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ABSTRACT

A COMPARISON OF SURFACE AND BIOLOGICAL PROPERTIES OF
CHITOSAN/TANNIC ACID AND CHITOSAN/POLY(ACRYLIC ACID)
MULTILAYERS

Saragogullari, Nihan
Master of Science, Biotechnology
Supervisor: Assoc. Prof. Dr. Irem Erel Goktepe
Co-Supervisor: Prof. Dr. Sreeparna Banerjee

September 2019, 68 pages

Chitosan is a natural polysaccharide which finds use in various biomedical
applications due to its important biological properties. Layer-by-layer (LbL) technique
is a practical and economical method to functionalize surfaces using interacting
polymer pairs. LbL technique can also be used to construct polymer platforms for
controlled release of functional molecules from a surface. In this thesis, ultra-thin
polymer coatings were prepared using Chitosan and two different weak polyacids, i.e.
Tannic Acid (TA) and poly(acrylic acid) (PAA) through LbL technique at moderately
acidic conditions. The driving force for multilayer assembly was electrostatic
interactions between the protonated amino groups of Chitosan and phenolate groups
of TA and protonated amino groups of Chitosan and carboxylate groups of PAA for
Chitosan/TA and Chitosan/PAA films, respectively. In addition, hydrogen bonding
interactions among the hydroxyl groups of Chitosan and phenolic hydroxyl groups of
TA or carboxyl groups of PAA contributed to the association of the polymers at the
surface. The surface properties of the films such as LbL growth profile, stability,
wettability and surface morphology were examined. The remarkably different surface
properties are explained by the chemical nature and acidity of the polyacids. The

differences in biological properties of the films such as drug loading capacity, stimuli-



responsive release and protein adsorption behaviours are explained by the differences
in surface properties. This thesis study generated fundamental information about the
structure-property relationship in Chitosan based LbL films and showed tuning both
surface and biological properties of the multilayers by simply changing the nature of

the polyacid.

Keywords: Chitosan, Layer-by-Layer films, Tannic acid, Poly(acrylic acid)
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KiTOSAN/TANNIK ASIT VE KITOSAN/POLI(AKRILIK ASIiT) COK
KATMANLI FILMLERIN YUZEY VE BIYOLOJIiK OZELLIiKLERININ
KARSILASTIRILMASI

Saragogullari, Nihan
Yiiksek Lisans, Biyoteknoloji
Tez Danismani: Dog. Dr. irem Erel Goktepe
Ortak Tez Danigmant: Prof. Dr. Sreeparna Banerjee

Eyliil 2019, 68 sayfa

Kitosan onemli biyolojik 6zellikleri sebebiyle bir¢ok biyomedikal uygulamada
kullanim1 olan dogal ve dogrusal yapida bir polisakkarittir. Katman-katman (LbL)
kendiliginden yapilanma yontemi birbirleriyle etkilesen polimerler kullanarak
yiizeylerin islevsellestirilmesi i¢in kolay uygulanabilir ve ekonomik bir yontemdir.
LbL yoOntemiyle islevsel molekiillerin yiizeyden denetimli salimi ig¢in polimer
platformlar olusturmak da miimkiindiir. Bu tez ¢alismasinda, LbL teknigi kullanarak,
Kitosan ve iki farkli poliasit, Tannik Asit (TA) ve poli(akrilik asit) (PAA), kullanarak
hafif asidik kosullarda ultra-ince polimer kaplamalar hazirlanmigtir. Kitosan/TA and
Kitosan/PAA ¢ok katmanli filmlerinin olusmasindaki itici kuvvet, Kitosanin
protonlanmig amino gruplart ile TA’nin fenolat gruplar1 ve Kitosanin protonlanmis
amino gruplar1 ile PAA’nin karboksilat gruplari arasindaki elektrostatik etkilesimidir.
Buna ek olarak, Kitosanin hidroksil gruplar ile TA nin fenolik hidroksil gruplar1 veya
PAA’nin karboksil gruplar arasindaki hidrojen baglar1 da polimerlerin yiizeyde
birikmesine katki saglamistir. Bu iki filmin LbL biiylime, kararlik, 1slanabilirlik ve
yiizey morfolojisi gibi yiizey 6zellikleri incelenmis ve karsilastirilmistir. Birbirinden
oldukca farkli film oOzellikleri poliasitlerin kimyasal yapisi ve asit ozellikleri ile

aciklanmistir. Bu iki filmin ilag yiikleme kapasitesi, uyarana duyarli salim ve protein

vii



tutunmast gibi biyolojik ozellikleri arasindaki farklar da yiizey ozellikleri ile
iliskilendirilmistir. Bu tez ¢alismasi, Kitosan esasli LbL filmlerin yapi-6zellik
iliskileri hakkinda temel bilgi olusturulmasina katki saglamis ve kullanilan poliasite
bagli olarak cok katmanli filmlerin ylizey ve biyolojik 6zelliklerinin kontrol

edilebilecegini gostermistir.

Anahtar Kelimeler: Kitosan, Katman-katman, Tannik asit, Poli(akrilik asit)
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CHAPTER 1

INTRODUCTION

1.1. Chitosan

Polysaccharides, an important class of biopolymers are potential materials for human
based biomedical applications, e.g. as pharmaceutical excipients in drug delivery or

scaffolds for regenerative medicine [1,2].

Chitin, a polysaccharide composed of N-acetyl glucosamin, was first obtained from
mushrooms and was identified by the French chemist, Henry Braconnot in the 19"
century. Mushrooms are not the only living species to extract chitin. Cuticules of

crustaoceans especially crab and shrimp shells also contain chitin [3].

Chitosan is mainly produced by enzymatic or chemical deacetylation of chitin (Figure
1.1). Chemical deacetylation is mostly preferred for commercial production due to its
economic process and feasibility for mass production [4,5]. Among several
characteristics of Chitosan, degree of deacetylation (DDA) and molecular weight
(MW) are the most critical parameters determining characteristics of Chitosan
including physical, mechanical as well as biological properties [4-6]. DDA gives
information about the content of free amino groups in the polysaccharides and also it
Is used to distinguish Chitosan from chitin. For example, 75 % or above deacetylation
of chitin corresponds to Chitosan [7]. Reaction conditions and method of purification

specifies the degree of deacetylation [7,8].

Molecular weight of Chitosan varies with the initial source material (shrimps, fungi,
insects etc.) [6,9]. It influences features of Chitosan such as water holding capacity,
antimicrobial activity and blood coagulation activity [10]. Zheng et al. showed that for
Chitosan with MW below 300 kDa, antimicrobial activity against gram positive
bacteria, S. Aureus enhanced as the MW increased at constant concentration. On the



contrary, antimicrobial effect against gram negative bacteria, E. coli decreased [11].
In another study, Chitosan with varying MW and DDA was characterized for the blood
aggregation property by Hattori et al. They showed that aggregation of whole blood
which resulted from the electrostatic interaction between positively charged Chitosan
and negatively charged erythrocytes, platelets and plasma protein was the highest for
Chitosan with MW in the range of 8.6-247 kDa and DDA of 75 % to 88 % [12].

Chitosan has a highly crystalline structure and it is insoluble in aqueous solution at pH
above 6. Chitosan has a pKa of 6.5 [13]. It can be solved in dilute acidic solutions
(pH<6) due to protonation of the amino groups at pH below its pKa. It is challenging
to study with Chitosan because of this solubility problem. Chitosan can be chemically
modified through its amino groups to increase its solubility above neutral pH
conditions and stability, making it a more adaptable biopolymer for various purposes.
Chitosan based composites or derivatives can be obtained from its reactions with other
small molecules or polymers. Chitosan hydrogel is one example of Chitosan based
composites [14]. Chitosan hydrogel consists of a three-dimensional network
composed of crosslinked polymer chains. It absorbs water and expands to a larger
volume due to highly hydrophilic groups in its structure [15]. It is highly resistant to
dissolve in water due to crosslinks between polymer chains [14,16]. In addition to lots
of important properties of Chitosan hydrogels, e.g. biodegradability, fluid uptake and
holding capacity, the compatibility of chitosan hydrogels to the tissue makes them a
good candidate for biomedical applications. Recently, Chitosan hydrogels are used in
the production of contact lenses, drug delivery systems, as tissue engineering scaffolds
and wound dressings [17]. For example, interpenetrating polymer network (IPN)
composed of poly(hydroxyethyl methacrylate) p(HEMA) hydrogels and Chitosan
were found to avoid inflammatory complications and extend lifespan of contact lenses.
This behaviour was attributed to the antifouling behaviour of Chitosan against proteins

and other components in tear [18].

Chitosan is also used as one of the components for improving biocompatibility and

immune-stimulatory activities of three-dimensional hydrogel cell scaffolds. Zheng



and co-workers reported that Chitosan promotes cell adhesion to the scaffold, giving

a hope to create microstructures for tissue engineering [19].

