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LAYERED AND COMPOSITE BIOPOLYMERS: MECHANICAL,
PHYSICAL AND ANTIMICROBIAL PROPERTIES

SUMMARY

In this thesis, two oppositely charged biopolyelectrolytes —alginate and chitosan-
were focused on. The interactions between these biopolymers and the effect of
surfactants on these biopolymers were studied. Thesis is composed of three chapters.

In first chapter. The changes in mechanical properties of the calcium and barium
crosslinked alginate hydrogel beads, when sodium dodecyl sulfate (SDS) and Brij 35
were incorporated into the gel structure, were studied. SDS and Brij 35 are
negatively charged and nonionic surfactants, respectively. Alginate concentration,
types and concentrations of crosslinker and surfactant were found as parameters
which affect the elastic properties of alginate hydrogel beads. Modulus of elasticity
of the alginate gels increased when SDS was added and decreased in the presence of
Brij 35. Therefore it is considered that SDS increases the negative charge density on
alginate chain by binding to the chain via hydrophobic interactions. On the other
hand, Brij 35 decreased the charge density. Second chapter focuses on the
preparation of the alginate — chitosan polyelectroylte multilayer (PEM) films and the
effect of surfactants on them by characterizing the samples using ellipsometry, X-ray
reflectometry and atomic force microscopy. Results showed that SDS increased the
thickness of the PEM films by increasing the adsorbed amount of mass of the
alginate — chitosan system. In third chapter, it was aimed to develop a potent wound
dressing agent by preparing cerium(IIl) crosslinked alginate-chitosan films.
Mechanical and antimicrobial characterization of the samples indicated the potential
of cerium(III) crosslinked alginate-chitosan as wound dressings.

This graduate thesis project was derived from the results of the experiments and
measurements, which were conducted within the scope of joint doctoral agreement
between Istanbul Teknik Universitesi and Technische Universitit Berlin. Graduate
student was supported by Scientific and Technical Research Council of Turkey
(TUBITAK) BIDEB 2214/B joint doctoral scholarship program.
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SCHICHT- UND VERBUNDBIOPOLYMERE: MECHANISCHE,
PHYSIKALISCHE UND ANTIMIKROBIELLE EIGENSCHAFTEN

ZUSAMMENFASSUNG

Die vorliegende Arbeit konzentriert sich auf die beiden entgegengesetzt geladenen
Biopolyelectrolyte, Alginate und Chitosan. Die Wechselwirkungen zwischen diesen
Biopolymeren und die Wirkung von Tensiden auf diese Biopolymere wurden
untersucht. Die Arbeit besteht aus drei Teilen:

Im ersten Teil der Dissertation wird die Anderungen der mechanischen
Eigenschaften der Calcium- und Barium-vernetzten Alginat-Hydrogelperlen, wenn
Natriumdodecylsulfat (SDS) und Brij 35 in die Gelstruktur eingearbeitet wurden,
prasentiert. SDS und Brij 35 sind anionisches bzw. Nichtionisches Tensiden.
Alginatkonzentration, Typen und Konzentrationen von Vernetzter und Tensid
wurden als Parameter gefunden, die elastischen Eigenschaften von Alginat-
Hydrogelperlen beeinflussen. Der Elastizititsmodul der Alginatgele nahm zu, wenn
SDS zugegeben und in Gegenwart von Brij 35 vermindert wurde. Daher wird davon
ausgegangen, dass SDS die negative Ladungsdichte an der Alginatkette durch
Bindung an die Kette iiber hydrophobe Wechselwirkungen erhoht. Der zweite Teil
beschreibt auf die Herstellung der Alginat — Chitosan — Polyelektrolyt-
Multischichten (PEMs) und die Wirkung von Tensiden auf sie durch die
Charakterisierung der Proben mittels Ellipsometrie, Rontgenreflektometrie und
Atomkraftmikroskop. Die Ergebnisse zeigten, dass SDS die Filmdicke der PEMs
erhohte, indem die adsorbierte Massenmenge des Alginat — Chitosansystems erhdht
wurde. Im dritten Teil wurde darauf hingewiesen, ein potentielles Wundverband
durch die Herstellung von Cer(Ill) vernetzten Alginat-Chitosan-Filmen zu
entwickeln. Die mechanische und antimikrobielle Charakterisierung der Proben
zeigte das Potential von Cer(III) vernetzten Alginat-Chitosan als Wundverbénde an.

Diese Dissertation wurde aus den Ergebnissen der Experimente und Messungen
abgeleitet, die im Rahmen der gemeinsamen Promotionsvereinbarung zwischen der
Technischen Universitidt Berlin und Technische Universitit Istanbul durchgefiihrt
wurden. Der Doktorand wurde von die Die Tiirkische Anstalt fiir Wissenschaftliche
und Technologische Forschung (TUBITAK) BIDEB 2214/B gemeinsamen
Doktorandenstipendium Programm unterstiitzt.
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KATMANLI VE KOMPOZIT BIYOPOLIMERLER: MEKANIK, FiZIKSEL
VE ANTIMIKROBIYAL OZELLIKLERI

OZET

Bu tez calismasinda karsit yiliklii biyopolielektrolitler olan aljinat ve kitosanin,
birbirleri ile ve yilizey aktif maddelerle olan etkilesimleri yapisal olarak
aydinlatilmaya calisilmis ve ii¢ ayr1 asamada deneyler yapilmistir.

Birinci boliimde kalsiyum ve baryum katyonlariyla c¢apraz baglanmis aljinat
hidrojellerinin, sirastyla eksi yiiklii ve yiiksiiz ylizey aktif maddeler olan sodyum
dodesil siilfat (SDS) ve Brij 35 ile katkilandirildiginda mekanik 6zelliklerinin
degisimini konu almaktadir. Bu kisimda, hidrojel kiirelerinin esneklik katsayisina
aljinat derisiminin, katyon derisiminin, yiizey aktif madde tiiriiniin ve derisiminin
etkileri incelenmis ve ylizey aktif maddelerin esneklik katsayisim1 ayarlanabilir
bicimde degistirdigi goriilmiistiir. SDS’nin aljinat zincirine hidrofobik etkilesimle
baglandig1 ve yiizeydeki yiik yogunlugunu ylikselterek, ¢apraz baglanmay artirdigi
disiiniilmektedir. Brij 35 ise ters etki gostererek yiik yogunlugunu azalttigi,
dolayisiyla gapraz baglanma yiizdesinin diistiigii anlasiimaktadir. ikinci asamada
aljinat ve kitosan ¢oklu polielektrolit katmanlar1 (PEM) hazirlanmis ve ylizey aktif
maddelerin bu yapilara etkisi incelenmistir. Deneysel olarak elipsometri, X-151n1
yansima Ol¢limii, atomik kuvvet mikroskopu ve kuvars kristal mikrodenge
yontemleri kullanilmistir. Elde edilen sonuglar, SDS varliginda filmlerin daha kalin
oldugunu gostermektedir. SDS, aljinat — kitosan katmanlarinin etkilesimini
artirmaktadir. Elde edilen sonuglar, SDS’nin aljinata hidrofobik etkilesimle
baglandig1 savini desteklemektedir. Calismanin {i¢lincii boliimiinde ise, potansiyel bir
uygulama alani olarak aljinat — kitosan filmleri seryum(Ill) iyonlariyla g¢apraz
baglanmis, elde edilen filmlerin mekanik ve antimikrobiyal 6zellikleri incelenmistir.
Bu asamadaki sonuglar da yara ortiisii olarak kullanilabilecegini gostermektedir.

Bu doktora tez calismasi, Istanbul Teknik Universitesi ve Berlin Teknik Universitesi
arasinda ortak doktora programi cercevesinde her iki {liniversitede yapilan deney ve
Ol¢iimlerin sonuglarma dayanmaktadir. Doktora Ogrencisi, Tiirkiye Bilimsel ve
Teknolojik Arastirma Kurumu (TUBITAK) — BIDEB 2214-B yurtdisi miisterek
doktora burs programu ile desteklenmistir.
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1. INTRODUCTION
1.1 Motivation

Biopolymers constitute a large part of the materials in our world. These polymers
have found many uses. Besides daily life products like wood and paper, they are also
of great scientific interest because of their biodegradable, non-toxic and easily
modifiable nature. Biopolymer based controlled drug delivery systems, coatings,
waste removal agents, food additives and medicinal formulations are some of the

prominent research areas of these materials.

Biopolymers is a large group of subcategories, where polysaccharides are most
abundant ones. Among the polysaccharides, alginate and chitosan were popular
subjects in biopolymer based research and application development for several

decades thanks to their interesting polyelectrolyte and gel-forming characteristics.

In order to improve the mechanical and chemical properties of alginate and/or
chitosan, two main approaches have been adopted in literature. First is the chemical
modifying and second one is the incorporation of a dopant (or additive) to the
polymer gel matrix. Second method is easier since it does not require any chemical
reaction and generate no toxicity. Understanding the mechanism and behavior of
these gel systems in the presence of additives is vital in development of drug delivery
and other biological & pharmaceutical research. As both alginate and chitosan is
known as polyelectrolytes, the characterization of interactions between these

polymers and surfactants is a challenge.

1.2  Outline

This thesis focuses on alginate and chitosan in three different chapters and studies.
After the discussion on scientific background of alginate, chitosan and their
applications; Chapter 3 describes the effect of negative (sodium dodecyl sulfate) and
nonionic (Brij 35) surfactants on crosslinked alginate gel beads. Alginate was

ionically crosslinked with calcium or barium cations, and the effects of cation type,



cation concentration, surfactant type, surfactant concentration, alginate concentration

were examined in detail.

