecules which can stimulate
the dissociation of LbL films. Note that, in biological media which carry all necessary
nutrients (e.g. vitamins, metals, and ions) LbL films are prone to degradation or drug
release due to the constant non-covalent interactions between these molecules and the
polymers that compose LbL films. Most growth media of cell lines for in vitro cultures,
or the human blood or the body fluid carry sugars and other nutrients which possess
variety of functional groups. These functional groups would induce biological
molecule aggregation and diffusion in surfaces, while facilitating the interchange of

polymers with molecules.

Proteases, nucleases, and enzymes which degrade polysaccharides have been
commonly studied in the literature as agents which facilitate the degradation of LbL
films. Sukhorukov and coworkers have published several significant articles related
with this phenomenon [78,79]. A notable article described the release of DNA from
protease-responsive LbL polymer capsules [79]. Such capsules could be successful
delivery agents of anti-cancer drugs to tumor sites, where tumor-specific enzymes are
released. Recently, Sun et al. described the formation of a hollow LbL capsule made
out of synthetic polymers PSS and PAH as multilayers and biological heparin/chitosan
layers on top of them. These LbL capsules were prone to degradation by heparinase

enzyme and had high loading capacity due to their large size [80].
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Enzymes have significant roles as constituents of LbL films. For example,
organophosphorus hydrolase is an enzyme produced by organisms for the
hydrolyzation of organophosphorus compounds, which are known to have neurotoxic
property [81]. Adsorption of organophosphorus hydrolase in chitosan/poly(thiophene-
3-acetic acid) was carried out to form organophosphate-sensitive LbL film sensors.
These films were called “sensors”, because the interaction between organophosphorus
hydrolase and poly(thiophene-3-acetic acid) was reduced due to the conformational
changes occurred following the enzyme-substrate binding. The reduction in film
thickness due to enzyme-substrate complex formation showed the presence of higher

enzymatic activity, thus higher concentration of substrate molecules [82].

Another advantage of LbL deposition of polyelectrolytes comes in the development of
biosensors and biochips. Micelles of diblock copolymers can induce a homogenous
coverage of the template and high number of enzyme molecules can be immobilized
on such surfaces. In terms of enzyme immobilization on surfaces, BCMs were found
to improve the surface adsorption of enzymes, thus elevating the amount of enzymes,
such as tyrosinase and choline oxidase immobilized on surfaces [83]. Qu et al. reported
on the modification of a BCM with hemin to impart peroxidase-like activity to it. This
modification was a significant example of a nanometer-scale biosensor, without the

need of another polymer counterpart for surface immobilization [84].

Streptavidin and biotin are two molecules commonly used in biological experiments,
such as chromatography, due to their high affinity towards each other [85]. Inoue et
al. reported on the LbL films of streptavidin and 2-iminobiotin-labeled poly(ethylene
imine) (PEI). Due to the strong affinity between biotin and avidin, the presence of
biotin or analogues triggered a strong interaction between these molecules and the
avidin in the film, resulting in the film dissociation [86]. As reported in a review by
Takahashi et al., concanavalin A is a lectin-type protein with very high affinity towards
variety of sugars. The LbL films that incorporate concanavalin A, due to strong
interactions with macromolecules that contain sugars or polysaccharides, were
triggered to dissociate easily under the presence of variety of sugars and

polysaccharides, such as starch and hyaluronic acid [87].
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Recently, Sukhishvili and coworkers reported on the bacteria-triggered release of
antibacterial agents from surfaces. LbL films of Tannic Acid (TA) and an antibiotic
(Gentamicin, Tobramicin, or Polymyxin B) was deposited on surfaces. Due to the
protonation of the hydroxyl groups of TA at mildly acidic pH, the dissociation of the
LbL film, and thus the antibiotics was triggered once the pH was lower than the
physiological pH [88]. As bacteria release acidic side-products due to a variety of
biological reactions, the antibiotic release was observed only in the vicinity where

bacteria adhered [89].

1.3.3. Temperature-Responsive LbL Films

Temperature-responsive LbL films can be classified into two groups:

1) Films incorporating polymers with upper critical solution temperature (UCST)
behavior

2) Films incorporating polymers with lower critical solution temperature (LCST)

behavior

The LCST and UCST behavior can be imparted to LbL films through the incorporation
of thermoresponsive polymers into the films. Poly(N-isopropylacrylamide)
(PNIPAAm) has been the most commonly studied polymer, due to its LCST-based
behavior close to normal body temperature. PNIPAAm displays lower critical solution
temperature (LCST) at 32°C. Above its LCST, conformational transition from
extended to globular coil is observed resulting in loss of hydrogen-bonding
interactions among PNIPAAm and water molecules, followed by phase separation of
the polymer from its aqueous solution (Scheme 1. 4.) [34]. In case of LCST
multilayers, film collapsing could be observed at physiological conditions. Steitz et al.
was the first to use PNIPAAm in LbL self-assembly [90] Glinel et al. coated
polystyrene latex or melamine formaldehyde nanoparticles using PSS-PNIPAAm and
PDEAEMA-PNIPAAm copolymers in a LbL fashion [91]. In this system electrostatic

interaction was the primary force that drived the capsule formation and the variation
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of temperature was thought to induce the variations in morphology and permeability

of capsules due to LCST-type phase behaviour of PNIPAAm.
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Scheme 1. 4. Schematic representation of the coil to globule transition of a polymer
which possesses LCST-type phase behavior (Image modified from Phillips et al.,
2015) [92].

Similar to PNIPAAm, poly(2-alkyl-2-oxazoline)s with short alkyl chain on the pendant
groups are also water-soluble and express temperature responsive behaviors [93,94].
Poly(2-alkyl-2-oxazoline)s, can also be called as pseudo-peptides as they are structural
similarity to polypeptides [95]. In addition, similar to poly(ethylene glycol) (PEG),
poly(2-alkyl-2-oxazoline)s possess water-binding properties and can be used to
functionalize surfaces to make them anti-adhesive [96]. Very recently, our group has
reported on the pH and temperature-induced release of doxorubicin (DOX) from
poly(2-isopropyl-2-oxazoline) (PIPOX) and Tannic Acid based LbL films. This study
showed that, LbL films of PIPOX/TA, once at physiological temperatures could
release higher amount of DOX, compared to the amount at room temperature. This
was reported to be due to LCST behavior of PIPOX and increased kinetic energy of
DOX molecules and PIPOX at higher temperatures [97].

LbL thin films of thermoresponsive polymers were also studied by Quinn and Caruso.

Multilayer thin films of PAA and PNIPAAm were successfully fabricated and the

temperature of fabrication showed effect on the film growth. The thickness of the film

18



was reported to be higher as solution temperatures were increased from 10°C to 21°C
and to 30°C, most probably due to conformational changes in polymers and reduction
in the water solubility of PNIPAAm. Similarly dye release kinetics were effected by
temperature. At higher temperatures, encapsulated dye (Rhodamine B) in films was
released from the films in a shorter time compared to the situation at room temperature
due to the phase transition of PNIPAAm [98]. A significant amount of work on
microcapsules of LbL films consisting of thermoresponsive polymers, e.g. PVPON,
poly(N-vinylcaprolactam) (PVCL), and poly(N-isopropylacrylamide) (PNIPAAm)
and tannic acid (TA) was carried out by Tsukruk and coworkers [52,53] and
Sukhishvili and coworkers [99]. The main driving force for the assembly of these films
was the hydrogen-bonding between TA and the thermoresponsive polymers.
Temperature-responsive  permeability of PMAA/PVME and PMAA/PVCL
multilayers was reported by Kharlampieva et al. in 2005. According to this study, the
reason behind enhanced permeability of LbL films at temperatures close to or above
the LCST was the appearance of voids in the films due to temperature-induced
conformational changes in the polymer chains. This was reported to be the reason for
the permeability of dyes at higher rates under temperature above LCST of polymers
[100].

LbL films was also shown to exhibit thermal transitions at higher degrees, even though
specific thermoresponsive polymers with LCST or UCST behavior were not
incorporated in films. Lutkenhaus and coworkers reported that two strong
polyelectrolytes, PDAC and PSS can exhibit thermal transition at 49-56°C to a glassy
state. At lower degrees, the glassy state can transit to a rubbery state, releasing loaded

compounds (cargo) out from layers [101,102].

Studies on temperature-responsive hydrogels have been published for decades, but
coating surfaces with temperature-responsive polymers is relatively new. Since early
90’s, building hydrogels with temperature-response relied primarily on the use of
poly(N-isopropylacrylamide) (PNIPAAm) or its copolymers [103]. PNIPAAm
displays lower critical solution temperature (LCST) at 32°C, thus a transition of

solubility in aqueous media at lower temperatures to insolubility and phase separation
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at higher temperatures than this degree [34]. Due to its LCST behavior, crosslinked
PNIPAAm hydrogels swell at low temperatures but can collapse suddenly once placed
under temperatures above 32°C, such as the normal body temperature [103]. This
makes the hydrogel release the bound water, thus the drugs within it, once the hydrogel
is placed inside the body. Similarly, BCMs with thermoresponsive groups have been
designed for drug encapsulation and release [104,105], primarily composed of

PNIPAAm copolymers, but exceptions exist [106,107].

The first LbL self-assembled polyelectrolyte microgel thin film with temperature
response was established by Serpe et al. in 2003. This report demonstrated the
deposition of the microparticles of poly(N-isopropylacrylamide-co-acrylic acid) with
poly(allylamine hydrochloride) (PAH) polymer counterpart at room temperature on
surfaces [108]. Hydrogels do not possess some of the physical properties that could be
essential in biomaterial science, such as toughness or rigidity. Therefore, surface
modification of bulk materials with microgels of thermoresponsive polymers
established the temperature-responsive release of drugs from materials without

conceding the properties of the bulk material.

1.3.4. Light-Responsive (Photosensitive) LbL Films

Light responsiveness (photoresponsiveness) of multilayer thin films can be achieved
through several pathways:

* encapsulated metal nanoparticles in multilayer films

* encapsulated metal oxide nanoparticles in multilayer films

* multilayer films with azobenzene-containing surfactants

Responsive behavior of metal nanoparticle to the visible light makes them highly
advantageous in terms of biological applications [109]. After optical irradiation, metal
nanoparticles (e.g. gold nanoparticles) due to Surface Plasmon Resonance (SPR)
undergo lattice rearrangement and heating, which is the driving force for drug release
or reduced interaction with surrounding polymers. Metal nanoparticles also emit

fluorescence under light, which could be useful in detection in diagnostic applications
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[110]. When it comes to medical therapy, light can be a very advantageous stimulus
once nano- and micro-particles reach a target destination. Light-responsive
microcapsules have been thoroughly studied in biomedical sciences. Palankar et al.
developed polymeric microcapsules that were deposited on gold nanoparticles for the
delivery of peptides onto Chinese hamster ovary (CHO) cells and used the
thermoresponsive property of gold nanoparticles during the development of hollow
capsules [111]. In 2007, Bedard et al. designed microshells that can shrink under UV
light, due to the presence of azo-groups in one of the polymers that are present in the
capsule. In 30 min., 27% surface area loss was achieved in the capsules, causing
extensive shrinkage and release of the cargo [112]. Azo-groups undergo
conformational changes when triggered with light, and can release heat. In this study,
heated capsules did not undergo shrinkage, which could mean that the mechanism was

only dependent on the conformational changes upon excitation with light.

The light-responsiveness of LbL films can also be activated through the presence of
inorganic nanoparticles (e.g. CdS) [113] and molecules which undergo transition
under several wavelengths of the light. As reported by Zhu and McShane, novel
photosensitive diazo resins can be incorporated into LbL films to impart light-
responsiveness to them [114]. The interaction between diazo resins and PSS is weak
once the LbL is assembled, but then as the UV-light is applied on the system, inducing
covalent-bond formation between diazo resin and PSS. Covalent bonds induce
compact film formation thus, small molecules such as glucose oxidase and peroxidase
can be released. Dissociation of dye aggregates from LbL films is another mechanism
for the light-responsiveness of films As described by Tao and Mohvald, LbL films
built up by alternating deposition of PSS/PAH and PDDA/azo dye can become
permeable to polysaccharides under visible light. Near-infrared light (NIR) has shown
great promise in biomedical sciences due to the weak absorption of the light by tissues.
As described by Caruso and coworkers, LbL films of PSS and PAH were successfully
deposited on gold nanoparticles. FITC-dextran was loaded in the films of the capsules
under mildly acidic conditions, due to the permeation of the film under these
conditions. As gold can absorb light energy and release heat, the driving mechanism

in LbL film dissociation would be the conformation change in the polymers upon the
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heat formation in the nanoparticle with NIR pulses, or the complete dissociation of the
film due to extreme temperatures occurring on the gold nanoparticle [115]. Due to the
formation of azo dye aggregates inside the films, visible light triggered the dissolution

of these dye molecules, allowing dextran to penetrate inside films [116].

1.3.4.1. Light-Responsive BCMs

LbL films can incorporate BCMs with variety of response to environmental stimuli.
One another stimuli is light. A block copolymer is regarded as light-responsive when
it contains a light-responsive group at the side chain, the main chain, or at the block
junction [117]. Light can induce the drug release from block copolymer micelle cores

reversibly or irreversibly [118].

Trans-cis photoisomerization of nitrogen double bonds is the primary force driving
the shifts in the polarity of photocrosslinkable groups. For example, azobenzene
groups that are present in the core-forming group of a BCM, once activated by UV
light, conversion to the cis form is observed, which is more polar compared to the
molecule’s trans form. This shift increases the hydrophilicity of the core-forming
block of the BCM, thus causing the stimulus for the release of encapsulated
hydrophobic compounds. This property of azobenzene was studied by Wang et al. in
BCMs [119]. Basically, azobenzene-poly(methacrylate) (PAzoMA)-b-PAA BCMs
with the core-forming azobenzene polymethacrylate block was able to go into
demicellization under UV light, but micellization was reversed once the block

copolymer was treated with visible light.

1.3.5. Magnetic Field-Responsive LbL Films

Magnetic field trigger is either dependent on the heat emission of superparamagnetic
compounds that are in contact with polymers [120], or on the oscillatory motion of the
particles under an applied frequency [121]. The temperature response of the multilayer
films is achieved primarily due to heat emitted by metal nanoparticles which then

induces conformational changes in the temperature-responsive polymer. For example,
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one significant study by Katagiri et al. described that melaimine formaldehyde
particles can be LbL coated by PSS and PAH. Magnetite (Fe;0O4) was immobilized on
these nanoparticles and the nanoparticle cores were removed. The irradiation of hollow
capsules triggered a temperature increase and release of loaded cargo inside the

capsule [122].

Other than the magnetothermal response, Lvov and coworkers described that
ferromagnetic gold-coated cobalt nanoparticles, when coated with PSS and PAH LbL
shells can build nanoparticles with magnetic field-responsive cargo release. The
reason behind the cargo release under magnetic field was due to the ferromagnetic
property of the nanoparticle core. Gold-coated cobalt nanoparticles, when under
magnetic field, oscillate and twist, thus agitate the surrounding thin film and cause it
to change conformationally. This conformational change was thought to be the driving
force behind the cargo release from nanoparticles [123]. The mechanisms of the
release of cargo molecules from LbL film coated magnetic nanoparticles can be seen

in Scheme 1. 5.

Scheme 1. 5. Schematic representation of a nanoparticle with magnetic-field

responsive metallic core and LbL film deposited onto it (A). The applied magnetic
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field can conformationally change the polymers in the LbL film, triggering the release

of drugs (B), or trigger the dissocation of the LbL film, thus the drugs.

1.4. Biomedical Applications of LbL Films

Therapeutic nanomaterials created a broader perspective on how we deal with medical
problems. The last two decades, researchers came up with brand new ideas of medical
diagnostics and therapy by using nanomaterials that can target specific tissues.
Although BCMs can be designed to target specific antigens, carry varying charges or
be responsive to variable environmental stimuli, they are prone to dissociation once
the micelle concentration goes below to the critical value upon dilution when injected
in the body. Another disadvantage of BCMs is that they interact with other molecules
around the target tissue or the blood stream. Such interaction of BCMs with
surrounding molecules could mask them and hinder their property to target tissues or

have controlled release. It could even affect their characteristic structure.

LbL deposition of micelles as ultrathin films brought the possibility of preventing
micelle dissociation in the blood stream [66]. This has made micelles possible to
circulate in bloodstream for extended periods of time without losing any of their loaded
agent. Some biomaterials are designed to carry drugs in the human body for treatment
purposes and LbL films have advantages on carrying genetic materials (such as DNA
and siRNA) and circulating them in the blood stream for prolonged durations and
target them to the desired cells. In this respect, BCM-containing LbL capsules have
been of interest in recent years. One significant report showed that, block copolymer
micelles could be deposited onto silica nanoparticles for the prevention of the BCM
against environmental factors, or for triggering the targeting of the nanoparticle to
specific locations in the human body, such as the tumor area [124]. This report showed
that pH-responsive poly(oligo(ethylene glycol) methacrylate)-block-poly(2-
diisopropyl aminoethyl methacrylate) (POEGMA—-PDPA) micelles could be loaded
with plasmid DNA. Just below the pK, value of PDPA, the block is positively-charged,
thus can undergo electrostatic interaction with DNA. The outermost shell of the

micelle-deposited silica core particle was composed of tannic acid/poly(N-vinyl
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pyrrolidone)/tannic acid (TA/PVPON/TA) LbL film respectively. The middle layer
between the core nanoparticles and the LbL film was the micelles. Micelles could
release plasmid DNA (pDNA) at pH 5, which corresponds to the pH of endosomes in
cancer cells. Such polymersomes could additionally carry two different anti-cancer
agents which target two different pathways, for the purpose of dual-drug delivery

directed to the tumor area.

1.4.1. Anti-Adhesive and Antibacterial LbL Films

Superhydrophobic or superhydrophilic surfaces repel charged molecules that can
potentially interact with the surface. On a hydrophobic surface, there is only an
indefinite interaction with aqueous-based molecules with the surface. On the other
hand, on hydrophilic surfaces, strong interaction with the water molecules in an
aqueous system is observed. In biological studies, anti-adhesiveness is desired to
overcome the adherence of organisms on the surface of a material building a tough
structure, so called “biofouling”. Anti-biofouling films are generally made out of
superhydrophobic surfaces, which can repel the water and any microorganism in the
water, or superhydrophilic surfaces, so that the surface can bind so much water that

microorganisms do not even find the chance to adhere to.

The biofouling of microorganisms is observed primarily as a form of biofilm. Biofilms
are primarily composed of polysaccharides that are secreted by the bacteria, providing
a safe and strong extracellular environment for them to live and proliferate in. The
most important property that a polysaccharide biofilm provides to bacteria is improved
resistance to antibiotics. Even though bacteria are not resistant to a particular
antibiotic, biofilms could provide the barrier in which antibiotics cannot penetrate
inside, thus they are unable to kill the bacteria [125]. If a surface is antibacterial or
anti-adhesive against bacteria, biofilm formation is eliminated or postponed. A
combination with the surface anti-adhesiveness and antibiotic release from the surface
or from outside the surface could eliminate the biofilm formation. This could reduce

the number of hospitalized people around the world due to bacterial infections.
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Grafts or sutures are commonly used biomaterials which provide support to tissues in
the body during their regeneration or completely take on the function of a tissue, but
they are always prone to bacterial accumulation. Anti-adhesiveness could prevent and
postpone the biofilm formation on such biomaterials, spreading the area use of
biomaterials by patients and increasing the number of cases of biomaterial production
for clinical studies [126]. More information on bacterial anti-adhesive LbL films can

be found in the first section of this thesis.

Antibacterial LbL films can be designed in two methods:
1) Loading antibiotics or antibacterial agents inside films

2) Using synthetic or natural polymers with contact killing properties

As previously mentioned in this section, LbL films can either release cargo through
diffusion, or through response to environmental stimuli. Once antibiotics or
antibacterial agents are loaded in LbL films, they can be released by diffusion, or by a
variety of stimuli that triggers the antibiotic release only, or the dissociation of the
whole film. As reported by Hammond and coworkers, sequential release of an
antibiotic (Gentamicin) and a growth factor (recombinant human bone morphogenetic
protein-2) (rhBMP-2) was possible through the hydrolytic degradation of the polymers
in the LbL film. Poly(B-amino esters) were incorporated in these LbL films to render
them hydrolytically degradable. The rate of release of the agents was tuned through
incorporating bilayers of chitosan and laponite in the LbL film, through an addition of
an interrupting film between the layers that contain rhBMP-2 and Gentamicin, and a

covering film that is the outermost layer [127].

Bacteria can be killed through contact with natural or synthetic polymers, due to the
presence of specific functional groups in these polymers. Fu et al. reported on
antibacterial LbL films of heparin and chitosan, which were biocompatible and
biodegradable. The protonated amino groups of chitosan, when in contact with the
negatively-charged bacterial cell wall, conformationally affects the bacterial cell wall,
causing it to leak. Similarly, chitosan-bearing LbL films possess contact killing against

bacteria [128,129]. Synthetic polymers on surfaces of LbL films also possess contact
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killing  properties. =~ As reported by Rubner and coworkers, [3-
(trimethoxysilyl)propyl]octadecyl-dimethylammonium chloride (OQAS), which bears
a quaternary ammonium salt structural unit coupled with a long hydrophobic alkyl
chain (C,3g), interacts with bacterial cell walls and trigger the cytoplasmic leak to kill

them [129].

Another method to prevent biofouling on surfaces through LbL films is to coat surfaces
with bio-inert or low-fouling polymers. PEG has been the keystone of low-fouling
polymers as PEG creates a hydration layer which prevents adhesion [130]. Due to the
same mechanism, polyzwitterions also found applications on surfaces to provide anti-
adhesive films. One of us has reported on the monolayer of poly[3-dimethyl
(methacryloyloxyethyl) ammonium propane sulfonate-b-2-(diisopropylamino)ethyl
methacrylate] (BPDMA-b-PDPA) BCM as a potential anti-adhesive surface against
bacteria [131].

LbL films can be designed to be dually-sensitive, such that they repel bacteria and kill
them through the release of antibacterial agents. Electrostatic interactions between
polymers of cationic and anionic functional groups drive the force in LbL buildup, but
this interaction is not limited with the functional groups with one single charge.
Recently, our group pioneered the research on incorporating BCMs with zwitterionic
coronae-forming blocks in LbL films. Due to the pH-responsive PDPA core of
BPDMA-b-PDPA, when the core is loaded with an antibacterial agent (triclosan), the
agent could be released in mildly acidic media, due to the protonation of tertiary amine
groups in the micelle core. This block copolymer micelle was also designed to be
stable under physiological pH, making the micelle and the film suitable for biomedical
applications [132]. Such drug loaded micelles release cargo in a shorter time around
the tumor sites or the infection sites in the body, where products of anaerobic

respiration could decrease the pH in the zone of 6 - 6.5.
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1.4.2. Bioactive LbL Films

Bioactive thin films activate a biological response from particular cell lines or
particular tissues of organisms. These responses could be the increase in metabolic
activity, differentiation towards a lineage, proliferation of cells and thus the
regeneration of tissue. It can also be any other upregulation or downregulation of
genetic expression to suppress or induce a metabolic pathway, such as for the ones for

the secretion of proteins and related globular structures from the cells.

As cells live and proliferate inside their extracellular matrix (ECM), they bind and
interact with the ECM components, mainly through integrins and adhesins. This
binding activates a cascade leading to several genetic regulations, and even
differentiation of stem cells or progenitor cells to primary cells. When modifying
surfaces, it is important to modify the surface such that the components of the surface
are biological macromolecules such as collagen, fibrinogen, and hyaluronic acid

[73,133,134] or synthesized polymers which mimic the ECM components [72].

Growth factors possess important functions in stem cell differentiation to primary cells
and regeneration of tissues. Due to the presence of charged amino acids in these large
proteins, they can interact with oppositely-charged polymers in thin films. They can
also make polymer complexes and can be delivered into the body without further
modifications. Also, they can be deposited on surfaces. Stimuli-responsive growth
factors delivery under different stimuli is possible once growth factors are loaded
inside LbL films. In 2005, Mao et al. reported on fibroblast growth factor (FGF)-
heparin mixture/poly(ethylene imine) (PEI) multilayer films which induced collagen
type I secretion and proliferation of fibroblasts seeded onto the coated surface [135].
Hammond and coworkers designed LbL films which elute growth factors through
biodegradation of poly(famino esters), followed by the disintegration of multilayers.
Such growth factors released from the films of poly(f-amino esters) and chondroitin
sulfate and induced bone tissue regeneration on bone defect sites [136,137]. These
LbL films were also doped with hydroxyapatite to provide osteophilicity to the film,

again to be used for bone tissue regeneration [134]. Recombinant human bone

28



morphogenetic protein-2 (rhBMP-2) induces osteogenic differentiation of
mesenchymal stem cells and preposteoblasts into osteoblasts. They are secreted by
osteoblasts to signal surrounding cells to differentiate. Picart and coworkers
demonstrated hBMP-2 release from LbL films composed of PLL and hyaluronic acid.
In one of their study, C2C12 cells, which are myoblasts with ability to differentiate
into an osteoblastic lineage, were observed to differentiate into osteoblasts by the
release of thBMP-2 from surfaces [72]. LbL thin films, in terms of growth factor
release are suitable structures for the tenability of agent throughout the film, and also

suitable structures for the control of the amount of the released agent.

1.5. Hydrogels for Biomedical Applications

Biodegradability is the ability of a biomedical device or a tissue scaffold or matrix to
perform its intended functions successfully for a desired period through incorporation
to the host local or systemic reactions in the body. Biocompatible scaffolds need to
sustain cellular activity and optimize tissue regeneration [138]. Hydrogels for
biomedical applications need to be biocompatible and this biocompatible property is
Organisms on Earth are primarily composed of carbon-based molecules though they
intake and retain very high amounts of water. Water is an inorganic molecule, thus not
produced by the human body and should be replaced when lost. Water is the primary
solvent in the human body, is the primary factor that stabilizes the osmotic pressure of
cells, maintains the body temperature and brings excretions out [139]. As water is the
most abundant inorganic molecule in the mammalian body, materials that intake and
retain high amounts of water would be very suitable for biomedical applications.
Hydrogels are networks of natural and synthetic polymers that absorb (at least) 10-
20% or their weight as water. Examples are known to absorb water w/w in the level of
thousands of times more than their original weight. High water content in hydrogels is
the reason why hydrogels have been of great use in biomedical sciences since

especially 70’s [140,141].

Hydrogels are held together due to molecular entanglements or forces exerted between

molecules, such as hydrogen-bonding, hydrophobic, and ionic forces [142,143].
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Hydrogels are only permanent and stable when their polymers are covalently-
crosslinked. This crosslinking can be achieved either by copolymerization with a
crosslinker [144], or by the addition of water-soluble crosslinkers such as
glutaraldehyde [145] and sodium periodate [146]. Cross-links among the polymer
chains of hydrogels render them stable for long periods, making possible to be used

for biomedical studies such as tissue engineering.

Hydrogels have found broad range of applications in biomedical sciences. This
includes drug release and controlled drug release, scaffolds for tissue engineering, cell
carriers, fillers, membranes, sheets, and wound dressings. An article published in 1980
showed that hydrogels had resolved one important issue related with immune rejection
of pancreatic islet transplantation, which was the rejection of the implanted islet by the
pancreas. PLL/sodium alginate hydrogels that were crosslinked with calcium chloride
were able to encapsulate pancreatic islet cells, reducing the immune reaction after

implantation, without any loss in insulin secretion by cells [147].

Collagen and shark cartilage were two of the first natural molecules that were used to
design cell-carrying hydrogels as wound dressings [ 148]. Chitin and chitosan, cationic
polysaccharides owing to their ability to induce skin regeneration, and prevent
bacterial and fungal infections have been commonly used in hydrogels to prepare
dressings to repair severe burns [149]. One ideal wound dressing should support the
penetration of gases through the material, protect the covered tissue from
microorganisms, physically support the tissue and provide the environment in which
cells can regenerate and repair the defect [150]. Thus, chitosan, alginate and
derivatives can be considered as ideal materials to prepare hydrogels as wound

dressings.