Chitosan microparticles or nanoparticles which are embedded into hydrogels are also
of specific interest for the development of novel drug delivery systems with controlled
release properties. In these hydrogels, Chitosan particles are used as drug carriers. In
a study of Seyfoddin and co-workers, levonorgestrel hormone was encapsulated in
glutaraldehyde-crosslinked Chitosan microspheres and these microspheres were
embedded in poly(vinyl alcohol) hydrogel matrix. Microspheres were reported to
extend the levonorgestrel release duration compared to bare hydrogels [20]. In another
study, amoxicillin loaded Chitosan/poly-y-glutamic acid nanoparticles were
incorporated into pH-sensitive alginate-calcium hydrogel. It was found that the
hydrogel protected nanoparticles from destruction by the stomach acid and released

them at higher pH, e.g. in case of gastric ulcer [21].

Hemostatic, mucoadhesive, bactericidal and pH-responsive characteristics of chitosan
make it suitable for the treatment of chronic wounds. Chitosan hydrogels prepared
using genipin, a crosslinker with lower toxicity than glutaraldehyde, were reported to
neutralize the wound site environment. To mimic the alkaline environment of chronic
wounds, hydrogels were immersed into PBS at pH 8.2/37 °C. It was found that
hydrogels prepared with low MW Chitosan had 230 % fluid uptake and lowered the
pH by 0.80 + 0.24 units through swelling upon exposure to pH 8.2. When a similar
experiment was conducted at pH 7.4, the pH drop was recorded as 0.30 + 0.11. The
same study also reported that Chitosan hydrogels prevented E. coli growth by % 70
while enhanced cellular proliferation which are important properties for a wound

healing material [22].

Recently, Onat et al. prepared Chitosan hydrogels whose surface was modified with
water-soluble tannic acid and ciprofloxacin (TA-Cipro) complexes and poly(N-vinyl
caprolactam) (PVCL) via layer-by-layer (LbL) technique. These hydrogels were

found to have antibacterial effect against E. coli and B. cereus because of the



temperature-induced release of ciprofloxacin (CIP) from hydrogel surface as well as
inherent antibacterial properties of Chitosan. The surface-modified Chitosan
hydrogels were reported to promote human fibroblast cell proliferation and spreading

significantly compared to bare hydrogels.

) o < H .
OH NH (@)
o} Q OH 0 0 /O"'—*
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- NH OH NH N

deacetylation
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7 P 0%0” —*
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HO NH, NH,

Figure 1.1. Chemical production of chitosan.

1.1. Layer-by-Layer Self-Assembly Technique

Production of layer-by-layer (LbL) polymer films comprise consecutive adsorption of
oppositely charged polymers on a material surface [23] resulting in ultra-thin
multilayers. The first study on LbL self-assembly was reported by ller and co-workers
in which oppositely charged colloidal particles were deposited at a surface in a LbL
fashion [24]. This technique is later investigated for oppositely charged polymers by



Decher and Hong [25]. Briefly, the substrate is immersed in a polycation solution for
about 10-20 minutes, followed by rinsing for about 1-2 minutes to remove weakly
bounded polyelectrolytes. Then, the polycation coated substrate is immersed into
polyanion solution for 10-20 minutes which was again followed by the rinsing step.
This coating cycle continuous until desired number of layers are reached on the
substrate surface [26-28]. Electrostatic interactions are the driving force for multilayer
assembly. However, LbL technique can also be applied to species interacting via
hydrogen bonding, coordination bonding, charge- transfer, metal-ligand and bio-
specific interactions [29-33]. Figure 1.2 shows LbL film assembly through dip-
coating process. Note that, in addition to dip-coating, LbL assemblies can be also

constructed using different deposition methods such as spin coating and spraying [34].

Polymer 1 Rinsing 1 Rinsing 2

T v

==

Rinsing 2 Rinsing 1 Polymer 2

Substrate

Figure 1.2. Schematic representation of layer-by-layer self-assembly technique.

LbL films can be fabricated onto two- dimensional (2D) substrates, e.g. glass,

quartz, silicon wafer, mica [35] or three-dimensional (3D) substrates, e.qg. silica



microparticles [36], porous calcium carbonate microparticles [37], calcium
phosphate nanoparticles [38]. LbL method allows use of aqueous polymer solutions.
Additionally, it is simple, efficient and reproducible, thus it is very convenient to
create biologically relevant surfaces [39]. By adjusting the pH, temperature, ionic
strength of assembly solutions, properties of polyelectrolyte multilayers can be
altered [40]. Multilayer properties can also be tuned at the post-assembly step. The
following subsections will provide information about controlling film properties at

the assembly and post-assembly steps.

1.1.1. Effect of Layer-by-Layer Self-Assembly Conditions on Film Properties
1.1.1.1. Effect of Chemical Nature of Polyelectrolytes on LbL Growth

The functional groups in each repeating unit of polymers plays a crucial role on LbL
film properties. Thus, the chemical nature of polyanions and/or polycations is the most
critical factor affecting the film properties [41]. The thickness of LbL films and the
composition of the multilayers can be controlled by proper selection of the
polyelectrolytes and deposition ambient [42,43]. For example, Taketa et al. showed
that under the same pH and ionic strength conditions, self-assembly of Chitosan and
alginate provided multilayers with low thickness values, whereas Chitosan and

hyaluronic acid formed thicker LbL films same [44].

The chemical nature of the polyelectrolytes also affects the multilayer growth regime.
The growth pattern of LbL films is basically divided into two categories: linear growth
and exponential growth [14]. The thickness of each layer increases constantly in linear
growth. In exponential growth, the thickness of each layer increases exponentially as
the layer number increases. Multilayer films of poly(L-lysine) (PLL)/alginate [45],
and PLL/hyaluronan [46,47] were the first reports of LbL films in which exponential
growth was detected by the mass and thickness measurements. There are two different
explanations in the literature for the mechanism of exponential growth. The first



explanation suggests that exponential growth is correlated with the surface roughness
which provides additional site for the deposition of polymers which eventually leads
to exponential growth [46]. The second explanation suggests that at least one of the
film components diffuse in and out throughout the self-assembly process which leads
to greater amount of complexation at the interface and eventually exponential growth
of multilayers [46,47] .

In addition to nature of polyelectrolytes, polyelectrolyte chain length also plays a role
on the LbL film growth. The short chain polymers have tendency to form unstable
films which also lack uniform growth. In contrast, uniform film growth and stability
were both found to be greater for long chain polymers [48]. Combination of polymer
chains with different molar masses also did not provide robust film growth and
stability. For example, Schlenoff et al. reported that when the surface coated with the
short chain polymers was exposed to a solution of polymer with molar mass ~ 10* Da,
the short chain polymers are partially stripped off from the surface by the oppositely
charged long chain polymers resulting in a decrease in film thickness and eventually
inhibition of multilayer growth [49].

1.1.1.2. Effect of lonic Strength on LbL Growth

The total thickness which is determined in Angstrom precision changes with ionic
strength of the solvents. The screening of charges through polyelectrolyte chains by
adding salt ions makes polymer molecules more coiled, so thickness of the polyanion
and polycation pairs become higher and rougher multilayers are obtained [50]. For
example, Schmitt et al. prepared polystyrene sulfonate (NaPSS) solutions with varying
sodium chloride concentrations and deposited NaPSS with poly(allylamine
hydrochloride (PAH) at the surface using LbL technique. They found that NaPSS
solution with the highest salt concentration provided higher multilayer thickness

compared to NaPSS/PAH films deposited in the absence of additional electrolyte. The



higher film thickness in the presence of additional salt was explained by the loopy

conformation of adsorbed polymer chains [51].

In another study, Blomberg and co-workers reported that for Chitosan and heparin
multilayer films, the mass of the adsorbed multilayer film which was monitored by
dual-polarization interferometry and quartz crystal microbalance increased when the
ionic strength of Chitosan solution was increased from 0.1 mM to 150 mM at constant
pH. The same effect was obtained when they increased the pH 4 to 5.8 at fixed ionic
strength [52].

1.1.1.3. Effect of pH on LbL Growth

Controlling pH of LbL polymer deposition solutions is one way to obtain multilayer
films of weak polyelectrolytes with remarkably different surface properties. Charge
density of weak polyelectrolytes can be controlled by the pH of the environment. For
example, Rubner et al. showed that slight changes in pH of polymer deposition
solutions results in formation of very thick or very thin multilayers [53]. They
investigated the effect of deposition pH on the layer thickness and organization of
PAH/PAA multilayer thin films by changing pH of dipping solution systematically.
lonization degree of an adsorbed PAA chain varies from 20-30 % to 100 % between
pH 2.5-6.5 range whereas PAH chains are almost fully ionized between this pH
interval as determined by FTIR. In 2.5-4.5 pH region, when pH increases PAH layer
thickness increases while PAA layer thickness decreases. The reason why PAA
thickness decreased as the pH increased was the reduced number of loops and tails
due to highly charged PAA chains. Conversely, PAH layer thickness increases
because higher number of oppositely charged PAH chains are required to neutralize
the more ionized chains of previously adsorbed PAA layer due to increase in pH. They
also showed that surface roughness of PAH/PAA multilayer films (20-layers)
increases with increasing pH at 2.5-4.5 pH region due to more loopy conformational

state of adsorbed chains. On the other hand, when the multilayers constructed at pH



range of 6-7.5, surface roughness is very low (<10 A) since flat conformation of chains

are adopted during assembly as polyions are fully charged.