Based on the findings of this part of the thesis, next study was to prepare alginate and
chitosan polyelectrolyte multilayer (PEM) films and the influence of same
surfactants on these multilayered film samples. This part was assumed to give more
information regarding the alginate — surfactant interaction and take the one step
further, including cationic biopolymer chitosan to this system. This part was

discussed in Chapter 4.

Last study within the scope of this thesis was to develop an application of alginate
and chitosan films (Chapter 5). In this direction, alginate films were crosslinked with
chitosan and cerium(IIl) and novel film structures with good antibacterial properties
were obtained. Besides antibacterial activity, these films showed good flexibility and
water vapor permeability. Due to these results , cerium alginate-chitosan films are

suggested as potential wound dressing material.

Experimental techniques for these three chapters are described in detail in their

respective sections.



2 SCIENFITIC BACKGROUND
2.1 Chitosan

Biopolymers are defined as the polymers synthesized by organisms. Besides
synthetic organic compounds and all types of inorganic materials, they constitute an
important part of the materials. Three main categories of biopolymers are
polysaccharides, polypeptides and polynucleotides. In many areas of science,
technology, industry and even daily life, biopolymers are commonly used. Cellulose,
starch and pectin are familiar biopolymers for daily life; DNA consists of two

polynucleotide biopolymer strands.

Polysaccharides, or polymeric carbohydrates, are well known for their in materials
science. Besides cellulose, starch and pectin; glycogen, chitin, chitosan, alginate,

arabinoxylan, dextran and xanthan gum are other examples to polysaccharides.

Chitin is an abundant biopolymer and is the polymerized form of N-
acetylglucosamine. Chitin is extracted from exoskeletons of arthopods, mostly crabs
and shrimps. Other sources include prawns, ants, spiders, scorpions, cockroaches,
algae and fungi [1]. N-acetylglucosamine is a derivative of glucose, hence chitin is
similar to cellulose. Many scientific and technological application areas of chitin is
possible, but in this thesis it was focused on a derivative of chitin, namely chitosan.
Chitosan is simply the deacetylated form of chitin, and it consists of randomly
distributed B-(1—4)-linked D-glucosamine and N-acetyl-D-glucosamine. Structures

of these compounds are given in Figure 2.1.
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Figure 2.1 : Structures of N-Acetylglucosamine and chitin (top) and chitosan
(bottom)



History of chitin goes back to 1818 and was discovered by French chemist Braconnot
as fungine [2,3]. Further experiments were conducted by Odier and Rouget, and
Rouget discovered that treating chitin with concentrated potassium hydroxide
resulted in a product which is soluble in diluted organic acids [4]. Later, in 1984
Hoppe-Seyler renamed this product as chitosan [1,5]. Further experiments in

following years revelaed the structure of both biopolymers.

Chitosan is a pale yellow powder and it is soluble under acidic conditions. The
solubilization of chitosan is due to the protonation of amino group, which has a pK,
value around 6.5. When dissolved in acidic media, chitosan forms a yellow viscous
solution. Solubility of chitosan is of scientific interest because it forms a positively
charged polyelectrolyte when dissolved. Most common solvent for chitosan is 1%
(v/v) acetic acid solution. It is also soluble in hydrochloric and nitric acid, but
insoluble in phosphoric and sulfuric acid [6]. Besides solubility, another important
advantage of chitosan over synthetic polymers is its naturally abundant,
biodegredable and nontoxic properties. It is also antimicrobial. Molecular weight of

commercially available chitosan is in the range of 50,000 to 200,000 g/mol.

Depending on the aim, chitosan based materials can prepared in many forms such as
gels [2], microparticles [7], nanoparticles [8], membranes [9] and coatings [10].
Besides its scientific uses, industrial applications of chitosan are also numerous. It is
used in agriculture as pesticides, textile industry, paper industry, water filtration and
medicine. In food industry, it is both used as a preservative and thickener. Chitosan
containing food additives are commercially available and is currently used for drug

delivery systems.

2.2 Alginate

One of the most abundant polysaccharides in nature is alginic acid, and its anionic
form is called as alginate. Alginic acid is extracted from the cell walls of brown algae
(seaweed) species and converted into anionic salts. This biopolymer was first
introduced as “algic acid” in 1881 by Stanford (British Patent #142 1881). Several
other groups examined the structure of alginic acid between 1925 and 1940 [11],
however Fischer and Dérfel succesfully determined the presence of L-guluronic acid

in 1955 [12].



Today, structure of alginate is well known. Alginic acid is composed of
homopolymeric blocks of (1-4) linked B-D-mannuronate (M) and o-L-guluronate
(G), where the sequences and the proportions of mainly depend on the source and the
species of the algae. The order of alternating M and G homoblocks can vary. The
blocks can be composed of consecutive residues of M and G or alternating M and G
residues. Molecular weight of commercial sodium alginate is in a range of 32,000 to
400,000 g/mol [13]. Numerous sources of alginate include Laminaria hyperborea,

acrocystis pyrifera, Ascophyllum nodosum and Lessonia nigrescens [11].
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Figure 2.2 : Structures of alginic acid (top) and sodium alginate (bottom)

This non-toxic biopolymer is a yellow-white powder, with a similar appearance to
corn starch. Alginate is soluble in water, and when dissolved, it is assumed to form
an anionic polyelectrolyte. It forms a viscous solution with increasing concentration.
The viscosity of the solution depends on the molecular weight of alginate and pH of
medium. The mechanical strength of alginate and alginate based materials is known
to increase with G content, and flexibility of the chain decreases with increasing G

content.

One of most important feature of alginate is its ability to form crosslinked gels in the
presence of di- or trivalent cations. The reaction between a divalent cation (e.g Ca’")

and sodium alginate can be summarized as follows:

n ion exchange N
nNatalg"™ + =Ca*t ——— ECa“alg”‘ +nNa™*



Of course this is an extremely simplified approach, however is useful to explain the
reaction. Most common model for explantion of this phenomenon was done by Grant
et al. in 1973. In their “egg-box” model, a divalent cation is entrapped between
“cavities” of two alginate chain [14]. Kvam et al. examined the probable binding site
using NMR studies, and found that the binding is due to the interactions between

cation and electronegative centers (O) in a single guluronate-guluronate block

[11,15].

eee,

Figure 2.3 : Egg-box model of crosslinked alginate.

alginate

The formation of crosslinked gel is usually very fast, and formed gels are
hydrophilic. The hydrogel can be dried, and can be swollen for several times. The
mechanical strength of the gel varies with molecular weight of alginate, and can be
improved by addition of dopants into gel structure. The shape of the gel be in form of

macro- and micro- spherical beads, films and discs.

Figure 2.4 : Calcium alginate spherical beads

Due to its abundance, nontoxic nature, easily modifiable gel structure; alginate has
wide application areas. It is used in food and textile industries as a thickener, antacid
formulations, sustained release tablets and dental molds. Based on our previous
experience with alginate, some of studies based on alginate are discussed in the

following sections.



2.2.1 Drug delivery

Since alginate is extracted from brown seaweed and has no toxicity, it is commonly
used and being researched in drug formulations [16-20] and food additives [21].
Although alginate has these advantages, one major disadvantage of crosslinked
alginate gels is their low resistance to mechanical stimuli and chemical erosion. In
addition to these, porous structure of alginate causes a burst release of the drug
molecule. For this purpose, alginate gel matrices are often reinforced by chemical
modification of the chain or addition of dopants. Chemical modifications include
covalent crosslinking and functionalizing the chain; however these methods require
chemical reactions and have the risk of increasing the toxicity. Reinforcing the
material with dopants is the second method. Here, alginate gels are doped with other
biopolymers such as starch, or non-toxic inorganic additives can be used. Clay

materials are one of these and known for their natural abundance.

In our previous paper [22], calcium alginate-montmorillonite based composite
hydrogel beads for oral protein delivery was developed. Model protein was bovine
serum albumin (BSA) and experiments were done in simulated gastric fluid (SGF,
pH = 1.2) and simulated intestinal fluid (SIF, pH = 7.4 phosphate buffer) media.
Beads were prepared by ionic crosslinking of alginate and calcium cations. Since
calcium alginate itself is a weak matrix for drug entrapment, montmorillonite (MMT)
was used for improving the drug entrapment and diffusion characteristics. Beads
were characterized using scanning electron microscopy (SEM), X-ray diffraction
(XRD) and gravimetric swelling measurements. Delivery of BSA was

spectrometrically measured by a batch method.

Results showed that mixing MMT with BSA before the alginate addition leads to
exfoliation of clay layers. This was confirmed by XRD results. BSA molecules
entered between the MMT layers, which significantly increased the drug entrapment
efficiency. Without MMT, BSA molecules easily escaped into gelling solution
during crosslinking. Addition of alginate into MMT-BSA dispersion caused the clay

layers to completely exfoliate.

Release of BSA from calcium alginate beads were fast, showing almost burst release
behavior. Incorporation of MMT into the structure significantly slowed the release.

Moreover, release percentage of BSA was much slower in SGF when compared to



the one in SIF. This results in a route-specific release, avoiding the protein based
drug to be released in acidic medium of stomach. In conclusion, calcium alginate-
MMT composite beads have a high drug entrapment efficiency and thanks to their

low toxicity, are candidates for intestinal controlled delivery of protein based drugs.