Chemical nature of the hydrogel material is critical for drug release properties.
Polyesters such as poly(glycolic acid) (PGA) and poly(lactide-co-glycolide) (PLGA)
are biodegradable, thus degrade under the activity of enzymes in the body, or by
hydrolysis and oxydation. This degradation induces the release of the drug molecules

as bonds are broken from the polymers of the hydrogel and smaller molecules are set
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free. As reported by Jeong et al., PEG-PLGA-PEG triblock copolymers form
hydrogels at body temperature. This gelling at body temperature was reported to be
due to micellar growth and intra- and inter-micelle phase mixing and packing. As the
PLGA block is hydrolytically degradable, it enhanced the hydrogel to be
biodegradable in body [151,152]. Similarly, oligo(poly(ethylene glycol) fumarate)
hydrogels gellate at body temperature and are biodegradable. As reported by Mikos
and coworkers, transforming growth factor-B1 (TGF-f) release was controlled with

the polymer molecular weight and the degree of crosslinking [153].

One important field of application of hydrogels is tissue engineering and regenerative
medicine. Biocompatible hydrogels, due to their physical similarities to extracellular
matrices, and ability to deliver cargo such as growth factor, drugs, or cells are one of
the materials that can be used in tissue engineering [154]. Hydrogels can be designed
to possess pores that can perfectly accommodate cells once seeded. One disadvantage
is that these pores are not connected through channels, which are essential for cells to
communicate with each other. For example, collagen scaffolds with ceramic particles
as porous scaffolds found place in the literature couple of times [155—157]. Hydrogels
are suitable injectable materials for tissue regeneration, proved by a large number of
studies. For example, hydroxyapatite-collagen with alginate which carried BMP-2
showed successful results as a bone filler. The material was able to get crosslinked by
itself at the site of injection, at around 30 min [158]. Modification of PEG and PVA
with the cell-adhesion peptides even enhanced the tissue engineering applications of
hydrogels, making cells adhere into and interact with the hydrogel, such that they do
with their extracellular matrix (ECM) [159,160]. Hydrogels are not only useful in bone
tissue engineering, they can also be used as matrices for epithelial cell cyst formations
once their surfaces is modified. Recently, Enemchukwu et al. described that epithelial
cells form cysts in hydrogels possessing optimal range of elasticity, optimal amount
of adhesive peptide density, and a threshold level of protease degradability like they
do in their native ECM [161].
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1.5.1. Stimuli Responsive Hydrogels
1.5.1.1. pH-Responsive Hydrogels

Stimuli responsive hydrogels release the loaded drug molecules by changing
environmental stimuli, such as pH and temperature. For example, pH responsive
hydrogels control drug release through a determined swelling and de-swelling
mechanism induced by protonation/deprotonation of functional groups or higher or
lower interaction with water molecules [162] (Scheme 1. 6.). Hydrogels of synthetic
polymers, such as poly(acrylamide-co-maleic acid) [163] or synthetic-natural polymer
hybrids [164], such as PEO-chitosan exhibit pH responsive behavior, due to the
protonation or deprotonation of charged functional groups on polyions, which lead to

higher swelling.

~

Scheme 1. 6. The swelling of the hydrogel induces the release of cargo molecules

trapped inside the hydrogel.

1.5.1.2. Temperature-Responsive Hydrogels

Similarly, temperature responsive hydrogels are composed of temperature-responsive
polymers. PNIPAAm [165] or its derivatives have been extensively investigated to

prepare temperature-responsive hydrogels. Several studies recently have shown that

solutions of polymers can gel at physiological temperatures. When such polymer
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solutions are injected in defected tissues in the human body, they fill the defect, and
then form the hydrogel by temperature-responsive gelation. Very recently, Payne et al.
described that methycellulose/p-glycerophosphate hydrogels can form at 39°C, but
with an addition of collagen, this degree can be decreased to 37°C, which is the body
temperature [166]. Wagner and coworkers reported on biodegradable copolymer
hydrogels with thermoresponsive property. These hydrogels which are made up of N-
isopropylacrylamide (NIPAAm), acrylic acid, and hydroxyethyl methacrylate-
poly(trimethylene carbonate) (HEMAPTMC) were able to form hydrogels at 37°C and
degrade slowly inside the body in about 5 months. This was an attractive hydrogel

designed specifically for the treatment of ischemic cardiomyopathy [167].

1.5.1.3. Light-Responsive Hydrogels

Light is another environmental stimulus which triggers hydrogels to conformationally
change and swell. For example, hydrogels with triphenylmethane units (e.g.
triphenylmethane leucocyanide) can swell in the presence of UV-light. The
photodissociation of triphenylmethane to triphenylmethane cations and cyanide anions
increases the ion concentration inside the hydrogel and the increased osmotic pressure
causes more water molecules to penetrate into the gel and force it to swell [168].
Azobenzene molecules can be triggered to shift from #rans isomer to cis isomer as UV
light is applied. Presence of cyclodextrins that can associate with the trans isomer of
azobenzene can form hydrogels. As the UV light is applied, the hydrogel dissociates

to form a solution, due to reduction in cyclodextrin-azobenzene associations [169].

1.5.1.4. Magneto-Responsive Hydrogels

One another class of stimuli-responsive hydrogels is magneto-responsive hydrogels.
For example Bhattacharya et al. reported on the microgels of poly(vinylcaprolactam-co-
acetoacetoxyethyl methacrylate-co-vinylimidazole) (PNVC-co-PAAEM-co-PVIm) with
BIS cross-linker. These polymers with thermosensitive PVCL units and pH-sensitive
PVIm units exhibited pH and thermoresponsive behaviour. The most significant factor that

modifies the phase transition temperature of the hydrogel is the weight fractions of PVIm
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and PAAEM. At pH of 4 or lower, the PVIm was protonated, thus causing swelling and
shifting the LCST higher. These protonated hydrogels were used as the templates of
magnetic nanoparticles, which shifted the volume phase-transition temperature to higher
values. These hybrid materials possess multiple response behaviour, to temperature, pH,
and magnetic fields and they can be used in controlled and targeted drug release studies

[170].

1.5.2. Surface Functionalization of Hydrogels

Even though hydrogels have a broad range of applications in biomedical sciences,
primarily due to their water-binding abilities, the bulk biomaterial do not always
possess all of the properties of a suitable biointerface. Cells that interact with the
hydrogel would need to be able to adhere to the hydrogel and proliferate or
differentiate on it. This interaction would be highly necessary for the regeneration of
a defected tissue. As described in the previous section, adhesive proteins or growth
factors can be loaded inside scaffolds to induce tissue regeneration, though a high
amount of growth factor released from the scaffold could have off-target effects in
organisms. Besides, they would be cost-effective. Modification of the hydrogel
properties (e.g. by blending or crosslinking with other molecules) could reduce its
properties, such as elasticity, or water-binding ability. The surface modification of a
hydrogel would be sufficient to impart functions to the core hydrogel without

physically modifying it.

Recently, Yesilyurt et al. reported on the coating of alginate hydrogel microspheres
using zwitterionic phosphorylcholine polymers. This surface modification
significantly reduced foreign body responses and fibrosis in the body [171]. Sanyasi
et al. reported that the surface modification of tamarind kernel polysaccharide-based
hydrogel using acrylic acid induces the osteogenic differentiation of mouse
preosteoblasts [172]. In 2015, Grossutti et al. reported on modification of a hydrogel
through coating. Coating the hydrogel surface with a hydrophobic phospholipid
decreased the surface hydrophilicity and acted as a barrier, controlling the permeability

of the bulk material [173].
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1.5.2.1. Surface Functionalization of Hydrogels via the LbL Technique

Biomedical applications of LbL coated hydrogels have found significant place in the
scientific literature (Scheme 1.7.). Sakaguchi et al. reported on the LbL deposition of
dextran sulfate and chitosan on poly(vinyl alcohol) hydrogels [174]. This report was
the first example of the LbL deposition of natural polymers on hydrogels. Grossin et
al. further reported on a relatively opposite method where PLL/PGA and (PLL-
hyaluronic acid)/PLL multilayers were deposited separately on a surface, and then the
hydrogel that was loaded with fibroblasts were spray-deposited on them. This system
was designed to investigate the biological activity of cells in hydrogels that were in
direct contact with multilayers [175]. Mehrotra et al. developed LbL coated porous
agarose hydrogels with alternating PAA/PEG and protein/PEG multilayers for time-
controlled release of proteins [176]. In these LbL films, one of every two layers was
PEG, and the remaining layers were PAA and the protein, respectively. Additional to
these, Choi et al. reported on coating bPEI/TA and PDAC/lignin LbL films on collagen
hydrogels to increase the strength and toughness of the hydrogel core and to prevent
the burst release of an anti-cancer agent out of the hydrogel core [177].Very recently,
Gentile et al. reported on deposition of PSS/PAH films doped with a specific peptide
and transforming growth factor-fl1 (TGF-p1) onto alginate microgels. These
functionalized hydrogels were found to be ideal biomaterials to be used for

chondrogenic tissue regeneration [178].

Bare hydrogel Lbl.-coated hydrogel

Scheme 1. 7. Schematic representation of a bare hydrogel and LbL coated hydrogel.
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1.6. Aim of the Thesis

The aim of this thesis study was to prepare functional LbL coatings which may find
use in various biomedical applications, specifically in preparation of anti-adhesive and

antibacterial surfaces; osteoconductive surfaces and wound dressings.

The work presented in Chapter 2 aimed preparation of dual functional LbL films which
exhibit bacterial anti-adhesiveness and pH-responsive antibacterial agent delivery
from surfaces to reduce hospital-acquired bacterial infections. In this context, bacterial
anti-adhesiveness was aimed to be achieved by controlling the surface chemistry and
pH-responsive release of an antibacterial agent was aimed to be achieved by using
block copolymer micelles with pH-responsive polybasic cores as building blocks and

cargo carrier in LbL assembly.

The work presented in Chapter 3 aimed preparation of LbL films which conducts bone
tissue formation by SaOS-2 osteoblast-like cells. Conducting bone formation was
aimed to achieve by constructing a LbL. assembly based on a biodegradable polymer
whose degradation products were expected to induce osteogenic differentiation. Our
hypothesis was that poly(4-hydroxy-L-proline ester) (PHPE), which comprises trans-
hydroxyproline resembles collagen, which is the dominant organic compound in the
bone. In this context, osteogenic differentiation of osteoblast-like cells was aimed to
be achieved through the induction of collagen synthesis by the cells, thorugh the
treatment of the cells with PHPE.

The work presented in Chapter 3 aimed preparation of LbL modified chitosan/PEG
membranes with enhanced antibacterial and cell adhesive properties for potential
wound healing applications. Antibacterial activity was aimed to be enhanced by
modifying the hydrogel surfaces using antibiotic incorporated temperature-responsive
multilayer films via LbL technology. Cell adhesive property of the hydrogels was
aimed to be enhanced by LbL coating the hydrogel surface to diminish the suppression

of the proliferation of fibroblasts adherent on chitosan/PEG hydrogels.
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CHAPTER 2

BACTERIAL ANTI-ADHESIVE AND PH-INDUCED ANTIBACTERIAL
AGENT RELEASING ULTRA-THIN FILMS OF ZWITTERIONIC
COPOLYMER MICELLES*

2.1. Chapter Summary

We report on preparation of substrates with dual function coatings, i.e. bacterial anti-
adhesive and antibacterial agent releasing polymer films of zwitterionic BCMs. BCMs
were  obtained by  pH-induced  self-assembly  of  poly[3-dimethyl
(methacryloyloxyethyl) ammonium propane sulfonate-b-2-(diisopropylamino)ethyl
methacrylate] (BPDMA-H-PDPA), resulting in BCMs with zwitterionic BPDMA-
coronae and pH-responsive PDPA-core. These zwitterionic BCMs were then used as
building blocks to construct mono- and multi-layer films. We found that the number
of layers in the film was critical for the anti-adhesive property and 3-layer films were
the most anti-adhesive against a model Gram-positive bacterium, Staphylococcus
aureus. Antibacterial activity could be introduced to the films by loading Triclosan
into BPDMA-b-PDPA micelles. Triclosan containing films were effective against
Triclosan-sensitive Staphylococcus aureus specifically at moderately acidic
conditions due to pH-induced disintegration of the micellar core blocks and release of
Triclosan from the surface. Three-layer films also exhibited anti-adhesive property at

physiological pH against a model Gram-negative bacterium, Escherichia coli.

*The content of this chapter (reference [54]) was published previously by Elsevier Ltd.
(Copyright Licence Number: 4198980650576).
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At moderately acidic pH, the coatings showed a contact antibacterial effect against an
isolate of Escherichia coli with low sensitivity to Triclosan only when micellar cores
were loaded with Triclosan. Such dual function films can be promising to combat
biofouling at the non-homogeneous and/or defective parts of an anti-adhesive coating.
Moreover, considering the moderately acidic conditions around an infection site, these
multilayers can be advantageous due to their property of pH-induced antibacterial

agent release.

2.2. Introduction

Hospital-acquired pathogenic bacteria that may cause severe illness and mortality have
been a major medical concern both in developed and developing countries causing
extra healthcare-related economic burden. In the United States alone, ~ 1.7 million
Hospital Acquired Infections (HAIs) were observed in 2002, including the bacteria-
derived ones [1]. Antibiotics and some antibacterial agents have been very commonly
used on patients for the treatment of bacterial infections with limited success due to
the development of resistance against these drugs. Bacteria that develop resistance
against multiple drugs are known as Multiple Drug Resistant (MDR) bacteria. They
are all observed as isolates of Gram-positive and Gram-negative bacteria, and are the
most common reasons for the onset of hospital-acquired infections [2]. There is no
standard-of-care therapy for some MDR S. aureus infections. For instance, one
significant Gram-positive MDR bacterium is Methicillin-resistant S. aureus (MRSA),
which is encountered predominantly in the intensive care units of hospitals, with no
globally known antibiotic treatment [3]. Gram-negative MDR isolates of E. coli cause
community and hospital-acquired bloodstream or urinary tract infections [4]. For
example, MDR E. coli ST131, which produces extended-spectrum f-lactamase is
currently the dominant extraintestinal pathogenic E. coli worldwide [5]. Both Gram-
positive S. aureus and Gram-negative E. coli could cause biofouling through biofilm
development. Bacteria develop biofilms in a two-step process: adherence on the
surface and maturation. If adherence is delayed or prevented, biofilm formation could
either be delayed or completely eliminated [6]. Biofilm-associated bacteria are 100 —

1000 times more resistant to antibiotics than the planktonic bacteria [7], so the
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elimination of biofilm development would lead to greater success with antibiotic

treatment.

Polymers have been used extensively to modify surfaces to prevent biofilm formation.
Polymer coated substrates kill the bacteria either on contact [8] or by releasing
antibiotics and other antibacterial compounds [9,10] (antibacterial coatings) or
polymer coated substrates intrinsically possess bacterial anti-adhesive properties [11]
due to their chemical nature (anti-adhesive coatings). Recently, polymer
nanostructures that intrinsically show antibacterial property due to their chemical
nature or possess antibacterial activity without loaded antibacterial agents have been
reported to show great efficacy against bacteria [12—16]. Both antibacterial and anti-
adhesive coatings prevent biofilm formation on medical devices. The major concern
with releasing bactericidal agents from surfaces is the long term elimination of the
biofilm formation due to depletion of the active agent. As an alternative approach,
surfaces were modified by covalent attachment of antibiotics [17], however,
limitations include efficacy against antibiotic-sensitive bacteria, biofilm formation
from layers of dead bacteria on the surface and development of resistance to the drug
molecules. Coating surfaces with anti-infective peptides have shown efficacy against
antibiotic resistant bacteria [18,19], though they are disadvantageous in being sensitive

to degradation by proteases in the serum.

To date, despite the recent progress in the development of anti-bacterial surfaces using
stimuli-responsive polymers, only few of them have achieved long-term elimination
of biofilm formation [19-21]. The drawbacks of drug-releasing and contact-killing
surfaces have increased the need for development of bacterial anti-adhesive surfaces.
Using polymers to prepare bacterial anti-adhesive surfaces has specifically become a
promising approach in recent years due to a wide range of functional chemical groups
that polymers provide to modify the properties of a surface. PEG has been extensively
used to modify surfaces due to its biocompatibility, low toxicity, low immunogenicity
[22,23] and anti-adhesive properties. However, PEG, especially when its molar mass

is below 400 Da, has the disadvantage of being prone to oxidative degradation into
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toxic diacid and hydroxyacid metabolites by alcohol and aldehyde dehydrogenases in
the body [24].

Recently, zwitterionic polymers have proven to be anti-adhesive against protein
adsorption, platelet adhesion, and bacteria adhesion [25-27]. Zwitterionic polymers
endue their anti-adhesive property by interacting with water molecules through ionic
solvation and H-bonding [28] and formation of a network of water molecules at the
film-water interface. In contrast to ordinary polyelectrolytes, small disruptions of the
network of hydrogen-bonded water molecules at the film-water interface were
observed on polyzwitterion coated films, which was reported to be the reason for their
anti-adhesive property [29]. Betainized polymers such as poly(phosphobetaine
methacrylate) (pPBMA), poly(carboxybetainemethacrylate) (pCBMA), and
poly(sulfobetainemethacrylate) (pSBMA), possess biocompatibility [30] and have
been used to prepare bacterial anti-adhesive biointerfaces [31-33]. Recently, our group
has reported on the bacterial anti-adhesive properties of monolayer films of

zwitterionic micelles with polysulfobetain coronal chains [34].

LbL self-assembly of polymers at surfaces is a powerful technique for modification
and functionalization of surfaces. LbL deposition of polymers has found application
in developing films with antibacterial properties [35—45]. Silver nanoparticles have
also been incorporated into polymer multilayers to impart antibacterial properties to
LbL films [35,46,47]. LbL films with both anti-adhesive and antibacterial properties
have also been reported [48—50].

In this study, we developed substrates with dual function ultra-thin polymer coatings
which show bacterial anti-adhesive properties as well as release hydrophobic
antibacterial compounds in response to pH changes. Different from our previous work
on bacterial anti-adhesive properties of a monolayer of zwitterionic BPDMA-b-PDPA
micelles [34], this study examined the effect of number of layers on the bacterial anti-
adhesive properties of the films and also reports on the preparation of dual function
ultra-thin coatings of zwitterionic BCMs, i.e. bacterial anti-adhesive and pH-induced

antibacterial properties. This study is the first, demonstrating the use of zwitterionic
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BCMs with pH-responsive cores as building blocks in the construction of dual function
surfaces. Such films hold promise to control the bacterial adhesion on the surface of

medical implants/devices.

2.3. Experimental Part

2.3.1. Materials

Sodium dihydrogenphosphate dehydrate and Luria Bertani (LB) broth (MILLER)
were purchased from Merck Chemicals (Darmstadt, Germany). Pharmaceutical
secondary standard 5-Chloro-2-(2,4-dichlorophenoxy)phenol (Triclosan),
poly(sodium 4-styrene sulfonate) (PSS) (Mw 70,000), Mueller-Hinton (MH) broth,
Phosphate Buffered Saline (PBS), Gram Staining Kit and Bovine Serum Albumin
(BSA) were purchased from Sigma-Aldrich (USA). Agar bacteriological (Agar No.1,
Oxoid) and Micro BCA protein assay kit were purchased from Thermo Scientific
(USA). Sterile PTFE syringe filters (0.22 um and 0.45 pm) were purchased from
Sartorius AG (Goettingen, Germany). Cell culture plates were purchased from Sarstedt
(Nibrecht, Germeny). Cj>-Resazurin was purchased from Life Sciences (USA). 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. Aysegul Cetin Gozen (Department of Biology, Middle East

Technical University), respectively.

2.3.2. Synthesis of poly[3-dimethyl (methacryloyloxyethyl) ammonium propane
sulfonate]-block-poly[2-(diisopropylamino) ethyl methacrylate] (BPDMA-b-
PDPA)

Poly[2-(dimethylamino)ethylmethacrylate]-block-poly[2-(diisopropylamino)ethyl

methacrylate] (PDMA-b-PDPA) with 61 mol % PDMA content and a molecular
weight of 15,800 gmol' (My/M,: 1.10) was synthesized by group transfer
polymerization technique as described before [51]. DMA residues of PDMA-b-PDPA
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(2 g) were selectively betainized in THF (100 mL) in the presence of 10 mol % excess
(based on DMA residues) of 1,3-propane sultone at room temperature [52]. The
solution was stirred for 48 hours and gelation was observed within 20 hours. The
resulting BPDMA-b-PDPA was purified by Soxhlet extraction with THF and dried in
a vacuum oven at 55 °C for at least 2 days. The extent of betainisation of PDMA block
was assessed by "H NMR spectroscopy. Molecular weight of PPDMA-b-PDPA was

calculated as 22,360 g.mol" assuming 100 % betainization.

2.3.3. Preparation of BPDMA-b-PDPA Micelles

BPDMA-b-PDPA was dissolved in 0.001 M NaH,PO4 buffer at pH 3.0 at a
concentration of 0.1 mg.mL™". Micellization was triggered by gradually increasing the
solution pH up to 7.5. The pH was adjusted using 0.1 M NaOH or 0.1 M HCl solutions.
The solution was filtered through 0.22 pum syringe filter prior to use.

2.3.4. Triclosan Loading into BPDMA-b-PDPA Micelles

Triclosan was used as a model hydrophobic antibacterial agent. First, a solution of
Triclosan in ethanol (> 99.8 %) with a concentration of 2.5 mg.mL™ was prepared. 1
mL of this solution was added drop-wise into 200 mL of 0.001 M NaH,PO, buffer,
resulting in a solution of Triclosan with a concentration of 0.0125 mg.mL"'. BPDMA-
b-PDPA was dissolved in this Triclosan solution at pH 3.0 at a concentration of 0.1
mg.mL"'. Micellization was triggered by gradually increasing the solution pH up to
7.5. The solution was stirred overnight for efficient loading of Triclosan molecules
into the micellar cores. The solution was filtered through 0.22 um syringe filter prior

to use.
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2.3.5. Dynamic Light Scattering and Zeta-Potential Measurements of BPDMA-b-
PDPA

Hydrodynamic size and zeta-potential measurements were performed using Zetasizer
Nano-ZS equipment (Malvern Instruments Ltd., U.K.). Particle sizes and zeta-
potential values were obtained by cumulants analysis of the autocorrelation data and
from electrophoretic mobility values using the Smoluchowski approximation,

respectively.

2.3.6. Deposition of Multilayers for Ellipsometry, AFM Imaging, TEM Imaging

and Bacterial Adhesion Experiments

Silicon wafers or glass slides were immersed into concentrated sulfuric acid for
approximately 1 hour, and then rinsed with deionized (DI) water. After drying under
a flow of nitrogen, wafers were immersed into 0.25 M NaOH solution for 10 minutes,
thoroughly rinsed with DI water and dried again under nitrogen flow. Monolayer films
were self-assembled at the surface by immersing the silicon wafers or glass slides for
30 minutes into 0.1 mg.mL™ solution of PPDMA-b-PDPA micelles at pH 7.5.
Multilayers were prepared at pH 7.5, by immersing the silicon wafers or glass slides
alternatingly into 0.1 mg.mL"' solutions of BPDMA-h-PDPA micelles and PSS for 30
minutes each with 2 intermediate rinsing steps in between. The first layer was always
BPDMA-b-PDPA micelles. For the preparation of Triclosan containing films, 0.1
mg.mL" solution of Triclosan loaded BPDMA-b-PDPA micelles at pH 7.5 was used
during film assembly. 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 II Biosafety Cabinet. Film growth and pH-stability were
monitored by measuring the dry film thickness using a spectroscopic ellipsometer of
Optosense, USA (OPT-S6000). 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 pm scan size. TEM images were obtained using
an FEI Tecnai G2 Spirit Bio-Twin CTEM operating at an acceleration voltage of 20 —
120 kV. A drop of either BPDMA-b-PDPA at pH 3.0, or Triclosan-loaded BPDMA-b-
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PDPA micelles or unloaded BPDMA-b-PDPA micelles at pH 7.5 was placed on the
surface of a copper grid coated with a carbon substrate with 3 mm diameter. After
deposition of the BPDMA-b-PDPA unimers or micelles at the surface, samples were

air-dried.

2.3.7. Preparation of Bacteria Growth Media

LB broth was used for the overnight cultivation of S. aureus ATCC 29213 and E. coli
ATCC 8739. Mueller Hinton (MH) broth was used for the incubation of the blank and
coated glass slides in the assays examining the antibacterial and anti-adhesive
properties. Both of the media were autoclaved for sterilization prior to use. The pH of
the MH broth was adjusted to either 5.5 or 7.5 after autoclaving. MH broth was filtered

in a 0.45um syringe filter to remove any bacterial contamination.

2.3.8. Viable Cell Counting of Surface-Adherent Bacteria

Cultures of S. aureus ATCC 29213 and E. coli ATCC 8739 in LB broth were adjusted
to ODgo0> 0.2 which corresponds to ~ 1.2 x 10’ CFU.mL™" of bacteria. In a 24-well
cell culture plate, mono- or multi-layer coated 1 cm x 1 cm glass slides were immersed
into 1 mL MH Broth containing 25 pL of the above bacterial cultures or their 100x
dilutions specifically for the assay with initial 10° CFU.mL™" bacteria concentration,
and incubated at 37°C for 1 hour, 24 hours, or 48 hours. Each slide was washed three
times in 1 mL sterile PBS (0.01 M phosphate buffer salts, 0.0027 M KCI, 0.137 M
NaCl at pH 7.4). The slides were then removed from the wells and immersed in 5 mL
of PBS (pH 7.4). The slides were vortexed at 2000 rpm for 1 minute, sonicated in a
bath sonicator for 5 minutes, and vortexed at 2000 rpm for 1 minute. 100 puL of the
sample was 100x diluted in PBS (pH 7.4) and 80 pL of this solution was spread-plated
on LB agar. After an overnight incubation at 37°C, colonies of viable bacteria were

counted.
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2.3.9. Fluorescence Spectroscopy Assay

Multilayer coated or blank glass slides (1 cm x 1 cm) were incubated at pH either 7.5
or 5.5 for 1 hour in 1 mL MH broth containing 50 pL of a S. aureus ATCC 29213
culture. The glass slides were then washed 3 times with PBS (pH 7.4) and immersed
into 2 mL PBS. After vortexing and sonication as mentioned in section II.VIII, each
solution was pipetted into Eppendorf tubes and centrifuged at 8800 rpm for 10 minutes
(Sigma 1-14 centrifuge, Germany) to increase the number of viable bacteria in the
medium per unit volume. First, 300 pL of the pellet was pipetted into each well of the
96-well plate. Then, 1 pL of 1 mg.mL™" Cj»-Resazurin solution was added into each
well. PBS was added into another well as a control for this step. The samples were
incubated at 37°C for 45 minutes and fluorescence emission spectrum was recorded
between 570 — 800 nm from 9 different points in each well of the 96-well plate using
a Spectramax M5 Fluorescence Microplate Spectrophotometer (Molecular Devices,
USA). Cjp-Resazurin gets reduced to Cjp-Resorufin in live cells, emitting

fluorescence.
2.3.10. 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 coated and blank glass slides
(control) which were already immersed into MH broth. Samples were incubated for 1
hour at 37°C in an incubator. The glass slides were then washed three times with PBS.
The slides containing S. aureus ATCC 29213 were fixed under a flame and stained
with Gram’s crystal violet. Then, Gram’s iodine solution and decolorizer were
sequentially applied on the slides. The slides containing E. coli ATCC 8739 were fixed
and stained with safranin only. All slides were examined under a 40X inverted light

microscope (Leica, Germany).
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2.3.11. Minimum Inhibitory Concentration (MIC) Analysis

25 mg.mL™" Triclosan solution was prepared in ethanol (> 99.8 %). Different volumes
of this Triclosan solution was added into 4 mL LB broth containing 50 pL of S. aureus
ATCC 29213 culture (ODgoo = 0.4) or E. coli ATCC 8739 (ODggp = 0.7) culture. The
final Triclosan concentration in these mediums were 20, 10, 2, 1, 0.625, 0.2, 0.1
ug.mL'1 for the MIC determination of S. aureus and 60, 50, 40, 30, 20, 10, 2 ug.mL'1
for the MIC determination of E. coli. Medium without Triclosan was prepared as a
control. All culture media were incubated in a shaker incubator at 37°C, 180 rpm until

ODg of the control culture medium reached 0.4.