In another study of Rubner et al., it was reported that the structure and composition of
carboxymethyl cellulose (CMC)/Chitosan multilayer films were affected by the
deposition pH [54]. When multilayers assembled at pH 5, thinner films were produced
because both Chitosan (pKa = 6.5) and CMC (pKa = 4) were highly charged. In
contrast, the multilayers constructed at pH 3 provided higher thickness although CMC
chains were poorly charged at this pH. The reason for the thicker films at pH 3 films
was explained by the hydrogen bonding interactions among the COOH groups of
CMC and OH groups of Chitosan in addition to the electrostatic association between

the carboxylate groups of CMC and protonated amino groups of Chitosan.

Recently, Gundogdu et al. showed that film deposition pH of poly[2-
(dimethylamino)ethyl methacrylate]-b-poly[(2-(diethylamino)ethyl methacrylate)]
(PDMA-b-PDEA) micelles and poly(styrenesulfonate) (PSS) multilayers importantly
affected the thickness and pH-stability of the multilayer films [55]. It was reported
that PDMA-b-PDEA micelles/PSS multilayers assembled at pH 8 were thinner than
pH 8.5 films but intense due to higher charge density of PDMA coronal chains
providing more binding points between the polymer pairs. When multilayers of pH 8
is exposed to mildly acidic conditions, they were stable however multilayers
assembled at pH 8.5 were disassembled when exposed to neutral pH due to relatively
weakly associating chains as micelle corona being less ionized compared to pH 8

films.

1.1.1.4. Effect of Temperature on LbL growth

Temperature is another critical parameter to tune the LbL film properties when at least

one of the film components is a temperature-responsive polymer.



For example, Quinn and Caruso constructed LbL thin films of PAA and thermos-
responsive poly(N-isopropylacrylamide) (PNIPAAm). The effect of the temperature
on film properties was investigated. The mass proportion of PNIPAAm in the film got
higher as the deposition solution temperature was gradually increased from 10 °C to
21 °C and to 30 °C. Also, smoother surfaces were obtained when the film was prepared
at the temperatures closer to the lower critical solubility temperature (LCST) of
PNIPAAm (32 °C). The higher amount of PNIPAAm within the multilayers at higher
temperatures was correlated with the solution state property of PNIPAAmM which is
related to coil to globular transition of polymer chains near to LCST. The smoother
multilayer surfaces at high temperatures was explained by the tighter coil form of

PNIPAAm chains which led to tighter packing during adsorption.

In another study, Tan et al. examined the thickness of polyelectrolyte multilayers
(PEMs) composed of two strong polyelectrolytes, i.e. poly(diallyldimethylammonium
chloride) (PDDA) and PSS at low and high temperatures (10 °C-70 °C) and proposed
a new mechanism for temperature sensitive deposition. They observed that roughness
of the films increased by high salt and temperature conditions and explained this
observation by the temperature induced swelling and melting of the films. By rinsing
after each step for 10 seconds in hot DI, the film roughness was found to be reduced.
In addition to this, heat was suggested to increase the fluidity of the films. In a related
study, the rms roughness of PDDA/PSS films was also reported to be reduced by
annealing PEMs in salt solutions [56]. These researchers proposed that temperature

could have provided acceleration for this annealing process [57].

Kankare and co-workers studied the effect of temperature on the building process of
poly(diallyldimethylammonium) (PDADMA)/PSS and PSS/PAH multilayers. The
increment in deposition temperature induced change on the rate of the layer-by-layer
build-up process. They found that increasing temperature induced the exponential
build-up regime in both systems. Linear growth regime was found when they
deposited multilayers at 15 °C and 25 °C. The linear growth regime shifted to

exponential growth regime in case deposition temperature was increased to 45 °C and
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55 °C. They correlated the shift in the growth profile from linear to exponential with

increasing temperature with the diffusion rate of the polymers [58].

1.1.2. Effect of Layer-by-layer Post-Assembly Conditions on Controlled Release
of Functional Molecules

The improvements in fabrication of polymer containing platforms or drug loaded
platforms has been achieved for therapeutic drug loading and release area. Various
polymer platforms such as gels, liposomes, micelles and multilayers are developed to
find the optimal drug release properties. LbL polymer films can be constructed
through various polymer-polymer interactions. Similarly, the drug molecules can be
loaded into the multilayers through varying polymer-drug interactions. This provides
easy tuning of drug release properties from multilayers through disruption of polymer-
drug interactions. LbL multilayer thin films constructed using stimuli responsive
polymers give response to various conditions such as pH, ionic strength, temperature
etc. By taking advantage of the stimuli-responsive behaviour of the films, it is
possible to trigger the release of drug molecules from LbL multilayer [59]. Here are

some examples of stimuli-sensitive functional molecules from multilayer films.

1.1.2.1. pH Responsive LbL Films

Multilayers composed of pH-responsive polymers can be used to trigger the release of
functional molecules from the surface in a pH-responsive manner. For example, Hong
et al. co-assembled PS-b-PAA amphiphilic block copolymer micelles (BCM) with 2D
amine functionalized graphene oxide (GO), or branched polyethylenimine (BPEI)
through electrostatic interactions between the carboxyl group of BCM and amine
group of functionalized GO or BPEI. Drug incorporated PS-b-PAA micelles released
the drug molecules more easily at pH 2 than that at pH 7.4 due to protonation of the
carboxylate groups on the micellar corona and disruption of interactions among the
LbL films. In comparison to GO/BCM film, BPEI/BCM film was found to release the
drug more slowly at both pH 7.4 and 2 in PBS due to different disintegration profiles
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of the two films. They explained that GO sheet and BCM multilayers disintegrated at
once, whereas BPEI and BCM multilayers gradually dissociated [60].

Hammond et al. studied hydrolytically degradable LbL thin films which were
constituted with polymer poly(s-amino ester) and a series of model therapeutic
polysaccharides (heparin, low molecular weight heparin, and chondroitin sulfate). It
was found that heparin loaded films degraded linearly at pH 7.4 and pH 6.2 because
of decomposition of poly(-amino ester). Poly(/5-amino ester) degraded more faster in
basic conditions than acidic conditions. Degradation was due to the cleavage of the
main chain of poly(/5-amino ester) which occurred through nucleophilic attacks of free
hydroxyl ions or intramolecular amine groups of poly(/5-amino ester) or the nearby
molecules. The drug released from multilayers more faster at pH 7.4 than pH 6.2 due
to faster degradation of poly(/3-amino ester) at higher pH values [61].

Li et al. selected ibuprofen (IBU) as a model drug and integrated ibuprofen into the
hollow mesoporous silica (HMS). They reported that when HMS spheres which have
300-400 nm average diameter coated with PAH and PSS, the system can give
controlled release of IBU on specific pH and salt conditions. The electrostatic
interactions between the oppositely charged PEM layers become weak at the higher
salt concentration. As a results of incompact PAH/PSS multilayers, the drug diffuses
into the release medium easily. On the contrary, at the increased pH value such as pH
8, compact PAH/PSS multilayers show sealing effect and decreases permeability of
IBU [62].

1.1.2.2. Temperature Responsive LbL Films

Besides pH, temperature is also one of the most commonly used triggering

mechanisms in controlled release applications.

Recently, Haktaniyan et al. reported pH and temperature-induced release of anti-
cancer drug, doxorubicin (DOX) from poly(2-isopropyl-2-oxazoline) (PIPOX) and
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TA LbL films. It was found that the amount of DOX release increased when the
temperature of the release medium was raised from ambient to physiological
temperature. It was explained by LCST behaviour of PIPOX and the conformational
changes within the multilayers resulting in formation of voids and facilitating the drug
release [63]. In another study of the same research group, temperature-induced release
of CIP was reported from PIPOX/TA multilayers, whereas insignificant temperature
effect on CIP release was detected for poly(2-ethyl-2-oxazoline) (PEOX)/TA
multilayers [64].

Sukhishvili and co-workers fabricated temperature and pH responsive multilayers.
They found that the critical pH (pHcrit) at hydrogen-bonded LbL films disintegrate
changed with temperature for multilayers composed of dual responsive, i.e. pH and
temperature-responsive polymers. For example, the pHcrit increased in the temperature
range of 10-37 °C for multilayers of poly(methacrylic acid) (PMAA) and LCST-type
poly(N-isopropylacrylamide) (PNIPAM), while the pHcit decreased in the same
temperature range for PMAA and UCST-type polyacrylamide (PAAm) [65].

1.1.3. Chitosan Based LbL Self-Assembly Films

LbL deposition of Chitosan has also been of interest for various biomedical
applications due to important biological properties of Chitosan and many advantages
of LbL technique. In this section Chitosan based LbL films and their potential
applications are explained.