Not only proteins, but also smaller molecules such as riboflavin are also used for
drug delivery from alginate beads. The difficulty in this case is the escape of the drug
molecule during gelation step and burst release behavior. In another report, beads
were reinforced with MMT to counterbalance this problem [23]. Beads were
crosslinked with calcium and barium in order to see the differences. The model small
drug riboflavin is also known as vitamin B2 and is an important nutritional

component for human metabolism.

Preparation of drug-loaded beads was done in a very similar method to that of BSA
study. One major difference was the crosslinker, barium chloride was also used in
this report. Release of drug was done in a batch method. SGF and SIF were used as
the release media. Beads were characterized using FTIR, SEM and gravimetric
swelling measurements. Results indicated that changing the crosslinker had no major
effect on release behavior. Release kinetics of riboflavin is not changed by the
medium, almost 50% of riboflavin were delivered in 6 hours. Addition of MMT into
the structure significantly increased the encapsulation efficiency of MMT from

~50% to ~94% and slowed the drug delivery.

2.2.2 Modeling of delivery

In previous section, the reports on release of proteins and small molecules were
discussed. Encapsulation efficiencies and release kinetics were improved by
incorporating MMT into the alginate structure. Here, a detailed focus on the release
from alginate is discussed. Two papers reported the effects of cation type and the
concentration of cation on drug release [24,25].The behavior was investigated by
online fluorescence monitoring. A model fluorescent dye, pyranine was used and the
release kinetics was modeled Fickian diffusion model. Pyranine-loaded alginate
beads were carefully placed into the bottom of quartz fluorescence cuvettes. For 6
hours, release of pyranine into deionized water was monitored by recording the
increase in intensity of fluorescence emission at 512 nm, the maximum emission

wavelength of pyranine in water.



Results of these studies indicated that the slow release coefficients of the beads
follow this order: Aluminum alginate > calcium alginate > barium alginate.
Regarding the concentration, it is found that desorption coefficient increased up to
3% (w/v) of Ca” and decreased with the further Ca*” concentrations. Also it is
reported that increasing the Ca®" concentration extends the incubation time, i.e. the

start of release.

2.2.3 Waste removal

Porous nature of alginate matrix was employed for removal of many kinds of
pollutants from water [26-28]. Excess amounts of fluoride in drinking water is a
problem in underdeveloped and developed countries, which may develop several
health problems such as fluorosis [29]. Among the removal of fluoride from water
sources studies, adsorption is the most advantageous method due to its economic
advantages [30]. There are numerous reports on adsorbents for removal of fluoride.
These adsorbents include iron based materials, nano and micro sized metal oxides,
household wastes and biopolymers [31]. Among the adsorbent materials for this
purpose, biopolymer based adsorbents are one of the most promising materials

thanks to their environmentally green properties.

Aluminum and aluminum compounds are known for their affinity for fluoride anion.
This property of aluminum is already used for developing defluoridation agents
[32,33]. Based on this knowledge, aluminum alginate and aluminum alginate-MMT
composite gel beads were reported [34,35]. Similarly to calcium in BSA delivery
study, here aluminum acted as the crosslinker. In order to prepare the gel beads,
MMT was dispersed in deionized water at a concentration of 1% (w/v) and necessary
amounts of alginate was added to this dispersion to give a 2% (w/v) solution.
Formulations without MMT, alginate was dissolved to give a 2% (w/v) solution.
After dissolution of alginate, the mixture was added dropwise into a 0.2 mol/L
aluminum chloride solution. Crosslinked beads were washed with deionized water,
filtered and dried before adsorption experiments. Adsorption studies were performed
by a match method and in preliminary studies the following parameters were
optimized: pH of the solution, effect of initial fluoride concentration, and adsorbent
dose. After the optimization step, experimental data was modeled using adsorption

isotherms, kinetic and thermodynamic models.



Results of these studies show that aluminum alginate based adsorbent beads are
effective candidates for defluoridation of water, reaching up to 93.6 mg/g adsorption
capacity. Adsorption mechanism was found to be physisorption and exothermic.
Moreover, they were reported as resistant to interference of other anions, i.e. the
affinity towards fluoride is not affected. Incorporation of MMT into aluminum

alginate beads increased their mechanical strength, as expected.
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3 EFFECTS OF SURFACTANTS AND CROSSLINKERS ON
MECHANICAL PROPERTIES OF ALGINATE HYDROGELS

3.1 Introduction

Chemical and physical stability of the alginate gels can be improved by adding
dopants to the alginate gel structure. Among the numerous dopants; other
biopolymers, synthetic polymers, clays and metal oxides can be used to improve the
mechanical strength. On the other hand, if the dopant has a characteristic
functionality, the gel gains this functionality too. One example to this is the
entrapment of magnetic iron oxide particles, which results in formation of magnetic
alginate gels [36,37]. Another example to dopants is carbon nanotubes and silica
nanotubes, which remarkably reinforced the mechanical properties [38].
Mongkolkajit et al. doped alginate gels with alumina and obtained good mechanical
strength and improved immobilization yield [39]. Most recent dopants include
graphene oxide, which significantly improved mechanical and thermal properties of
alginate material [40]. Graphene oxide also improved the swelling behavior the
adsorption capacity of alginate hydrogels [41,42]. Among the most-cited studies in
literature, Sultana et al. improved the survival of probiotic bacteria when they
included prebiotic resistant starch into alginate [43]. Other polymer additives to
improve properties of alginate include poly(vinyl alcohol) [44], poly(vinyl
pyrrolidone) [45], pectin [46] and, of course chitosan [47].

The effects of different structural parameters on alginate gels are reported in
literature. For example, the effect of crosslinker cation type on Young’s modulus
values of alginate beads [48,49], speed of compression [50], ratio of M/G of alginate

[51] are among these parameters.

Alginate can interact with negatively, positively or nonionic surfactants. Depending
on the type of the surfactant, different types of behavior is observed. Yang et al.
calorimetrically studied the interaction between alginate and a negatively charged
surfactant, sodium dodecyl sulfate (SDS) [52]. They detected an aggregation
between SDS and alginate when pH was lowered from 5 to 3 and the interaction was
defined as the interactions between hydrophobic segments of both molecules.
Oztekin et al. also reported the hydrophobic interaction between alginate and SDS

for higher pH values [53]. A similar study was conducted for positively charged
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surfactant, cetytrimethylammonium bromide (CTAB). It is found that the strong
interaction between CTAB and alginate occurs due to the electrostatic attraction at
pH values above 5. When pH was lowered from 5, an additional attraction takes
place due to the interactions between hydrophobic parts of the molecules [54,55].
The study by Bu et al. [56] also compares CTAB and SDS with a nonionic
surfactant, Brij 35. They studied the interactions between alginate and the surfactants
by rheological and turbidity measurements. Addition of SDS produced the least
effect on solution viscosity, whereas CTAB showed a strong interaction. Nonionic

Brij 35 decreased the viscosity of solution.

The importance of the alginate materials in biomedical applications such as drug
release studies and scaffolds for tissue engineering requires mechanical strength of
these gels. Surfactants play an important role for the uptake and release of drugs.
According to our knowledge, so far the effect of surfactant on the mechanical
properties of alginate gel beads hasn’t been studied. This paper reports for the first
time, the effect of surfactant incorporation into alginate gels on the Young’s modulus
of alginate beads. Two different types of surfactants (nonionic: Brij 35 and anionic:
sodium dodecyl sulfate) were used. Surfactant added alginates were crosslinked by
calcium or barium ions. The effect of crosslinking ions on Young’s modulus was

also studied.

3.2 Materials and Methods

All chemicals were commercially available and used without further purification.
The surfactants, Brij® 35 and sodium dodecyl sulphate (SDS), were obtained from
Merck. Alginic acid sodium salt (viscosity of 2% solution ~250 cps) was purchased
from Sigma-Aldrich. Calcium chloride dihydrate was purchased from J.T. Baker and

barium chloride dehydrate was from Merck.

3.2.1 Preparation of gel beads

In order to prepare the beads, alginate was dissolved in in deionized water and
necessarily amounts of surfactants were added into the alginate solutions. The
solution was carefully stirred in order to avoid bubbles and foams on the solution
surface. If the mixture is stirred too fast, a floating foam-like structure forms on the

surface due to the presence of surfactants.
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The pH of the solution was controlled in every step. The pH values of the 1% (w/v)
alginate solutions with and without SDS were ~6.7. Addition of Brij 35 decreases the
pH value to 6.4.

After complete dissolution, the solution was added dropwise into the gelling
(crosslinking) solution. From a constant height, using a syringe of 0.8 cm inner
diameter. The gelling solution consists of calcium chloride or barium chloride. The
concentrations were 2, 3 and 5% (w/v) cation. Following the addition, the
crosslinking reaction occurs immediately. The beads were kept at the solution for 12

hours in order to complete crosslinking.

The critical micelle concentrations (cmc) of Brij 35 and SDS are 0.09 mmol/L and 8

mmol/L, respectively. Therefore both surfactants were used above their cmc values.

Beads were of spherical shape and have colors ranging from pale yellow to white.

3.2.2 Compression measurements

Compression measurements were conducted using an Instron 3345 universal testing
machine attached with a 10 N force transducer. The method to measure is as follows:
A single bead was placed onto the platform and it was compressed with a flat-end
probe at a speed of 0.5 mm/min. The measurement was stopped at a deformation
ratio of 40%. Since the diameter of the compressed material is required in the
calculations, the diameter of each bead was measured using a digital caliper before
every measurement. All of the measurements were done at 25°C and conducted at
least in triplicate. Figure 3.1 shows the schematic illustration of the measurement

setup.