2.3.12. Kirby-Bauer Test

Agar plates containing MH broth at pH 7.5 or 5.5 were prepared. 80 puL of S. aureus
ATCC 29213 or E. coli ATCC 8739 cultures (grown in LB medium up to ODgy =
0.15) was spread-plated on MH agar. Mono- or multi-layer coated glass substrates
were placed onto MH agar such that the uncoated sides of the glass slides touched the

MH agar. The plates were incubated overnight at 37°C and photographed.

2.3.13. Grams’s Crystal Violet Staining Assay

Each coated or blank glass slide (1 cm x 1 cm) was 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 hour, 24 hours, or 48 hours. Each slide was washed three times with 1 mL
PBS (pH 7.4) and placed into 1 mL of 1 % Gram’s crystal violet solution (diluted in
PBS) and incubated at room temperature for 1 hour. Each slide was washed twice with
1 mL of PBS (pH 7.4) and then transferred into 400 pL of Gram’s decolorizer solution.
300 pL of this solution was transferred into individual wells of a 96-well plate and the
UV absorbance of each sample at 590 nm was recorded in a Multiscan Go Microplate

Spectrophotometer (Thermo, USA). The value for the control was adjusted to 100%
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and the experimental values were normalized accordingly. Gram’s crystal violet is a
positively-charged dye that can bind to negatively-charged components of a cell, such
as the cell wall and DNA. However, it can also bind to negatively-charged surfaces.
To eliminate the contribution of negatively-charged film components to the
absorbance readings, mono- or multi-layer coated substrates which were not incubated
in bacteria-containing growth media were also dipped into 1% Gram’s crystal violet
solution for 1 hour and the absorbance values were subtracted from that of the samples

which were previously incubated in bacteria-containing growth media.

2.3.14. Protein Adsorption Assay

Bovine Serum Albumin adsorption on film coated and blank (control) glass slides was
evaluated by microBCA assay. First, 1 cm x 1 cm glass slides were cut and cleaned as
described in Section II.VI. Mono- and multi-layer films were deposited onto cleaned
and sterilized 1 cm x 1 cm glass slides. Each glass slide (blank or coated) was placed
in each well of a 24-well containing 1 mL of BSA solution (50 mg.mL"' prepared in
PBS). After 1 hour of incubation at 37°C, each substrate was carefully removed from
the wells and washed three times with PBS. Then, the wafers were 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 as
described in the protocol. UV-Vis absorption spectra of these solutions were recorded
using Multiscan Go Microplate Spectrophotometer (Thermo, USA). The absorbance
values at 562 nm were recorded. The amount of BSA was determined using a

calibration curve.

2.3.15. Statistical Analysis

Film thickness measurements were expressed as the means of three different
measurements and the standard deviation (SD) of means. Results obtained in
microbiology experiments were expressed as the means and standard error of means
(SE) of at least three independent experiments, performed on separate days. Each set

of experiment was analyzed by one-way Analysis of Variance (ANOVA). Holm-
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Sidak’s test was also performed as a multiple-comparisons test following ANOVA.
Analysis between pair of groups was performed by unpaired one-tailed #-test with
Welch’s correction. Levels of significance were as follows: (*) P<0.05, (**) P<0.01,

(¥%%) P<0.001, (****) P<0.0001.

2.4. Results and Discussion

2.4.1. Preparation of BPDMA-b-PDPA Micelles

BPDMA-b-PDPA micelles were obtained by pH-induced self-assembly of BPDMA-b-
PDPA in an aqueous environment above pH 6.5. First, fPDMA-b-PDPA was
dissolved at pH 3 and the pH of the solution was increased gradually. Micellization
occurred above pH 6.5 due to unprotonation of the amino groups resulting in loss of
water solubility and enhanced hydrophobic-hydrophobic association among the PDPA
blocks, triggering the self-assembly of BPDMA-b-PDPA. Micellization was followed
by measuring the hydrodynamic size of the BPDMA-b-PDPA using dynamic light
scattering technique. The significant increase in hydrodynamic size above pH 6.5
indicated the formation of micellar aggregates. The hydrodynamic size of BPDMA-b-
PDPA was recorded as ~ 5.5 nm and ~ 16 nm at pH 3 and pH 7.5, respectively. Fig.
2.1A and 1B shows the number (%) versus size distributions of BPDMA-b-PDPA at
pH 3 and pH 7.5. To prepare Triclosan-loaded PDMA-b-PDPA micelles, BPDMA-
b-PDPA was dissolved in Triclosan solution at pH 3. The pH of the solution was
increased gradually to pH 7.5 and stirred at room temperature overnight. Considering
the hydrophobic-hydrophobic interactions among Triclosan molecules and
hydrophobic PDPA core blocks, we speculate that Triclosan was loaded mainly in the
micellar cores. It is worthy of note that some of the Triclosan molecules could have
also adsorbed onto the BPDMA coronal chains through either dipole-dipole interaction
among the pendant groups of BPDMA and Triclosan or hydrophobic-hydrophobic
interactions among BPDMA backbone and Triclosan. Triclosan loaded BPDMA-b-
PDPA micelles had slightly higher hydrodynamic size (~ 20 nm) after an overnight
loading period at room temperature than that of the unloaded BCMs (Fig. 2.1C). The
chemical structure of BPDMA-b-PDPA and the graphical representation of a
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Triclosan-loaded BPDMA-b-PDPA micelle are presented in Scheme 2.1. Figure 2.2.
presents the TEM images of BPDMA-b-PDPA unimers at pH 3 (Fig. 2.2A), BPDMA-
b-PDPA micelles at pH 7.5 (Fig. 2.2B) and Triclosan loaded BPDMA-b-PDPA
micelles at pH 7.5 (Fig. 2.2C) and demonstrates the spherical morphology of the
BPDMA-b-PDPA micellar aggregates after micellization. Both BPDMA-H-PDPA
micelles and Triclosan loaded BPDMA-b-PDPA micelles carried positive charge at pH
7.5. The zeta potential values of BPDMA-b-PDPA micelles and Triclosan loaded
BPDMA-b-PDPA micelles were recorded as ~ 6 mV and ~ 4 mV, respectively.
Considering the fact that the zwitterionic coronae of fPDMA-b-PDPA micelles are
electrically neutral, the positive zeta potential at pH 7.5 should arise from the positive
charges which remained at the surface of the PDPA core (pK, of PDPA is ~6 [51]).
We have previously reported on the pH-responsive behavior of BPDMA-b-PDPA in
detail [53].
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Fig. 2. 1. Number (%) versus size distributions of BPDMA-b-PDPA unimer at pH 3.0
(A), unloaded BPDMA-b-PDPA micelle at pH 7.5 (B), and Triclosan-loaded BPDMA -
b-PDPA micelle at pH 7.5 (C) (acquired from [54]).
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BPDMA-b-PDPA

Scheme 2. 1. The chemical structure of BPDMA-b-PDPA and the graphical
representation of a Triclosan-loaded BPDMA-b-PDPA micelle. Yellow spots represent

the Triclosan molecules (acquired from [54]).

Fig. 2. 2. TEM images of BPDMA-b-PDPA unimers at pH 3 (Fig. 2.2A), fPDMA-b-
PDPA micelles at pH 7.5 (Fig. 2.2B) and Triclosan loaded BPDMA-b-PDPA micelles
at pH 7.5 (Fig. 2.2C) (acquired from [54]).

72



2.4.2. Preparation of Mono- and Multi-Layer Films

Monolayer films were prepared by self-assembly of BPDMA-b-PDPA micelles at the
surface at pH 7.5. The driving force for monolayer deposition of fPDMA-b-PDPA
micelles was the electrostatic interactions among the partially negatively charged
silanol groups of the glass/silicon wafer substrates and quaternized amino groups of
the zwitterionic BPDMA-coronal chains as well as the positively charged PDPA

micellar cores.

Multilayer films were constructed by LbL deposition of fPDMA-b-PDPA micelles
and PSS at pH 7.5. The primary driving force for LbL growth was electrostatic
interactions among positively charged PDPA core surfaces of fPDMA-b-PDPA
micelles and the negatively charged PSS. Recently, we reported that when BPDMA-
b-PDPA micelles were completely neutral, e.g. at pH 8.5, LbL films of BPDMA-b-
PDPA micelles and PSS could not be formed through electrostatic interactions among
quaternized ammonium groups of PPDMA coronae and sulfonate groups of PSS.
Multilayers could be constructed at pH 8.5 only if the negative charges of the
zwitterionic units were screened through complexation of the BPDMA coronal chains
with poly(allyl amine hydrochloride) (PAH) [53]. Therefore, we suggest that the main
driving force for LbL growth at pH 7.5 was the electrostatic interaction among the
positively charged PDPA core surface and sulfonate groups of PSS rather than the
electrostatic interaction among quaternized ammonium groups of BPDMA coronae

and sulfonate groups of PSS.

As seen in Figure 2.3., multilayer growth showed an exponential growth profile when
the thickness was plotted as a function of every fPDMA-b-PDPA micellar layer.
However, when film thickness is monitored for every fPDMA-b-PDPA micelle and
PSS layers, the growth profile deviates from exponential growth (Fig. 2.3., inset). This
can be explained by the higher increment in thickness upon deposition of BPDMA-b-
PDPA micelles than that of PSS. BPDMA-b-PDPA micellar layers formed ~ 77% of
the total film thickness. Of note, the initial irregular growth (the first four data point in

the inset) is attributed to weak binding of the polymers at the substrate which was
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overcome after deposition of the first couple of layers at the surface. Figure 2.4. shows
the AFM images of mono- and multi-layer films of BPDMA-b-PDPA micelles with
0.5 x 0.5 um scan size as well as the roughness values obtained from images with 2 x

2 pm scan size.
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Fig. 2. 3. LbL growth of BPDMA-b-PDPA micelles and PSS films at pH 7.5 (acquired
from [54]).
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1-layer film (Roughness = 0.54 nm)

5-layer film (Roughness = 1.48 nm)

Fig. 2. 4. AFM images (0.5 x 0.5 pm scan size) and rms roughness values of 1-, 3-, 5-
layer films of BPDMA-b-PDPA micelles (acquired from [54]).

2.4.3. pH-stability of BPDMA-b-PDPA Micelles and PSS Films

We examined the pH-stability of the films prior to bacterial anti-adhesive tests by
immersing the 5-layer films of BPDMA-b-PDPA micelles and PSS into PBS at either
pH 7.5 or pH 5.5 at 25°C for 1 hour. The coated substrates were then removed and
dried under N, flow. Same experiments were also performed at 37°C. Figure 5.5.
shows the fraction retained at the surface after 1 hour at 25°C or 37°C at pH 7.5 or pH
5.5.

5-layer BPDMA-b-PDPA micelles and PSS films were completely stable within 1 hour
time period at pH 7.5 at both 25°C and 37°C. Of note, ~ 25% of the film was removed
from the surface at pH 7.5 when multilayers were constructed using Triclosan-loaded
BPDMA-b-PDPA micelles (data not shown). The loss in film thickness can be

correlated with the self-diffusion of Triclosan molecules, which may have also
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dislodged any loosely bound macromolecules from the surface. Despite the
disintegration of BPDMA-b-PDPA micelles below pH 6.5, only ~ 20% of the film was
released from the surface within 1 hour when the multilayers were immersed into PBS
solution at pH 5.5 and 25°C. The decrease in film thickness was only 5% after
exposure to PBS at pH 5.5 and 37°C for 1 hour. These results indicated a restructuring
within the multilayers due to reassociation among negatively charged PSS and
positively charged PDPA blocks or quaternized ammonium groups of BPDMA blocks
of the BPDMA-H-PDPA unimers. The loss can be correlated with the partial release of
macromolecules from the surface due to formation of a charge imbalance within the
multilayers upon protonation of the PDPA core blocks at pH 5.5. The disintegration
of LbL films arising from the charge imbalance within the multilayers has been
previously reported by Sukhorukov [55] and Schlenoff [56]. We did not record any
loss in film thickness at pH 5.5 in 1 hour when multilayers were constructed using

Triclosan loaded BPDMA-b-PDPA micelles (data not shown).
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Fig. 2. 5. Fraction retained at the surface of 5-layer films of BPDMA-b-PDPA
micelles/PSS after exposure to PBS at pH 7.5 (Panel A) or pH 5.5 at 25°C or 37°C
(Panel B) for 1 hour (acquired from [54]).
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2.4.4. Bacterial Anti-Adhesive Properties of Mono- and Multi-Layers of pfDMA-
b-PDPA Micelles Against S. aureus

Agar plating method was used to examine the anti-adhesive properties of the mono-
and multi-layer films of BPDMA-b-PDPA micelles using lag-phase cultures of
Staphylococcus aureus ATCC 29213. The results were supported by light microscopy
images. MH broth, commonly used for antibiotic susceptibility tests, was used as the
medium in order to limit rapid bacterial growth and allow the observation of the

viability of bacteria with minimal error.

As seen in Figure 2.6A, the most anti-adhesive property (lowest number of adhered
bacteria) was observed on glass substrates coated with 3 layers of BPDMA-b-PDPA
micelles and PSS. The number of bacteria on a monolayer coated substrate was ~ 28%
higher than that detected on the 3-layer coated substrate. The enhanced anti-adhesive
property of 3-layer film can be attributed to higher surface coverage by BPDMA-b-
PDPA micelles as the layer number increased. However, the number of adhered
bacteria increased by ~ 190% when layer number was increased from 3 to 5. Light
microscopy images (Figure 2.6B-E) illustrate the difference in the amount of bacteria
adhered onto bare glass slide, and glass slides coated with 1-, 3- and 5-layer films of

BPDMA-b-PDPA micelles.

It was previously reported that rough surfaces were better sites for bacterial
accumulation [57], although different strains of bacteria have different preferences of
surface roughness [58]. Considering the fact that the difference in surface roughness
was not significant between 3- and 5- layer films (1.36 nm and 1.48 nm for 3- and 5-
layer films, respectively, Fig. 2.4.), we correlate the decrease in the anti-adhesive
property of 5-layer films with the decrease in the number of free zwitterionic units
rather than an increase in surface roughness. Of note, interpenetration between the
layers increases as the substrate effect diminishes with increasing number of layers.
Therefore, we speculate that the extent of interpenetration at the outermost part of a 5-
layer film is higher than that of a 3-layer film resulting in lower number of free

zwitterionic units and a decrease in anti-adhesive property.
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Fig. 2. 6. Panel A: Number of colonies on 1-, 3- and 5- layer films of BPDMA-b-
PDPA micelles after 1 hour incubation at pH 7.5 with S. aureus. Number of colonies
for each control group is normalized to 100. #-test comparison for the values are
significant *P< 0.05, unless otherwise stated. Error bars represent standard error (SE)
of mean. Panel B: Light microscopy images of the blank substrate (I) and the

substrates coated with 1- (I), 3- (III); 5- (IV) layer films of BPDMA-b-PDPA micelles

after 1 hour incubation with S. aureus (acquired from [54]).
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2.4.5. Effect of Triclosan Release from The Surface on The Antibacterial

Properties of The Multilayers Against S. aureus

Our previous study reported that BPDMA-b-PDPA did not exhibit antibacterial effect
towards S. aureus in PBS at pH 3.0 and pH 7.5 when BPDMA-bH-PDPA was in the
unimer and micellar form, respectively [34]. In this study, we aimed to introduce dual
functionality to mono- and multi- layer films of BPDMA-b-PDPA micelles, i.e. anti-
adhesive and pH-induced antibacterial agent release properties at moderately acidic
conditions. In this way, additional antibacterial functionality can compensate for the
anti-adhesive property at defective or non-homogeneous sites and/or deliver

antibacterial agents to moderately acidic locations in the body, e.g. the site of infection.

Triclosan was chosen as a model hydrophobic antibacterial agent that is bacteriostatic
at low doses, but bactericidal once the dose is elevated. It is known to inhibit cell wall
and membrane synthesis of MRSA [59]. Minimum inhibitory concentration (MIC) of
Triclosan was found to be 2 —10 pg.mL™" for S. aureus ATCC 29213 that could reach

~2x 10" CFU.mL"' concentration after overnight incubation. Prior to film assembly,
Triclosan was loaded within the BCMs, which were then used as building blocks to
prepare mono- and multi-layer films. Effect of Triclosan release on the number of
bacteria adhered on the surface was examined at pH 7.5 and pH 5.5 using fluorescence

staining, Kirby-Bauer test and agar plating techniques.

2.4.5.1. Fluorescence Staining

We carried out fluorescence staining of bacteria using the Cj;-Resazurin dye to
determine the amount of living bacteria that adhered onto the films. This technique is
based on the fact that the intensity of fluorescence emission of reduced C;,-Resazurin
(Ci2-Resorufin) is proportional to the number of live bacterial cells. Figure 2.7A
contrasts the normalized intensity of C;,-Resorufin for bare glass substrate, 1-, 3- and

5- layer films at pH 7.5 and pH 5.5. For each pH value, the result obtained for control
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substrate (bare glass) was assumed as 100 % and the results obtained for 1-, 3- and 5-

layers films were normalized accordingly.

As seen in Figure 2.7A, the number of living bacteria decreased when films containing
Triclosan loaded micelles were incubated in medium at pH 5.5. The difference in the
number of bacteria between pH 7.5 and pH 5.5 was more distinct with increasing
number of layers due to release of higher amount of Triclosan from the surface. The
decrease in the number of bacteria at pH 5.5 can be correlated with the protonation of
PDPA blocks and disintegration of the micellar cores resulting in release of Triclosan
molecules and initiation of the antibacterial effect. It is important to emphasize that we
did not record loss in film thickness for 2 hours at pH 5.5 despite the pH-induced
disintegration of BPDMA-b-PDPA micelles. This indicates a restructuring among
BPDMA-b-PDPA unimers and PSS chains within the multilayers rather than a
complete destruction of the films even after disintegration of the micelles. Scheme 2
illustrates the changes in film structure when films were exposed to media at pH 5.5.
Of note, in contrast to results obtained from mono- and multi-layer films of Triclosan
loaded BPDMA-b-PDPA micelles, we found that the number of bacterial colonies that
adhered onto mono- and multi-layer films of unloaded BPDMA-b-PDPA micelles at
pH 5.5 was higher than that at pH 7.5 (Figure 2.8.). This can be explained by the
increased amount of positive charge at the outermost part of the films due to
protonation of the 3° amino groups on the PDPA blocks at pH 5.5, enhancing the
interaction between the surface and negatively charged bacteria cell wall and
adherence of organisms at the surface. Thus, a comparison of the results obtained from
films of unloaded and Triclosan loaded BPDMA-b-PDPA micelles at pH 7.5 and pH
5.5 also confirmed the effect of Triclosan release and initiation of the antibacterial

effect at moderately acidic conditions.
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Fig. 2. 7. Panel A: Normalized intensity of C;-Resorufin for bare glass substrates
(control) and glass substrates coated with 1-,3-, 5- layers of Triclosan loaded BPDMA -
b-PDPA micelles, at pH 7.5 and pH 5.5. For each pH value, the intensity of Ci,-
Resorufinfor the control was assumed as 100% and the intensities for 1-, 3- and 5-
layer films were normalized accordingly. Error bars represent the standard error (SE)
of mean. Panel B: Normalized intensity of C;,-Resorufin for bare glass substrates
(control) and glass substrates coated with 1-,3-, 5- layers of unloaded and Triclosan

loaded PPDMA-b-PDPA micelles at pH 7.5 (acquired from [54]).
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Scheme 2. 2. Graphical representation of a 3-layer film of BPDMA-b-PDPA micelles
and PSS at physiological conditions (pH 7.5) and moderately acidic conditions (pH
5.5) (acquired from [54]).
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Fig. 2. 8. The difference between the number of colonies on a monolayer of BPDMA-
b-PDPA micelles; 3- and 5- layer films of BPDMA-b-PDPA micelles and PSS after a
1 hour incubation at pH 5.5 and 7.5 with Staphylococcus aureus. The assay is carried
out by agar plating. Number of colonies for each control group is normalized to 100

(acquired from [54]).

To further confirm the pH-induced release of Triclosan at pH 5.5 and its effect on the
number of adhered bacteria, we have also contrasted the fluorescence intensity of Ci,-
Resazurin obtained from mono- and multi- layer films of unloaded and Triclosan
loaded BPDMA-b-PDPA micelles at pH 7.5 as a control experiment (Fig. 2.7B). In
contrast to pH-triggered release of Triclosan at pH 5.5, BPDMA-b-PDPA micelles
remains intact at pH 7.5 and Triclosan release from the BPDMA-b-PDPA micelles is
expected to occur only through self-diffusion, thus the total amount released should be
smaller than that at pH 5.5. As seen in Figure 2.7B, Triclosan loading into BPDMA-b-
PDPA micelles did not make a significant difference on the number of bacteria adhered

onto the surface at pH 7.5.
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2.4.5.2. Kirby-Bauer Test

Kirby-Bauer test is an antibiotic susceptibility test designed to determine the
susceptibility of a strain of bacterium towards one or more antibiotics. We have carried
out a modified version of the Kirby-Bauer test where we could reduce the amount of
Triclosan that is released from film-coated glass substrates, by comparing the

diameters of the “zone of inhibition” around the substrates placed on agar.

We found that monolayer film of Triclosan loaded BPDMA-b-PDPA micelles had the
minimal antibacterial effect on S. aureus ATCC 29213. A clear zone of inhibition of
bacterial growth was not observed both at pH 7.5 and pH 5.5 (Fig. 2.9A and 2.9B). In
contrast, 3- and 5-layer films of Triclosan loaded BPDMA-b-PDPA micelles showed
a clear zone of inhibition of bacterial growth on MH agar at both pH values. At pH
7.5, 3.0 cm and 3.3 cm of inhibition zones were recorded for the 3- and 5-layer films,
respectively (Fig. 2.9C and 2.9E). However, a larger zone with clear edges was
observed at pH 5.5 (3.2 cm and 3.5 cm of inhibition zones for 3- and 5-layer films,
respectively) due to pH-induced release of Triclosan at moderately acidic conditions
(Fig. 2.9D and 2.9F). The difference in the images is more obvious for 5-layer films
due to higher amount of Triclosan release from multilayers with higher number of
layers. To further confirm the effect of Triclosan release on antibacterial activity, we
performed a control experiment in which we carried out the Kirby-Bauer Test on the
MH agar plate with the 5-layer film of unloaded BPDMA-b-PDPA micelles at pH 7.5
and pH 5.5. As seen in Figure 2.9G and 2.9H, no antibacterial activity was observed
when multilayers were constructed using unloaded fPDMA-b-PDPA micelles.
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1-layer film (Triclosan-loaded) (pH 7.5) 1-layer film (Triclosan-loded) (pH 5.5)
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Fig. 2. 9. Kirby-Bauer test from 1-; 3- and 5- layer films of BPDMA-b-PDPA micelles.
S5-layer films of unloaded BPDMA-b-PDPA micelles and PSS at pH 7.5 and pH 5.5

were used as control (acquired from [54]).
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2.4.5.3. Agar-Plating Method

The antibacterial activity of the films was also studied by the agar plating method.
Agar-plating method is used to determine the viability of bacteria and the number of
viable, colony-forming bacteria. Results obtained from agar plating method were in
good agreement with the trends observed in fluorescence staining and Kirby-Bauer
tests. The effect of pH-induced Triclosan release on the number of viable bacteria was
remarkable especially for 3-layer films and the number of viable bacteria was even
less at pH 5.5 (Fig. 2.10.). Importantly, the difference in the number of bacteria
between the control substrates and 5-layer films was distinct at both pH 5.5 and 7.5,

most likely due to greater amounts of Triclosan molecules released from the surface.

150
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Fig. 2. 10. Number of colonies on 1-, 3- and 5- layer films of Triclosan-loaded

BPDMA-b-PDPA micelles after 1-hour incubation with S. aureus. Control results for
each pH are normalized to 100. Error bars represent standard error (SE) of mean

(acquired from [54]).

Although a similar trend with the results of fluorescent staining technique was
obtained, the effect of Triclosan release on the antibacterial activity did not reach
statistical significance at pH 5.5 and 7.5 when the bacterial concentration was 10’

CFU.mL™" (Fig. 2.11.). This is probably because of the error-prone nature of the agar-
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plating method and the large standard deviation of the values. To circumvent the effect
of the large standard deviation and attain statistically significant results, we lowered
the initial concentration of bacteria containing medium to 10° CFU.mL", so that the
amount of Triclosan acting on bacteria was increased by 100 fold. As more Triclosan
molecules acted on each bacterium, the number of viable bacteria adhering on

Triclosan-releasing films diminished significantly compared to the control values.
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Fig. 2. 11. Panel A: Number of colonies on a monolayer of Triclosan-loaded BPDMA-
b-PDPA micelles, 3- and 5- layer films of unloaded and Triclosan-loaded BPDMA-b-
PDPA micelles and PSS after 1-hour incubation with Staphylococcus aureus at pH 7.5
Panel B: Films of Triclosan-loaded BPDMA-b-PDPA micelles and PSS after 1-hour
incubation with Staphylococcus aureus at pH 5.5 and 7.5. Control results for each pH

are normalized to 100 (acquired from [54]).

2.4.5.4. Gram’s Crystal Violet Staining Assay

Considering the fact that a surface with lower amount of adhered biomass would have

less tendency to cause biofilm formation, we carried out Gram’s crystal violet staining
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assay to determine the total amount of biomass (including the bacteria and the
components of biofilms) adsorbed onto film-coated substrates. Crystal violet is a
positively-charged reagent which stains the living and dead cells as well as any
negatively-charged film and matrix components. Thus, to eliminate the contribution
of negatively-charged film components to the absorbance readings, mono- or multi-
layer coated substrates that were not incubated in bacteria-containing growth media
were also immersed in 1% Gram’s crystal violet solution for the same time period and
the absorbance values were subtracted from that of the samples which were previously
incubated in bacteria-containing growth media. Figure 2.12. shows biomass formation
at the surface after 1 hour incubation with bacteria. Higher normalized UV absorbance
(%) corresponded to stronger staining and thereby more accumulated biomass. We
found that the absorbance values obtained from mono- and multi-layer films of
Triclosan loaded BPDMA-b-PDPA micelles were lower than that of the films
including unloaded fPDMA-b-PDPA micelles both at pH 7.5 and pH 5.5, indicating
an effect of pH-induced release of Triclosan on eliminating bacterial growth and
thereby the development of biofilms. Similar to the trends observed in the fluorescence
staining and the agar-plating methods, 3-layer films of Triclosan loaded BPDMA-b-
PDPA micelles exhibited the lowest amount of biomass accumulation at pH 7.5,
whereas the amount of accumulated biomass onto 3- and 5- layer films of BPDMA-b-
PDPA micelles was remarkably low at pH 5.5 due to pH-induced release of Triclosan
from the surface. Similar to our observations in the fluorescence staining and the agar-
plating methods, 3-layer film of Triclosan-loaded BPDMA-b-PDPA micelles exhibited

minimal bacterial adherence and accumulation of biomass.
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Fig. 2. 12. Normalized UV-Visible Absorbance (%) data for 1-, 3- and 5- layer films
of Triclosan-loaded and unloaded BPDMA-b-PDPA micelles at pH 7.5 and pH 5.5,
determined by crystal violet staining assay. UVe*Vis absorbance (ODsqg) of crystal
violet was normalized to 100% for control values at pH 5.5 and 7.5. Error bars

represent the standard error (SE) of mean. (ns = not significant) (acquired from [54]).

2.4.6. Protein Adsorption Assay

In addition to Van der Walls forces, electrostatic interactions and hydrophobic
interactions, there are proteinaceous adhesins responsible for the adherence of bacteria
on surfaces [60]. Thus, if protein based adherence of bacteria is reduced, biofilm
development can be postponed. Albumin is the dominant protein in the human serum

and comprises about 60-65% of all serum protein pool [61].