Lu and co-workers used catechol to functionalize Chitosan and hyaluronic acid to
increase the stability of Chitosan and hyaluronic acid LbL films under physiological
conditions 3,4 Dihydroxyhydrocinnamic acid (DHPA) was grafted on Chitosan
through chemical reaction between the amino groups on Chitosan and carboxyl groups
on DHPA using carbodiimide chemistry. Hyaluronic acid was modified by dopamine
which have also catechol groups in its structure. Modified hyaluronic acid and

Chitosan were then used for the construction of LbL multifunctional films which were
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then used as a platform for loading drug (ASC14). The films showed swelling in acidic
environment and shrinking in alkaline environment. So, more amount of drug could
be released at pH 6.5 than that at pH 7.4 in PBS. Authors suggested use of such a drug
delivery system in tissue engineering applications [66].

In another study, Pérez-Anes et al. produced B-cyclodextrin-based polymer (PCD) and
Chitosan multilayers using LbL method for local delivery of therapeutics from
implants. They obtained PCD by the polycondensation reaction between citric acid
and B-cyclodextrin. PCD/Chitosan multilayers strongly attached to the titanium
biomaterial surface through polydopamine precursor film which acted as a bridge
between PCD/Chitosan multilayers and the titanium substrate. They loaded
gentamicin antibiotic into the coated titanium multilayers for the purpose of
constructing a drug-eluting system to treat infections [67].

Yu and Pishko prepared paclitaxel nanoparticles and coated them with Chitosan and
dextran-sulfate through LbL method. Surface of the Chitosan/dextran-sulfate coated
paclitaxel nanoparticles were then conjugated with poly(ethylene glycol) and
fluorescence labeled wheat germ agglutinin to create biocompatible, hydrophilic and
targeted drug delivery system. The released amount of paclitaxel was regulated by the
number of Chitosan and dextran-sulfate layers. The nanoparticle based drug delivery
system was considered as an appropriate candidate for the treatment of colon cancer
[68].

Mohanta et al. constructed nanocarriers which consisted of Chitosan/alginate LbL
self-assembled films coated onto mesoporous silica nanoparticles (MSNs). Coated
MSNs exhibited low hemolytic and cytotoxic activity against red blood cells

compared to uncoated MSNs.

Therefore, they may be promising materials for intravascular drug delivery. In the
same study, the anticancer drug DOX was loaded into LbL modified MSNs. Efficacy
of DOX loaded Chitosan/alginate coated MSNs was assessed through in vivo and in

vitro studies. The results of in vitro studies showed that DOX-loaded nanocarriers
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exhibited a long-term retention in HeLa cell nucleus and prolonged intracellular DOX
release. In vivo studies showed that DOX loaded nanocarriers were found to stay
longer in rats and showed slower elimination from blood plasma of rats than free DOX
[69].

Liu and co-workers coated the surface of fatty acid containing nanoliposomes (NLs)
using Chitosan and sodium alginate through LbL technique. Chitosan/sodium alginate
multilayer coating was reported to provide stability and prevent leakage of
encapsulated food ingredients such as fatty acids from NLs. The enzymic digestion
stability results showed that coated NLs have better resistance to lipolytic degradation
and allow a lower level of encapsulated component release at gastrointestinal
conditions. The coated NLs could be used for development of functional food
ingredients delivery systems in gastrointestinal tract [70]. Similarly, in another study,
liposomes containing Hepatitis B surface antigen were coated with Vitamin Biz
conjugated Chitosan and sodium alginate. Intestinal antigen presenting cells were
chosen as a target for coated liposomes. Rough surface for oral delivery of the antigen
was formed by the rearrangement of layers on liposomes at intestinal conditions
because improved surface roughness increased biological interaction and facilitated
uptake in the target cell. Also coating prevented the degradation of liposomes in

gastric conditions [71].

When biological implants come into contact with the physiological fluids, proteins in
biofluids covers immediately the surface of the implant. Protein adsorption on
biological implants leads to failure of devices and accelerates the formation of biofilm.
At this point, antifouling surfaces gain interest due to inhibiting properties of

microfouling, macrofouling organisms and protein adhesion [72].

Liu et al. reported that crosslinked Chitosan and hyaluronan LbL films on
polydimethylsiloxane (PDMS) exhibited stronger resistance to adsorption of proteins
in human saliva [73]. Similarly, Zhu and co-workers demonstrated that

paclitaxel/Chitosan nanofibers coated with poly(2-methacryloyloxy-
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ethylphosphorylcholine-co-methacrylicacid) (PMAs)/Chitosan through LbL method
were effective against platelet adhesion. Also, significant inhibition of fibrinogen and

bovine serum albumin adhesion were recorded [74].

By achieving LbL assembly of dextran aldehyde (Dex-CHO)/carboxymethyl Chitosan
(CMCS) films, self-polishing multilayer coatings were carried out for combating
biofouling. The self-polishing property was accomplished through breakage of the
imine linkage between Dex-CHO and CMCS at acidic conditions followed by the
release of the topmost layer containing the attached bacteria and protein. The self-
polishing capability of multilayers was needed for antifouling of high concentrations
of bacteria [75].

Nowakowska and co-workers constructed LbL films which consisted of only ionic
derivatives of Chitosan. The components of the multilayers were cationic derivative
of Chitosan (CCh) and anionic derivative of Chitosan (ACh). LbL film growth
achieved with the interaction between quaternary ammonium groups of CCh and
sulfonate groups of ACh. They studied antifouling and antibacterial properties of films
and revealed the relation between the physicochemical properties and biological
activity of the films [76].

In another study, Chitosan/Alginate LbL films which were crosslinked by
glutaraldehyde showed enhanced stability under physiological conditions. It was
found that the deposition of human albumin protein onto crosslinked multilayers could

be controlled by physicochemical properties of the multilayer system [77].

1.2. The aim of the thesis
The aim of this thesis was:

i) to construct two different Chitosan based LbL films using different types of

polyacids, i.e. polycarboxylic acid and polyphenol with varying pKa values;
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i) to examine the surface properties of the films such as LbL growth, stability,

surface morphology and wettability;

i) to investigate the biological properties such as protein adhesion and drug
loading capacities of the films

iv) to understand the structure-property relationship in these two different
Chitosan based LbL films and correlate the surface properties with the protein
adhesion and drug release properties of the films.

17






CHAPTER 2

EXPERIMENTAL PART

2.1. Materials

Acetic acid (> 99 %), Bovine Serum Albumin (BSA) (lyophilized powder), Branched
Poly(ethyleneimine) (Mw = 25000), Low molecular weight Chitosan (mol wt 50000 -
190000 Da and % 75-85 deacetylated), Ciprofloxacin (> 98 %, HPLC), Lysozyme
(LYS) from chicken egg white (lyophilized powder, > 40000 units/mg protein),
Phosphate Buffer Saline (PBS) (tablet), Poly(acrylic acid) (Mw = 1800) were
purchased from Sigma-Aldrich Chemical Co. Hydrochloric acid fuming (HCI) (37 %),
Luria Bertani (LB) broth (MILLER), Mueller-Hinton (MH) broth, Sulfuric acid
(H2S04) (95-97 %), Sodium dihydrogen phosphate dihydrate (NaH2P04.2H,0),
Sodium Hydroxide (NaOH) (Pellets), Tannic Acid (Mw = 1701.20) were purchased
from Merck Chemicals. Dulbecco’s Phosphate Buffered Saline solution were
purchased from Biological Industries. The deionized water was purified by Milli-Q
system (Millipore) at 18.2 MQ.

2.1. Methods and Equipments
2.1.1. Preparation of Polymer Solutions

Chitosan was dissolved in 0.001 % (v/v) acetic acid solution with a final Chitosan
concentration of 1 mg/mL. PAA was dissolved in 10 mM phosphate buffer with a final
PAA concentration of 1 mg/mL. Both Chitosan and PAA solutions were left for
overnight at 25 °C in a Lauda Alpha RA 8 chiller circulator for complete dissolution.
TA was dissolved in 10 mM phosphate buffer solution with a final TA concentration
of 1 mg/mL. In contrast to Chitosan and PAA solutions, TA solution was always
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prepared fresh before film preparation to avoid degradation of TA during an overnight

waiting period.

2.1.2. Preparation of Chitosan/TA and Chitosan/PAA Multilayers

Silicon wafers or glass slides were immersed into concentrated sulfuric acid (% 98)
for 85 minutes. After acid treatment, the substrates were rinsed first with distilled and
then DI water for several minutes and dried under a flow of nitrogen gas. Then, the
substrates were put into 0.25 M NaOH solution for 10 minutes, followed by rinsing
with first distilled and then DI water and dried under nitrogen flow. Prior to
construction of the multilayers, the substrates were coated with a precursor layer
which was BPEI. BPEI was dissolved in 10 mM phosphate buffer solution with a final
BPEI concentration of 0.5 mg/mL. The precursor layer deposition was performed at
pH 5.5 for 30 minutes followed by rinsing with 10 mM phosphate buffer at pH 5.5 for

1 minute.