3.2.3 Calculations

Young’s modulus values were obtained using the Hertz Theory [57].

_4R°S E (H)3/2 (3.1)

3 1-—1v2\2

Here; F is the force, H is the displacement, R is the radius of a bead, E is the Young’s
modulus and v is the Poisson’s ratio. v was taken as 0.5 for 0.5 mm/min compression

speed applied, since this value was set as 0.5 for a speed range of 0.075 [58] and 60
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3/2

mm/min [50], respectively. After plotting F' versus (H/2)””, Young’s modulus was

obtained from the slope of linear region.

Force
transducer

Sample

Figure 3.1 : Schematic illustration of compression measurement setup.

Since the data might contain statistically not significant difference, a single factor
analysis of variance (ANOVA) test with a 0.05 level of significance was conducted.

The calculations were done using R statistical software v. 3.02 [59].

3.3 Results

Table 3.1 shows the effect of crosslinker, concentrations of alginate (w/v %) and
surfactants (cmc) on bead diameter. Diameter values of the beads are required on

elasticity calculations.

It can be seen that sizes of the beads increased with increasing alginate
concentrations. Addition of surfactancts decreased the sizes at low concentrations
when compared to beads without surfactant. Since the viscosity increases with the
concentration of alginate, an increased size can be expected. At the same time, a
bigger drop will be produced for higher concentrations of alginate when compared to
lower concentrations of alginate. Another interesting result is the higher diameter of
barium alginate beads when compared to calcium alginate ones.

32

An example to Force (N) versus (H)”“ curves (for beads with 4% (w/v) alginate and

crosslinked with 3% (w/v) Ba®") were given on Figure 3.2. Young’s modulus of the
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beads were calculated from the linear region of the force (N) versus (H)*? curves and

the results were taken as averages of at least three different beads.
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Figure 3.2 : Force (N) versus (H)’ 2 curves for beads with 4% (w/v) alginate beads
crosslinked with 3% (w/v) Ba®" (a) with Brij 35 (b) SDS.

Figure 3.3 shows the effect of alginate concentration, effects each surfactant and
their concentrations on the Young’s modulus of the calcium alginate beads. Pure
calcium alginate beads have a Young’s modulus values between 60 to 300 kPa.
These values are in accordance with the literature. Kaklamani et al. reported that the
Young’s modulus of disc-shaped alginate hydrogels in a similar range [49].
Increasing the alginate concentration from 1 to 4% (w/v) increased the Young’s
modulus from about 60 kPa to almost 300 kPa. This effect is expected since
increasing the concentration of alginate dramatically increases the density of the
solution. Regarding the effect of surfactant, Young’s modulus of the beads decreased
with addition of nonionic Brij 35 concentration, especially for higher alginate
concentrations. For On the other hand, increasing SDS concentrations results in

increasing Young’s modulus values, opposite to Brij 35.
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Table 3.1: Effects of crosslinker, alginate and surfactant concentrations on bead

diameter. Concentrations are given in times cmc.

Calcium alginate

Bead diameter (cm)

Barium alginate

Bead diameter (cm)

1% 2% 3% 4% 1% 2% 3% 4%
Alg Alg Alg Alg Alg Alg Alg Alg
Without |3.1+ 33+ 34+ 38+ |3.0+ 35+ 38+ 39+
surfactant | 0.1 0.2 0.2 0.1 0.1 0.1 0.1 0.1
Brij 35
55 cmce 28+ 32+ 31+ 32+ |26+ 3.0+ 35+ 38+
0.5 0.1 0.1 0.1 0.1 0.1 0.1 0.1
Illeme |27+ 274+ 32+ 30+ |27+ 33+ 35+ 40+
0.2 0.2 0.2 0.1 0.1 0.1 0.1 0.1
333cme |27+ 3.6+ 32+ 33+ |28+ 33+ 37+ 42+
0.2 0.2 0.2 0.1 0.1 0.1 0.1 0.2
SDS
31ecme |26+ 27+ 3.1+ 32+ 31+ 33+ 32+
0.3 0.1 0.1 0.6 .g 0.2 0.1 0.2
125cme | 3.0+ 32+ 3.1+ 32+ g 3.1+ 34+ 38=%
0.2 0.1 0.1 0.1 :z 0.2 0.1 0.2
en
25 cmc 31+ 34+ 32+ 38+ = 33+ 37+ 3.6=
0.5 0.1 0.1 0.3 ;5) 0.1 0.2 0.1
Socme |32+ 35+ 324 40+ | 2 34+ 38+ 41+
0.2 0.2 0.1 0.2 g 0.3 0.1 0.5
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Figure 3.3 : Effects of (a) Brij 35 and (b) SDS concentrations on the Young’s
modulus of the calcium alginate beads.

The results for barium alginate beads exhibit similar behavior. Figure 3.4 shows the
effect of alginate concentration, effects each surfactant and their concentrations on
the Young’s modulus of the barium alginate beads. The increase in the Young’s
modulus with presence of SDS is significant when barium alginate beads are
compared with calcium alginate. The Young’s modulus of barium alginate beads
with 50 cmc SDS was approximately two times higher than pure barium alginate
beads. Similar to calcium alginate, addition of Brij 35 slightly decreased the Young’s

modulus values of barium alginate beads.
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Figure 3.4 : Effects of (a) Brij 35 and (b) SDS concentrations on the Young’s
modulus of the barium alginate beads.

An interesting result was obtained for formulations containing SDS and 1% (w/v)
alginate. In this case, gels were flat and no spherical beads were obtained. This was
not observed for beads crosslinked with higher alginate concentrations. Thus, SDS-
containing 1% alginate gels (crosslinked with barium) were not used for compression

measurements.

Last parameter was the effect of cation concentration. Since the most significant
change was obtained for the beads with SDS, the alginate and SDS concentrations
were kept constant as 2% and 50 cmc, respectively. In order to observe the effect of
cation concentration, concentrations of Ca’" and Ba®" were chosen as 2,3, 4 and 5%
(w/v). Figure 3.5 shows the effect of cation concentration on Young’s modulus. The
Young’s modulus values of calcium alginate beads slightly decreased with increasing
cation concentration, on contrary, the Young modulus of barium alginate beads
dramatically increased. Therefore it can be concluded that increasing the

concentration of Ba®” increases the Young’s modulus of barium alginate beads.
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Figure 3.5 : Effect of crosslinker cation concentration on the Young’s modulus of
2% (w/v) alginate beads containing 50 cmc of SDS.

3.4 Discussion

1. Effect of alginate: Most significant increase in Young’s modulus is caused by
increasing alginate concentrations. The increase in alginate from 1 to 4 % (w/v) leads
to an increase in Young’s modulus by a factor of about 5. Similar to the increase in
viscosity of the alginate solutions, this increase is mainly caused by the densification
of the polymer material in the beads. An additional cause might be the increased

amount of aggregates formed between alginate chains via hydrogen bonding.

2. Effect of surfactant: Alginic acid is a copolymer of homopolymeric blocks of
mannuronic acid and guluronic acid, and the pK, values of these monomers are 3.2
and 3.6, respectively [60]. However, pK, value of alginate is not definitely known. In
a previous electrophoretic study, it was observed that alginate does not gain a
noticeable electrophoretic mobility between pH = 3.5 and 8.5 [53]. Alginate acted as
a negatively charged molecule and gained an electrophoretic mobility when SDS was
added to the medium above its cmc, showing an interaction between SDS and
alginate [53]. This interaction is not expected to be electrostatic, it can be concluded
that SDS half micelles were formed along the alginate chains via the hydrophobic

interaction between non-charged parts of alginate and SDS. This half-micelles

19



increase the negative charge density of the alginate chain and the adsorption sites for
the divalent cations enriches. Therefore, addition of SDS increases the crosslinking

density and stiffness.

Nonionic Brij 35 probably interacts with alginate via hydrogen bonding via the head
group association by the aliphatic chain. This could lead to covering of electron rich
sites of alginate chain and a decrease in negative charge density. Therefore

crosslinking density is decreased oppositely to the case with SDS.

Association via the head group could increase the hydrophobic character of the
alginate chains and this could lead to an association between hydrophobic domains.
Although this can lead to an increase in Young’s modulus, this effect is probably
minor or non-existent since Young’s modulus values decreased with increasing

amount of Brij 35. The effects of the surfactants were visualized in Figure 3.6.
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Figure 3.6 : Proposed structure for the interaction between surfactants and alginate
chain (a) calcium alginate, (b) calcium alginate with SDS, (¢) calcium alginate with
Brij 35.

3. Effect of cation type: In literature, it is reported that affinity of alginate towards

barium is higher than calcium [61,62] and stronger gel formation in the presence of
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barium cations. lonic radius values of calcium is 99 pm and barium is 135 pm,
therefore the hydration shell around barium is smaller than calcium; making it easier
for the negative groups of alginate to interact with barium. This causes to a stronger
cross-linking in presence of barium. Since the crosslinking density increases, the
increase in Young’s modulus with increasing barium concentration can be expected;
however the reason of the decrease in Young’s modulus with increasing calcium
concentration is unclear and it can be only speculated. The reason might be due to
the screening of the charges in the presence of calcium ions, which might act like

both a salt and a crosslinker, reducing the Young’s modulus of the gels.