We examined the anti-adhesive property of the mono- and multi-layers of unloaded
BPDMA-b-PDPA micelles against albumin to determine any correlation between
protein adsorption and bacterial anti-adhesive properties of the coatings. The
concentration of albumin is approximately 25 mg.mL" in human blood plasma,
considering an average blood volume of 5 L. Only 42% of all albumin in the body is
held by the plasma [62]. To mimic the conditions of the biointerface where the
substrate interacts the blood in the body, we immersed the mono- or multi-layer coated

substrates in PBS (pH 7.4) containing 50 mg.mL™' BSA. Using a microBCA assay, the
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UV absorbance values from 3 replicates of each film were recorded. The amount of

BSA adsorbed on each film was calculated using a calibration curve.

As shown in Fig. 2.13., BSA adsorption on 3-layer films was lower than that on mono-
and 5-layer films. These results are in good agreement with the results obtained using
fluorescence staining and agar-plating methods indicating both bacteria and protein-
repelling properties, especially for 3-layer films. These results suggest that the
interaction of cell wall anchored proteinaceous adhesins of S. aureus with coated
substrates could be a mechanism of bacterial adherence. Cheng et al. also indicated a
correlation between protein resistance and bacterial anti-adhesive properties of
zwitterionic poly (sulfobetaine methacrylate) surfaces [27,33]. However, it is worth to
note that bacterial adherence is not always directly dependent on protein adsorption.
Ostuni et al. reported that self-assembled monolayers of materials that were known to
have protein resistance property did not always exhibit anti-adhesive property against

S. aureus and Staphylococcus epidermidis strains of bacteria [63].
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Fig. 2. 13. Amount of BSA adsorbed onto 1-, 3- and 5- layer films of BPDMA-b-PDPA
micelles. Results are the corresponding best-fit value of 3 different values collected

for each type of substrate (" P< 0.05) (acquired from [54]).

2.4.7. Bacterial Anti-Adhesive and Antibacterial Properties of 3-layer Films of
BDMA-PDPA Micelles Against E. coli

The organization of the cell wall of a Gram-negative bacterium is distinctly different

than that of a Gram-positive bacterium, which might lead to a different nature of
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adherence and propagation at the surfaces. Therefore, we also tested the bacterial anti-
adhesive and antibacterial properties of the films against a model Gram-negative
bacterium E. coli. E. coli is a Gram-negative facultative anaerobic bacterium and is
one of the predominant pathogens causing community-onset and hospital-acquired
infections. Non-pathogenic E. coli is commonly found in the intestines of warm-
blooded organisms, but some subtypes of E. coli are pathogenic and cause infections
through association with medical devices and catheters [64]. We tested the multilayer
films against an isolate of E. coli that has low sensitivity to Triclosan and determined
the bacterial anti-adhesive or antibacterial behaviour of the coatings with or without
Triclosan loaded BCMs. The minimum inhibitory concentration (MIC) of the E. coli
isolate was found to be > 30 pg.mL™" for a culture that could reach a bacterial
concentration of ~ 1.3 x 10’ CFU.mL™" after overnight incubation. The maximum
concentration of Triclosan solution that we could prepare was 30 pg.mL™ due to
hydrophobic nature of Triclosan and its low solubility in an aqueous medium. Thus,
the Triclosan-sensitivity of the E. coli strain used in this study was much lower than

that of S. aureus.

Guided by the results obtained with S. aureus, we chose 3-layer films of BPDMA-b-
PDPA micelles and PSS to be tested against the E. coli isolate due to: i) higher surface
coverage of 3-layer films than that of a monolayer film; ii) higher number of free

zwitterionic units of 3-layer films than that of 5-layer films.

Kirby-Bauer test on 3-layer films showed that, in contrast to results obtained using S.
aureus, 3-layer films of Triclosan loaded BPDMA-b-PDPA micelles did not show a
clear zone of inhibition of bacterial growth on MH agar at both pH 7.5 and pH 5.5
(Fig. 14). This could be due to the relatively low sensitivity of the E. coli isolate to

Triclosan.
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Fig. 2. 14. Kirby-Bauer test from 3-layer films of Triclosan loaded or unloaded
BPDMA-b-PDPA micelles at pH 5.5 and pH 7.5 (acquired from [54]).

To determine the number of viable bacteria (as CFU) on substrates, we carried out an
agar-plating assay. Similar to the results obtained against S. aureus, at pH 7.5 we found
that 3-layer films of BPPDMA-b-PDPA micelles and PSS exhibited anti-adhesive
behaviour against E. coli in 1 hour (Fig. 2.15A). Triclosan loading into the micellar
cores at pH 7.5 did not make a significant difference in the number of viable bacteria
that adhered at the surface of the coating (Fig. 2.15A). At pH 5.5, the substrates with
unloaded BCMs were not only no longer anti-adhesive to E. coli; rather, bacterial
adherence was higher on these surfaces. This behavior was not observed with S.

aureus. We reported for S. aureus that at pH 5.5 the anti-adhesive behaviour of 3-layer
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films with unloaded zwitterionic BCMs had significantly diminished compared to the
behaviour of the similar film at pH 7.5. Though both at pH 7.5 and 5.5 the films were
anti-adhesive against S. aureus, compared to the control (Fig. 2.8.). Nonetheless, with
the Triclosan loaded BCMs we observed a modest decrease in the number of viable
adhered E. coli most likely because of the release of Triclosan from the micellar core
at pH 5.5. We hypothesize that the sensitivity to Triclosan of the E. coli isolate that
adhered to the surface may have increased when the Triclosan was released from the
micellar cores. This may be explained with the phenomenon of “catch-and-kill”
reported by Cao et al. [65] and Cheng et al. [66]. Cao and Cheng reported on
polycationic coatings which promoted bacterial adherence and killed the bacteria in
contact with the surface (so called “catch-and-kill state”) and then released the bacteria
when the coating transformed from cationic to zwitterionic state either by pH trigger
[65] or hydrolysis [66] by taking advantage of the anti-adhesive behaviour of the

polyzwitterions.

200

pH55 - pH 7.5 mm Control
- ns B Triclosan-loaded micelles
l Unloaded micelles

1004

o
?

Number of colonies, normalized (%) >
<

B

= 300

% pH55 _  pH75 == Control

g B Triclosan-loaded micelles
£ 2004 T Unloaded micelles
8

G

3

3 100

N

©

E

2 o

Fig. 2. 15. Panel A: Number of colonies on 3-layer films of Triclosan-loaded and

unloaded BPDMA-bH-PDPA micelles after 1-hour incubation with E. coli. Control
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results for each pH are normalized to 100. Panel B: Normalized UV-Visible
absorbance (%) data for 3-layer films of Triclosan-loaded and unloaded fPDMA-b-
PDPA micelles at pH 7.5 and pH 5.5, determined by crystal violet staining assay.
UVeVis absorbance (ODsg) of crystal violet was normalized to 100% for control
values at pH 5.5 and 7.5. Error bars represent the standard error (SE) of mean. (ns =

not significant) (acquired from [54]).

In our study, this similar contact antimicrobial effect that is observed at pH 5.5, may
have been provided by the pH-induced release of Triclosan from the coatings due to

the pH-responsive behaviour of the BPDMA-b-PDPA polymer micelles (Fig. 2.15A).

Additionally, we carried out Gram’s crystal violet staining assay to determine the total
amount of biomass adsorbed onto the substrates coated with 3-layer BPDMA-b-PDPA
micelles and PSS in 1 hour at pH 7.5 and pH 5.5 (Fig. 2.15B). We found that the E.
coli biomass on the 3-layer films of unloaded and Triclosan-loaded BCMs were similar
(but lower than the control) at pH 7.5, indicating that self-diffusion of Triclosan from
the micellar cores did not make a significant difference. The highest biomass was
observed at pH 5.5 for 3-layer films of unloaded BCMs. Very similar to our
observations with the agar-plating assay (Fig. 2.15A), biomass formation with
Triclosan-loaded BCMs was slightly lower than that of the unloaded BCMs at pH 5.5.
This supports our hypothesis that contact antibacterial effect against E. coli may be
present on films containing Triclosan loaded BCMs. Therefore, the coatings can
reduce the biomass even of bacterial strains that are less sensitive to Triclosan, once
such bacteria are “caught” by the films under mildly acidic conditions. The anti-
adhesive effect of the 3-layer films with unloaded BCMs under physiological pH is
further supported by the microscopy images (Fig. 2.16.).
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Fig. 2. 16. Light microscopy images of the blank substrate and the substrate coated
with 3-layer films of unloaded BPDMA-b-PDPA micelles after 1 hour incubation with
E. coli. Light microscopy images gathered at 40X magnification (acquired from [54]).

2.4.8. Long Term Testing of 3-layer Films of BPDMA-b-PDPA Micelles Against

S. aureus and E. coli

We tested 3-layer films for 24 hours and 48 hours at pH 7.5 against Staphylococcus
aureus and E. coli using agar plating and crystal violet staining techniques. Here, we
focused on the anti-biofilm effect of the coatings since the biofilm formation by S.
aureus or E. coli is initiated in less than 24 hours. As seen in results obtained using
agar plating method (Fig. 2.17A), the BPDMA-b-PDPA micelles exhibited significant
anti-biofilm behavior against S. aureus for 24 hours, which continued 48 hours.
Triclosan loading in the micellar cores further decreased the number of S. aureus
colonies as well as the amount of biofilm at the surface. Results obtained using crystal
violet staining method (Fig. 2.17B) were in good agreement with the results obtained
using agar plating technique, confirming the anti-biofilm behaviour of the 3-layer
films against S. aureus. The images of crystal violet-stained substrates incubated with

S. aureus for 48 hours are shown in Fig. 2.19A.

95



>

24 hours 48 hours

p=008 Em Control
B Triclosan-loaded micelles

100+ * ns Unloaded micelles
50-‘ AAA
=
5 = == .

24hours 48 hours
W Control

b Bl Triclosan-loaded micelles
B Unloaded micelles

Fig. 2. 17. Panel A: Number of colonies on 3-layer films of Triclosan loaded and

unloaded BPDMA-bH-PDPA micelles after 24 hours and 48 hours incubation at pH 7.5
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with S. aureus. Number of colonies for each control group is normalized to 100. Panel
B: Normalized UV-Visible Absorbance (%) data for 3-layer films of Triclosan-loaded
and unloaded BPPDMA-b-PDPA micelles at pH 7.5 after 24 hours and 48 hours
incubation with S. aureus, determined by crystal violet staining assay. UVeVis
absorbance (ODsq) of crystal violet was normalized to 100 % for control values of the
24-hour and 48-hour experiments. Error bars represent the standard error (SE) of

mean. (ns = not significant) (acquired from [54]).

In contrast, the unloaded fPDMA-b-PDPA micelles exhibited a slight decrease in
biofilm formation by E. coli that did not reach statistical significance when the
substrates were incubated with the bacteria for 24 hours and 48 hours (Fig. 2.18A).
Interestingly, when the micellar cores were loaded with Triclosan, the coatings showed
a significant anti-biofilm activity compared to unloaded micelles. Results obtained

using crystal violet staining method (Fig. 2.18B) also shows that the Triclosan loading
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in the films significantly reduced the E. coli biofilm formation at the surfaces, even
though the E. coli strain we used was relatively less sensitive to Triclosan. The images
of crystal violet stained substrates incubated with E. coli for 48 hours are shown in
Figure 2.19B. Thus, at pH 7.5, when Triclosan is likely to diffuse out from loaded
BCMs, enhanced susceptibility was observed even against a bacterial strain that has

relatively low Triclosan sensitivity.
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Fig. 2. 18. Panel A: Number of colonies on 3-layer films of Triclosan loaded and
unloaded BPDMA-bH-PDPA micelles after 24 hours and 48 hours incubation at pH 7.5
with E. coli. Number of colonies for each control group is normalized to 100. Panel
B: Normalized UV-Visible Absorbance (%) data for 3-layer films of Triclosan-loaded
and unloaded BPPDMA-b-PDPA micelles at pH 7.5 after 24 hours and 48 hours
incubation with E. coli, determined by crystal violet staining assay. UVeVis
absorbance (ODsq) of crystal violet was normalized to 100 % for control values of the
24-hour and 48-hour experiments. Error bars represent the standard error (SE) of

mean. (ns = not significant) (acquired from [54]).
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Fig. 2. 19. Images of crystal-violet stained wafers with or without film coting, after a
48-hour assay. The purple crystal violet indicates the biomass on the wafers. For both
S. aureus (Panel A) and E. coli (Panel B), we can observe the low amount of biomass

on wafers with Triclosan-loaded BCMs (acquired from [54]).

98



2.5. Conclusion

We developed substrates with dual function coatings in which both bacterial anti-
adhesive property and antibacterial activity were achieved. The anti-adhesive property
was provided by the zwitterionic coronae of the BCMs, which were used as building
blocks to construct the multilayers, whereas the antibacterial activity was ensured by

Triclosan, an antibacterial agent, loaded in the micellar cores.

We found that the number of layers deposited at the surface affected the anti-adhesive
property and 3-layer films were the most anti-adhesive coating against a S. aureus
isolate with high sensitivity to Triclosan. The number of S. aureus colonies at the
surface further decreased when the micellar cores were loaded with Triclosan. The
antibacterial effect of Triclosan was more remarkable in acidic conditions due to pH-
induced disintegration of the micellar cores and release of Triclosan from the surface.
Long-term (1 day and 2 days) testing against S. aureus confirmed the anti-biofilm
properties of the coatings. 3-layer films of zwitterionic BCMs also showed initial anti-
adhesive behaviour against an E. coli isolate with low sensitivity to Triclosan at
physiological pH. Although the coatings with unloaded BCMs were not anti-adhesive
at moderately acidic pH against this strain, a significant contact antibacterial effect
was observed when Triclosan was released from the coatings. Similarly, results
obtained from long term testing showed anti-biofilm effect when the E. coli were in
direct contact with the substrates coated with Triclosan loaded BCMs. Therefore, these

films hold promise in combatting long term biofilm development.

By releasing antibacterial agents from the surface, these films can be useful not only
to compensate for the anti-biofilm effect at non-homogeneous or defective parts of the
coating but also combat bacteria at moderately acidic infection site. These results also
provide a potential strategy of delivering hydrophobic drugs to moderately acidic
locations in the body (i.e. tumors, sites of infection) via circulating zwitterionic BCMs
without any adsorption of blood/plasma proteins until their accumulation at the target

site.
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CHAPTER 3

LAYER-BY-LAYER FILMS OF BIODEGRADABLE POLY(4-HYDROXY-L-
PROLINE ESTER) (PHPE) AND ANTIBACTERIAL TANNIC ACID (TA)

3.1. Chapter Summary

We report on the osteoinductivity of poly(4-hydroxy-L-proline ester) (PHPE) and the
inductive effect of PHPE on collagen synthesis of osteoblast-like cells (SaOS-2).
Treatment of these cells with PHPE induced mineralization of the extracellular matrix
even when mineralization activators were absent in the growth medium. Moreover, we
report on preparation of water-soluble complexes of PHPE and the antibacterial
polymer TA, and LbL self-assembly of PHPE-TA complexes at the surface without
using a polymer counterpart. Surfaces coated with PHPE-TA complexes showed
osteoconductive property confirmed with enhanced adherence for osteoblast-like cells,
increased collagen deposition and mineralization in their extracellular matrix. Our
results indicate that PHPE is a potential osteoinductive agent which can favor bone
regeneration at defect sites. Additionally, PHPE-based LbL films are promising for
coating bioimplants/scaffolds to overcome cytotoxicity-based complications of the
bulk biomaterial, to facilitate cell adherence at the surface, and conduct bone

regeneration.

3.2. Introduction

The current principle of bone regenerative medicine is to provide regeneration of the
native bone tissue in a timely manner without causing any cytotoxicity or

complications. Traditionally, autografts are used in orthopedic surgery, as they are the
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sources of viable cells, osteoinductive growth factors, and osteoconductive scaffold
for bone regeneration, all in one [1]. On the other hand, autografts carry limitations,
such as confined size and limited availability, and morbidity at the harvest site [2]. To
overcome these limitations, in vitro engineering of bone constructs has gained
attention as a potential strategy. The major challenge in designing such constructs is
to balance the harmony of the agents that provide osteoconductivity, osteoinductivity,
or osseointegration to the construct [3]. In engineered bone constructs, biodegradable
polymers are used either as the bulk material of the scaffold or to deposit as thin films
onto the scaffolds for surface modification. For example, synthetic biodegradable
polymers such as PLLA [4], PGA [5], PLGA [6], PCL [7] and natural materials such
as collagen [8], elastin [9], chitosan [10], and alginate [11] have found applications in
the development and manufacturing of biodegradable constructs in both forms of use.
Even though biodegradable polymers generally provide osteoconductivity to
biomaterials [12,13], osteoinductivity could only be imparted by doping them with
growth factors [14,15], or minerals such as calcium phosphate and derivatives [16].
Extensive research has been carried out on using recombinant growth factors, such as
human recombinant bone morphogenetic protein-2 (hrBMP-2) to provide
osteoinductivity, though complications such as off-target bone formation and even
cancer have been reported [17]. Natural minerals such as hydroxyapatite and
tricalcium phosphate have shown great promise in providing osteoinductivity to
engineered constructs, though these minerals are only used as a component of

composites which are tedious and time-consuming to assemble [18].

Surface modification of biomaterials is commonly carried out using water-soluble,
biodegradable polymers [19,20]. Some polymers are known to display biomimetic
assembly in aqueous environment similar to the native ECM of osteoblasts [15]. The
primary component of osteoblast ECM is collagen, therefore collagen-based surface
modifications have been commonly used for bone regeneration [21,22]. A common
amino acid present in mature collagen is trans-4-hydroxy-L-proline (Hyp). Hyp is the
product of post-translational modification of collagen by hydroxylation on proline
residues [23]. Such modifications are mandatory for the quaternary structure and

function of the mature collagen [24]. Cell-collagen interactions regulate osteoblast
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proliferation, differentiation, and ECM deposition [25]. The high-affinity binding site
of axB; and a;B; integrins of osteoblasts is the GXOGER amino acid sequence in
collagen and it is important in the regulation of osteogenic differentiation [25-27].
This sequence possesses a Hyp residue (O). Studies carried out with recombinant
collagen showed that hydroxylation of proline was necessary to enable the binding of

aB; integrin to the peptide sequence GFOGER [28].

Inspired by the outcomes of previous research on the importance of Hyp in integrin
binding and the advantages of biodegradable and biomimetic polymers in bone tissue
engineering, we synthesized poly(4-hydroxy-L-proline ester) (PHPE), which is a
cationic biodegradable polymer possessing (4-hydroxy-L-proline ester) at every
repeating unit. Putnam and Langer were the first to report on PHPE as an alternative
to poly L-lysine (PLL) and poly ethylene imine (PEI), two commonly used polymers
for complexation of DNA. PHPE was reported to have very low cytotoxicity on COS-
7 cells compared to other commonly used cationic polymers [29]. Following their
work, Li et al. reported on preparation of poly(D,L-lactide-co-4-hydroxy-L-proline)-
based microspheres for DNA complexation and gene therapy [30]. In this study, PHPE
was found to be potentially osteoinductive, through a series of experiments indicating
the osteogenic differentiation of osteoblast-like SaOS-2 cells. To the best of our
knowledge, this is the first study demonstrating the use of a biodegradable synthetic
polymer as a supplement to induce collagen deposition and osteogenic differentiation
of osteoblast-like cells. Designer peptides are the closest to PHPE in terms of
osteoinductive properties [31]. However, there are no studies in the literature reporting
the release of amino acid components from peptides by hydrolytic degradation.
Peptides were reported to degrade only if they were designed to possess cleavage sites

for ECM remodeling enzymes, such as matrix metalloproteinases (MMPs) [32].

LbL self-assembly of water-soluble biodegradable polymers is a practical method for
surface modification of biomaterials [19,20]. In this study, we also aimed to
functionalize surfaces using PHPE to impart osteoconductive properties to a material.
Water-soluble complexes of PHPE and TA were prepared and then used as building
blocks to construct LbL films. Importantly, LbL assembly of PHPE-TA complexes did
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not require use of an oppositely charged counter polymer. PHPE-TA complexes were
sequentially deposited at the surface during multilayer formation. Osteoblast-like cells
exhibited good adherence onto substrates coated with multilayers of PHPE-TA
complexes and these multilayers provided a non-cytotoxic osteoconductive
environment for osteoblast-like cells. Apart from osteoinductive properties of PHPE,
this study demonstrated the first example of PHPE based biodegradable LbL films and
their stabilization via periodate-mediated cross-linking to obtain osteoconductive
surfaces. The enhanced adherence of osteoblast-like cells to multilayers of PHPE-TA
complexes together with the non-cytotoxic behavior of the films make such
multilayers promising structures to functionalize the surface of bioimplants or

scaffolds and promote bone regeneration at bone defects.

3.3. Materials And Methods

3.3.1. Synthesis of poly(4-hydroxy-L-proline ester) (PHPE)

3.3.1.1. Synthesis of poly(4-hydroxy-N-cbz-L-proline ester) (PHCP)

Poly(4-hydroxy-L-proline ester) (PHPE) was synthesized by a two-step condensation
polymerization by slightly modifying the procedures described by Putnam and Langer
[29] and Lim, Choi, and Park [33]. 1 g of N-cbz-4-hydroxy-L-proline (Sigma-Aldrich,
St. Louis, USA) was melted and stirred under high vacuum (1 x 10®) bar at 120°C. In
three hours, the temperature was gradually increased to 180°C and the reaction mixture
was stirred for 4.5 days (including the first three hours). The crude polymer was
dissolved in 200 uL chloroform and precipitated in 100 mL of methanol. The
precipitate, poly(4-hydroxy-N-cbz-L-proline ester) (PHCP), was dried in a vacuum
oven at 25°C for 16 hours. "H-NMR spectra of the polymer was recorded using
Brucker Electrospin Avance DPX-400 Ultra Shield instrument operating at 400 MHz.
'H-NMR (CDCl;, 400 MHz): § (ppm) = 7.23-7.36(5H, m, Ph), 5.34(1H, br s, CH),
4.94-5.18(2H, br m, CHy), 4.29-4.58(1H, br m; CH), 3.55-3.78(2H, br m, CH>), 2.12-
2.34(2H, br m, CH,).
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The number average (M,) and weight average (M,,) molecular weights of PHCP were
determined by gel permeation chromatography (GPC). Shimadzu LC-20AT
instrument, with a refractive index detector, RID 20A was calibrated with polystyrene
standards and the polymer was dissolved in CHCIl; at 2 mg/mL concentration. The
solution was passed through a column, PSS SDV analytical linear M. (Eluent: CHCl3,
M, = 4687 Da, M,, = 8049 Da, PDI= 1.71).

3.3.1.2. Deprotection of Carboxybenzyl (cbz) Group of PHCP

300 mg of PHCP was dissolved in 4 mL DMF. 1 g Pd/C (10% Pd basis) catalyst was
added to this solution under a nitrogen atmosphere. Following this, formic acid (14
mL) was added dropwise in a 15 min period under vigorous stirring. The reaction
mixture was continued stirring at room temperature for 16 h, followed by filtering
through Celite. Celite was washed with 20 mL of 1 N HCI. The filtrates were
rotoevaporated to a volume of 5 mL using a water bath at 45°C. Then, 10 mL of 1 N
HCI was added onto the filtrates to dissolve the precipitate. The solution was
rotoevaporated to a volume of ~1 mL and then added dropwise to 125 mL of acetone
under stirring. The precipitate (PHPE) was filtered out and freeze-dried for 3 days to
remove any residual water or organic solvents remaining from the polymerization. The
percent yield was calculated as 68%. 'H-NMR spectra of the polymer was recorded
using Brucker Electrospin Avance DPX-400 Ultra Shield instrument operating at 400
MHz. 'H-NMR (D,0, 400 MHz): § (ppm) = 5.58-5.60(1H, br s, CH), 4.26-4.65(1H,
br s, CH), 3.35-3.63(2H, m, CHa), 2.52-2.60(2H, br m, CH»).

The number average (M,) and weight average (M,,) molecular weights of PHPE were
determined by matrix assisted laser desorption/ionization — time of flight (MALDI-
TOF) analysis with slight modifications of the protocol reported by Lim et al. [33] by
using a Bruker Daltonics Microflex LT instrument (Figure 3.4.). Basically, 10 mg/mL
of sinapinic acid was dissolved in water/3% trifluoroacetic acid (TFA)/acetonitrile
(4:1:5, v/v). 10 mg/mL KCI was dissolved in methanol and 5 mg/mL PHPE was

dissolved in water. Polymer solution was mixed with the sinapinic acid solution and
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the KCl solution (1:1:2, v/v) prior to measurements. M, = 2330, M,, = 2900, PDI=
1.24.

3.3.2. Preparation of Water Soluble Complexes of PHPE and TA

0.5 mg/mL PHPE was added onto 0.5 mg/mL TA solution with a volume to volume
ratio of 20:1 (v/v). This corresponds to a molar ratio of 1:27 for PHPE:TA. Molar ratio
is calculated by taking the molecular weight of PHPE and TA as 2330 Da and 1701
Da, respectively. Hydrodynamic size and zeta-potential measurements were
performed using a Zetasizer Nano-ZS equipment (Malvern Instruments Ltd.). Particle
sizes were obtained by cumulants analysis of the autocorrelation data. Zeta-potential
values were obtained from electrophoretic mobility values using the Smoluchowski

approximation.

3.3.3. LbL Deposition of PHPE-TA Complexes

Silicon wafers or glass slides were immersed in concentrated sulphuric acid for 1 h
and 25 min, and then rinsed with deionized water (18.2 MQ-cm). After drying under
a flow of nitrogen, wafers were immersed into 0.25 M NaOH solution for 10 min,
thoroughly rinsed with deionized water and dried again under nitrogen flow. LbL films
were deposited at the surface by immersing the substrate into solutions of PHPE-TA
complexes for 15 minutes for each layer. Importantly, drying after each layer of PHPE-
TA complexes was crucial for successful film growth. Of note, in contrast to traditional
LbL process, an oppositely charged polymer counterpart was not used during
construction of multilayers. Multilayer growth and film stability were followed by
monitoring the thickness of the dried films using a spectroscopic ellipsometer
(Optosense, USA). Each side of the multilayer coated substrates were sterilized under

UV light for 1 h prior to biological experiments.
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3.3.4. Crosslinking of Multilayers of PHPE-TA Complexes

Multilayers of PHPE-TA complexes were crosslinked using the procedure described
by Ball [34] with slight modifications. Briefly, multilayers were immersed into 10 mM
NalOy solution (prepared using 0.001 M monobasic phosphate buffer at pH 4) for 5
min. To assure complete removal of NalO4 residuals from the surface, substrates were
immersed in excess amount of 0.001 M monobasic phosphate buffer at pH 4 for 1 h.
The substrates were then rinsed thoroughly with a pisette using 0.001 M monobasic
phosphate buffer. Finally, coated substrates were immersed into 0.001 M monobasic
phosphate buffer at pH 4 overnight and then dried under a flow of N». Each side of the
multilayer coated substrates were sterilized under UV light for 1 h prior to biological

experiments.

3.3.5. Cell Culture and Treatments

The SaOS-2 human osteoblastic cell line (ATCC) was used for all biological
experiments. Cells were cultivated in high-glucose DMEM (Sigma) supplemented
with 4 mM L-glutamine, 10% Fetal Bovine Serum (FBS), 100 U/mL penicillin, and
100 wg/mL streptomycin (standard medium). After thawing the stocks, cells were
cultivated in T25 flasks and the medium was renewed every two or three days. All cell
culture flasks were maintained in a humidified atmosphere at 37°C in 95% air and 5%
CO,. To harvest cells from the flasks, 0.5 mg/mL porcine trypsin with 0.2 mg/mL
EDTA-4Na solution was used. To isolate protein or RNA, cells were harvested by
gentle scraping with a sterile cell scraper. Where indicated, the growth medium was
supplemented with the Mineralization Activation Cocktail (MAC). The MAC medium
was composed of 5 mM p-glycerophosphate, 50 ug/mL L-ascorbic acid, and 100 nM
dexamethasone [35,36]. 5 mM of B-glycerophosphate was used in this research, as
higher concentrations are reported to cause non-specific mineralization in the culture
medium. PHPE was dissolved in sterile Dulbecco’s Phosphate Buffered Saline (D-
PBS) in a concentration of 2 mg/mL and filtered through 0.2 um sterile PES filters
before addition in the growth medium. For experiments based on the direct addition

of PHPE into the growth medium, 75,000 SaOS-2 cells were seeded in the wells of a

115



48-well plate, cultivated in standard medium for two days. For some of the wells, the
medium was replaced with MAC medium; others were cultivated in standard medium.
For all the wells, the medium (MAC or standard) were replaced every two days. PHPE
supplementation was carried out every two days including the first day of cell seeding.
For experiments carried out with coated surfaces, 150,000 SaOS-2 cells were initially
seeded in the wells of a 24-well plate. For 7-day experiments, the medium was
renewed twice in total. For 15-day experiments, the medium was renewed five times
in total. MAC medium was replaced with the standard medium where indicated, but

just 3 days after the initial seeding of cells in wells.