Multilayer deposition was started was immersing the positively charged, BPEI coated
substrates into the polyanion solution which was either TA solution (1 mg/mL, pH 5)
or PAA solution (1 mg/mL, pH 4) for 15 minutes. This was followed by rinsing the
substrates for two times with 10 mM phosphate buffer at pH 5 (for TA coating) or pH
4 (for PAA coating) each for 1 minute. Second layer deposition was performed by
immersing the substrates into 1 mg/mL Chitosan solution at either pH 5 (for
Chitosan/TA films) or pH 4 (for Chitosan/PAA films) for 15 minutes. Substrates were
then rinsed twice using 10 mM phosphate buffer solution at pH 5 (for Chitosan/TA
films) or pH 4 (for Chitosan/PAA films) each for 1 minute. This cycle was continued

until desired number of layers were deposited at the surface.

TA solution was refreshed every hour to avoid degradation of TA during film
construction. Rinsing solutions were refreshed after deposition of every 4 layers to
avoid contamination in the rinsing solutions. LbL growth was followed by measuring

the dry film thickness after every layer deposition using a spectroscopic ellipsometer
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of Optosense, USA (OPT-S6000). The ellipsometry angles were arranged to 65° and
fitted in the wavelength range of 400-1100 nm.

2.1.3. Crosslinking of Chitosan/PAA Multilayers

Chitosan/PAA multilayers were crosslinked through thermal treatment. Films were

placed in a glass petri dish and put into Niive EV 018 vacuum oven for 45 min at 150

°Cor 110 °C.

2.1.4. AFM Imaging of Multilayer Films

AFM imaging of the films was performed using an NT-MDT Solver P47 AFM in
tapping mode with Si cantilevers. Roughness values were taken from images with 2 x

2 um scan size. Multilayers were deposited into 2 cm x 1.5 cm glass slide as described

in Section 2.2.2.

2.1.5. Determination of Wettability

Static contact angle measurements were carried out by Attension Theta Lite optical
tensiometer. Approximately 1.5 pL droplet of deionized water was formed and
dropped onto multilayers constructed onto glass slides. Nine water droplets were
deposited onto each sample. For each droplet, 10 independent measurements were

recorded with 464 millisecond frame intervals.

2.1.6. Stability of Multilayers

Multilayer stability was followed at two different conditions: 1) in PBS at pH 7.4 and
37°C and 2) in PBS at pH 5.5 and 37 °C. First PBS was prepared by dissolving 1 tablet
in 200 mL DI water. Multilayers were then immersed into PBS at pH 7.4 and 37 °C
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or PBS at pH 5.5 and 37 °C. Films were rinsed with monobasic buffer at 37 °C before
ellipsometric thickness measurements. Temperature was kept constant throughout the
stability experiments using a water bath. Stability was followed by measuring the
thickness of the remaining film at the surface as a function of time. Thickness values
were normalized to the initial film thickness to calculate the remaining fraction at the

surface.

2.1.7. Protein Adsorption onto Multilayers

BSA solution was prepared by dissolving BSA in PBS at a final BSA concentration
of 1 mg/mL. Similarly, Lysozyme solution was prepared by dissolving LYS in PBS
at a final LYS concentration of 1 mg/mL. Silicon wafers coated with Chitosan/TA or
Chitosan/PAA multilayers and blank samples (uncoated silicon wafers) were
immersed into eitherl mg/mL BSA or LYS solution and incubated for 1 hour at 37 °C
on an orbital shaker table. After protein deposition, substrates were rinsed two times
using 10 mM phosphate buffer at pH 7.4 followed by drying under nitrogen flow.
Ellipsometric thickness was measured before and after protein adsorption and an

increment in thickness was attributed to protein adsorption onto multilayers.

2.1.8. CIP Loading into Multilayers

CIP was dissolved in 1 mM phosphate buffer at pH 2.5 to form 0.1 mg/mL solution
and stirred magnetically overnight for complete dissolution. pH of CIP solution was
raised to 7.4 prior to loading into multilayers. Glass substrates (2 cm x 2 cm) coated
with 20-bilayer Chitosan/TA or crosslinked Chitosan/PAA films on both sides (total
40-bilayers) were put into 20 mL of 0.1 mg/mL CIP solution at pH 7.4 for 12 hours at
room temperature. Multilayer coated substrates were then rinsed with 1 mM phosphate
buffer at pH 7.4 for 1 minute.
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2.1.9. CIP Release from Multilayers

40-bilayer (20-bilayer on each side of the glass slide) CIP loaded Chitosan/TA or
Chitosan/PAA films were immersed into 20 mL PBS at pH 5.5 and pH 7.5. The
temperature of solutions was fixed at 37 °C with a water-bath. CIP release was
followed by taking aliquot from the release solution at certain time intervals and
monitoring the evolution of the fluorescence intensity of CIP at 414 nm (for release at
pH 7.4) or 445 nm (for release at pH 5.5) as a function of time using a Hitachi F-2500
fluorescence spectrophotometer. Excitation wavelength was 280 nm. The excitation
and emission slits were taken 5.0 nm and 5.0 nm. Calibration curves were prepared

separately under both release conditions.
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CHAPTER 3

RESULTS AND DISCUSSION

3.1. Characterization of Multilayers
3.1.1. Layer-by-Layer Growth of Chitosan Based Multilayers

Chitosan has a pKa of 6.5 [13] and the primary amino groups of chitosan give it a
cationic nature especially at pH below 6.5 (Figure 3.1). Chitosan was self-assembled
with either TA or PAA at the surface using LbL technique. TA is a natural polyphenol
(Figure 3.1). It has 25 hydroxyl groups per molecule. The pKa of TA depends on the
source that it was extracted. Two pKa values have been recently reported for the one
that was used in this study in another work of Erel Research Group [63]. PAA is a
synthetic polycarboxylic acid with a pKa of 4.5 [78] (Figure 3.1). Multilayer growth
was followed using ellipsometry technique. Both films were constructed onto a BPEI

precursor layer for a more robust film growth. The first layers were either TA or PAA.
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Figure 3.1. Molecular structures of Tannic acid, Poly(acrylic acid) and Chitosan.

The driving force for multilayer growth was both electrostatic and hydrogen bonding
interactions between Chitosan and the polyacids (TA or PAA). Chitosan/TA and
Chitosan/PAA films were constructed at pH 5 and pH 4, respectively. At pH 4 and pH
5, chitosan had protonated amino groups. Although multilayers were constructed at
pH values below the pKa values of TA and PAA, the association between Chitosan/TA
and Chitosan/PAA was expected to occur through both electrostatic and hydrogen
bonding interactions. The ionization of TA and PAA possibly enhanced in the
presence of positively charged Chitosan leading to electrostatic association among
primary amino groups of Chitosan and phenolate groups of TA or carboxylate groups

of PAA. On the other hand, Chitosan has hydroxyl groups which also possibly
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associated with phenolic hydroxyl groups of TA and protonated carboxylic acid

groups of PAA through hydrogen bonding interactions.

The two films demonstrated remarkably different growth profiles. For Chitosan/TA
multilayers, the amount of Chitosan that could be deposited at the surface was
significantly low compared to that of TA (Figure 3.2A). Alternatively, Chitosan could
have dissolved some of the TA that was already deposited at the surface to form water-
soluble Chitosan/TA complexes. The comparison of the thickness values for every
increasing bilayer showed a linear growth profile with 0.5-3.1 nm increment per
bilayer. Similar observations were recorded by Lvov and co-workers for TA/PAH
LbL films [79]. They found that the film thickness of TA/PAH rised between 1.2-5.7
nm for a single TA layer and then decreased after deposition of the PAH layer
especially at low pH. Also, the growth profile of TA/PAH is comparable to TA/CHI

multilayers reported in this study.

For Chitosan/PAA films, an exponential growth profile was recorded (Figure 3.2B).
The thickness of multilayer films reached 48.3 nm even after 8 layers of deposition.
The thickness of multilayers could not be measured via ellipsometry beyond layer
number 8 due to whitish color of the film surface at higher layer numbers resulting in
scattering of the light and unreliable thickness measurements. Exponential growth
regime is explained by two different mechanism: i) the increase in surface roughness
with increasing layer number provides progressively increased surface area for
polymer deposition, leading to an exponential growth of multilayers [80-82] and ii)
in and out diffusion of at least one of the polymer through the multilayers resulting in
deposition of higher amount of material with increasing layer number [83-85]. In and
out diffusion mechanism was suggested by Schaaf and co-workers for
PLL/hyaluronan multilayers. When HA terminated multilayers were exposed to PLL
solution, most of the PLL chains diffused into the entire film besides being deposited
on the top. During the deposition of the next hyaluronan layer, PLL chains diffused
outward, formed PLL/hyaluronan complexes and deposited at the interface which led

to additional increment in thickness [86]. Similarly, in addition to roughness
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increment, the significant increase upon deposition of the 8th, PAA layer in case of
Chitosan/PAA films might be also due to in and out diffusion of PAA through the
multilayers.
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3.1.2. Surface Morphology of Chitosan Based Multilayers