Since alginate gels are widely used in drug delivery studies, preparation of water
purification agents, pharmaceutical applications and food industry, characterizing
and modification of the mechanical properties of important. In this section, the
variation of the Young’s modulus of crosslinked gel beads by changing types or
concentrations of surfactants and crosslinker cations. The effects of these variables
on mechanical properties of beads were investigated by uniaxial compression
measurements. Addition of nonionic Brij 35 decreases the Young’s modulus of the
beads while addition of negatively charged SDS showed the opposite. Therefore the
type of association of SDS and Brij 35 to the alginate is different. Also, barium
alginate beads have higher Young’s modulus values than calcium alginate ones. It
can be concluded that more rigid alginate beads can be obtained by the addition of

SDS and crosslinking with barium, depending on the application area.

Results of this chapter was published as “Surfactant and Metal lon Effects on the
Mechanical Properties of Alginate Hydrogels” in 2016, by H. Kaygusuz, G.A.
Evingiir, O. Pekcan, R. von Klitzing, F.B. Erim at International Journal of Biological
Macromolecules 92 pp. 220-224.
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4 EFFECT OF ANIONIC SURFACTANT ON ALGINATE-CHITOSAN
POLYELECTROLYTE MULTILAYERS

4.1 Introduction

Assembling the polyanions and polycations by physical sorption in order to form thin
film structures is of interest and these materials are called as polyelectrolyte
multilayers (PEM). [63,64]. Various forms of PEMs can be prepared by adsorption
on planar interfaces [63], as particles [65] and free standing membranes [66]. PEMs
can be constructed using layer-by-layer (LbL) technique. PEM growth by LbL
technique 1is basically the alternating adsorption of oppositely charged
polyelectrolytes on surfaces. Figure 4.1 shows the schematic of PEM construction
using LbL technique. The binding on substrate can either be physical or chemical

bonding.

Polyanion NN Polycation .

Substrate

Repeated steps

PEM

Figure 4.1 : Preparation of PEMs with LbL technique

The growth of the layers is based on the ion exchange when polyelectrolytes form
complexes, hence effect of salt ions is critical in this manner [67—69]. Presence of
salt ions affects thickness [64,70] and swelling [67,71] of the PEM and the cause of

this criticial effect is explained by the following chemical equation [68,72]:
Poly*Poly~ + Na*t + Cl~ & Poly*™Cl™ + Na*Poly~

In left-hand side of reaction, Poly Poly represents the polyelectrolyte-polyelectrolyte
pair. Two results of great importance are as follows: Firstly, the amount of entrapped

salt increases with salt concentration. Secondly, multilayered polyelectrolyte pairs

22



(PEMs) can be degraded with increasing salt concentration. Latter was proven by

some studies [67,73].

Easy preparation of PEMs by LbL technique led the researchers to study on both
synthetic and biopolymer based PEMs. In addition to the chemical properties of
adsorbed polyelectroyltes, type of counterions [71,74,75], solvent [76], temperature
[77,78] and charge density [68,79-81] are other parameters which modify the
structural properties [64,82]. PEMs are sensitive to external stimuli, e.g. relative

humidity [83], temperature [79,84] and pH [85].

Preparing PEMs based on biopolymers is of interest because of their biocompatible
and non-toxic nature, in addition to the advantages of PEMs such as their good
response to external stimuli. In this context, most commonly investigated
biopolymers; alginate and chitosan were studied as PEM formulations also. Potential
applications of PEMs based on alginate and chitosan are reported for antibody
immobilization [86] and mesoporous nanoparticle coatings [87]. Alginate-chitosan
PEMs were characterized by the means of the effect of biopolymer charge on PEM
formation [88], crosslinking [89] and swelling behavior [90]. As presented and
discussed in Chapter 2, effects of surfactants had significant effect on mechanical
properties of alginate. Other reports in literature studied the effects of surfactants on
alginate or chitosan systems. The interactions between alginate and SDS [55,56] are
known. As discussed in Section 2, SDS binds to alginate chain via hydrophobic
interactions. In addition to alginate, the strong interaction between chitosan and SDS
[91] was characterized. The improvement of the mechanical properties of alginate
formulations in the presence of surfactants attracted an attention to a possible
alginate-chitosan PEM with surfactants as additives. To the best of our knowledge,
no studies regarding the effects of surfactants on alginate-chitosan PEMs are
reported. Therefore this section investigates the effect of SDS on alginate-chitosan

PEM structure.

4.2 Materials and Methods

Alginic acid sodium salt, low molecular weight chitosan, polyethyleneimine (PEI,
M,, = 750 kDa), Brij® 35 and sodium dodecyl sulfate (SDS) were purchased from

Sigma-Aldrich (Germany). Sodium chloride was purchased from Merck (Germany)
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and silicon wafers were obtained from Siltronic AG Siltron (South Korea). All

reagents were used without further purification.

4.2.1 Preparation of polyelectrolyte multilayers

First step of the experimental part was to dissolve polyelectrolyte solutions. Alginate
and PEI solutions were dissolved in 100 mmol/L sodium chloride solution. As
chitosan is not soluble in neutral solutions, it was dissolved in 100 mmol/L acetic
acid + 100 mmol/L sodium chloride solution. Sodium chloride was used as the
supporting electrolyte. After complete dissolution, pH values of the solutions were
adjusted to 5. pH adjustments were done using hydrochloric acid and sodium
chloride solutions. All solutions were prepared in Milli Q water (22 MQcm ™). The
concentrations of the biopolymers were 5 mg/mL and the concentration of PEI was
0.01 mol/L (per monomer unit). Before adsorption experiments, necessary amounts

of surfactants (SDS or Brij 35) were added into alginate solution.

Silicon wafers need to be etched before polyelectrolyte deposition. Etching was done
by H,SO4:H,0; (1:1) mixture for 30 minutes. This solution is extremely corrosive
and needs to be used under very careful protection. After etching step, the wafers
were rinsed with Milli-Q water and gently dried by N, stream. Etched wafers should

be used for dip-coating process just after the etching step.

Dip-coating process was done using an automatic dip-coater, which is programmable
for each solution. PEM samples were prepared by dipping silicon substrate into the
necessary solutions. First step in dip-coating was the adsorption of first layer, 0.01
mol/L PEI solution, which acts as the template for the rest of the PEM. Following

procedure was used in automatic dip-coater, for all of the PEM formulations:

1. Dip the wafer into PEI solution (30 minutes)
Rinse with MilliQ water (1 minute), 3 times

Dip the wafer into alginate solution (20 minutes)
Rinse with MillQ water (1 minute), 3 times

Dip the wafer into chitosan solution (20 minutes)

Rinse with MilliQ water (1 minute), 3 times.

A o

Repeat steps 3-6

The procedure is visualized on Figure 4.2.
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Figure 4.2 : Schematic representation of LbL procedure

One layer alginate and one layer of chitosan is called one double layer (DL) and 1
DL is prepared by steps 3-6. For example, a sample with 30 DL was prepared by
repeating steps 3-6 by 30 times.

Crosslinking of the film structures was done by immersing dry PEM samples into
aqueous solutions of Ca®", Ba*", Zn>" and AI’", ranging from 0.1 and 1 mol/L, for 30
minutes. After 30 minutes, PEMs were taken out, washed with MilliQ water and

gently dried using N, gas.

4.2.2 Characterization

Ellipsometry is an optical technique that is based on the measurement of the change
of polarization of the sample-reflected light. Two parameters are vital in this
measurement, ¢ and 4; which are related to phase and amplitude of the light. ¢ is

defined as follows [82]:

|E5 /13| @.1)

e = e

Where E is the amplitude of light. Letters p, s, i and r indicate parallel and

perpendicular components of light, incoming and reflected beam, respectively.

On the other hand, 4 is given in the following equation.
4= (85— 685) = (85— &) 42)

0 is the phase of the light.

25



Since the reflection coefficients are expressed as follows,

|Ep|

r, = 2 i(55=5) (4.3)
|Ep
r .
ro= Bsl iesr-sty (4.4)
T IE]

The relation between ¢ and 4 is:

I
tang.ed =2 4.5)
rS

In this thesis, a null-ellipsometer with polarizer-compensator-sample-analyzer
sequence setup was employed to measure the samples. Figure 4.3 shows a schematic
representation of this type of ellipsometer. Unpolarized and monochromatic light,
originated from light source, is converted into linearly polarized light. Secondly,
polarized light passes through the compensator, which converts the linearly polarized
light into elliptically polarized light; this light falls on sample and reflects with linear
polarization. If an elliptically polarized light falls on a non-depolarizing sample,
reflected beam is linearly polarized and vice versa. Finally, reflected light passes
through the analyzer, which is actually a polarizer. Analyzer rotates the light to

minimize the intensity of the light on detector. This step is also called as nulling.

?)‘\7’ 5@
l ?0 00“\960 \
Light / A \
s L?rce l Detector
N 4 Analyzer
Sample

Figure 4.3 : Schematic representation of ellipsometry
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Thickness and refractive index values of the samples were measured using the Optrel
GbR Null-ellipsometer (Germany) equipped with a red laser (4 = 632.8 nm) and
polarizer-compensator-sample-analyzer setup. Thicknesses of the samples were
measured under ambient conditions and 1% relative humidity (r.h.). 1% r.h.
measurements were done in an isolated box and 1% r.h was reached by streaming dry
N, gas. Minimum three points on the surface were measured for each sample and at
least two samples of each formulation were measured. Ellipsometric parameters (4
and ¥) were modeled with a 4-layer model consisting of air, PEM, silicon oxide

(n=1.46, thickness of 1.5 nm) and silicon substrate (n=3.8858) layers, respectively.