3.3.6. Cell Viability Analysis

The viability of cells grown on LbL films of PHPE-TA complexes was determined by
the 3-(4,5-dimethylthiazolyl-2)-2,5-diphenyltetrazolium bromide (MTT) protocol. For
the experiments that are related with the direct addition of PHPE, cell viability was
determined after cultivation of SaOS-2 cells for 2 days and 4 days. Treatments of
samples with a final PHPE concentration of 0.01 mg/mL, 0.05 mg/mL or 0.2 mg/mL
were compared with samples where no PHPE was added. 5 mg/mL of stock MTT
solution was prepared in D-PBS. This solution was diluted by 10 times using standard
DMEM with 10% FBS, to reach a final concentration of 0.5 mg/mL. 500 uL of the
diluted MTT medium was added into each cell-seeded well of a 24-well plate. After
incubating the plate for 4 hours in a cell culture incubator, 500 uL of detergent reagent
(0.01 N HCI with 100 mg/mL SDS prepared in deionized water) was added into each
well and the plate was kept in the cell culture incubator for overnight duration. Three
different samples were taken from each well and reading of ODs70,m Was obtained with

a microplate reader and analyzed for comparisons.

3.3.7. Determination of the Cell Adherence and Propagation on Surfaces

Sa0S-2 cells (30,000) were seeded on each of the following: 1) 1 cm x 1 cm glass

substrates; 2) 1 cm x 1 cm glass substrates coated with collagen; 3) 1 cm x 1 cm glass
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substrates coated with non-crosslinked multilayers of PHPE-TA complexes; 4) 1 cm
x 1 cm glass substrates coated with crosslinked multilayers of PHPE-TA complexes;
and 5) 1 cm x 1 cm glass substrates coated with non-crosslinked multilayers of PHPE-
TA complexes placed in 24-well tissue culture plate. As a control, cells were directly
seeded into tissue culture plate wells. The cells were cultivated in high glucose-DMEM
with 10% FBS for 2 h or 24 h, the surfaces were washed twice with sterile PBS and
cells were fixed in 10% parafolmaldehyde for 20 min. After rinsing the surfaces twice
with deionized water, cells were permeabilized in 10 mM Tris-HCI containing 2 mM
MgCl, and 0.5% Triton X-100 in PBS and the surfaces were rinsed 4 times with
deionized water. The cells were treated with 3,3’-dioctadecyl-5,5'-di(4-sulfophenyl)
oxacarbocyanine sodium salt (SP-DiOC,5(3)) with a final concentration of 5 ug/mL in
the culture medium for 5 min in a cell culture incubator at 37°C and subsequently for
15 min on ice. The cells were observed under a FloID fluorescent microscope (Life
Sciences, USA) in the green channel. Images from 6 random sites for each well were

recorded.

3.3.8. Determination of Total Collagen Amount

Total collagen amount was determined by staining the layer of cells with Direct Red
80 (Sirius Red F3B) according to Tullberg-Reinert and Jundt [37] with slight
modifications. This anionic dye binds to the [Gly-X-Y] triple helical structure found
in collagen fibrils where X is most commonly proline and Y is either hydroxyproline
or hydroxylysine [38]. Cell layers grown on glass substrates were rinsed twice with D-
PBS and fixed with Bruin's fluid (15 mL saturated aqueous picric acid mixed with 5
mL 35% formaldehyde and 1 mL glacial acetic acid) for 1 h. The cell layers were
extensively washed with D-PBS and then 100 mg/mL Direct Red 80 (dissolved in
saturated aqueous picric acid) was added into each well and the cell culture plate was
shaken slowly at room temperature in a microplate shaker for 1 h. To remove all non-
bound dye, the cells were rinsed with 0.01 N HCI until no dye released from the
surface. Every stained cell layer was observed under a light microscope and images

from 5 different points were recorded under 4x lenses of a light microscope equipped
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with a CCD camera (Leica, Wechsler, Germany). The images were analyzed with
Imagel software. The dark-red areas on the surface were indicative of collagen

amount.

3.3.9. Determination of The Amount of Mineralized ECM

Sa0S-2 cells were cultured in growth medium with varying concentrations of PHPE
for 8 days. As a control group, cells were cultured in a growth medium containing no
PHPE under the same conditions. Substrates coated with crosslinked multilayers of
PHPE-TA complexes, substrates coated with collagen, and blank tissue culture plate
as the control were cultured with cells for 15 days. To determine hydroxyapatite
deposition in the extracellular matrix of SaOS-2 cells, Alizarin Red S staining of the
cell layer was carried out, with slight modifications of the protocol described by
Gregory et al. [39] Cell layers were rinsed twice with D-PBS and were fixed with 10%
paraformaldehyde solution (prepared in DI water) for 15 min at room temperature. 40
mM Alizarin Red S was dissolved in deionized water and the pH of the solution was
adjusted to 4.1. Paraformaldehyde-fixed cell sheets were rinsed 5 times using
deionized water. Alizarin Red S solution was added into each well and the plate was
shaken slowly in a microplate shaker for 20 min. Stained cell sheets were rinsed 5
times with deionized water and observed under a light microscope under a 4x
objective. 5 different images from random points on the well were recorded with the
CCD camera of the light microscope (Leica, Wechsler, Germany) and analyzed with

ImagelJ software. Bright red areas corresponded to mineralization of the ECM.

3.3.10. Analysis of Gene Expression by Reverse Transcriptase Quantitative

Polymerase Chain Reaction (RT-qPCR)

75,000 SaOS-2 cells were seeded in 48-well TC-treated tissue culture plates using a
culture medium containing PHPE with a final concentration of 0.01 mg/mL, 0.05
mg/mL, or 0.2 mg/mL. As a control group, cells were seeded using a culture medium
containing no PHPE under the same conditions. Every 2 days, culture medium was

replaced and PHPE supplementation was continued. After 8 days, total RNA isolation
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from cells was carried out with the RNeasy® Mini Kit (Qiagen, Hilden, Germany),
according to the manufacturer’s protocol. 1000 ng of RNA was reverse transcribed
with Revert-Aid first strand cDNA synthesis kit (Thermo Fisher Scientific, Boston,
MA, USA). The following GAPDH, COLIAI, VEGFA, and BMP2 primers were used
for the PCR of the cDNA and qPCR reactions (Table 3.1.). COL1A41, VEGFA, and

BMP? represent early osteogenic marker genes.

Table 3. 1. PCR primers sequences designed for human GAPDH, COLIAI, VEGFA,
and BMP2 genes. T,, stands for the primer melting temperature, F' is the forward

primer, R is the reverse primer

Gene  specific | Accession number | Primer sequence Product T, (°C)
primer length (bp)
GAPDH | F NM_001289746 5’ - CGACCACTTTGTCAAGCTCA -3’ | 238 58.42
R 5’ - CCCCTCTTCAAGGGGTCTAC -3’ 58.79
COLIAl | F XM_005257059 5’ = TCTGACTGGAAGAGTGGAG -3’ 214 55.36
R 5’ — ACTCGAACTGGAATCCATCGG — 59.86
3
VEGFA F NM_001287044 5’ — ATCACGAAGTGGTGAAGTTC -3" | 265 55.71
R 5’ - TGCTGTAGGAAGCTCATCTC -3’ 56.73
BMP2 F NM_001200 5’ —=TCCATGTGGACGCTCTTTCA -3’ 80 59.32
R 5= ACCATGGTCGACCTTTAGGAGA — 60.56
3

SYBR Green master mix with ROX reference dye (Bio-Rad Laboratories Inc.,
Berkeley, CA, USA) was used to determine the relative amounts of GAPDH, COL1A1,
VEGFA, and BMP?2 expression after 45 cycles of qPCR. Relative expression of these
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genes were evaluated by the Pfaffl method [40]. The results were normalized respect

to GAPDH expression in every sample and given as “fold increase”.

3.3.11. Determination of Alkaline Phosphatase Activity of Cells on Coated

Substrates

To determine the differentiation of SaOS-2 cells grown on coated glass substrates,
alkaline phosphatase activity was determined. Cells were lysed in PBS containing 10
mM Tris-HCI, 2 mM MgCl, and 0.5% Triton X-100 and the pH was adjusted to 8.2.
Cell lysates were scraped into an Eppendorf tube and frozen in liquid nitrogen and
thawed twice. All samples were sonicated on ice for 2 min and centrifuged at 14,000
rpm for 10 min at 4°C. 5 uL aliquots from the supernatants were incubated with 50 uL
of 50 mM pNPP solution at room temperature for 1 hour and 1 mL of 50% EDTA was
added into each sample to stop the reaction. The absorbance of the samples was

recorded at 405 nm with a microplate reader.

3.3.12 Isolation of Total DNA from Cells

Genomic DNA of cells growing on different type of surfaces was isolated as described
previously [41]. Simply, cells were washed twice with sterile PBS, and lysed with 200
uL of 100 mM Tris-HCI, 0.5 M EDTA, 2% SDS, and 5 M NacCl for 15 min at pH 8.5.
The cells were always kept on ice during this protocol. Lysed cells were scraped and
moved to an Eppendorf tube. 1 mL isopropanol was added into this lysate and the
samples were centrifuged at 4 °C for 5 min at 10,000x g. The organic phase was
transferred to a new tube and 1 mL of absolute ethanol was added to this mixture. The
samples were centrifuged at 4 °C for 5 min at 10,000x g. Samples were heated at 65°C
until the organic solvents were evaporated. The precipitate was dissolved overnight in
70 uL of Tris-EDTA buffer and DNA concentration of aliquots were measured with a
NanoDrop Microvolume Spectrophotometer (Thermo Fisher Scientific, Boston, MA,

USA).
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3.3.13. Statistical Analysis

Statistical analysis was carried out by GraphPad Prism 7 software. The level of
significance was determined at the level of p < 0.05. Results obtained in experiments
were expressed as the means and standard error of means (SE) of at least three
independent experiments, performed on separate days. Column graphs were
statistically analyzed by one-way Analysis of Variance (ANOVA) and if ANOV A was
significant, column values were compared with the control values with the Holm-
Sidak multiple-comparisons test. Analysis between pairs of groups other than the
control values was performed by one-tailed or two-tailed #-test with Welch’s

correction. Levels of significance were as follows: (*) P < 0.05, (*) P < 0.005,

(") P <0.0005, (") P < 0.0001.

3.4. Results and Discussion

Poly(4-hydroxy-L-proline ester) (Figure 3.1.) is a polyester with trans-4-hydroxy-L-
proline ester repeating units. PHPE was synthesized via polycondensation of N-cbz-4-
hydroxy-L-proline, followed by deprotection of carboxybenzy (cbz) groups of poly(4-
hydroxy-N-cbz-L-proline ester) (PHCP). '"H-NMR graphic of PHCP can be seen in
Figure 2. '"H-NMR and MALDI-TOF analysis of PHPE can be found in Figure 3.3.
and Figure 3.4. PHPE is cationic at physiological pH. PHPE was reported to be
hydrolytically degradable in HEPES buffer at pH 7 and 37°C with a half-life of ~2
hours by Lim et al. The rate of degradation of PHPE was found to increase as the pH
of the solution increased [33]. High rate of polymer degradation was correlated with
the nucleophilic attack of the secondary amine groups of PHPE to its backbone, at
neutral and basic pH. Degredation is lower at acidic pH, as the hydronium ion

concentration in the buffer increased and the amine group is protonated [33].
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Fig. 3. 1. The chemical structure of the repating unit of poly(4-hydroxy-L-proline
ester) (PHPE)
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Fig. 3. 2. "H-NMR spectrum of poly(4-hydroxy-N-cbz-L-proline ester) in CDCl;. 'H-
NMR (CDCls, 400 MHz): 6 (ppm) = 7.23-7.36(5H, m, Ph), 5.34(1H, br s, CH), 4.94-
5.18(2H, br m, CH,), 4.29-4.58(1H, br m; CH), 3.55-3.78(2H, br m, CH,), 2.12-
2.34(2H, br m, CH,).
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Fig. 3. 3. 'H-NMR spectrum of poly(4-hydroxy-L-proline ester) in D,O. 'H-NMR
(D20, 400 MHz): 6 (ppm) = 5.58-5.60(1H, br s, CH), 4.26-4.65(1H, br s, CH), 3.35-
3.63(2H, m, CH), 2.52-2.60(2H, br m, CH»).
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Under physiological conditions, PHPE can rapidly degrade to Hyp [33], a non-coded
amino acid that possesses many unique functions in the human body such as collagen
helix formation [42], calcium binding [43], glucose metabolism [44] and
neurotransmission [45]. Hyp is the product of post translational hydroxylation of
proline in procollagen and is primarily responsible for the formation of the triple
helical structure of collagen, imparting enhanced water binding property to collagen
[46]. Collagens, have distinctive Gly-Xaa-Yaa repeating sequence, where Xaa is often
proline and Yaa is Hyp, and disruptions of this sequence suppresses the formation of
collagen helix, thus osteogenesis [47]. The lack of proline hydroxylation in vivo leads
to dysfunctional collagen extracellular matrix assembly by changing its hydration
properties [46] and increasing its melting temperature. Thereby, providing stability to

collagen [48].

3.4.1. Cytotoxicity of PHPE

The cytotoxicity of PHPE on the SaOS-2 cell line was determined by an MTT assay
using different concentrations of the PHPE. SaOS-2 cells were cultivated in the
standard growth medium with or without PHPE treatment. The treatment did not lead
to any loss in cell viability after 48 and 96 hours from cell seeding. Importantly, the
cell viability was determined to be higher for most of the samples with PHPE
supplementation, compared to the control samples (Figure 3.5.). At 96 h, cell viability
was significantly higher for the samples treated with 0.05 mg/mL PHPE than the
control (Figure 5B). Although cationic polymers generally cause cytotoxicity in
mammalian cells [49], the reason for higher cell viability could be related with the
degradation product of PHPE, Hyp [33]. This amino acid metabolizes to pyruvate and
glyoxylate, thus providing a source of energy for the mitochondria [50,51]. Perret et
al. reported that a,f3; integrins on cells can interact with the GFOGER sequence in
collagen [42]. Therefore, it is possible that integrin-Hyp interaction enhanced cell
adherence and propagation on surfaces, leading to an increase in cell proliferation.
However, on the contrary, Seo et al. reported that hydroxylation of proline was not

necessary for mammalian collagen-o; integrin binding [52].
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Fig. 3. 5. MTT assay showing the viability of cells supplemented with PHPE with a
final concentration of 0.01 mg/mL, 0.05 mg/mL, or 0.2 mg/mL in the standard
medium or without PHPE (control), after 48 hours (Panel A) and 96 hours (Panel B).
Results are given as the means and the their standard errors (SE). Statistical variance
is analyzed with one-way ANOVA and results are further compared with the Control

through Holm-Sidak’s multiple comparisons test (*P<0.05)
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3.4.2. PHPE-Induced Collagen Type I Expression of SaOS-2 Cells

Human COLIAI gene codes for the enzymes necessary for the synthesis of
procollagen type I, which is then post-translationally modified and secreted outside
the cells and form collagen type I in the extracellular matrix. In their course of
differentiation to mature cells, osteoblasts are known to express COLIAI [53]. To
determine the effect of PHPE treatment on the COLIAI expression and collagen
synthesis in SaOS-2 cells, we divided the treatment groups into two: i) treatment of
cells cultivated in the standard medium or ii) cultivated in MAC. In groups i and ii, the
cells were treated with different concentrations of PHPE every two days, including the
day cells were seeded. Control cells were treated with the vehicle. In group ii, the
standard medium was replaced with MAC, only after cell monolayer formation.
Replacement of the medium with MAC was carried out to see if PHPE would have an
inductive effect on collagen expression and synthesis even when osteogenic

differentiation was induced with the supplemented ingredients of MAC.

In groups i and ii, the formation of small collagenous nodules of the extracellular
matrix was observed in the wells and the nodules belonging to the samples with higher
concentration of PHPE treatment appeared darker under a phase contrast microscope
(Figure 6A). This was most likely because of the high absorbance of light passing
through the specimen at denser regions. We cultured the cells for 8 days, and the cells
with PHPE treatment showed nodules with higher collagen deposition at the end of
this duration, as determined by Direct Red 80-staining. 0.05 mg/mL and 0.2 mg/mL
PHPE supplementation into the medium significantly increased the amount of collagen
in the ECM, compared to the control (Figure 6B). Direct Red 80 binds to collagen type
I and III primarily, and possesses a red color, thus the observed darker shade of red
represents denser collagen-rich nodules [37]. Once the cell culture medium was
replaced with MAC after the cell monolayer formation, and the cell monolayer was
stained with Direct Red 80, we observed collagen-rich nodules in every well.
However, the nodules were larger and more localized in samples treated with PHPE.
In group ii, we observed significant increase in the sample with 0.2 mg/mL PHPE

treatment only, compared to the control (Figure 3.6C). To support our claims
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regarding collagen synthesis, COLIAI expression of SaOS-2 cells was examined via
gRT-PCR method. qRT-PCR analysis from total RNA extracts of each group showed
that the COL1A1 expression of the cells treated for 8 days with 0.2 mg/mL PHPE was
~2.4 fold higher while the same samples treated with 0.01 mg/mL PHPE was ~1.5 fold

higher when compared to the control group (Figure 3.6D).
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Fig. 3. 6. Panel A: 4x magnified phase contrast microscopy images of Direct Red 80-

stained SaOS-2 cell monolayers that were cultivated for 8 days using standard
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medium, without PHPE or with 0.01 mg/mL, 0.05 mg/mL, 0.2 mg/mL PHPE
supplementation. Dark red nodules represent collagen-rich segments in the
extracellular matrix. Panel B: 4x magnified phase contrast microscopy images of
Direct Red 80-stained SaOS-2 cell monolayers which were cultivated for 8 days using
MAC, without PHPE or with 0.01 mg/mL, 0.05 mg/mL, 0.2 mg/mL PHPE
supplementation. Panel C: Amount of collagen in the extracellular matrix of SaOS-2
cell monolayers as determined by the percentage of the total cell monolayer area
stained with Direct Red 80. Total area of the surface is expressed as 100% and the
stained area is calculated accordingly. Panel D: GAPDH-normalized relative
expression of COLIAI gene of SaOS-2 cells without PHPE or with 0.01 mg/mL, 0.2
mg/mL PHPE supplementation in standard medium or MAC. Gene expression of the
control groups was normalized to 1 and expression values are shown as fold change,
accordingly. All results are given as means and the their standard errors (SE) of means.
Statistical variance was analyzed with one-way ANOVA and results were further
compared with the control group through Holm-Sidak’s multiple comparisons test

(*P<0.05, **P<0.005, ***P<0.0005 and ns= not significant).

Expression of COL1A1 was also induced by PHPE treatment of SaOS-2 cells when
cells were cultivated in MAC. 0.2 mg/mL of PHPE treatment of cells every two days
increased the level of expression of COLIAI by 1.5 fold compared to the control
without PHPE treatment. As indicated in Section 3.2.5., MAC is a cell culture medium
containing dexamethasone, L-ascorbic acid, and -glycerophosphate supplementation.
Dexamethasone can induce the expression of RUNX2, a master regulator of osteogenic
differentiation, through the transcriptional activity of FHL2/B-catenin, whereas L-
ascorbic acid may facilitate osteogenic differentiation by increasing collagen type I
secretion. B-glycerophosphate serves as a phosphate source for ECM mineralization
and induces osteogenic gene expression by extracellular related kinase
phosphorylation [54]. Our data indicate that mechanistically, PHPE may upregulate
COL1A1 through signaling pathways independent of those induced by dexamethasone,
L-ascorbic acid, and (3-glycerophosphate.
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3.4.3. Osteoinductivity of PHPE in SaOS-2 cells

Similar to the conditions described in Section 3.2., SaOS-2 cells were treated with or
without PHPE up to 8 days. This time, cell monolayers were fixed, and then stained
with Alizarin Red S. Alizarin Red S interacts with calcium phosphate-mineralized
nodules and is indicative of the amount of calcium phosphate (predominantly
hydroxyapatite) secreted from cells. In Section 3.2., we described that the
supplementation of the standard medium with 0.2 mg/mL of PHPE significantly
induced collagen type I expression and synthesis. Similarly, PHPE supplementation of
0.2 mg/mL in the standard medium caused a significant amount of mineralization in
the ECM (Figure 3.7A). This finding supports the study of Salasznyk et al. on the
requirement of matrix collagen-cell contact for the induction of osteogenic
differentiation [55]. Samples with PHPE treatment of 0.01 mg/mL, 0.05 mg/mL and
the samples with no PHPE treatment did not exhibit any visible mineralization,
although nodules of collagen-rich extracellular matrix were present in all samples.
ECM mineralization was limited solely to the sample with 0.2 mg/mL PHPE
supplementation in the standard medium, either due to the significant upregulation in
COLIAI gene, or due to the induction of a different pathway of osteogenic
differentiation by PHPE at high concentrations. Presence of collagen in the ECM of
osteoblasts is crucial for differentiation. a2f1 integrin, when in contact with the
GFOGER peptide sequence on collagen, where ‘O’ stands for Hyp, has been shown to
induce osteogenic differentiation of mesenchymal stem cells by regulating the
expression of important osteogenic marker genes [35]. In the current study, once the
standard medium was replaced with MAC, we observed that cells treated with 0.01
mg/mL and 0.05 mg/mL PHPE exhibited significantly higher amount of
mineralization compared to the control sample. In contrast, 0.2 mg/mL PHPE
supplementation in D-PBS in the standard culture medium did not significantly affect
mineralization compared with the control (Figure 3.7B). Our results further support
that the effect of PHPE in the induction of osteogenic differentiation is independent of
the signaling pathways induced by dexamethasone, L-ascorbic acid, and p-

glycerophosphate.
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Bone formation and remodeling are complex processes where cytokines, growth
factors, and hormones play significant roles. RUNX2 is an activator of a range of genes
such as osteopontin (SPPI) and osteocalcin (BGLAP) that play essential roles in
osteogenic differentiation [56]. This activator is highly expressed in preosteoblasts and
is down-regulated after the osteoblasts mature [57]. RUNX2 expression is regulated by
bone morphogenetic proteins (BMPs) and BMP-2 signalling activates a cascade where
RUNX2 expression is induced in primary rat osteoblasts [58] and human bone marrow
mesenchymal stem cells (hMSCs) [59]. BMP-2 release from cells has major
importance in bone repair and remodelling and lack of BMP-2 has catastrophic effects
on bone growth. For example, Bmp2‘/ " knockout mice show major delay in bone
maturation. Lack of femur fracture healing was reported to be observed in Bmp?2
knockout mice compared to the wild-type [60]. Collagen type I have been reported to
induce osteogenic differentiation by enhancing the effects of TGF-f and BMPs.
Inhibition of interaction of a1l and a2B1 integrins with collagen type I was reported
to block the osteogenic differentiation of 2T3 cells induced by human recombinant
BMP-2 [61]. We observed a significant upregulation in both COLI1A41 (Figure 3.6D)
and BMP?2 expression (Figure 3.7D) in cells treated with 0.01 and 0.2 mg/mL PHPE
in the standard medium, respectively which may indicate the differentiation of SaOS-
2 cells into osteoblasts. In line with these findings, enhanced expression of BMP2 in
Sa0OS-2 cells under the treatment with PHPE could also explain the upregulated
expression of COLIAI gene, and thus the deposition of denser collagen-rich nodules.
These results also support the presence of denser collagen-rich nodules and the

presence of mineralized nodules in samples treated with 0.2 mg/mL PHPE.

Another marker gene for osteogenic differentiation is VEGFA. VEGFA codes for
vascular endothelial growth factor (VEGF), a growth factor that stimulates tissue
neovascularization and angiogenesis [62]. The vascularization of bone tissue is
necessary for healthy bone regeneration [63]. There have been several reports on the
induction of VEGFA expression during osteogenic differentiation of stem cells [64,65]
and SaOS-2 cells [66]. Parallel to the findings in these reports, we observed 1.8-2 fold
induction of VEGFA expression in SaOS-2 cells treated with PHPE compared to

untreated cells (Figure 3.7E), which could indicate induced osteogenic differentiation.
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These findings further support osteogenic differentiation of the cells and indicate that
PHPE may also promote tissue vascularization. As an upregulation of the VEGFA gene
of SaOS-2 cells under PHPE treatment was observed, we can conclude that the
vascular endothelial growth factor (VEGF) was secreted in higher amounts from cells.
VEGF is a growth factor which recruitsendothelial cells and mural cells to form blood
capillaries in tissues. As previously reported, Ciclopirox, a drug that inhibited the
synthesis of two non-coded amino acids, hypusine and hydroxyproline, also inhibited
angiogenesis of HUVECs, which are endothelial cancer cells [67]. These outcomes

could support our findings on induced VEGFA expression with PHPE treatment.
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Fig. 3. 7. Panel A: 4x magnified phase contrast microscopy images of Alizarin Red

S-stained SaOS-2 cell sheets which were cultivated for 8 days with standard DMEM
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medium, without PHPE or with 0.01, 0.05, 0.2 mg/mL PHPE supplementation. Panel
B: 4x magnified light microscopy images of Direct Red 80-stained SaOS-2 cell sheets
which were cultivated for 8 days with MAC medium, without PHPE or with 0.01,
0.05, 0.2 mg/mL PHPE supplementation. Panel C: Fraction of Alizarin Red S-stained
areas in wells supplemented with 0.01, 0.05, and 0.5 mg/mL PHPE or no
supplementation in standard medium or MAC. Total area of the surface is expressed
as 100% and the stained area is calculated accordingly. Panel D: GAPDH-normalized
relative expression of BMP2 gene of SaOS-2 cells under the supplementation of PHPE
in the standard medium. Panel E: GAPDH-normalized relative expression of VEGFA
gene in Sa0S-2 cells under the supplementation of PHPE in the standard medium. All
results are given as the means and the their standard errors (SE) of means. Statistical
variance is analyzed with one-way ANOVA and results are further compared with the
Control through Holm-Sidak’s multiple comparisons test (*P<0.05, **P<0.005,
*#%P<0.0005, ****P<0.0001 and ns= not significant).

3.4.4. LbL Films of Water-Soluble Complexes of PHPE and TA

3.4.4.1. Preparation of Water Soluble Complexes of PHPE and TA

Water soluble complexes of PHPE and TA were prepared at pH 4 with a PHPE:TA
molar ratio of 1:27. TA is a polyphenol and pK, of TA varies in the literature due to
use of different TA sources. One of our recent study showed that TA used in this study
has two pK, values. pK,; and pK,, were approximated as 6.5 and 8.5, respectively
[68]. pK, (amine) of trans-4-hydroxy-L-proline was reported as 9.47 [69] thus amino
groups of PHPE were expected to be protonated at pH 4. The driving force for
complexation was attributed to both hydrogen bonding and electrostatic interactions
among PHPE and TA. PHPE has carbonyl units which could act as hydrogen
acceptors, whereas TA has phenolic hydroxyl groups which could act as hydrogen
donors. On the other hand, PHPE is positively charged at pH 4 and TA is expected to
have phenolate groups at pH 4. pK, 1 of TA was estimated as 6.5, however ionization

of TA could have been enhanced in the presence of positively charged PHPE.
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Enhanced ionization of polyacids in the presence of polycations has been reported
earlier [70]. Complexation was followed by measuring the hydrodynamic size of
PHPE-TA complexes using dynamic light scattering technique. PHPE-TA complexes
precipitated as the amount of PHPE was increased during complexation. Therefore,
PHPE:TA mol ratio was limited to 1:27. Figure 3.8. shows the size distribution by
number of PHPE-TA complexes. The average hydrodynamic size of TA at pH 4 was
1.6 £ 0.2 nm and zeta potential was -26.1 + 1.5 mV prior to complexation. The average
hydrodynamic size (Figure 3.8.) and Zeta-potential of PHPE-TA complexes were
recorded as 93.0 = 8.0 nm and 21.0 + 0.9 mV, respectively.
Size Distribution by Number
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Fig. 3. 8. Hydrodynamic size distribution by number of PHPE-TA complexes in 0.001
M buffer at pH 4. Hydrodynamic sizes were determined by dynamic light scattering.