AFM imaging was performed to contrast the surface morphology of Chitosan/TA and
Chitosan/PAA multilayers. Figure 3.3 shows AFM height images and the
corresponding roughness values of 13-layers of Chitosan/TA and Chitosan/PAA
films. The difference in surface morphology of the two multilayers can be attributed
to the difference in the binding strength among the layers. Chitosan/PAA films. The
number of intermolecular contacts between TA and Chitosan was possibly higher than
that between Chitosan and PAA due to greater extent of hydrogen bonding interactions
between TA and Chitosan. In addition to hydrogen bonding, the dendrimer-like
structure of TA could have provided enhanced association between TA and Chitosan
multilayers. The higher number of intermolecular contacts among the Chitosan and
TA layers provided intense multilayers with smooth surfaces (roughness ~ 1 nm),
whereas a roughness of 7.6 nm was recorded for relatively weakly interacting PAA
and Chitosan layers. It must be borne in mind that PAA has a pKa of 4.5 and at the
multilayer deposition pH of 4, PAA has lower number of hydrogen donor groups
compared to TA. Therefore, the contribution of hydrogen bonding to Chitosan/PAA
multilayers was lower than Chitosan/TA films. The loose multilayer structure in
Chitosan/PAA films might have resulted in more loopy conformation of polymer
chains in the films, leading to higher surface roughness. Kharlampieva and Sukhishvili
correlated the more loopy conformation of polymer chains within the multilayers with
the lower number of interlayer adhesion points among weakly interacting hydrogen
bonding polymer pairs [87]. Shiratori and Rubner found that surface roughness
increased significantly due to more loopy conformational arrangement of polymers in
electrostatic multilayer films [53]. On the other hand, in and out diffusion mechanism
suggests deposition of Chitosan and PAA complexes at the interface. In such a case,
the next polymer layer preferably deposits onto higher parts of the surface which

significantly increases the surface roughness with increasing layer number.
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Figure 3.3. AFM height images (5X5 um scan size) and roughness values of 13-layer Chitosan/PAA
and Chitosan/TA films

3.1.3. Wettability of Chitosan Based Multilayers

Chitosan/TA and Chitosan/PAA films were compared with respect to their wettability.
Static contact angle measurements were taken for 6-, 7-, 12-, 13-, 18- and 19-layer
films which were deposited onto glass substrates. For Chitosan/TA films, wettability
was always higher when the topmost layer was TA except 6- and 7-layer films which
behaved similarly possibly due to very low amount of material at the surface and low
surface coverage. The surface wettability is exceedingly responsive to the outmost
layer composition [88]. When the amount of TA at the film surface is higher, the
surface had a greater tendency to spread water leading to lower contact angle values.
Because of the phenolic groups of TA, substrate surface coated with TA had greater
wettability [89]. It must be borne in mind that, as it is seen in Figure 3.4A, thickness
values of 6- and 7-layer films are much lower than 12-, 13-, 18-,19-layer films and
they are closer to first layer. In case of Chitosan/PAA system, films with Chitosan

topmost layer had lower contact angle values compared to Chitosan/TA films with
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similar layer number. This could be due to lower association among the layers and
higher extent of interpenetration between Chitosan and PAA films providing the
contribution of both polymers' functional groups to the topmost layer. Note that for
both types of the Chitosan films, the lower contact angle value for 6-layer films with
Chitosan topmost layer might be correlated with the lower surface coverage at low
layer numbers and the contribution of the protonated amino groups of the anchoring
layer (BPEI) to the surface hydrophilicity [90].
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3.1.4. Stability of Multilayers

To mimic the biological environment, the stability of Chitosan/TA and Chitosan/PAA
multilayers were assessed in PBS at pH 7.4 and 37 °C. In addition, the stability of
multilayers was also examined at moderately acidic conditions to due local pH drops
at an infectious site in the body. Stability was followed by measuring the film
thickness as a function of time after immersing the multilayers into PBS at 37 °C
followed by drying under N> flow. At each time point, the thickness was normalized
to the initial film thickness.

3.1.4.1. Stability of Chitosan/TA Multilayers

Figure 3.5 shows the fraction retained at the surface as a function of time for 12-layer
Chitosan/TA films. The difference between Panel A and Panel B figures is the self-
assembly procedure. Figure 3.5A belongs to multilayers in which films were dried
after every layer deposition. Figure 3.5B belongs to multilayers in which films were
dried only at the end of film construction. 12-layer Chitosan/TA film which was dried
after each layer deposition was completely stable for a 12-hour period. No significant
change in film thickness was recorded for the first 5 hours. Multilayers swelled when
left in PBS at 37 °C for an additional 7-hour period. The reason for swelling can be
explained by penetration of salt ions in PBS into the multilayers. When salt ions pair
with polyelectrolytes, it improves hydrophilicity of polymer complexes. Thus it is
expected that additional water molecules might have been entrapped within the
multilayers [63,91]. Distinctly, 35 % of 12-layer Chitosan/TA film which was dried
only at the end of 12th layer deposition was lost in the first 2 hours in PBS at 37 °C.
No further decrease in film thickness was recorded between 2-5 hours. Similar to
multilayers which were dried after every layer deposition, multilayers swelled when
long-term exposed to PBS at 37 °C. This result clearly demonstrates the effect of
drying on the film stability. Effect of drying on LbL film growth and stability has been
reported earlier. The chemically heterogeneous domains, defects on the PEMs surface
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could be eliminated by drying process. Defects are formed in the beginning of
assembly process and decreases progressively with increasing layer number.
Adsorbed polyelectrolyte chains in liquid/solid interface could possess free by form
of tails and loops into liquid. Drying decreases water content and increases
hydrophobic interactions. As a result of it, loops and tails are compensated with the
oppositely charged polymer. A uniform and less defected surfaces stay more stable
[92].
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Figure 3.5. Fraction retained at the surface as a function of time for 12-layer Chitosan/TA films
which was dried after every layer (A) or dried only after 12th layer (B)
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3.1.4.2. Effect of Layer Number on the Stability of Chitosan/TA Multilayers

To examine the effect of layer number on the stability of multilayers, stability of 19-
layer Chitosan/TA films was followed in PBS at 37 °C as a function of time and the
results were contrasted with 12-layer films (Figure 3.6). Unlike to 12-layer
Chitosan/TA film, 19-layer Chitosan/TA film which was dried after every layer
deposition lost 20 % of its initial thickness in the first 1 hour. Similarly, 19-layer film
swelled when long-term exposed to PBS at 37 °C. The greater stability of 12-layer
films can be correlated with the greater mechanical support provided by the substrate.
Sukhishvili and coworkers reported that despite the layers in poly(N-
vinylpyrrolidone) (PVPON)/PMAA, PVCL/PMAA and PNIPAM/PMAA films
strongly integrated and showed linear growth regime, the films dispersed as the
distance increased from the substrate. This was explained by the stronger chain coiling

at the distance which was far from the substrate [87].
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Figure 3.6. Fraction retained at the surface as a function of time for 19-layer Chitosan/TA film which
was dried after every layer. 12-layer Chitosan/TA films prepared under identical conditions were
plotted for comparison.

35



3.1.4.3. Stability of Chitosan/PAA Multilayers

In contrast to Chitosan/TA films, Chitosan/PAA films were not stable in PBS at 37
°C. The thickness of 8-layer Chitosan/PAA film decreased by approximately 35 % in
the first 1 hour (Figure 3.7). Almost ~ 50 % of the film released from the surface at
the end of five hours. Unlike to Chitosan/TA films, no swelling was recorded after
long-term exposure to PBS at 37 °C. The difference between the stability of the
multilayers can be correlated with the binding strength among the film layers. TA has
a dendrimer-like structure which might have provided additional stability to the
multilayers. In addition, TA has higher pKa values than that of PAA which possibly
lead to greater extent of hydrogen bonding interactions between Chitosan/TA films

resulting in greater film stability.
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Figure 3.7. Fraction retained at the surface of 8-layer Chitosan/PAA films as a function of time upon
exposure to PBS at 37 °C.
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3.1.4.4. Crosslinking of Chitosan/PAA multilayers

To enhance the stability of Chitosan/PAA multilayers at physiologically related
conditions, thermal crosslinking was applied among the layers. Thermal crosslinking
between polybases bearing amine groups and polycarboxylic acids has been reported
in the literature [93]. 8-layer Chitosan/PAA films were prepared and exposed to first
110 °C for 45 minutes in an oven. However, no improvement in the stability was
recorded (Figure 3.8). Enhanced stability of the multilayers can be explained by the
crosslinking of the layers through amide bond formation between the primary amino
groups of Chitosan and carboxylic acid groups of PAA. Crosslinking temperature was
critical for efficient crosslinking of Chitosan/PAA multilayers. Increasing the
crosslinking temperature to 150 °C provided stability and resulted in swelling by ~ 15
% of Chitosan/PAA films.
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Figure 3.8. Fraction retained at the surface of crosslinked 8-layer Chitosan/PAA films at 150 °C for
45 min (square), at 110 °C for 45 min (circle) as a function of time. Non-crosslinked (triangle) film
was plotted for comparison.
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Finally, the effect of crosslinking on the surface morphology of multilayers was
examined. Figure 3.9 contrasts AFM height images and roughness values of 13-layer
non-crosslinked and crosslinked Chitosan/PAA films. The surface roughness slightly
decreased upon crosslinking possibly due to formation of more intense films with
slightly smoother surfaces.