X-ray reflectometry (XRR) was used for revealing the thickness and roughness
profiles of the PEM samples. Measurements were carried out by a Bruker-AXS D8
Discover X-ray diffractometer (Germany) with Acy.x, = 0.1542 nm. Minimum three
points on the surface were measured for each sample and at least two samples of
each formulation were measured. Reflectivity data were fitted using Igor Pro
software (version 6.3.4.1., Wave Metrics Inc.) with Motofit package. After footprint
correction, data was modeled using the following layer model: Silicon (p, = 0.71 A™)
as the backing, silicon oxide as the first layer (thickness of 1.5 nm, p, = 0.71 A”) and
air as the fronting (p. = 0 A”). Using this model, it is possible to obtain thickness and
roughness profiles of the PEM samples. Figure 4.4 shows a schematic representation

of the X-ray reflectometry.

X-Ray
Source

Detector .

20

Sample Stage

Figure 4.4 : Schematic representation of X-ray reflectometry

Another method for surface roughness characterization was atomic force microscopy
(AFM). This technique measures the interactions between the sample surface and a

probe. The movement and deflection of the probe during the surface scan is due to
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van der Waals and electrostatic forces between the tip and surface. The probe tip is
attached to the cantilever and the near-field forces between tip and sample surface
causes the cantilever to bend. The change in cantilever position is monitored by a
laser beam, which is reflected from the cantilever to detector, as illustrated in Figure

4.5.

Cantilever

Surface

Figure 4.5 : Schematic representation of an AFM scan. The surface morphology is
obtained from the change of the position of the reflected laser beam on the detector.
Adapted from reference [82].

Asylum Research Cypher Scanning Probe Microscope (USA) was used in AFM
measurements. AC air topography mode was selected as the measurement method
and silicon microcantilevers (Olympus AC160TS) were employed. Image analyses
were performed by Igor Pro software (version 6.3.4.1., Wave Metrics Inc.). Average
root-mean-square roughness (RMS) values were calculated from at least three (1x1)
um’ surface areas of (5x5) um” scans. Scan speeds were between 0.5 and 1 Hz/s.

Surface roughness was calculated as root mean square (rms):

n (4.6)
1 _
rms = ;Z(yi —¥)?

Quartz Crystal Microbalance with Dissipation monitoring (QCM-D) technique was
employed for characterization of polyelectrolyte adsorption. In this technique, the
changes in oscillation frequency of a quartz crystal are detected, when a mass is
adsorbed on a detection substrate. Excitation of the crystal is based on inverse

piezoelectric effect, i.e. applying sinusoidal potential. As illustrated in Figure 4.6
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Damped amplitude of the decaying oscillation is monitored when the potential is cut

off [82]. The amplitude is
A(t) = Age ™ *sin(2rft + ¢)

Where Ay is the initial amplitude of oscillation, 7 is the decay time constant, f'is the

resonance frequency and ¢ is the phase shift [92].

Adsorbed molecule A A

M\

h m— g

—3
t

Figure 4.6 : Principle of QCM-D. Potential excites the crystal to oscillate at its
resonance frequency and higher overtones. When the potential is cut off, the
dampling amplitude of oscillation (A) is monitored in time (t). Adapted from

reference [82].

Shift of frequency and dissipation are given in the following equations, respectively:
Af =f—fo 4.7)
fo 1s the frequency before adsorption. D and D, are the dissipation energies at time ¢
and 0. D is also defined as:

The relation between adsorbed mass and the change in frequency is described by
Sauerbrey [93]:

2fe (4.10)

A/ Pqlq

Where fj is the fundamental frequency of quartz (4.95 MHz for this case), 4 is the

Af = —

piezoelectrical active area, p, is the quartz density (2.648 g.cm™) and Ug 1s the shear

modulus of quartz (2.947.10"" g.cm™.s?). This model was originally for adsorbed
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gas molecules onto a resonator, it is still used for the adsorption of rigid mass onto
the substrate. Other models are Maxwell and Voigt models, which are valid for
viscoelastic system. However, since the system in this thesis followed to a rigid film

model, these models were not discussed in detail here.

The measurements were performed using quartz crystals (Q-Sense, Sweden). Before
measurements, crystals need to be cleaned by the following procedure: Firstly, each
crystal was cleaned by 2% (w/v) SDS solution for 30 minutes and carefully rinsed
with Milli-Q water. After this, crystals were cleaned by plasma cleaning for 5

minutes. A schematic illustration of measurement setup is shown on Figure 4.7.

_).

Elastic tube

QCM-D
Polyelectrolyte &
solution Pump
(or H,0) Waste

Figure 4.7 : Schematic representation of QCM-D measurement setup.

Adsorption measurements in QCM-D were performed by a similar order with layer-
by-layer assembly: A precursor layer of PEI was supplied to system for 30 minutes,
followed by the rinsing step with Milli-Q water for 5 minutes. Then oppositely
charged PEs (alginate and chitosan) were supplied for 20 minutes and after each PE
step, crystal was rinsed with MilliQ water. Rinsing was done by supplying Milli-Q
water to the system. Measurements were carried out at a constant flow rate of 0.1

mL/min.

4.3 Results

Preliminary LbL deposition experiments were made manually, i.e. dipping the etched
wafer into polyelectrolyte solutions without using the dip-robot. PEMs up to 6
double layers were prepared by this method in order to observe the feasibility of LbL
deposition of alginate and chitosan. These samples were characterized with

ellipsometry.
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Figure 4.8 shows the representation of Si wafer before and after LbL deposition
experiments. Alginate-chitosan PEMs with and wihout SDS had similar appearance,
transparent and darker than Si wafer. When Brij 35 was added to the formulation
instead of SDS, films appeared as white opaque structures. When alginate-chitosan
PEMs were crosslinked with cations, films turned into white-gray opaque structures
with visible holes and defects on it. It should be noted that faint lines and color
thickening at the bottom of the wafer may appear due to improper drying. This is due
to improper drying after the LbL assembly. A drop of water from last rinsing step
might remain at the bottom of the water for a long time and cause this alteration. In

this case films should not be used for further measurements. In order to avoid this,

films were carefully dried using N, stream.

— PEM —
— PEM —
— PEM —

-
-
a b C d

Figure 4.8 : Representation of (a) etched Si wafer, (b) alginate-chitosan PEMs with
Brij 35, (c) alginate-chitosan PEMs with and without SDS, (d) alginate-chitosan
PEMs crosslinked with cations.

Preliminary experiments were conducted for understanding the system and
optimizing the formulations. Effects of sodium chloride concentration, surfactant
type and concentration were investigated. Firstly, the increase in thickness when

NaCl was added as the support electrolyte is shown in Table 4.1.

31



Table 4.1 : Effect of sodium chloride concentration on thickness.

Crect (mmol/L) DL Thzfllg)ess
2 74 =01

0 4 33401

6 5.6+ 03

2 54409

5 4 82402

6 14.9+ 1.0

2 6.4+0.2

100 4 127+ 0.6

6 182403

Second investigation was the effect of surfactant type on formulations. However,
when Brij 35 was added to alginate solution (Cgqj = 1 mmol/L) and PEM samples
were formed using this solution; resulting sample was opaque white, as represented
in Figure 4.9. Moreover, it was not possible to obtain meaningful ellipsometric data
from these samples. Therefore Brij 35 was not used in further formulations.
Experiments were focused on the effect of SDS on PEM samples, which generated
reproducible results. Table 4.2 shows the effect of SDS concentration on 6-DL PEM
thickness. Concentration of sodium chloride was 100 mmol/L.

Table 4.2 : Effect of SDS concentration on thickness of the 6-DL samples.
CNaCl = 100 mmol/L.

Csps (mmol/L) Thickness (nm)
0 18.2+0.3
0.1 25.55+24
1 10.2+£0.2
2 9.8
10 -

Addition of 10 mmol/L of SDS into the system resulted in opaque PEMs which are
not feasible to measure its properties. On the other hand, 0.1 mmol/L was found to
have most significant effect on thickness, therefore 0.1 mmol/L was selected for

further experiments. Critical micelle concentration of SDS in pure water is around 8
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mmol/L. Since 0.1 mmol/L is well below the 8 mmol/L, a micelle formation at this

concentration can be neglected.

First parameter in the characterization step was the thickness. Thickness profiles of
the samples were studied by ellipsometry and XRR. Figure 4.9 indicates the
thickness values versus number of deposited double layers for all sample

formulations. Thickness values obtained from ellipsometry coincide with XRR.

Two-segment growth in thickness was observed for all formulations. The change in
slope was appeared after 12 double layers, which means the increase changed its
behavior after 12 double layers. Another interesting result was the change in
thickness when the outermost layer is changed. Odd number of double layers
indicates the films with alginate as the outermost layer and even number of double
layers indicate the films with chitosan as the outermost layer. Addition of SDS into
PEM structure caused a “zigzag” profile in thickness until 12 double layers and
PEMs with odd number of double layers have less film thickness than the PEMs with

even number of double layers.