3.4.4.2. LbL Deposition of PHPE-TA Complexes

As mentioned in the previous section, PHPE:TA molar ratio was 1:27 in PHPE:TA
complexes. The greater amount of TA in the complexes provided free
hydroxyl/phenolate groups on TA which could be further used for LbL self-assembly
at the surface. PHPE-TA complexes were LbL deposited at the surface without using
a polymer counterpart. Traditional LbL deposition requires deposition of interacting
polymers of two different kinds. De Saint-Aubin et al. was the first demonstrating
construction of LbL films through an untraditional way, i.e. multilayer films had only

one component and a polymer counterpart was not used [71]. Figure 3.9. shows the
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evolution of ellipsometric thickness after deposition of every three layers of PHPE-
TA complexes at the surface. Inset shows LbL growth of PHPE-TA complexes up to
eight layers. The driving force for LbL assembly was hydrogen bonding interactions
among carbonyl groups of PHPE and protonated hydroxyl groups of TA as well as
electrostatic interactions among free secondary amino groups of PHPE and free
phenolate groups of TA. Note that, drying after deposition of each layer was crucial
for LbL deposition of PHPE-TA complexes. Effect of drying and orientation of the
molecules at the surface on LbL film growth has been reported before [72,73]. Also,
for successful multilayer growth of PHPE-TA complexes, deposition solution had to
be refreshed every 3 layers to avoid aggregation of PHPE-TA complexes and the
decrease in the number of free functional groups with time. Refreshing of deposition
solutions provided higher increment per layer of PHPE-TA complexes. For example,
refreshing deposition solution after every layer resulted in 0.91 + 0.41 nm increase in
thickness, whereas refreshing after every 3 layers led to 0.49 + 0.13 nm increase per
layer (Figure 3.9.). It is important to mention that we have also tried LbL deposition
of PHPE and TA, rather than PHPE-TA complexes. However, we could not achieve
successful growth of layers at the surface possibly due to the highly hydrophilic nature
of PHPE and desorption of the film to the solution during PHPE deposition.
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Fig. 3. 9. Evolution of ellipsometric thickness after deposition of every three layers
of PHPE-TA complexes at the surface. Inset shows LbL growth of PHPE-TA
complexes up to eight layers. Results are given as the averages of three thickness

values and their standard deviation (SD).
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3.4.4.3. Crosslinking of Multilayers of PHPE-TA Complexes

Multilayers of PHPE-TA complexes did not display long term stability (stable up to 4
days) in PBS at pH 7.4 and 37°C possibly due to the ionization of TA as the pH was
increased and loss of hydrogen bonding interactions among the layers. Additionally,
PBS contains various salt ions at different concentrations, resulting in enhanced
ionization of TA. Enhanced ionization of polyacids at high ionic strength has been
reported earlier [74]. Therefore, prior to performing bioassay experiments, multilayers
were partially crosslinked using NalO4 to avoid desorption of the films from the
surface. Ball reported that 104" anions facilitated the oxidation of TA to yield quinone
groups and formed covalent bonds between the quinone groups of TA and amino
groups of poly(allylamine) (PAH) [34]. Using the procedure reported in this study,
multilayers of PHPE-TA complexes were crosslinked using NalO,. For FTIR analysis,
two samples were prepared: 1) a solution of PHPE-TA complexes and ii) a solution of
PHPE-TA complexes with NalO4 at a final molar concentration of 10 mM. Both
solutions were examined with a NicoletTM ATR-FTIR instrument. As shown in
Figure 3.10., FTIR spectra of crosslinked and non-crosslinked PHPE-TA complexes
showed differences in some of the vibrational bands. Crosslinked PHPE-TA
complexes, compared to the non-crosslinked complexes showed reduced absorbance
at 1450 cm™, 1338 cm™ and 1216 cm™. Our observations are in good agreement with
the findings reported in Ball et al. [34]. Reduced absorbance may indicate the
formation of quinone groups on TA. The secondary amine groups of PHPE might

have reacted with these quinone groups, resulting in covalent bond formation.

To examine the effect of crosslinking on the stability of multilayers of PHPE-TA
complexes, stability of crosslinked and non-crosslinked 15-layer PHPE-TA complexes
was followed in PBS buffer at pH 7.4 at 37°C using UV-Vis Spectroscopy. The change
in intensity of the peak at 205 nm, associated with protonated hydroxyl groups of TA
was followed and the percent change in the intensity was correlated with the amount
of TA retained at the surface. Figure 3.11. represents the normalized intensity at 205

nm as a function of time. In the case of non-crosslinked films, only ~20% of TA
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remanied at the surface after 6 days of incubation. In the case of crosslinked films,

~70% of TA remained at the surface even after 15 days.
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Fig. 3. 11. Normalized absorbance at 205 nm of 15-layer partially crosslinked
(squares) and non-crosslinked (circles) PHPE-TA complexes as a function of time.
Both multilayers were exposed to PBS solution at pH 7.5 and 37.5°C. Films were dried
prior to collection of the spectra. The thickness of the film at day 0 was given as 100%,
and the remaining film thicknesses are given as the percentage of the day 0 value.
Results are given as the averages of three thickness values and their standard deviation

(SD).

Of note, we have further confirmed the effect of crosslinking on the stability of
multilayers of PHPE-TA complexes by exposing both crosslinked and non-crosslinked
multilayers to highly acidic and basic conditions and comparing the stability of both
types of films through ellipsometric thickness measurements, as suggested by Ball
[34]. The difference in the fraction retained at surface between non-crosslinked and

crosslinked films before and after exposure to 0.1 M HCIl was distinct (Figure 3.12.).
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Fig. 3. 12. Ellipsometric thickness of partially crosslinked and non-crosslinked LbL
films of PHPE-TA complexes before and after immersion into 0.1 M HCI and solution
for 5 min. Statistical analysis is carried with two-tailed student’s #-test with Welch’s

correction, *P<0.05

3.4.4.5. Cytotoxicity and Adherence Properties of Substrates Coated With
Multilayers of PHPE-TA Complexes

Sa0S-2 cells were seeded in either: i) cell culture plate containing glass substrates
coated with partially crosslinked multilayers of PHPE-TA complexes or ii) tissue
culture treated plate containing glass substrates coated with collagen (positive control)
or iii) cell culture plate (control). Of note, 1 layer of collagen deposition (~2.5 nm) at
the surface was confirmed using ellipsometry. Two days after seeding, we observed
that viability of cells grown on multilayers of PHPE-TA complexes was significantly
higher than the viability of the control cells (Figure 3.13.). This data supports our
previous findings on high cell viability of samples with the direct addition of PHPE.
We suggest that degradation of PHPE and release of Hyp from the multilayers may
have enhanced cell viability or the rate of cell division, as described previously in
Section 3.1. (Figure 3.5.). As previously discussed by Lim et al., PHPE degrades to
Hyp under physiological conditions [33].
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Fig. 3. 13. Viability of SaOS-2 cells in empty tissue culture treated plate (control), in
tissue culture treated plate containing glass substrates coated with partially crosslinked
15-layer PHPE-TA complexes or tissue culture treated plate containing glass
substrates coated with collagen (positive control) after 48 hours (Panel A) and 96 hours
(Panel B) from cell seeding. All results are given as the means and the their standard
errors (SE). Statistical variance is analyzed with one-way ANOVA and results are
further compared with the Control through Holm-Sidak’s multiple comparisons test.
Two-tailed z-test with Welch’s correction is applied for the comparisons of samples

other than the Control (*P<0.05).
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Sa0S-2 cells, like osteoblasts, are adherent cells that possess cell-cell and cell-ECM
interactions. Cell surface receptors and molecules such as integrins, [-CAMS,
selectins, cadherins and proteoglycans are required for cell adhesion, movement and
development [75]. Electrostatic interactions between functional chemical groups of
the substrate and negatively-charged cell-surface proteoglycans are commonly
preferred while designing biomaterial surfaces [76]. Adherent cells do not adhere
properly on bare glass surfaces, which were used as substrate for LbL self-assembly
in this study. Like many other adherent cell lines, SaOS-2 cell adherence can be
affected by the surface chemistry; these cells prefer to adhere to biological molecules.
Bioactivity of a surface can be determined by determining surface adhesion and rate
of spreading of cells on a surface. In our case, osteoconductivity of multilayer films of
PHPE-TA complexes was our primary focus and cell adherence, spreading, and
proliferation of cells on these surfaces were the primary indicators of the surface
osteoconductivity. We stained SaOS-2 cells with a lipid-binding fluorescent molecule,
SP-DiOC 5 (Molecular Probes™, Oregon, USA) to determine the cellular morphology
after adherence to the different substrates under study. SP-DiOC,3 can interact with
the lipid membranes on cells and help determine the total area that cells covered on
the seeded surfaces. SaOS-2 cells were cultivated in the standard medium and seeded
on i) cell culture plate surface, ii) bare glass substrate, iii) collagen type I coated
substrate, and iv) both partially crosslinked and non-crosslinked 15-layer films of
PHPE-TA complexes. Two hours after seeding, bare glass substrate surfaces showed
reduced cell adherence compared to all other groups (Figure 3.14.). After 24 h, cells
grown on all surfaces showed spindle-like morphology and enhanced propagation
(Figure 3.14.). Here, non-crosslinked films of PHPE-TA complexes showed
significantly enhanced adherence compared to bare glass substrates and partially
crosslinked films of PHPE-TA complexes. Glass surfaces also lack functional groups
that can engage with cell surface receptors. This could be the reason of reduced surface
binding of cells to plain glass substrates. After 24 h of cell seeding, we observed a
significant difference between surface adherence property of partially crosslinked and

non-crosslinked films of PHPE-TA complexes.
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Fig. 3. 14. Fluorescent images and the cell area graph comparing the cell spreading
areas 2 hours after seeding cells on surfaces. The cells were stained with SP-DiOC g
fluorescent dye to determine the positions of the cell membrane. SaOS-2 were
cultivated in the standard medium and seeded on (A) cell culture plate surface, (B)
bare glass substrate, (C) collagen type I coated substrate, (D) partially crosslinked and
(E) non-crosslinked 15-layer films of PHPE-TA complexes. Panel F shows total cell
spreading area of each cell and their mean value. All results are given as the means
and the their standard errors (SE) of means, along with the specific values as dots.

Statistical variance is analyzed with one-way ANOVA and columns are further
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compared with each other through Tukey’s test (*P<0.05, **P<0.005, ***P<0.0005,
*xH% P<0.0001).
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Fig. 3. 15. Fluorescent images and the cell area graph comparing the cell spreading
areas 24 hours after seeding cells on surfaces. The cells were stained with SP-DiOCg
fluorescent dye to determine the positions of the cell membrane. SaOS-2 cells were
cultivated in the standard medium and seeded on (A) cell culture plate surface, (B)

bare glass substrate, (C) collagen type I coated substrate, (D) partially crosslinked and
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(E) non-crosslinked 15-layer films of PHPE-TA complexes. Panel F shows the total
cell spreading area of each cell and their mean value. All results are shown as the
means and the their standard errors (SE) of means, along with the specific values as
dots. Statistical variance was analyzed with one-way ANOVA and columns were

further compared with by Tukey’s post hoc test (*P<0.05)

TA is partially ionized at physiological pH, thus it has both hydroxyl and phenolate
groups. On the other hand, PHPE has a secondary amine group on every repeating unit
and is positively charged under the same conditions. It was previously reported that
surface modifications can change the adherence property of surfaces to mammalian
cells. Even though amino-functionalized surfaces are adhesive towards cells, a
balanced mixture of hydroxyl and methyl groups on surfaces can also modify the
surface to have high adhesiveness [77]. Considering the negative charge of the cell
membrane, PHPE can be attributed to be the main reason for the good adherence of
SaOS-2 cells on surfaces coated with multilayers of PHPE-TA complexes. It was
reported earlier that surfaces coated with monolayers of alkylsilanes containing
terminal amino groups created adherent surfaces for cell attachment [78].
Interestingly, non-crosslinked and partially crosslinked multilayers of PHPE-TA
complexes behaved differently for the adherence of SaOS-2 cells. Cells spread to a
larger (albeit statistically non-significant) area on surfaces containing non-crosslinked
multilayers compared to partially crosslinked films at 2 h or 24 h after seeding. This
could be explained with the decrease in the number of free secondary amino groups of
PHPE upon crosslinking, resulting in a lower extent of interaction between the film
surface and surface proteoglycans on cells. Crosslinking multilayer films of PHPE-TA
complexes was crucial in our experiments to obtain long-term stability. However,

unfortunately, it decreased the adhesion property of SaOS-2 cells onto the multilayers.

145



3.4.5. Osteoconductivity of Multilayers of Partially Crosslinked PHPE-TA

Complexes

3.4.5.1. Determination of The Collagen Amount Released into The Extracellular

Matrix

Sa0S-2 cells were seeded on three different groups of surfaces: i) cell culture plate
(control), ii) collagen type I coated glass substrate, iii)15 layers of partially crosslinked
multilayers of PHPE-TA complexes on glass substrate, and cultivated for 15 days in
the standard culture medium. In all three groups, Direct Red 80 stained large areas
were full of collagen-rich nodules. We observed significantly higher amount of
collagen in nodules on surfaces of groups ii and iii, compared to the control (i) (Figure
3.15D). Figure 15A - C show phase contrast microscopy images of Direct Red 80-
stained nodules deposited by cells, cultivated in the standard medium on the indicated
surfaces. When we replaced the standard medium with MAC after cell monolayer
formation (Figure 3.16A - C), we again observed increased amount of collagen in the
nodules in groups ii and iii, compared to the control (i), though the results did not reach
statistical significance (Figure 3.16D). In either case, the results were not statistically
significant between groups ii and iii. These results support our hypothesis that PHPE-
containing surfaces could regulate collagen synthesis and secretion by cells in a similar

way that collagen type I-coated surfaces do.
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Fig. 3. 16. Phase contrast microscopy images of Direct Red 80-stained collagen-rich
nodules deposited by cells cultivated in the standard medium onto surfaces of (A)
tissue culture plate, glass substrates coated with (B) collagen type I, or (C) partially
crosslinked 15-layers of PHPE-TA complexes in standard medium for 15 days; in
MAC medium for 15 days. (D) Quantitative comparison of the percent area of cell
monolayers which are stained with Direct Red 80, which shows the collagen amount.
Total area of the surface was expressed as 100% and the stained area was calculated
accordingly. All results are given as means and their standard errors (SE) of means.
Statistical variance was analyzed with one-way ANOVA and results were further
compared with the Control using the Holm-Sidak’s multiple comparisons test
(*P<0.05).
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PHPE-TA-coated

Fig. 3. 17. Phase contrast microscopy images of Direct Red 80-stained collagen-rich
nodules deposited by cells cultivated in MAC onto surfaces of (A) tissue culture plate,
glass substrates coated with (B) collagen type I, or (C) partially crosslinked 15-layer
films of PHPE-TA complexes in standard medium for 15 days or in MAC medium for
15 days. (D) Quantitative comparison of the percent area of cell monolayers that were
stained with Direct Red 80, indicating the the collagen amount. Total area of the
surface was expressed as 100% and the stained area was calculated accordingly. All
results are given as the means and the their standard errors (SE) of means. Statistical
variance was analyzed with one-way ANOV A and results were further compared with

the control using Holm-Sidak’s multiple comparisons test (*P<0.05).
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3.4.5.2 Determination of The Amount of Mineralization in The Extracellular

Matrix on Substrates

Sa0S-2 cells were cultivated either on cell culture plate wells, collagen type I-coated
glass substrates, or partially crosslinked 15-layer films of PHPE-TA complexes for 15
days. After this, the cells were fixed with 10% paraformaldehyde solution and stained
with Alizarin Red-S to determine the mineralization in the extracellular matrix of the
cell monolayer. Initially, cells were seeded on surfaces and cell medium was replaced
with the standard medium regularly. After Alizarin Red S-staining of these cell
monolayers, we observed that the collagen-rich nodules of extracellular matrix were
faintly stained red (Figure 3.17A, 3.17B, and 3.17C) and the difference between
stained areas of the substrates coated with collagen type I and multilayers of PHPE-
TA complexes was not significant (Figure 3.17D). Images from 5 different locations
on the well indicated that the cells on substrates coated with either collagen type I or
multilayers of PHPE-TA complexes exhibited collagen-rich nodules at the very center
of the substrate. This was contrary to the cell culture plate wells where the collagen
nodules were observed to be equally distributed throughout the well. The reason for
this phenomenon could be the contact-inhibition of cells and their interaction with each
other. When the cells were seeded on coated glass substrates (either with collagen type
I or multilayers of PHPE-TA complexes) and placed in tissue culture wells, the
adherence of cells to the substrate margins was limited due to non-homogeneous
deposition of the films at the edges of the surface. This reduced the cell-cell and cell-
surface interaction in those locations. For the SaOS-2 cell line, formation of a
monolayer was necessary for osteogenic differentiation, thus differentiation was
unsuccessful at corners of glass substrates. This may have resulted in similar levels of
Alizarin Red S staining on the different surfaces (Figure 3.17. and 3.18.). The
difference between the staining of substrates coated with collagen and multilayers of
PHPE-TA complexes did not reach statistical significance, supporting that both

surfaces behaved similarly in terms of osteoconductivity.
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Fig. 3. 18. Phase contrast microscopy images of Alizarin Red S-stained SaOS-2 cell
monolayers on surfaces of (A) cell culture plate, substrates coated with collagen (B)
and partially crosslinked 15-layer films of PHPE-TA complexes (C) cultivated in
standard medium for 15 days. (D) Quantitative comparison of the percent area of cell
monolayers which were stained with Alizarin Red S, indicating the collagen amount.

Total area of the surface was expressed as 100% and the stained area was calculated
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accordingly. (E) Alkaline phosphatase (ALP) activity of the cells seeded on surfaces
after 15 days of cultivation. All results are given as the means and the their standard
errors (SE) of means. Statistical variance was analyzed with one-way ANOVA and
results were further compared with the Control through Holm-Sidak’s multiple
comparisons test (*P<0.05). Statistical comparison of treatment columns was carried

out with two-tailed #-test with Welch’s correction (ns= not-significant).

To further establish the differentiation of SaOS-2 cells into an osteogenic phenotype,
we determined the alkaline phosphatase (ALP) activity of these cells. ALP is an early
biomarker for bone formation and biological mineralization is associated with elevated
levels of ALP in SaOS-2 cells [79]. ALP activity was measured in SaOS-2 cell lysates
and the UV-Vis absorbance values were normalized to the total DNA amount from
cells of the same treatment group. We observed that ALP activity of SaOS-2 cells was
similar irrespective of whether they were cultivated for 15 days on substrates coated
with collagen type I or multilayers of PHPE-TA complexes. This again supports our
hypothesis that Hyp, degradation product of PHPE, could induce osteogenic
differentiation and shorten the duration of differentiation of SaOS-2 cells, as described
before (Figure 3.6. and 3.7.). ALP activity of cells seeded on different types of surfaces
showed different characteristics when we normalized the results with total DNA
isolated from the cells seeded on each surface. For the samples cultured in standard
medium for 15 days, we observed that the difference between ALP activity of surfaces
coated with collagen or multilayers of PHPE-TA complexes did not reach statistical
significance (Figure 3.13E), which may support our hypothesis that both surfaces were
osteoconductive. Total ALP activity was higher when normalized to total DNA from
lysed cells on control surfaces, although this was most likely observed because of
better survival signals provided by uninterrupted tissue culture coated plates. The other
coated glass slides inside the wells might have limited cell-cell interactions and
survival. However, this phenomenon was not observed for the cells cultured in MAC.
Cells on substrates coated with collagen type I or multilayers of PHPE-TA complexes
exhibited significantly higher ALP activity, compared to the control (cell culture plate
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surface) and surfaces of multilayers of PHPE-TA complexes significantly facilitated

osteoconduction, compared to the control.

As an additional set of experiments, SaOS-2 cells were seeded on substrates in
standard medium, which was replaced with MAC after formation of the cell
monolayer. The cell monolayers were fixed and then stained with Alizarin Red-S. Both
the control and the films with PHPE-TA complexes exhibited significant
mineralization (Figure 3.18A - C). The areas stained with Alizarin Red-S on the
surface of multilayers of PHPE-TA complexes were significantly higher than the areas
stained on collagen type I-coated substrates (Figure 3.18D). As described in Section
3.3., although collagen-cell receptor interaction is known to induce osteogenic
differentiation and collagen should allow for enhanced mineralization, cells on
multilayer films of PHPE-TA complexes released more collagen compared to the cells
on collagen type I-coated surfaces. This could be the reason why multilayer films of
PHPE-TA complexes provided significantly enhanced ECM mineralization, compared
to collagen type I-coated surfaces. As discussed previously, cell monolayer formed at
a shorter time in culture plate wells (control) than coated substrates. Therefore, it is
possible that the cells on these surfaces differentiated into mature osteoblast-like cells
in a shorter time and released more minerals. This resulted in significantly higher
Alizarin Red S-staining on the control surface than that on substrates coated with
collagen type I or multilayer films of PHPE-TA complexes. Supporting these results,
ALP activity of cells seeded on multilayer films of PHPE-TA complexes exhibited
significant enhancement compared to the control and the collagen type I-coated
surface (Figure 3.18E). This further supports our hypothesis that Hyp induced

mineralization through a different pathway than the MAC components.
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19. Phase contrast microscopy images of Alizarin Red S-stained cell
monolayers on surfaces of (A) cell culture plate, substrates coated with collagen (B)
and partially crosslinked 15-layer films of PHPE-TA complexes (C) cultivated in
standard medium for 15 days. SaOS-2 cells were cultivated in MAC. (D) Quantitative
comparison of the percent area of cell monolayers which are stained with Alizarin Red
S, which shows the collagen amount. Total area of the surface was expressed as 100%

and the stained area was calculated accordingly. (E) Alkaline phosphatase (ALP)
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activity of the cells seeded on surfaces after 15 days of cultivation. All results are given
as the means and the their standard errors (SE) of means. Statistical variance was
analyzed with one-way ANOVA and results were further compared with the control
using the Holm-Sidak’s multiple comparisons test (*P<0.05, **P<0.005,
*#%P<(0.0005, ****P<0.0001). Statistical comparison of treatment columns was

carried out with one-tailed z-test with Welch’s correction (*P<0.05).

3.5. Conclusion

Even though the bone tissue can repair itself, if the bone defect is non-repairable,
organic bone grafts (e.g. allografts, autografts) or synthetic bone grafts (e.g. metallic
or composite implants) are required to replace a particular segment of the bone or the
whole bone [80]. Shortening the time required for osteoblasts to induce new bone
formation would decrease the periods of hospitalization and vastly reduce the
socioeconomical effects of orthopedic therapies. Current clinical techniques depend
on direct injection of growth hormones (such as hrBMP-2) to the sites of bone defect.
However, these techniques may cause several complications [17]. Therefore,
alternative osteoinductive agents that would not cause any side effects on patients are
needed. In this study, we showed that direct supplementation of a cationic
biodegradable polymer poly(4-hydroxy-L-proline ester) and its degradation product
trans-4-hydroxy-L- proline (Hyp) in the growth medium of SaOS-2 osteosarcoma cell
line could induce collagen expression and synthesis in these cells. PHPE is suggested
to be a potential osteoinductive agent and may be used as a direct supplementation to
induce COLIAI, BMP2, and VEGFA gene expressions. Moreover, we showed that
when PHPE was complexed with TA and deposited at the surface in a LbL fashion,
osteoblast-like cells adhered, surived and displayed enhanced adherence towards the
multilayers. Stability of multilayers in PBS at pH 7.5 was improved by crosslinking
using NalO4. Although adherence property of cells towards non-crosslinked substrates
was higher than that towards crosslinked films, SaOS-2 cells still showed good
adherence onto crosslinked multilayer films. A comparison between surfaces coated

with collagen type I and multilayers of PHPE-TA complexes showed that LbL films
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of PHPE-TA complexes exhibited enhanced osteoconduction, as SaOS-2 cells

released higher amount of collagen and minerals in their extracellular matrices.

To the best of our knowledge, this study is the first reporting on the osteoinductive
property of a hydrolytically-degradable polymer that can degrade and release a non-
coded amino acid [33]. Moreover, for the first time, we show that surfaces could be
modified by PHPE via LbL deposition of water-soluble complexes of PHPE and TA
and osteoblast-like cells seeded on these surfaces showed enhanced adherence, high
cell viability, increased collagen secretion and ECM mineralization. These results
suggest that PHPE based multilayers are promising for coating bone implants, other
biomaterials such as bone screws and knobs, or scaffolds designed specifically for
bone tissue engineering. In bone regenerative medicine, directly treating the defect site
with PHPE may enhance tissue integration or regeneration. PHPE could be potentially
used as an osteoinductive agent and may be a safer alternative to hrBMP-2 since the
degradation product of PHPE. As an amino acid, Hyp can be metabolized and thereby
may not cause any off-target effects like ectopic bone formation. Proof of concept
studies of the effects of Hyp on osteogenic differentiation and regenerative medicine
for the purpose of bone regeneration in animal models need to be conducted in the

future.
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CHAPTER 4

TEMPERATURE-INDUCED ANTIBIOTIC RELEASE FROM
ANTIBACTERIAL CHITOSAN/PEG HYDROGEL MEMBRANES
FUNCTIONALIZED USING LAYER-BY-LAYER TECHNOLOGY

4.1. Chapter Summary

In this chapter, we report on the LbL coating of chitosan/PEG hydrogels, either with
PVCL/TA films or PVCL/TA-Ciprofloxacin films. Complexation of antibiotics, such
as Ciprofloxacin supports its sustained release from surfaces. Chitosan is a
polysaccharide with antibacterial property. However, with this LbL coating, we
enhanced the antibacterial activity of the hydrogel membranes, by adding the property
of antibiotic release to them. The antibiotic release was found to be temperature-
responsive, due to the presence of a thermoresponsive polymer in the LbL coating.
Coated hydrogel surfaces also showed enhanced adhesion property towards fibroblasts
and supported their proliferation. Such hydrogel membranes can hold potential in uses
as wound dressings for chronic wounds where bacterial proliferation is a major

problem.

4.2. Abstract

There is increasing interest in the development of multifunctional hydrogels in
biomedical sciences and clinical applications. Chitosan/PEG hydrogels are commonly
used as wound dressings and biocompatible vehicles of drug delivery, though their
controlled drug release behavior is only dependent on pH and enzymatic activity.

Furthermore, hydrogel wound dressing/skin interfaces are prone to be occupied by
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pathogenic or opportunistic bacteria, such as Methicillin-Resistant Staphylococcus
aureus (MRSA), during wound regeneration. Especially in chronic skin wounds, the
chances of bacterial infections at dressing/dermis interfaces is much higher. The drug-
release behavior of chitosan-based hydrogels that have modified surfaces through the
LbL self-assembly of polymers has not been studied before. In this publication, we
report on the modification of the surface of a chitosan/PEG hydrogel membrane with
PVCL, a thermoresponsive polymer, and TA, a polyphenol, as a potential wound
dressing. The modified hydrogel released Ciprofloxacin, a broad-spectrum antibiotic
from its polymer coating in response to the physiological temperature and enhanced
the antibacterial property of the hydrogel to a broader spectrum. The modification of
the hydrogel surface also enhanced the propagation of human fibroblasts on the
hydrogel surface, and increased their viability, making the modified hydrogel suitable
for wound healing applications. Such polymer surface modifications of chitosan-based
hydrogels could be useful in conveying multiple stimuli-response to them without
sacrificing their physical properties, such as the swelling behavior, and the
antibacterial property and biocompatibility. Such LbL-coated chitosan/PEG hydrogels
hold promise as antibacterial wound dressings and overcoming MRSA-derived

infections, which is a major medical concern worldwide.