Non-crosslinked 13-layer Chitosan/PAA Crosslinked 13-layer Chitosan/PAA

50.0 nm _

0.0nm _
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Figure 3.9. AFM height images (5x5 um scan size) and respectively roughness values of non-
crosslinked and crosslinked 13-layer Chitosan/PAA multilayers.

3.2. Protein Adsorption onto Multilayers
3.2.1. Protein Adsorption onto Chitosan/TA multilayers

Two model proteins were used for protein adsorption experiments, i.e. BSA and LYS.
Chitosan/TA multilayers were prepared with varying number of layers and BSA or
LYS adsorption onto surface was evaluated. In addition, the effect of topmost layer
on protein adsorption was examined. Multilayers were prepared and exposed to
protein solution (1 mg/mL, prepared in PBS) at pH 7.4 and 37 °C for 1 hour. Films
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were shaked using orbital shaker during protein adsorption experiments. Figure 3.10
shows evolution of film thickness upon protein adsorption for bare silicon wafer, 6-,
7-, 12-, and 13-layer Chitosan/TA films. The lowest amount of BSA adsorption was
observed for 13-layer film with TA topmost layer (Figure 3.10A). Factors like
hydrophilicity and hydrophobicity of protein or surface, electrostatic or other
interactions (van der Waals and Hydrogen) among surface and protein, chemical
characteristic of surface influence adsorption process of protein onto surface.
Hydrophilic surface has large energy barrier for the replacement of water molecules
from the surface [94]. Therefore, charge interactions between hydrophilic surface and
protein and surface-induced conformational changes in protein provide energy change
which usually leads to protein adsorption [95]. Although it is difficult to explain the
reason behind the lowest amount of BSA deposition onto 13-layer Chitosan/TA film
due to complicated surface-protein interactions, it is suggested that BSA with pl of 4.9
[96] carries net negative charge at neutral pH conditions, thus the deposition was lower
onto 13-layer film with TA topmost layer due to electrostatic repulsion between TA
and BSA. BSA adsorption onto 12-layer film with Chitosan topmost layer was slightly
higher than 13-layer film with TA topmost layer which might be explained by the
electrostatic association between negatively charged BSA and slightly positively
charged Chitosan. The difference between 6- and 7-layer films was not significant.
Interestingly, the amount of BSA deposited onto 6- and 7- layer films was greater than
that deposited onto bare silicon wafer. This might be due very small thickness
increments during LbL assembly of Chitosan/TA pair and relatively low surface at the
layer number 6 or 7 resulting in higher BSA adsorption promoted by the positively
charged BPEI precursor layer. In case of LYS adsorption (Figure 3.10B), the highest
amount of adsorption was recorded for films with TA topmost layer, supporting the
effect of charge interactions on protein adsorption. pl of LYS is 11.4 [96], thus LYS
is positively charged at neutral pH conditions and the surfaces with negatively charged
TA topmost layer were more promoting for Lysozyme adsorption. The films with
Chitosan topmost layer did not also behave anti-adhesive against LYS adsorption.

This can be explained with low amount of Chitosan deposition at the surface as well
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as low amount of positively charge on Chitosan chains which might not provide

enough repulsion against LYS adsorption.
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Figure 3.10. Evolution of film thickness before and after BSA adsorption (A) and LY'S adsorption (B)
onto Chitosan/TA multilayers with varying layer number. Dark gray parts represent the initial
thickness of the films. Light gray parts correspond to the increment in film thickness upon BSA
adsorption (A) and Lysozyme adsorption (B). Uncoated silicon wafer was used as control.
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3.2.2. Protein Adsorption onto Chitosan/PAA multilayers

Protein adsorption experiments onto Chitosan/PAA multilayers could not be
conducted using ellipsometry technique for 12- and 13-layer films due to high
thickness values and whitish color of the surface leading to scattering of light and
unreliable thickness measurements. Micro BCA technique which relies on releasing
the adsorbed protein from the surface and quantification through spectroscopic
techniques was also used to analyze the behavior of the surfaces against protein
adsorption. However, microBCA technique also did not provide reliable results due to
very low amount of protein extracted from the surface. For this reason, BSA and LYS
adsorption could only be examined for 6-layer films with Chitosan topmost layer and
7-layer films with PAA topmost layer. Chitosan/PAA films did not show any anti-
adhesive behaviour. The amount of BSA or LY'S adsorbed onto 6- and 7-layer films
were greater than that deposited onto the control substrate which was uncoated silicon
wafer. A comparison between Chitosan/TA and Chitosan/PAA multilayers showed
that the amount of BSA or LYS adsorbed onto Chitosan/PAA was higher than that
deposited onto Chitosan/TA multilayers. This can be due to higher surface roughness
of Chitosan/PAA films which might have provided additional site for BSA or LYS
adsorption. Importantly, the amount of LYS adsorbed onto 7-layer film with PAA
topmost layer was remarkably high when compared to the BSA amount deposited onto
7-layer Chitosan/TA film with TA topmost layer. This might be due to the difference
on the charge density of TA and PAA at pH 7.4. PAA with a pKa of 4.5 is fully ionized
at pH 7.4, whereas TA has a pKa of 6.5 and 8 and it is partially ionized at pH 7.4.
Therefore, the amount of LYS attracted towards the surface through electrostatic
association might have been higher for 7-layer Chitosan/PAA films. In addition, the
relatively loose Chitosan/PAA film matrix might have provided both incorporation of

LYS into the multilayers and deposition onto the surface.

41



50

Thickness (nm)

Control 6 Layer 7 Layer

80

70

50 f

Thickness (nm)
N
o

Control 6 Layer 7 Layer

Figure 3.11. Evolution of film thickness before and after BSA adsorption (A) and LY'S adsorption (B)
onto Chitosan/PAA multilayers with 6- and 7- layer numbers. Dark gray parts represent the initial
thickness of the films. Light gray parts correspond to the increment in film thickness upon BSA
adsorption (A) and LY'S adsorption (B). Uncoated silicon wafer was used as control.

42



3.3. Release of Ciprofloxacin from Multilayers

CIP is a second generation broad spectrum fluoroguinolone antibiotic which kills or
slow down growth of both Gram-positive and Gram-negative bacteria [97]. CIP
loaded 40-bilayer Chitosan/TA and Chitosan/PAA films were produced by immersing
substrates into 0.1 mg/mL CIP solution (prepared in 1 mM phosphate buffer) at pH
7.4 for 12 hours at room conditions. For Chitosan/TA multilayers, electrostatic
interactions among phenolate groups of TA (pKa: = 6.5 and pKa2 = 8 [63]) and
protonated piperazinyl amino groups of CIP (pKa of piperazinyl amino groups = 8.7
[98]) mostly assured CIP loading into multilayers [64]. Similarly, carboxylate groups
of PAA (pKa of carboxyl groups = 4.5 [78,99]) electrostatically interacts with
piperazinyl amino groups of CIP molecules resulting in CIP loaded Chitosan/PAA
multilayers. In addition, the pKa of carboxylic acid groups of CIP is 6.1 [98].
Therefore, free amino groups of Chitosan and carboxylic acid groups of CIP might
have contributed to CIP loading into multilayers for both films. In addition to
electrostatics, CIP loading into polymer multilayers might have occurred through
hydrogen bonding interactions. CIP association with Chitosan/TA film matrix might
have been also through hydrogen bonding interactions between carbonyl groups of
CIP and phenolic hydroxyl groups of TA. Contribution of hydrogen bonding
interactions into Chitosan/PAA multilayers is less likely because PAA is fully
deprotonated at the CIP loading pH of 7.4. Figure 3.12 and Figure 3.13 shows
chemical structure of CIP and schematic representation of association between CIP

molecules and polymer multilayer components.
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Figure 3.13. Schematic representation of hydrogen bonding and electrostatic interactions between
CIP molecules and polymers.