A, A1%rh. | A, A1%rh.
160 |eo0 amb. cond. 160 |e®0 amb. cond.
0 XRR, amb. cond. 0 XRR, amb. cond.
140 140 -
120 120
100 100 -
e
5 b 4
% 80 80
()]
E - e
2 60 60 ~
= | )
40 40 -
20 20 -
0+ , 04 “ .
without SDS with SDS
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0 10 20 30 40 50 0 10 20 30 40 50

Number of double layers

Figure 4.9 : Thickness profiles of PEMs. Left: without SDS, Right: with 0.1 mmol/L
SDS. Open symbols represent chitosan-terminated PEMs; filled symbols represent
alginate-terminated PEMs. Black and red points indicate the thicknesses
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Figure 4.9 (continued): calculated from ellipsometry data, under 1% r.h. and
ambient conditions, respectively. Blue data represent the thickness values obtained

from XRR data.

Decreasing the relative humidity caused a decrease in thickness for the PEMs. As
can be seen from Figure 4.10, the thickness values were lower for PEMs under 1%
r.h.. This behavior is expected since PEMs swell under humidity [94]. and both

alginate and chitosan are hydrophilic polymers.

Second parameter was the refractive index of PEM samples. It is possible to
determine both thickness and refractive index from the measured ellipsometric
angles by ellipsometry. This approach is not valid for thinner films (< 20 nm),
because in this case only the change of phase can be obtained [95] which allows only
one of the mentioned parameters to be calculated. Since thicknesses of some PEM
samples were lower than 20 nm, this problem is avoided by fixing the refractive
index of thick (> 20 nm) samples to thinner (< 20 nm) samples. Figure 4.10
represents the refractive indices (n) of the samples and it can be seen that the values
are in the range of 1.45 — 1.55. Refractive indices were found to be smaller for
samples containing SDS. Similar to thickness profiles, an odd-even effect is present
for samples up to 20 double layers. Samples with SDS show an irregular behavior,

the change was not directly related to number of double layers.

Roughness values of the samples were calculated from XRR and AFM. Figure 4.11
shows the roughness profiles of the samples. PEMs with SDS have a higher surface
roughness when compared to films without SDS, and it was not possible to measure
the PEM roughness with AFM for films higher than 18 double layers, because the
surface had some globules on it as shown in Figure 4.12. This behavior was
described as local alginate and chitosan complexes and previously reported for
alginate and chitosan films [86]. Thus, roughness profiles obtained from AFM were
not reported for samples with higher than 18 double layers. Similar to thickness and

refractive index results, an odd-even effect was observed in roughness values.
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Figure 4.10 : Refractive indices of the samples, calculated from ellipsometry data.
Left: without SDS, Right: with 0.1 mmol/L SDS. Open symbols represent chitosan-
terminated PEMs; filled symbols represent alginate-terminated PEMs.
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Figure 4.11 : Roughness values of the samples, calculated from Left: XRR, Right:
AFM. Open symbols represent chitosan-terminated PEMs; filled symbols represent
alginate-terminated PEMs.
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Figure 4.12 : AFM images of 18 DL samples (A) without SDS, (B) with 0.1 mmol/L
SDS.

The system was assumed to be elastic, therefore total sensed mass (4m) related to the
shift of resonance frequency (4f) from QCM-D data was modeled using the
Sauerbrey relation (Equation 4.10).

Here, fy is the fundamental frequency of quartz (4.95 MHz for AT cut quartz
sensors), 4 is the piezoelectrically active area, p, is the density of quartz (2.648 g.cm’
%) and Ugq 1s the shear modulus of quartz (2.947. 10" gem™'s?). The measurement was
done for first 6 layers and the result is shown on Figure 4.13. Total adsorbed mass
increased linearly with the increasing number of layers. The increase in PEMs with
SDS was higher for PEMs without SDS, which is in accordance with thickness
profiles as presented before.
55] = without SDS

|l ——0.1mMSDS
5,0

4‘5-.
40-
354
304

2,5+

Adsorbed mass (pg/cmi)

2,04

T T T T T T
1 2 3 4 5 6

No. layers
Figure 4.13 : Adsorbed mass vs number of layers, calculated from QCM-D data.

Crosslinking of alginate structures cause a shrinking [22]. In this study, PEMs were
crosslinked with calcium, barium, zinc and aluminum cations. After crosslinking,
PEM samples turned into opaque white, irregular structures which can be directly

seen by naked eye. The deformation in film structure was also measured with AFM
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and can be seen in Figure 4.14 as a surface with high roughness. This can be caused
by either salt effect of the cations or directly by crosslinking of alginate chain.
However, as the alginate chains were already crosslinked with chitosan in PEM
formulations, the crosslinking might not occur and the destruction of PEM due to

crosslinking can be negligible.

Figure 4.14 : AFM images of PEM samples crosslinked with 1 mol/L Ca*", A: 49.5
double layers, B: 50 double layers, without SDS.

4.4 Discussion

Addition of SDS increased the thickness of the alginate-chitosan PEMs and the type
of the growth was found to be linear with some “zigzag” behavior. Hydrophilic
alginate and chitosan are hydrophilic polymers and their multilayer structures show
swelling behavior (Maurstad 2008), which is expectable under humidity. Swelling
ratio (SR) of the samples were calculated according to the following equation:

(C)) (4.11)
to

SR =

Where ¢, and ¢y are defined as the thickness under ambient conditions and 1% r.h.,

respectively.

Swelling ratio of the PEM formulations were calculated for all formulations and
listed in Appendix. It can be seen that swelling ratio of the PEMs are not related to

the presence of SDS and number of double layers.

The increase in the adsorbed mass for PEMs containing SDS was significant. This
can be explained by the higher amount of chitosan adsorption, which is due to the
increased ionic interactions with the addition of SDS to alginate solution. Oppositely

charged chitosan and alginate attract each other, as well as chitosan and SDS
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(Lundin, 2008). Therefore the interaction between alginate and chitosan becomes
stronger in the presence of SDS. As shown in Section 2 SDS is found to be bind to
the alginate chain via hydrophobic-hydrophobic interaction and increase the surface
charge of the alginate chain. Therefore here the increase in thickness and adsorbed

mass is expected.

PEM films with SDS are found to be thicker for chitosan-terminated samples when
compared to alginate-terminated ones. This was might be due to the shrinking when
the outermost layer is alginate and SDS, which may result in more electrostatic
interaction between previous chitosan layer.

Results of this chapter is under review as “Effect of anionic surfactant on alginate-

’

chitosan polyelectrolyte multilayer thickness’
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S PREPARATION OF CERIUM ALGINATE-CHITOSAN FILMS AS
POTENT WOUND DRESSING AGENTS

5.1 Introduction

As discussed in earlier sections, alginate has many advantages in material science
and technology, thanks to its abundance, low toxicity and its easily modifiable
properties. One of the applications of alginate is in the wound dressing area. Efficient
alginate based wound dressing material is reported in literature [96] and commercial
products can be found in market. These wound dressings appear as white flat pads
and are placed on skin wounds. Main principle of alginate based wound dressings is
the absorption of liquid from the open wound due to hydrophilic nature of alginate
gels. Although being sterilized, alginate dressings often require an additional
woundcare product, since alginate is not antiseptic itself. Chitosan has the advantage
over alginate in this sense, since antimicrobial properties of chitosan are well-known
[97]. Wound dressing formulations based on chitosan are reported in literature [97—
99] and commercially available. Chitosan based wound dressings both absorb the
exudate and inhibits the growth of the bacteria. An efficient wound dressing shows
good inhibition against bacteria, keeps the wound moist, flexible, low-cost [100] and,
if possible, biodegradable. An example illustration to application of a wound

dressing on an-open wound is given in Figure 5.1.

Figure 5.1 : Application of a wound dressing on a wound. Wound dressing should
be flexible and cover the lesion.

Antibacterial properties of cerium(III) nitrate are utilized in antibacterial and topical

burn treatment formulations based on certum(III) [101-103]. It is effectively used in
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a combination with silver sulfadiazine in burn treatment. The median lethal dose
(LD50) of cerium nitrate in rats is 49.6 mg/kg [104] and no attributable toxicity to
cerium was observed [102]. Besides antimicrobial activity, cerium nitrate binds and
denatures a lipid protein complex on burned skin, which causes immunosuppression

[97,103].

In the past two sections, structural and mechanical properties of calcium alginate,
barium alginate, alginate-surfactant, alginate-chitosan and alginate-chitosan-
surfactant formulations were investigated. In this section, the aim was to put together
the advantages of alginate, chitosan and cerium nitrate in order to prepare a
promising wound & burn dressing and show the feasibility of biopolymers in
application areas. For this purpose, cerium(Ill) alginate and cerium(IIl) alginate-
chitosan films were fabricated. Chemical and physical properties of the films were

characterized and the results were compared with calcium alginate films.

5.2 Materials and Methods

Alginic acid sodium salt (viscosity of 2% solution ~250 cps), chitosan (low
molecular weight, with a degree of deacetylation 75-85%, viscosity 20-300 cP) and
cerium(III) nitrate hexahydrate were purchased from Sigma-Aldrich (USA). Calcium
chloride dihydrate, glycerol and glacial acetic acid were from Merck (Germany). All

reagents were used without further purification.

5.2.1 Preparation of the film samples

Alginate was dissolved in a solution of 5% (w/v) glycerol to give a 1% (W/v)
solution. Glycerol was used as plasticizer for the films. After complete dissolution of
the alginate, a 30 mL aliquot was carefully poured into plastic Petri dishes of 9 cm
diameter and dried at 40°C for 24 h. After drying, transparent alginate films were
obtained. These films were used for further crosslinked experiments. If films contain

some surface defects or trapped air bubbles, these films were not used and disposed.