4.3. Introduction

Wound healing is a complex process in which macrophages and fibroblasts take
serious roles. Once the skin is wounded, the dermal integrity is reestablished through
the formation of a granulation tissue which consists of macrophages, fibroblasts, and
the loose connective tissue [1]. Macrophages provide the cytokines that signal
fibroblasts to ingrow to lay the extracellular matrix components. Thus, fibroblasts are
the primary cells that lay the extracellular matrix in the granulation tissue and the clot.
These cells are responsible for secreting collagen, fibrinogen, thrombospondin, and
several polysaccharides (e.g. hyaluronan) to the defect site, during neovascularization
[2]. Skin wounds could be very commonly observed in the human body, due to
common injuries of the daily life. Minor wounds can be self-repaired by the body, but

severe wounds that involve the loss of both epidermis and the dermis would need

168



serious treatment. Otherwise, imperfect scar formation could occur and the physical

properties of the skin, such as elasticity and strength, would be impaired [3].

Wound dressings should be designed to aid skin regeneration at the shortest time
possible. It should cover or fill the wound completely so that no small pockets which
may allow the proliferation of bacteria remains. Hydrogel wound dressings provide
the warm and moist environment to the tissue, and such conditions are known to induce

skin regeneration [4].

Chitosan is a natural polysaccharide and can be very easily supplied and designed for
forming hydrogel blends, which can be used in wound treatment, skin regeneration
and tissue engineering. Chitosan-based hydrogels as wound dressings has found broad
attention, because they promote wound healing and cell proliferation [5]. These
hydrogels retain large amounts of water and exhibit antibacterial property [6] and
biocompatibility [7]. They also can act as semi-permeable oxygen-penetrating
membranes [8] and are hemostatic agents presenting antithrombogenic properties [9].
Although chitosan-based hydrogels possess antibacterial properties, this effect is
limited to a level, and the effectiveness is limited within the hydrogel only. The
antibacterial property of hydrogels can be divided into two categories: hydrogels that
can release antibacterial agents, and hydrogels that kill on contact due to the activity
of specific functional groups [10]. Unless bacteria are in contact with chitosan, it
neither prevents the bacterial contamination, nor kills the bacteria [11]. On the other
hand, infection of chronic soft tissue wounds with pathogenic and opportunistic
bacteria, such as Staphylococcus aureus are often observed at wound sites where the
chitosan-based hydrogel cannot be in direct contact with. Especially MRSA, a resistant
substrain of S. aureus, is a predominant cause of wound infections and is a prevalent
cause of nosocomial infections in hospitals around the world [12]. The antibacterial
property of a chitosan-based wound dressing can be improved through encapsulation
of broad-spectrum antibiotics, e.g. Ciprofloxacin, which is reported to be effective

against MRSA [13], inside the gel to be released on-demand.
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Stimuli-responsive drug release from hydrogels limits the available drug that was
released from the hydrogel at the desired level, only where the stimuli is present. This
limits the toxic effects of drugs and maintains the minimum inhibitory concentration
at the target site [14]. Stimuli-responsive polymers undergo phase transition under a
variety of physical and chemical stimuli such as pH, ionic strength, temperature, light,
electrical potential, and biological stimuli [15]. Stimuli-responsive polymers on-
demand drug release behavior to the hydrogels, commonly due to conformational
modifications of the polymers and their swelling/deswelling properties [16].
Temperature-responsive hydrogels have specific sol/gel transition temperatures which
induce swollen hydrogels to deswell above the lower critical solution temperature
(LCST), if they present LCST-type behavior, or below the upper critical solution
temperature (UCST), if they present UCST-type bahavior [17]. Quick release of
antibiotics at higher temperatures could prevent bacterial contamination in the wound
bed of chronic wounds, where the temperature is higher than the surrounding tissue
[18,19]. pH and biodegradability are the only stimuli that chitosan/PEG hydrogels
possess at physiological conditions [20]. To impart temperature response to chitosan-
based hydrogels, researchers have used blends of thermoresponsive polymers with
chitosan [21,22], or chemically modified chitosan by grafting it onto synthetic
polymers [23,24]. However, blending chitosan with other polymers in high ratios may
modify the physical properties of the hydrogel in an undesired way. On the other hand,
chemical modification of chitosan could reduce its biocompatibility and
biodegradability. Surface modification of biomaterials is a method to customize the
surface properties of the bulk material. Surface modification of chitosan membranes
have been reported before. These studies mostly concerned improving cell adhesion
and proliferation on chitosan membranes. Of note, even though chitosan-based
hydrogels are biocompatible and have broad range of applications in biomedical
sciences, they are resistant to cell adhesion due to high water-binding property and

lack of charged functional groups under physiological conditions.

To improve the behavior of fibroblasts in the wound bed to chitosan-based hydrogels,
studies have focused on the surface modification of the hydrogel through blending

[25], gamma irradiation [26], chemical reactions [27], and plasma surface
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modification [28,29]. The surface modification by these methods is limited to tuning

the surface roughness, porosity and the variety of functional groups at the surface.

LbL self-assembly of polymers onto hydrogel substrates is a potential approach for
surface modification without sacrificing the physical properties of the hydrogel.
Stimuli responsive LbL films are used as platforms to load and release cargo under a
variety of stimuli, such as pH, temperature, light, ionic charge etc. [30]. Hydrogels can
be made responsive to multiple stimuli by modifying their surface via LbL technique.
Biomedical applications of LbL-coated hydrogels have found significant place in the
literature. Sakaguchi et al. reported on the LbL deposition of dextran sulfate and
chitosan on poly(vinyl alcohol) hydrogels [31]. This report was the first example of
LbL coating of hydrogels with natural polymers. Later, Grossin et al. reported on
preparation of fibroblast encapsulated alginate hydrogels which were then deposited
onto multilayers of PLL and PGA or PLL-HA and PLL via spraying. Such multilayers
with fibroblast loaded hydrogels on the top were used to investigate the biological
activity of the cells in the hydrogels when they were in contact with multilayers [32].
Mehrotra et al. developed LbL-coated porous agarose hydrogels by alternating
deposition of PAA and PEG as well as protein and PEG multilayers onto agarose
hydrogels for time-controlled release of proteins [33]. Choi et al. reported on LbL
coating of collagen hydrogels with two-story polymer coatings, first with multilayers
of BPEI and TA and second with PDAC and lignin multilayers on top to improve the
strength of the hydrogels and to prevent the burst release of an anti-cancer agent out
of the hydrogel [34]. Very recently, Gentile et al. reported on the modification of
alginate/gelatin blend hydrogels via LbL self-assembly of PSS/PAH multilayers over
the hydrogel for the regeneration of the cartilage tissue [35].

Here, we report on the modification of chitosan/PEG hydrogel membranes via LbL
assembly of TA and PVCL onto the surface of the hydrogels. Different strategies were
applied to load Ciprofloxacin into the multilayers and the resulting hydrogels were
compared in terms of Ciprofloxacin release kinetics, antibacterial acitivity and cell
adhesion properties. Ciprofloxacin containing TA/PVCL coated chitosan/PEG

hydrogel membranes were found to be capable of releasing Ciprofloxacin via
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temperature-trigger at physiological conditions due to LCST-type phase behaviour of
PVCL and conformational changes occurred within the multilayers. Moreover, our
results showed that TA/PVCL coated chitosan/PEG hydrogels showed increased
adherence and proliferation of fibroblasts. The surface modification technique
demonstrated here to impart temperature response and enhanced cell adhesion
property to chitosan/PEG hydrogels was practical and advantageous in the sense that
no chemical modification or blending of the hydrogel was required. Taking advantage
of LbL films in controlling the amount of drug release from a surface, such
Ciprofloxacin containing LbL coated chitosan/PEG hydrogels can be used to tune the
antibiotic release from membranes to a desired level, such as the minimum inhibitory
concentration of MRSA, and overcoming the proliferation of bacteria at the interface

of the dermis and the hydrogel.

Different from the above mentioned studies, this study is the first describing the LbL
coating of a cationic hydrogel. Additionally, it is the first in showing that an antibiotic-
releasing LbL-coated hydrogel can overcome the colonization of both Gram-negative

and Gram-positive bacteria in infected wounds beds.

4.4. Materials and Methods

4.4.1. Materials

Chitosan (50,000 — 190,000 Da), phosphate buffered saline (PBS) (tablet),
Ciprofloxacin, and trypsin/EDTA were purchased from Sigma-Aldrich Co. (Missouri,
USA). Poly(ethylene oxide) (average My = 200,000) was purchased from Aldrich
Chemical Co. (Wisconsin, USA). Sodium dihydrogen phosphate dehydrate, Tannic
Acid, HCl, NaOH (pellets), and H,SOs were purchased from Merck (Darstadt,
Germany). Poly(N-vinyl caprolactam) (M,, = 1800, M, = 1300) was purchased from
Polymer Source Inc. (Quebec, Canada). Eagle’s Minimal Essential Medium (EMEM),
Fetal Bovine Serum (FBS), L-gultamine, sodium pyruvate, and MEM non-essential
mino acid solution (100X) were purchased from Gibco/Life Technologies (Carlsbad,

California, USA). Dulbecco’s Phosphate Buffered Saline (D-PBS) was purchased
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from Biowest (Nuaillé, France). Cell culture plates and T25 flasks were purchased
from Greiner Bio-One (Kremsmiinster, Austria). M9 minimal medium was prepared

from Merck products (Darmstadt, Germany).

4.4.2. Preparation of Chitosan/PEG Hydrogel Membranes

Chitosan and PEG were dissolved in deionized H,O (18.2 MQ-cm) at 3% w/v and
0.5% w/v respectively, with an addition of 60 mM HCIl and mixed thoroughly
overnight. 1% w/v glutaraldehyde was then added into this mixture with a weight ratio
of 10:1. A 250 um-thick PDMS mold with 800 wm diameter circular wells were placed
on PTFE-coated glass slide. 70 uL of the mixture was poured into each well. The mold
was placed inside an oven and kept at 60°C for 1 h. Another PTFE-coated glass slide
was placed on top of the gel-filled mold and left for drying for 3 hours. The dried
hydrogel membranes were removed from the mold and placed inside a 2 M NaOH

solution (prepared in deionized water) and waited overnight for neutralization.

For all biological experiments, the hydrogels were kept overnight in 70% ethanol

solution (prepared with 18.2 MQ-cm deionized H,0).

4.4.3. Preparation of TA- Ciprofloxacin Complexes

0.5 mg/mL TA and 0.25 mg/mL Ciprofloxacin solutions were prepared using 0.001 M
phosphate buffer (prepared in deionized H,O). Ciprofloxacin solution’s pH was
adjusted to 2, and the solution was mixed for 45 minutes until the antibiotic dissolved
completely. pH of both solutions were adjusted to 4 prior to complexation. 0.147 mL
Ciprofloxacin solution was added dropwise into 10 mL TA solution and mixed for 30
minutes. pH adjustments were performed using 0.1 M HCl and 0.1 M NaOH solutions.
Hydrodynamic size and zeta-potential measurements were performed using Zetasizer
Nano-ZS equipment (Malvern Instruments Ltd., U.K.). Particle sizes were obtained by
cumulants analysis of the autocorrelation data. Zeta-potential values were obtained

from electrophoretic mobility values using the Smoluchowski approximation.
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4.4.4. LbL Self-Assembly of TA and PVCL or TA-Ciproflaxicin and PVCL onto
Hydrogel Membranes

TA-Ciproflaxocin complexes were prepared as described in Section 4.4.2. 0.5 mg/mL
PVCL solution was prepared at pH 4. All solutions were filtered through a 0.2 um PES
syringe filter prior to deposition on the hydrogel membranes. Under a Class 2
Biosafety cabinet, chitosan/PEG hydrogel membranes were removed from 70%
ethanol solution and immersed in sterile 0.001 M phosphate buffer for 30 minutes to
remove the residual ethanol. TA-Ciproflaxicin complexes and PVCL were deposited
onto the hydrogel membranes by alternatingly dipping the membranes for 5 minutes
in each polymer solution. Coated membranes were rinsed twice using 0.001 M
phosphate buffer solution for 1 minute after deposition of each layer. The cycle was

repeated until desired number of layers are deposited.

Multilayers of PVCL and TA were deposited in the same way except 0.5 mg/mL TA

solution was used instead of TA-Ciprofloxacin complex solution.

To track LbL deposition, same polymer pairs were deposited onto silicon wafers
instead of chitosan/PEG hydrogel membranes. 1 cm x 1cm sized silicon wafers were
immersed in concentrated H,SO4 for 1 h and 25 min, and then rinsed with deionized
H,O. After drying under a flow of nitrogen, wafers were immersed into 0.25 M NaOH
solution for 10 min, thoroughly rinsed with deionized H,O and dried again under
nitrogen flow. LbL films were deposited at the surface by immersing the substrate into
polymer solutions as described above in detail. Multilayer growth and film stability
were followed by monitoring the thickness of the dried films using a spectroscopic
ellipsometer [Optosense, USA (OPT-S6000)]. Thickness measurements were

performed from three different regions on the substrate and averaged.
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4.4.6. Atomic Force Microscopy (AFM) and Scanning Electron Microscopy
(SEM) Imaging

2 cm x 1 cm glass microscope slides were cleaned using the same procedure as
described above for cleaning of silicon wafers. Acetate films of 35 um thickness were
cutin 1 cm x 1 cm dimensions and were rinsed with deionized H,O. These films were
placed on each side of the glass slide, so thata 1 cm x 1 cm blank area was left on the
slide. A drop of chitosan/PEG mixture containing glutaraldehyde crosslinker was
poured on this empty area, and another 2 cm x 1 cm glass microscope slide was pressed
on top of it. The set-up was squeezed with cantilevers and placed inside an oven at
60°C for 3 h. Then, it was disassembled slowly inside 2 M NaOH solution and placed
in 0.001 M phosphate buffer solution for 30 min.

LbL-coated and bare chitosan/PEG hydrogel membranes were prepared as described
in Sections 4.4.2 and 4.4.4. TA and PVCL or TA-Ciprofloxacin complexes and PVCL
multilayers were coated on chitosan/PEG hydrogel membranes for SEM analysis. For
cross-sectional SEM imgaes, samples were frozen in liquid nitrogen and cracked from
one corner to obtain a cross-section image. SEM imaging of these samples was

performed using QUANTA 400F Field Emission SEM after Au-Pd coating.

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

I x 1 um scan size.

4.4.7. Drug Release Studies

Ciprofloxacin release was followed via fluorescence spectroscopy technique (Hitachi
F2500 fluorescence spectrophotometer, Tokyo, Japan), by taking readings of sample
aqueous solutions at specified time points. Simply, 10 bilayers of TA/PVCL or TA-
Ciprofloxacin complexes and PVCL films were coated on chitosan/PEG hydrogel
membranes. In case of TA/PVCL coated membranes, coated substrates were placed

overnight in 1 mg/mL of Ciprofloxacin solution at pH 4 (prepared in 0.001 M
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phosphate buffer). These drug-loaded membranes were rinsed twice with 0.001 M
phosphate buffer at pH 4.

For release studies, LbL coated hydrogel membranes were immersed in 40 mL of PBS
buffer (pH 7.4) at either 25°C or 37°C. Aliquots were taken from the PBS at specified
time points. Ciprofloxacin was excited at 275 nm and the change in the intensity of

the peak at 415 nm was followed as a function of time.

4.4.8. Antimicrobial Activity of Hydrogel Membranes

LB broth was used for the overnight cultivation of Staphylococcus aureus ATCC
29213 and Escherichia coli BL21. M9 minimal growth medium was prepared and used
for the incubation of the bare and LbL coated chitosan/PEG hydrogel membranes in
all assays examining the antibacterial properties. Both of the media were autoclaved

for sterilization prior to use.

To determine the antibacterial activity of bare, 5- and 10-bilayer coated hydrogel
membranes with either type of the multilayers, the membranes were fitted inside the
wells of a 96-well plate and each well was filled with 200 uL of M9 medium. 5 uL of
overnight cultures of S. aureus and E. coli were added in each well. 5 h after incubation
of the plate in a microbiological incubator at 37°C, shaking at 54 rpm, 150 uL of the
bacteria culture were taken from the wells and the absorbance was recorded with a

UV-Vis spectrophotometer at 600 nm.

4.4.9. CCD-18Co Fibroblast Adhesion and Proliferation on Hydrogel Membranes

CCD-18Co cells (human primary fibroblast cell line from colon) were cultivated in
EMEM complete medium supplemented with 20% FBS, 2 mM L-glutamine, 1 mM
sodium pyruvate, 1 X MEM non-essential amino acid solution, 100 U/mL penicillin,
and 100 ug/mL streptomycin. After thawing the stocks, cells were cultivated in T25
flasks and the medium was renewed every two or three days. All cell culture flasks

and plates were maintained in a humidified atmosphere at 37°C in 95% air and 5%
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CO,. To harvest cells from the flasks, 0.5 mg/mL porcine trypsin with 0.2 mg/mL
EDTA-4Na solution was used.

5- or 10-bilayer TA/PVCL coated membranes were fitted inside the wells of a 96-well
tissue culture plate. 10,000 cells were seeded in each well and the cells were left to

grow and proliferate for either 48 h or 96 h.

The viability of cells grown on the membranes was determined by the 3-(4,5-
dimethylthiazolyl-2)-2,5-diphenyltetrazolium bromide (MTT) protocol. 5 mg/mL of
stock MTT solution was prepared in D-PBS. This solution was diluted by 10 times
using the EMEM medium, to reach a final concentration of 0.5 mg/mL. 100 uL of the
diluted MTT medium was added into each cell-seeded well. After incubating the plate
for 4 hours in a cell culture incubator, 100 uL of detergent reagent (0.01 N HCI1 with
100 mg/mL SDS prepared in deionized H,O) was added into each well and the plate
was kept in the cell culture incubator overnight. Three different samples were taken
from each well and the readings were obtained with a microplate reader at ODs70nm

and analyzed for comparisons.

Additionally, to assess the adhesion property of the tissue culture plate well, bare, or
coated hydrogel membranes on CCD-18Co cells, after incubation of cells for 48 h, we
washed the plates twice with sterile PBS and cells were fixed in 10%
parafolmaldehyde for 20 min. After rinsing the surfaces twice with deionized water,
cells were permeabilized in 10 mM Tris-HCl containing 2 mM MgCl, and 0.5% Triton
X-100 in PBS and the surfaces were rinsed 4 times with deionized water. The cells
were treated with 3,3’-dioctadecyl-5,5'-di(4-sulfophenyl) oxacarbocyanine sodium salt
(SP-DiOC;5(3)) with a final concentration of 5 ug/mL in the culture medium for 5 min
in a cell culture incubator at 37°C and subsequently for 15 min on ice. The cells were
observed under a FloID fluorescent microscope (Life Sciences, USA) in the green

channel. Images from 6 random sites for each well were recorded.
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4.4. Results

4.4.1. Preparation of Chitosan/PEG Hydrogel Membranes

Chitosan and PEG were dissolved in deionized H,O with 60 mM HCI at 3% w/v and
0.5% w/v ratios, respectively. After mixing this polymer mixture (gel) overnight, we
have poured the gel inside the 250 wm-thick PDMS mold with 800 um diameter
circular wells, which was placed on a PTFE-coated glass slide. The image for the glass
slide and the mold can be seen in Figure 4.1. After letting the gel dry in an oven at
60°C, the gel was placed in 10° M NaH,PO,-2H,0 buffer prepared in deionized H,O
at pH 4. The gel dissolved shortly after, unable to retain its shape. Thus, we decided
to add a cross-linker inside the chitosan/PEG mixture before pouring the gel in the
mold. At 4°C , we mixed the polymer mixture with 1% w/v glutaraldehyde at a
gel/cross-linker weight ratio of 10:1. After the drying step, the gel retained its shape
for several days in 10° M NaH,PO,-2H,0 buffer at pH 4. The image of the swollen
chitosan/PEG hydrogel can be seen in Figure 4.2. As reported by Hu et al.,
glutaraldehyde makes covalent bonds with the amine groups of chitosan, forming
imine groups [36]. Like other interpenetrating polymer networks (IPNs),
chitosan/PEG blends form networks where two different polymers are held together
by permanent entanglements with no more than a few accidental covalent bonds
between the chains of two different type of polymers [37]. Most probably because of
the entanglements between chitosan and PEG, polymer chains hold chitosan and PEG
together for couple of minutes in 10~ M NaH,PO,4-2H,0 buffer at pH 4, but to achieve
more stable hydrogels cross-linking of chitosan chains with glutaraldehyde is

necessary.
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Fig. 4. 1. The photograph of the PDMS mold and the PTFE-coated glass slide that

were used in experiments.

Fig. 4. 2. The photograph of a swollen glutaraldehyde-crosslinked chitosan/PEG

hydrogel membrane.

179



To prove the cross-linking of chitosan chains via the formation of covalent bonds
within the amine groups of chitosan and the aldehyde groups of glutaraldehyde, we
carried out FTIR analysis under ATR mode. The FTIR spectra of non-crosslinked
chitosan/PEG hydrogel and glutaraldehyde-crosslinked chitosan/PEG hydrogel is
represented in Figure 4.3. After cross-linking the hydrogel, we observed the formation
of a band at 1516 cm™, similar to the findings of Hu et al. [36] and Baldino et al. [36]
on the FTIR peaks of non-crosslinked and glutaraldehyde-crosslinked chitosan. The
shift at the band 1647 cm™ towards 1629 cm™ most probably corresponds to a
reduction in the amide bonds after glutaraldehyde-mediated cross-linking to form new

imine bonds between chitosan and glutaraldehyde [36].

After cross-linked hydrogel membranes were dried in the oven, the apparatus that is
composed of the PDMS mold and the PTFE-coated glass slide was placed in 2 M
NaOH solution where excess acid is neutralized to form salts. Placing these
membranes in 70% ethanol overnight sterilized the membrane, but also caused the
replacement of water with ethanol. To replace excess ethanol with water, we placed
the membrane in 10~ M NaH,PO42H,0 buffer at pH 4, till the hydrogels swelled with

water again.
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4.4.1. Complexation of TA and Ciprofloxacin

Non-covalent interactions, such as the electrostatic interactions and hydrogen-bonding
between molecules do not involve sharing electrons, thus do not comprise very strong
binding, but can influence the release of a drug from a polymer film. The complexation
between antibiotics and polymers that are available on catheter surfaces had shown
that the availability and the period of release of the antibiotic was doubled in vitro and
in vivo, compared to antibiotic-coated catheter surfaces [38], due to the non-covalent
interactions between the antibiotic and the polymer. Complexes of an anti-cancer agent
(Doxorubicin) with TA has been successfully used in LbL films. In this report, the
release of the anti-cancer agent was observed to be higher under mildly acidic
conditions, where the hydroxyl groups of TA are not deprotonated, and to be lower at
pH 7.5, due to the enhanced electrostatic interactions between the agent and TA, due
to the deprotonation of the hydroxyl groups of TA [39]. 0.25 mg/mL Ciprofloxacin
solution was added dropwise onto 0.5 mg/mL TA solution with a 1.47:10 volume ratio
at pH 4. TA degrades hydrolytically to gallic acid and glucose in aqueous solutions
and the degradation is enhanced at physiological pH, compared to the degradation rate
at mildly acidic pH [40]. Therefore, to minimize the degradation of TA during

complexation and later during LbL assembly, we performed complexation at pH 4.

TA is a natural polyphenol with 25 phenolic hydroxyl groups per molecule. pK, of TA
depends on its source and for the one used in this study, two pK, values were
determined, i.e. pK,; = 6.5 and pK,» = 8 [39] which were both correlated with the
phenolic hydroxyl groups of TA. Ciprofloxacin is a zwitterionic molecule with a pKj ;
=6.09 and pK,» = 8.74. The pK, associates with the carboxylic acid of Ciprofloxacin,
whereas pK,, associates with the amino groups [41]. The driving force for the
formation of water-soluble TA-Ciprofloxacin complexes at pH 4 was electrostatic
interactions among protonated amino groups of Ciprofloxacin and phenolate groups
of TA. Enhanced ionization of TA in the presence of salt cations has been reported
earlier [42]. Thus, ionization of TA could have been enhanced in the presence of
positively charged Ciprofloxacin molecules at pH 4 leading to greater extent of

association among TA and Ciprofloxacin. In addition to electrostatic interactions,
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hydrogen bonding interactions among carbonyl groups of Ciprofloxacin and phenolic
hydroxyl groups of TA could have also been contributed to the association of these
two molecules. Scheme 4.1. shows the chemical structures of TA and Ciprofloxacin
and the schematic representation of TA-Ciprofloxacin complexes. Formation of TA-
Ciprofloxacin complexes were followed by monitoring the hydrodynamic size of the
complexes using dynamic light scattering technique. Number average hydrodynamic
size increased from ~ 1.6 £ 0.2 to ~ 120.36 £36.73 nm upon addition of Ciprofloxacin
into TA solution. Figure 4.4. contrasts the number average size distribution of TA and
TA-Ciprofloxacin complexes. In addition, zeta potential measurements were
performed before and after complexation. Zeta potential became positive (switched
from -26.1 + 1.5 mV to 10.99 + 0.57 mV) as Ciprofloxacin was added due to screening
the negative charge on TA molecules by the positively charged Ciprofloxacin
molecules. Figure 4.5. contrasts the Zeta potential distribution of TA and TA-

Ciprofloxacin complexes.

OH

Scheme 4. 1. The chemical structure of Ciprofloxacin (center) and the gallic acid

groups of tannic acid (corners).
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Fig. 4. 4. Hydrodynamic size distribution by number of TA-Ciprofloxacin complexes
at pH 4. Size distribution curves obtained from several individual measurements of the

same sample are represented with different colors.
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Fig. 4. 5. Zeta potential distribution of TA and TA-Ciprofloxacin complexes at pH 4.
Zeta potential distribution curves obtained from several individual measurements of

the same sample are represented with different colors.

4.4.2. LbL Self-Assembly of Ciprofloxacin Containing PVCL and TA Multilayers
onto Chitosan/PEG Hydrogel Membranes

Prior to construction of multilayers onto chitosan/PEG hydrogels, LbL growth of
PVCL and water soluble complexes of TA and Ciprofloxacin on silicon wafers was
examined at pH 4 and 25°C using ellipsometry. The first layer was PVCL and adhered
to the surface via Si-OH groups of the substrate and phenolic hydroxyl groups of TA.
PVCL/TA-Ciprofloxacin multilayers had a linear growth profile with 3.1 nm
increment per bilayer (Figure 4.6.). For comparison, LbL growth of PVCL and TA

which included no Ciprofloxacin molecules was also shown in the same graph. For
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both of the films, the driving force for multilayer build-up was hydrogen bonding
interactions among the hydrogen accepting carbonyl groups of PVCL and hydrogen
donating phenolic hydroxyl groups of TA. For PVCL/TA-Ciprofloxacin multilayers,
hydrogen bonding interactions among carbonyl groups of PVCL and carboxylic acid
groups of Ciprofloxacin which remained free after complexation could have also
contributed to the LbL growth. Scheme 4.2. shows schematic representation of LbL

films of PVCL and TA-Ciprofloxacin complexes.

4015 TA/PVCL
3515 Complex/PVCL

Thickness (nm)
N
i

0O 2 4 6 8 10 12
Number of Layers

Fig. 4. 6. LbL growth of PVCL and TA-Ciprofloxacin complexes. PVCL/TA films

are plotted for comparison.
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Scheme 4. 2. Schematic representation of the complexation of TA and Ciprofloxacin

and the LbL assembly of PVCL with TA-Ciprofloxacin complexes on silicon surfaces.