CIP release studies were conducted at both pH 7.4 and pH 5.5. The reason for
conducting the release experiment also at moderately acidic conditions was to mimic
the acidic environment at an infectious site in the body. Prior to conducting release
experiments at pH 7.4 and pH 5.5, stability of multilayers was also assessed at pH 5.5.
Figure 3.14 shows fraction retained at the surface of 12-layer Chitosan/TA (Panel A)
and 8-layer Chitosan/PAA (Panel B) films as a function of time upon exposure to PBS
at pH 5.5 and 37 °C. As seen in the figure, both films were stable at pH 5.5. The
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stability was even enhanced possibly due to protonation of the phenolate and
carboxylate groups of TA and PAA, respectively and enhanced hydrogen bonding

interactions among Chitosan and TA or PAA.
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Figure 3.14. Fraction retained at the surface of (A) 12-layer Chitosan/TA and (B) 8-layer crosslinked
Chitosan/PAA films as a function of time upon exposure to PBS at pH 5.5 and 37 °C.
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After assuring the film stability at neutral and moderately acidic conditions, emission
spectra of CIP in PBS at pH 7.4 and pH 5.5 were recorded to clarify the peak positions
of CIP and specify the expectations during release studies. Emission spectra of CIP
showed peaks centered at 445 nm and 414 nm at pH 5.5 and pH 7.4, respectively
(Figure 3.15).
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Figure 3.15. Emission spectra of CIP at pH 5.5 (A) and pH 7.4 (B).
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After these preliminary studies, CIP release from both multilayers was followed at 37
°C and at pH 7.4 and pH 5.5. Multilayers were first exposed to PBS at pH 7.4 at 37
°C. A sample from release solution was taken at certain time intervals. The
fluorescence intensity of the peaks at 414 nm and 445 nm was followed as a function
of time. As seen in Figure 3.16, at pH 7.4 and 37 °C, significant amount of CIP
released from both types of films in the first half an hour. Importantly, the amount of
CIP released from Chitosan/PAA films was greater than that released from
Chitosan/TA films. This was due to lower loading capacity of thinner Chitosan/TA
films. It must be borne in mind that Chitosan/PAA multilayers showed exponential
growth profile and the amount of CIP loaded into relatively loose Chitosan/PAA
multilayers was expected to be much higher compared to Chitosan/TA films. The
amount of CIP loaded into Chitosan/TA and Chitosan/PAA films was calculated by
measuring the fluorescence intensity of CIP before and after immersing the
multilayers into CIP solution (prepared with monobasic buffer at pH 7.4).
Concentration of CIP was too high to get a reliable emission spectrum. For this reason,
CIP solution was diluted by adding 1 mM monobasic buffer at pH 7.4 and 25 °C into
14 uL of CIP solution to form a final volume of 2 mL prior to fluorescence intensity
measurements. The CIP amount in the solution before and after CIP loading into
multilayers was quantified using calibration curves of CIP prepared under identical
conditions (see appendix Figure Al). The dilution factor was considered during
calculations. The loading amount of CIP into multilayers were found 72 pg and 295
ug for 40-bilayer Chitosan/TA and Chitosan/PAA films, respectively. In addition to
the high loading capacity, in contrast to thin and intense Chitosan/TA films,
Chitosan/PAA films might have facilitated the release of CIP molecules from the
surface due to their loose film structure. The release at pH 7.4 can be explained by
self-diffusion as well as salt-induced disruption of CIP/polymer interactions. It is
worth mentioning that CIP loading was performed using CIP solution prepared in 1
mM phosphate buffer solution. However, CIP release was performed in PBS which
had significantly higher amount of salt content (0.002 mol L™* NaH,PO4, 0.008 mol
L ! NazHPO4, 0.0027 mol Lt KCl and 0.137 mol L™ NaCl). As the salt ions diffused

48



into the multilayer matrix, the electrostatic association among CIP/TA, CIP/PAA and
CIP/Chitosan possibly disrupted resulting in CIP release from multilayers. Release of
CIP from the surface was quantified using calibration curves prepared under identical
conditions with release studies. Unfortunately, the amount of CIP released from
Chitosan/PAA films was too high to quantify through calibration curves. Therefore, a
sample of solution was taken at the very end of the release, diluted 1:8 using PBS at
pH 7.4 or pH 5.5, quantified through calibration curves (see appendix Figure A2,
Figure A3) and the CIP amount after 24 hours was recalculated by taking into account
the dilution factor. Then % CIP release was calculated through dividing the amount
of CIP released from multilayers by the amount of CIP loaded into the multilayers. As
it was also clear from Figure 3.17, % CIP released from Chitosan/PAA multilayers
was significantly higher than that released from Chitosan/TA films due to loose
structure of exponentially grown Chitosan/PAA films which provided high loading
capacity to the multilayers. However, different from Chitosan/TA films,
Chitosan/PAA multilayers did not show a significant pH responsive release behaviour.
The difference between these two film systems can be correlated with the difference
in the pKa values of TA and PAA. As mentioned earlier, TA has two pKa values, i.e.
6.5 and 8. Therefore, changing pH from 7.4 to 5.5 creates a significant change in the
number of phenolate groups being converted to phenolic hydroxyl groups which
induced a loss in association between TA and CIP. However, PAA has a pKaof 4.5
and PAA is almost fully ionized at both pH 7.4 and pH 5.5. Therefore, unlike TA,
decreasing pH from 7.4 to 5.5 does not result in a significant change in the charge

density of PAA and affect the association among PAA and CIP molecules.
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Figure 3.16. Release of CIP from Chitosan/TA and Chitosan/PAA multilayers at (A) pH 5.5 and (B)
pH 7.4 at 37 °C.
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Figure 3.17. % release of CIP from 40-bilayer Chitosan/TA and Chitosan/PAA films at pH 5.5 and
pH 7.4 after 24 h.
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CHAPTER 4

CONCLUSION

In this study, Chitosan based multilayer films were prepared through LbL technique
using TA and PAA as the counterparts. The driving force for Chitosan and TA self-
assembly at pH 5 was the electrostatic interactions between the protonated amino
groups of Chitosan and phenolate goups of TA together with hydrogen bonding
interactions between hydroxyl groups of Chitosan and phenolic hydroxyl groups of
TA. For Chitosan/PAA system, multilayers could be constructed in a LbL fashion at
pH 4 through the electrostatic association among the protonated amino groups of
Chitosan and carboxylate groups of PAA as well as hydrogen bonding interactions
between the hydroxyl groups of Chitosan and carboxyl groups of PAA. Chitosan/TA
films showed linear growth profile, whereas Chitosan/PAA films demonstrated
exponential growth profile. The difference in the stability of the films was remarkable
in physiologically related conditions. Chitosan/PAA films easily disintegrated in PBS
at pH 7.4 and 37 °C, while Chitosan/TA multilayers were quite stable under similar
conditions. The difference was correlated with the greater extent of hydrogen bonding
interactions in case of Chitosan/TA due to higher pKa of TA and greater amount of
protonated phenolic hydroxyl groups on TA and the dendrimer-like structure of TA
providing additional stability to the multilayers. The instability of Chitosan/PAA films
was attributed to the relatively weak association between Chitosan and PAA films.
Chitosan/PAA films found to be rendered stable in PBS at pH 7.4 and 37 °C only
when the multilayers were thermally crosslinked. The weak association between
Chitosan and PAA provided high surface roughness due to more loopy conformation
of the polymers in the multilayers. In contrast, Chitosan and TA multilayers were
relatively smooth with lower surface roughness than that of Chitosan/PAA films with

the same layer number. Chitosan/TA multilayers exhibited some anti-adhesive
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behaviour against BSA and LYS adsorption. Chitosan/PAA films showed higher

amount of protein adsorption, if compared with Chitosan/TA.

The two multilayers were also contrasted with respect to their stimuli-responsive
release behaviour. CIP, a broad spectrum antibiotic was loaded into multilayers at pH
7.4 and the release was examined in PBS at pH 7.4/37 °C and pH 5.5/37 °C. The
relatively loosely bound Chitosan/PAA multilayers released approximately X7 times
greater amount of CIP compared to Chitosan/TA films with the same layer number
after 24 hours. This significant difference in the amount of CIP released from two
multilayers was correlated with the relatively loosely bound Chitosan/PAA
multilayers which had greater amount of room for CIP loading. Importantly, Chitosan
and TA multilayers showed pH-responsive CIP release, whereas the difference in the
amount of CIP released from Chitosan/PAA multilayers at pH 5.5 and 37 °C was
insignificant. This was due to the difference in the acid strength of TA and PAA. TA
has two pKa values, i.e. 6.5 and 8 and decreasing pH from 7.4 to 5.5 had a more
significant effect on the number of phenolate groups being converted into phenolic
hydroxyl groups resulting in loss of electrostatic interaction between CIP and TA and
release of CIP from the surface in a pH-responsive manner. However, in case of
Chitosan and PAA films, PAA has a pKa of 4.5, thus decreasing pH from 7.4 to 5.5
did not result in a significant change in the number of carboxylate groups on PAA and

a further loss in association between PAA and CIP.

This thesis study contributed to the generation of fundamental information on
structure-property relationship in Chitosan multilayer films. Considering the
important biological properties of Chitosan, these multilayers may find use in surface

functionalization or controlled release studies from surfaces.
The future work on this study will consist of the following part:

1. Bacterial anti-adhesive properties of Chitosan/TA and Chitosan/PAA films and
antibacterial activity of CIP loaded Chitosan/TA and Chitosan/PAA films will be
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performed using model gram-negative and gram-positive bacteria, i.e. E.coli and

S.aureus.
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APPENDIX A

CALIBRATION CURVES
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Figure A.1. Calibration curve of CIP solution in Monobasic Buffer at pH 7.4 and 37 °C. Fluorescence
intensity at 414 nm is plotted as a function of CIP concentration (mg/mL).
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Figure A.2. Calibration curve of CIP solution in PBS at pH 5.5 and 37 °C. Fluorescence intensity at
445 nm is plotted as a function of CIP concentration (mg/mL).
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Figure A.3. Calibration curve of CIP solution in PBS at pH 7.4 and 37 °C. Fluorescence intensity at
414 nm is plotted as a function of CIP concentration (mg/mL).
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