We then constructed multilayers of PVCL and TA or TA-Ciprofloxacin complexes
onto chitosan/PEG hydrogels. Different from the LbL growth of the films on silicon
wafer, first layer was TA or TA-Ciprofloxacin complexes. Chitosan has a pKa of 6.5
[43], therefore it is positively charged at the deposition pH of 4 due to protonation of
the amino groups. Deposition of TA or TA-Ciprofloxacin complexes onto hydrogels
via electrostatic interactions was expected to be greater and provide better adhesion of
the first layers than that of a PVCL layer. Therefore, first layer was chosen as TA or
TA-Ciprofloxacin complexes. Deposition of multilayers onto chitosan/PEG hydrogels
was followed using AFM and SEM. Figure 4.7. shows the AFM images of bare
chitosan/PEG hydrogels, 5- and 10-bilayer films of PVCL/TA-Ciprofloxacin
complexes and PVCL/TA. Bare chitosan/PEG hydrogels exhibited low surface
roughness (~ 3.60 nm) with some globular structures on the surface which probably
formed in the drying step of the hydrogel preparation. For both of the films, surface
roughness changed dramatically upon deposition of multilayers. The surface
roughness increased from 3.60 nm to 41.5 nm and 59.2 nm after deposition of 5-bilayer
films of PVCL/TA and PVCL/TA-Ciprofloxacin complexes, respectively. The higher

surface roughness of PVCL/TA-Ciprofloxacin films can be correlated with the larger
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hydrodynamic size of TA-Ciprofloxacin complexes than that of TA molecules.
Incomplete and irregular packing of TA-Ciprofloxacin at the surface is suggested to
be the reason for the higher surface roughness of the PVCL/TA-Ciprofloxacin films
than PVCL/TA films. During the deposition of PVCL chains, the adsorption on TA-
Ciprofloxacin complexes are more likely when compared to deposition onto
incomplete parts. This results in higher surface roughness in case of PVCL/TA-

Ciprofloxacin films.

Importantly, surface roughness increased from ~1 nm to 14.1 nm and 10.5 nm when
5-bilayer PVCL/TA and PVCL/TA-Ciprofloxacin films were deposited onto silicon
wafers rather than chitosan/PEG hydrogels. This significant difference in surface
roughness was correlated with the absorption of TA molecules or TA-Ciprofloxacin
complexes and PVCL into chitosan/PEG hydrogels. These polymers probably diffused
out during multilayer deposition, followed by formation of water soluble complexes
of TA and PVCL or TA-Ciprofloxacin and PVCL and deposition of polymers at the
surface in the aggregated form. This affect was even enhanced in case of PVCL/TA-
Ciprofloxacin films as can be recognized by the greater lateral dimensions of the
surface aggregates due to larger sizes of PVCL associated TA-Ciprofloxacin

complexes than that of PVCL and TA complexes.

Surface roughness increased with increasing number of layers for PVCL/TA films
although the increment per 5-bilayer was lower than the increment upon the deposition
of the first 5-bilayers. The surface roughness increased from 41.5 nm to 48.1 nm when
additional 5-bilayers of PVCL/TA were deposited onto 5-bilayer PVCL/TA films.
This result suggests that diffusing out of TA molecules from the hydrogel matrix
probably completed during the deposition of the first 5-bilayers. In contrast, surface
roughness remained same for PVCL/TA-Ciprofloxacin films even after additional 5-
bilayer coating leaving a question mark for the successful deposition of this additional
5-bilayers of PVCL/TA-Ciprofloxacin films. Film thickness measurements could not
be performed via AFM as AFM technique is built upon the tapping of the surface by
a cantilever where the topography of the surface is determined, rather than its average

thickness.
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Fig. 4. 7. Atomic force microscopy images of coated or bare chitosan/PEG hydrogel

membranes, obtained from 5 um x 5 wm areas.

SEM analysis was performed on bare and 30- and 60-bilayer PVCL/TA and
PVCL/TA-Ciprofloxacin coated chitosan/PEG hydrogel membranes. Figure 4.8.
shows the longitudinal and cross-sectional SEM images of bare and 30- or 60-bilayer
PVCL/TA or PVCL/TA-Ciprofloxacin coated chitosan/PEG hydrogel membranes.
Similar to AFM images, PVCL/TA-Ciprofloxacin films exhibited large and fused
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aggregates, while aggregates were smaller in case of PVCL/TA films. Thickness of
30- and 60-bilayer PVCL/TA films was recorded as 2.6 um and 3.7 um, respectively
via cross-sectional SEM imaging. On the other hand, thickness values for 30- and 60-
bilayers of PVCL/TA-Ciprofloxacin films were measured as 1.33 um and 1.19 um,
respectively. The results for PVCL/TA-Ciprofloxacin films are in good agreement
with the results obtained from AFM imaging and suggests that PVCL/TA-
Ciprofloxacin films do not grow beyond a certain layer number when deposited onto
chitosan/PEG hydrogel membranes. The reason can be explained by the lower number
of phenolic hydroxyl groups on TA-Ciprofloxacin complexes than that on bare TA
molecules and further occupation of these functional groups by the desorbed PVCL
chains from the hydrogel matrix. This phenomenon results in even lower number of
free phenolic hydroxyl groups on TA-Ciprofloxacin complexes than that on bare TA

molecules which were not high enough to drive the LbL assembly.
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Bare chitosan/PEG hydrogel membrane

Longitudinal

60-bilayer PVCL/TA films __ 60-bilayer PVCL/TA-Ciprofloxacin films

} -section

Fig. 4. 8. Longitudinal and cross-section scanning electron microscopy (SEM) images

of bare coated and chitosan/PEG hydrogel membranes. Images are obtained by

20,000x magnification.

4.4.3. Ciprofloxacin Release from PVCL/TA-Ciprofloxacin and PVCL/TA
Multilayers

Ciprofloxacin release from 10-bilayer PVCL/TA-Ciprofloxacin coated chitosan/PEG
hydrogel membranes was performed at pH 7.4 and 25°C or 37°C (Figure 4.9.). At both
temperatures, a burst release was observed in the first 1.5 hours. Then a gradual
increase was observed in the total amount of drug released. The amount of
Ciprofloxacin released from the surface was significantly higher at 37°C than that at
25°C. The release at 25°C was mainly due to ionization of phenolic hydroxyl groups
of TA and carboxylic acid units of Ciprofloxacin, resulting in disruption of hydrogen

bonding interactions among Ciprofloxacin and TA as well as Ciprofloxacin and
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PVCL. In addition, self-diffusion of Ciprofloxacin molecules from LbL coated
hydrogel membrane cannot be ignored. To further understand the release mechanism,
we have compared the hydrodynamic sizes of TA-Ciprofloxacin complexes at pH 4
and pH 7.4 and found that the interaction among TA and Ciprofloxacin got even
stronger at pH 7.4 due to ionization of phenolic hydroxyl groups and stronger
electrostatic interactions among TA and Ciprofloxacin. The size increased from 115
nm to 384 nm when the pH was increased from 4 to 7.4, indicating a stronger
interaction among TA and Ciprofloxacin molecules. Therefore, we correlated the
release at pH 7.4 and 25°C mainly to the loss of hydrogen bonding interactions among

the polymers and Ciprofloxacin.

PVCL/TA-Ciproloxacin coated

0.12 © 37°C
8 25°C
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Fig. 4. 9. Ciprofloxacin release at 25°C and 37°C from 10-bilayer PVCL/TA-

Ciprofloxacin coated chitosan/PEG hydrogel membranes.

At 37°C, Ciprofloxacin release was significantly higher than that at 25°C. This can be
explained by the LCST-type phase behavior of PVCL. PVCL displays LCST behavior
in the range of 32-35°C in aqueous solutions, depending on the polymer weight [44].
At pH 7.4, PVCL was expected to transform from extended to globular conformation

within the multilayers, resulting in void-like structures in the film matrix. This
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restructuring within the multilayers probably facilitated the Ciprofloxacin release.
Enhanced kinetic energy of Ciprofloxacin molecules at increasing temperature values

could have also induced greater amount of release from the hydrogels.

4.4.4. Post-Loading of Ciprofloxacin into PVCL/TA Coated Hydrogel

Membranes

In case of 10-bilayer PVCL/TA coated hydrogel membranes, Ciprofloxacin was
loaded at the post-assembly step. 10-bilayer PVCL/TA coated chitosan/PEG hydrogel
membranes were prepared at pH 4 and immersed into 1 mg/mL Ciprofloxacin solution
at pH 4 for 16 hours. Figure 4.10. shows the amount of Ciprofloxacin release from the
surface as a function of time. The effect of increasing temperature on the amount of
Ciprofloxacin release from the surface was obvious also for PVCL/TA coated
hydrogels. The amount of Ciprofloxacin released from the surface almost quadrupled
when temperature was increased from 25°C to 37°C. In both types of the films,
PVCL/TA coatings introduced temperature-response to chitosan/PEG hydrogels and

facilitated the release of Ciprofloxacin from the surface.
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Fig. 4. 10. Ciprofloxacin release at 25°C and 37°C from 10-bilayer PVCL/TA coated

chitosan/PEG hydrogel membranes with post-loading of Ciprofloxacin.
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4.4.5. Comparison of Ciprofloxacin Release from Hydrogels

Release from two different hydrogels at 37°C was compared. In addition, a control
experiment was conducted in which Ciprofloxacin release was tracked from bare
chitosan/PEG hydrogels. Figure 4.11. contrasts the release from different hydrogels.
In all hydrogels, an initial burst release was observed in the first 1.5 hours. However,
different from the release of Ciprofloxacin from the surface of hydrogels coated with
PVCL and TA-Ciprofloxacin complexes, sustained release was observed when
Ciprofloxacin was loaded into the 10- bilayer PVCL/TA coated or bare hydrogel
membranes at the post-assembly step. Interestingly, Ciprofloxacin release from bare
hydrogels was greater than that from the surface of hydrogel membranes coated with

10-bilayer of PVCL and TA-Ciprofloxacin complexes.

‘B8 PVCL/TA films with post-loading
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Fig. 4. 11. Ciprofloxacin release at 37°C from 10-bilayer PVCL/TA coated

chitosan/PEG hydrogel membranes with post-loading of Ciprofloxacin, bare
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chitosan/PEG hydrogel membranes with post-loading of Ciprofloxacin and
PVCL/TA-Ciprofloxacin.

4.4.5.1. Comparison of The Amount of Ciprofloxacin Release from The Surface

of Hydrogels

1) Ciprofloxacin is smaller in size than TA-Ciprofloxacin complexes. Therefore, its
penetration into the hydrogel matrix is more probable than penetration of TA-
Ciprofloxacin complexes. Therefore, Ciprofloxacin could have been loaded in greater
amounts into bare and 10-bilayer PVCL/TA coated hydrogels at the post-assembly

step.

i1) As discussed earlier, Ciprofloxacin and TA interaction gets stronger due to
enhanced electrostatic interactions among the molecules at pH 7.4. In case of
hydrogels coated with TA-Ciprofloxacin complexes and PVCL, Ciprofloxacin release
could have been reduced since Ciprofloxacin molecules have already been associated
with TA. In case of post-loading of Ciprofloxacin into either 10-bilayer PVCL/TA
coated or bare hydrogels, association of Ciprofloxacin with the multilayers could be

weaker so that the release from the hydrogel and multilayer matrix was easier.

ii1) In case of hydrogels coated with PVCL and TA-Ciprofloxacin complexes,
Ciprofloxacin molecules could have self-diffused into the solution during the

multilayer deposition step with 10 cycles.

iv) Concentration of Ciprofloxacin solution in which the PVCL/TA coated hydrogel
membranes were immersed into at the post-assembly step was higher than the
concentration of Ciprofloxacin in the deposition solutions in case of PVCL/TA-

Ciprofloxacin coated chitosan/PEG hydrogel membranes.
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4.4.5.2. Comparison of The Release Kinetics

Release of Ciprofloxacin reached a maximum value after 48, 48, and 75 hours in case
of hydrogels coated with 10-bilayers of PVCL and TA-Ciprofloxacin complexes, 10-
bilayers of PVCL and TA and bare hydrogels, respectively. The sustained release from
PVCL/TA coated or bare hydrogels was correlated with greater amount of
Ciprofloxacin loading into chitosan/PEG hydrogel membranes which took longer to
release from the surface. Although it was not obvious as much as the sustained release
observed for PVCL/TA coated hydrogels, bare hydrogels also demonstrated sustained
release. It was probably due to PVCL and TA multilayers which provided the

maximum sustained release in case of PVCL/TA coated hydrogel membranes.

Importantly, we have further examined the sustained release after the first day for 10-
bilayer PVCL/TA coated quartz wafers. The stability of TA/PVCL films was studied
by monitoring the change in the fluorescence intensity of TA at 370 nm as a function
of time after being immersed into PBS solution at pH 7.4 and 37°C. Figure 4.12. shows
the evolution of the fluorescence intensity as arbitrary units (A.U.) at 370 nm as a
function of time and shows that almost no TA remained at the surface after 24 hours.
Therefore, the sustained release of Ciprofloxacin after the first day was correlated with

the Ciprofloxacin molecules entrapped within the hydrogel matrix.
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Fig. 4. 12. The evolution of fluorescence intensity of TA at 370 nm from the surface

of a 30-bilayer TA/PVCL film coated chitosan/PEG hydrogel, placed in PBS at pH
7.4 and 37°C.

Several methods of loading drugs inside chitosan-based hydrogels were reported. One
way of loading drugs in hydrogels is diffusion of the drug inside hydrogel for a
controlled duration. Mixing the components of a hydrogel with the drug prior to
crosslinking, or tethering the drug chemically to the components of the hydrogel, such
as tethering through enzyme-sensitive peptides [45], or the hydrolytically-degradable
linkage polymers, to induce the release [46] are two other commonly applied methods.
Diffusion-based loading can allow large amounts of drug molecules to be loaded inside
hydrogels, but this method has the primary disadvantage of causing the release of the
drug as a burst release. Although above mentioned methods allow high amounts of
drug molecules to be trapped in the hydrogel matrix, they have got several
disadvantages, such as initial burst release of the drug after implantation in the case of
diffusion-based loading, or deactivation of the drug due to screening of the active

functional groups on drug molecules, due to cross-links [47].
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4.4.6. Antimicrobial Properties of the Membranes

Chitosan is a commonly used antibacterial agent in biomedical sciences and the
mechanism of the antibacterial property lies in the property of chitosan that facilitates
membrane disruption, thus the leak of the cytoplasm out of the bacteria [11]. The
antibacterial activity of chitosan increases as its deacetylation degree increases [48].
Chitosan exhibits anti-bacterial property only when the bacteria are in contact with the
Chitosan-modified surface. This limits chitosan products’ use in infection wound
treatment, due to the resident bacteria that penetrates the wound tissue. To augment
the antibacterial effect of chitosan, antibiotic release from the chitosan/PEG hydrogel
would be of use. Ciprofloxacin is a broad-spectrum antibiotic with efficacy against
several types of Methicillin-Resistant Staphylococcus aureus (MRSA) [13]. We have
examined the antibacterial activity of bare and LbL coated chitosan/PEG hydrogels
against Escherichia coli BL21 and Staphylococcus aureus ATCC 29213. Figure 4.11.
shows the bacteria density at ODgo. As seen in the figure, bare chitosan/PEG hydrogel
exhibits a significant bacteriostatic effect on E. coli against the bacteria grown in tissue
culture plate wells (positive control) but the effect was insignificant on S. aureus,

compared to the positive control.

During the experiments, the microbiology incubator was shaken at 54 rpm and it mixed
the bacteria culture properly that were on each type of hydrogel membrane. In case of
bare hydrogels, the bacteria were in contact with the hydrogel surface, thus chitosan
showed its contact-killing property. When chitosan/PEG hydrogels were coated with
5 bilayers of TA/PVCL (no Ciprofloxacin was included), we observed higher bacteria
density due to a decrease in contact-killing behavior upon coating with multilayers.
However, the number of bacteria growing around the coated hydrogel membrane was
still lower than that on the positive control, indicating that contact-killing behavior
could still be effective even after 5-bilayers of PVCL/TA coating. It is worth to
mention that TA is also known to exhibit antibacterial property with 46 ug/mL MIC
on Escherichia coli ATCC 25922 [49]. Therefore, TA containing multilayers could
have been also effective on the lower number of bacteria on 5-bilayer PVCL/TA

coated hydrogel membranes when compared to the positive control. Hydrogel

197



membranes coated with 5-bilayers of PVCL and TA-Ciprofloxacin complexes were
slightly more bacteriostatic on E. coli than the 5-layer PVCL/TA coated hydrogels,
indicating the temperature-induced release of Cipro from the membrane. To observe
the antibacterial effect of Ciprofloxacin, the antibiotic should be free in solution and
should penetrate the cell wall of bacteria as its antibacterial mechanism is based on the
inhibition of DNA gyrase [50]. Due to this fact, we think that Ciprofloxacin was

released from the membranes and free Ciprofloxacin penetrated the bacterial cell wall.

To further examine the effect of LbL coating on the antibacterial activity of the
hydrogels, chitosan/PEG hydrogel membranes coated with either 10-bilayers of PVCL
and TA (no Ciprofloxacin was included) or PVCL and TA-Ciprofloxacin complexes
were prepared. Both membranes were significantly antibacterial against E. coli. The
higher antibacterial activity of 10-bilayer PVCL/TA coated hydrogels than 5-bilayer
coated ones supported the discussion on the effect of TA on decreasing the number of
bacteria on the LbL coated substrates due to antibacterial property of TA. The
antibacterial activity was further improved when hydrogel membranes were coated
with 10-bilayers of PVCL and TA-Ciprofloxacin complexes. The greatest antibacterial
activity observed in case of hydrogels coated with 10-bilayers of PVCL and TA-
Ciprofloxacin complexes was due to antibacterial effect of chitosan, tannic acid, and
temperature-induced release of Ciprofloxacin (Figure 4.13A) combined on a single

surface.

The antibacterial activity of chitosan/PEG hydrogels against S. aureus was lower than
that observed against E. coli. However, chitosan/PEG hydrogels coated with 10-
bilayers of PVCL and TA-Ciprofloxacin complexes showed improved efficacy against
S. aureus (Figure 4.13B), most probably due to the release of Ciprofloxacin from the
multilayers. Importantly, hydrogels coated with PVCL and TA and loaded with
Ciprofloxacin at the post-assembly step exhibited lower antibacterial activity against
both E. coli and S. aureus. This was against the expectations based on the
Ciprofloxacin release results discussed in Section 4.4.5. Remember that Ciprofloxacin
release was significantly greater in case of hydrogels coated with 10-bilayer PVCL

and TA than the bare hydrogels or hydrogels coated with 10-bilayers of PVCL and
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TA-Ciprofloxacin complexes. Experiments on hydrogels coated with PVCL and TA-

Ciprofloxacin complexes will be re-conducted.
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Fig. 4. 13. The antibacterial activity of bare chitosan/PEG hydrogels, hydrogels coated
with 5- and 10-bilayers of TA and PVCL or PVCL and TA-Ciprofloxacin complexes,

as shown by the absorbance at ODgponm in M9 minimal growth medium. The

measurements were taken 5 h after seeding E. coli and S. aureus bacterial cells on bare

or coated hydrogel membranes. All results were significantly different for £. coli on

membranes, compared to the positive control (cells grown in the blank well). Control

column value average was normalized to 1. The columns are compared with ANOVA

and further with Holm-Sidak’s test (**P<0.01, ***P<0.001).
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4.4.7. CCD-18Co Fibroblast Adhesion and Proliferation on Hydrogel Membranes

Fibroblast cells are the predominant cells in the skin and are the primary cells that lay
the extracellular matrix present in the dermis, thus carry essential roles in wound
healing [51]. They signal each other to proliferate and release the collagen-rich
extracellular matrix which is mandatory for endothelial cells to promote
neovascularization [52]. Due to this important regulation of fibroblasts in wound
healing, we checked the adherence and viability properties of CCD-18Co primary
fibroblasts on bare and LbL coated chitosan/PEG hydrogel membranes.

CCD-18Co cells adhered better on coated substrates than on bare hydrogel membranes
(Figure 4.14.) and the viability of cells after 96 h was significantly higher for both 5-
and 10-bilayer PVCL/TA coated hydrogel membranes (Figure 4.15.). As reported
previously Silva et al. and Chatelet et al., chitosan could suppress the proliferation of
fibroblasts most probably due to high electrostatic attractions between the fibroblast
membrane and the chitosan-coated surface, even though chitosan possesses several
favorable functions in the treatment of wounds, such as biocompatibility and
promoting the regeneration at the wound bed [25,53]. To increase the surface
adherence property of chitosan-based hydrogels towards fibroblasts, several
techniques were applied and some were found to be successful. For example, the
immobilization of RGD peptide on chitosan derivatives improved the fibroblast
adherence and propagation on surfaces [54]. LbL films that are self-assembled on
hydrogel surfaces tune the chemical and physical properties of the surface [31]. The
properties of fibroblast cell viability on LbL film-coated chitosan-based hydrogels
have not been studied before. This work, for the first time, reports on the induced
fibroblast proliferation and viability through the MTT assay. The MTT assay showed
that the cell viability was significantly improved for fibroblasts growing on 5- or 10-
bilayer PVCL/TA coated membranes, compared to the bare membrane. The values for
5- and 10-bilayer PVCL/TA coated membranes did not reach statistical significance
(Figure 4.14.). This could be explained by the diminished effect of chitosan and PEG
on fibroblast adhesion through deposition of LbL films on the hydrogel membrane.
As the film thickness and the amount of the material surrounding the hydrogel
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increases, the effect of the base hydrogel material seems to diminish, thus cells
exhibited faster proliferation. It is also common that cells adhere successfully to
surfaces with high density of hydroxyl groups [55]. The free hydroxyl groups of TA
which did not participate in film formation could have improved the adhesive property

of the surface towards fibroblasts.

Tissue culture plate (control) Bare hydrogel

100 ym 100 ym

5 bilayers LbL film 10 bilayers LbL film

100 #m 100 pm

Fig. 4. 14. Fluorescence images of CCD18-Co cells cultivated on tissue culture plate
surface, bare hydrogel, 5-bilayer TA/PVCL coated hydrogel, and 10-bilayer
TA/PVCL coated hydrogel.
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Fig. 4. 15. The viability of CCD-18Co human fibroblasts on bare chitosan/PEG
hydrogel membranes and membranes coated with 5- or 10-bilayers of PVCL and TA.
The cell viability was observed to be significantly higher for coated membranes. The
viability was reported as the absorbance of formazan crystals at ODs7onm. Control

column value average was normalized to 1. The columns are compared with ANOVA

and further with Holm-Sidak’s test (**P<0.01).

4.5. Conclusion

In this study, antibacterial property of chitosan/PEG hydrogel membranes was
improved as potential wound dressings via LbL coating of the membranes using TA
and PVCL. Ciprofloxacin, a broad spectrum antibiotic with efficacy against some
multiple drug resistant bacteria, such as MRSA, was incorporated into LbL films either
during film deposition (via complexation with TA), or at the post-assembly step (via
diffusion). The antibacterial activity of bare chitosan/PEG hydrogel membranes,
membranes with TA/PVCL coating and TA-Ciprofloxacin complexes)/PVCL
coatings were assessed against E. coli and S. aureus. All types of membranes showed
antibacterial activity against E. coli, however the lowest number of bacteria was
detected on hydrogel membranes coated with PVCL and TA-Ciprofloxacin complexes

due to temperature-induced release of Ciprofloxacin from the surface. Among all
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hydrogels, only the ones coated with TA-Ciprofloxacin complexes and PVCL showed
antibacterial activity against S. aureus. This indicated the need of a broad spectrum
antibiotic to to overcome the proliferation of S. aureus on surfaces. Moreover, it was
shown that modification of the hydrogel surface by LbL deposition of PVCL and TA
provided better adhesion and high viability of CCD-18Co cells (human colon

fibroblast cell line) on the surface.

To the best of our knowledge, this study is the first describing the surface modification
of chitosan/PEG hydrogels by temperature-induced antibiotic releasing LbL films to
prepare antibacterial membranes with high fibroblast cell viability. Such hydrogel
membranes are promising to be used as wound dressings due to enhanced antibacterial
acitivity of the hydrogel membranes and increased bioactivity against human

fibroblasts cells.
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CHAPTER 5

CONCLUSIONS AND OUTLOOK

This PhD thesis study developed functional surface coatings using LbL technology

which may find use in various biomedical applications.

In Chapter 2, dual functional ultra-thin surface coatings which exhibited both bacterial
anti-adhesive and antibacterial properties were developed using LbL self-assembly
technique. Zwitterionic block copolymer micelles with pH-responsive cores and PSS
were used as building blocks for the multilayer assembly. Zwitterionic units on the
micellar coronae assured the bacterial anti-adhesiveness, while pH-responsive
polybasic micellar cores provided the release of an antibacterial agent, Triclosan under
mild acidic conditions. These LbL films exhibited anti-adhesive property against
Escherichia coli and Staphylococcus aureus. Triclosan release from the surface
decreased the number of viable bacteria that were adherent on the surface compared
to LbL films composed of empty zwitterionic micelles. Considering the slightly acidic
environment in sites of bacterial infection, such multilayer coatings may be promising
for surface modification of hospital equipment and medical devices, such as catheters
and stents. Such LbL coatings can be further improved by using hyaluronic acid (HA)
as the polyanion counterpart rather than PSS. Hyaluronic acid is a natural
polysaccharide, thus highly biocompatible. It has a very large water holding capacity
which could impart enhanced bacterial anti-adhesive property to the multilayer films.
As a future work, these ultra-thin films can be used to be deposited on medical devices,
such as catheters, to see their efficacy in reducing multiple drug resistant (MDR)

bacteria-related infections at hospitals.
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In Chapter 3, the use of a biodegradable polycation, poly(4-hydroxy-L-proline ester)
(polyhydroxyproline) (PHPE) was described to prepare osteoconductive surfaces.
Briefly, water soluble complexes of PHPE and TA were prepared and then used as
building blocks to construct LbL films. PHPE-TA complexes were unique in terms of
a building block as it did not require a polymer counterpart to drive the LbL assembly.
It was found that multilayers of PHPE-TA complexes conducted the adherence and
the proliferation of SaOS-2 cells (human osteosarcoma cells). They induced the
alkaline phosphatase activity of the adherent cells, indicating enhanced mineralization
of the surface. It was also found that PHPE could be used as an osteoinductive agent
which was quite promising for bone regeneration. The osteoinductive effect was
observed most probably because the enhanced penetration of PHPE inside the cell,
through the membrane. PHPE hydrolyzes into trans-hydroxyproline residues or can
transit into proline residues and get incorporated in collagen. PHPE holds promise as
an agent to promote bone regeneration, through the induction of collagen synthesis.
As a future work, PHPE-TA LbL films can be coated on bone implants or other
orthopedic medical devices that are in contact with the bone to assess their efficacy in
conducting bone formation around the device. Additionally, the treatment of
mesenchymal stem cells with PHPE can be assessed to observe the differentiation of

stem cells towards primary lineages.

In Chapter 4, we have described the surface modification of hydrogel membranes
composed of chitosan and poly(ethylene glycol). As chitosan forms brittle structures,
PEG was incorporated within the hydrogel matrix to increase the ductility of the
hydrogel membrane, making it more suitable for practical applications such as wound
dressings. A wound dressing should be biocompatible, non-cytotoxic and induce the
regeneration of the wounded tissue at the shortest time possible. Chitosan is an
antibacterial agent with high biocompatibility and hemocompatibility, but it does not
provide adhesive surfaces for fibroblasts cells, which are the most abundant cells in
the dermis. In this part of the thesis, the surface of chitosan/PEG hydrogel membranes
was modified via LbL self-assembly of TA and PVCL. Ciprofloxacin, a broad
spectrum antibiotic, with known antibacterial activity against MRSA, was loaded into

the LbL films. These hydrogels were capable of releasing Ciprofloxacin via
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temperature-trigger due to LCST-type phase behavior of PVCL and conformational
changes occurred within the multilayer films at physiological temperature.
Ciprofloxacin release from the surface enhanced the antibacterial activity of the
hydrogel membranes. Hydrogels coated with LbL films of PVCL and TA also
provided better adherence of CCD-18Co primary fibroblast cells on the surface and
improved their viability. Such hydrogel modifications could be useful in overcoming
bacteria-related infections during wound healing. As a future work, multilayers can be
loaded with other bioactive molecules, such as peptides with RGD sequence or variety
of other designed peptides that can signal the cells to adhere on surfaces. These
modifications can improve the fibroblast proliferation on surfaces and reduce the tissue

integration time for these hydrogels.
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