In order to crosslink the films, four different formulations were used: Ca%, Ce3+,
Ca®" with chitosan and Ce" with chitosan. Calcium was selected for comparison,
because crosslinking with calcium is very common. Concentrations of the crosslinker
cations were 0.031, 0.076 and 0.15 mol/L. Concentrations of chitosan were 0, 0.25

and 1% (w/v). After preliminary experiments, the concentration of crosslinker
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cations were set as 0.076 mol/L (approximately 2.5 % (w/v) cerium nitrate). Samples
were named as Ca, Ce, Ca-Chi and Ce-Chi. Crosslinker solutions were prepared by
dissolving necessary amounts of calcium chloride dehydrate or cerium(IIl) nitrate
hexahydrate in deionized water or 1% (w/v) chitosan solution, depending on
formulation. As chitosan is not soluble in neutral pH, chitosan solutions were

prepared in 1% (v/v) acetic acid.

Crosslinking step was done by pouring the 30 mL crosslinker solutions on dried
alginate films. Crosslinking starts immediately results in wrinkling of the alginate
film. This was not acceptable in further measurements. Therefore, rings made of
glass (9 cm diameter) were placed in Petri dishes to avoid crosslinking. After 12 h of
crosslinking, films turned into opaque films (Figures 5.2 and 5.3). After 12 h, excess
crosslinking solution was removed and films were washed with deionized water.

These samples were kept under 75% relative humidity in order to avoid wrinkling.

|
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|

Figure 5.3 : Crosslinked cerium alginate-chitosan film
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5.2.2 Preparation of inoculums

Lyophilized cultures of Gram-negative Escherichia coli (ATCC 25922) and Gram-
positive Staphylococcus aureus (ATCC 6538) were obtained from Microbiologics
Inc. (USA). Stock cultures were stored in brain heart infusion broth (Merck,
Germany) supplemented with 20% glycerol at -18°C. Working cultures were grown
in nutrient agar slants (Merck, Germany) and kept at 4 C. Microorganism
suspensions were prepared and adjusted to cell density of approximately 5x10°
CFU/mL in 1/500 nutrient broth (Merck Germany). These were used as inoculum in

in-vitro antibacterial activity assay experiments.

5.2.3 Characterization

Film samples were characterized by Fourier transform infrared spectroscopy (FTIR)
using a Perkin-Elmer Spectrum One FTIR spectrometer (USA). Morphological
properties were investigated using a JEOL-JSM-5919LV scanning electron
microscope (SEM, Japan). In order to measure the cross-sections of the film samples,
films were cut using cutting instruments. Light transmittance measurements were

done using a Shimadzu UV-1800 spectrometer (Japan).

Swelling properties were gravimetrically characterized by placing certain amounts of
crosslinked dry films in deionized water and pH 5.5 citrate-phosphate buffer (CPB).
Mixtures were shaken at 37°'C and 100 rpm in a Niive ST-402 shaking water bath
(Turkey). Films were taken out after 3 h, excess surface water was gently removed
using a filter paper and film samples were accurately weighed. Swelling ratio (SR)

was defined by Equation 5.1:

SR = (m —my)/m, (5.1)

Where my and m are defined as the masses before and after swelling measurement,
respectively.

Mechanical properties of the film samples were investigated by tensile
measurements. An Instron 3345 universal testing device (USA) attached with a 10 N
force transducer was employed in measurements. Speed was set to 0.5 mm/min at
25°C. Figure 5.4 represents the experimental setup for mechanical stretching

measurements.
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Water vapor transmission rate (WVTR) measurements of the samples were done
according to the wet cup method (described by ASTM E96-95) [105]. Measurement
was done as follows: A Petri dish was filled with distilled water and this Petri dish
was completely covered by the film sample. The loss in water mass over time was
recorded using a Labthink TSY-T3 water vapor permeability testing device (PR
China) at 38°C and under 80% relative humidity. Water vapor permeability values

(WVP) were reported using the following equation:

WvpP = (WVTR x d)/AP (5.2)

Where d is the thickness of the film in mm and AP is the partial water vapor pressure

gradient. WVP has the unit of g.mm/h.m”.Pa. The wet cup method was illustrated in

Force T

transducer

Figure 5.5.

Sample Pneumatic

holders

Figure 5.4 : Illustration of experimental setup for stretching measurements. Film
sample was carefully holded by pneumatic holders.

Vapor loss

N\

Seal Sample

Figure 5.5 : Wet-cup method for WVTR determination. A vessel is filled with water
and the cup is completely sealed with film sample. The loss of the mass due to
escaped vapor through film is recorded over time.
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5.2.4 Antibacterial activity

Antibacterial activity measurements were done according to ISO 22196 standard
[106]. The activities were determined by quantifying the amount of survived
bacteria. The plain PP film was used as the control. Film samples (50 mm x 50 mm)
were sterilized by UV treatment, placed into sterile Petri dishes and an aliquot (200
pL) of test inoculums were pipetted onto film samples. After that, inoculated film
samples were covered with a UV sterilized plain PP film (40 mm x 40 mm). Petri
dishes with inoculated samples were (for 1, 2 and 3 hours) incubated at 35°C and
under relative humidity above 90%. Survived populations of bacteria enumerated on
tryptic soy agar (Lab M, Burry, UK). Colonies grown on the plates were counted and

reported as logarithm colony-forming unit per mass of sample (log CFU/g sample).

5.3 Results and Discussion

5.3.1 Characterization

Modulus of elasticity values were obtained from the linear regions of the stress-strain
curves. Moduli of elasticity and SR of the samples are given in Table 5.1. Elastic
modulus values wer increased when films were crosslinked with chitosan. Cerium-
crosslinked samples were found to be more flexible than films crosslinked with
calcium. On the other hand, addition of chitosan decreased the flexibility. Swelling
properties of Ce and Ce-Chi were less than Ca and Ca-Chi, and addition of chitosan

into film structure caused an increase in SR values.

Table 5.1 Mechanical properties and SR values of the samples

Elastic modulus | Elongation at break | SR in water SR in CPB

(kPa) (%)
Ca 2.96 +0.3 23.7+0.3 193+9 268 + 22
Ca-

3.51+£0.7 202 +£2.8 437 + 88 540 £+ 66
Chi
Ce 25.1+2.4 354+44 11+4 109 + 12
Ce-

403+1.4 26.1+1.9 7+2 211 +£22
Chi
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FTIR spectra of Ce and Ce-Chi samples were compared in Figure 5.6. The increased
absorption band around 1300 cm™ indicates the presence of chitosan due to C-N
stretching in Ce-Chi. Since the structures of the both formulations are almost similar,

no major difference was observed in their FTIR spectra.

Transmittande (%)

—~Ce
—— Ce-Chi

T T T v T T T T T
2000 1800 1600 1400 1200 1000 800
Wavenumber (cm™)

Figure 5.6 : FTIR spectra of Ce and Ce-Chi samples.

Figure 5.7 : Surface images of Ce and Ce-Chi samples.

Scanning electron microscopy (SEM) was used to characterize the surface
morphology and cross-section of the samples. Figure 5.7 shows the SEM pictures of
Ce and Ce-C. Surface of Ce was the typical alginate film structure [107,108]. Effect
of chitosan was appeared as bubble-like structures on Ce-Chi. These structures were
also observed in the study of Akter et al. when they added chitosan into starch-based
films [109]. On the other hand, cross-sections of the samples were shown in Figure
5.8. Cross-sections of all formulations were dense, however Ce and Ce-Chi showed
more compact structure. Two-layered membrane-like structure which might indicate

chitosan coating was not observed. This structure was not expected, since chitosan
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was added at the same time with crosslinker cation. It can be assumed that chitosan

diffuse into alginate structure during crosslinking.

Light transmittance profiles of the film samples are shown in Figure 5.9. Almost no
UV transmittance was observed for all samples between 200 and 300 nm, and up to
30% transmittance between 300 and 400 nm. In visible region, Ca and Ca-Chi were
almost opaque. Addition of chitosan into film structure increased the transmittances

for both calcium and cerium crosslinked films.

WVTR values of the samples were calculated as 1849, 2182, 2284 and 2578 g/m™day
for Ca, Ca-Chi, Ce and Ce-Chi, respectively. Queen et al. recommend a rate of 2000
to 2500 g/m?.day as the WV TR without wound dehydration [110]. In vitro and in vivo
study by Xu et al. also suggest a WVTR range of approximately 1800-2300 g/m*day

is able to maintain optimal moisture content [111]. Except the small deviations,

VWTR values of the samples are found to be fall in this range.

.'I\-:- [V — 20 ym : N . . ! Ce 5 kv
Figure 5.8 : Cross-section images of Ca, Ca-Chi, Ce and Ce-Chi samples.
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Figure 5.9 : UV-VIS transmittance spectra of the Ce, Ce-Chi, Ca and Ca-Chi

5.3.2 Antibacterial activities

samples.

Antibacterial activities of the samples are shown in Figure 5.10 as log CFU/g sample

against exposure time (h) for E. coli and S. aureus.
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Figure 5.10 : Antibacterial activity (log CFU/g sample vs exposure time in h) of the
samples and polypropylene film (PP) against E. coli and S. aureus.

Results indicate that Ce, Ce-Chi and Ca-Chi result in a reduction in the counts of

microorganisms when to PP control film after 3 h exposure. Ca film had no
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antibacterial activity against £. Coli and S. Aureus. Best result was obtained for Ce-
Chi, which reached to 4.3 and 3.9 log CFU/g sample, for E. Coli and S. Aureus,
respectively. Therefore it can be concluded that crosslinking with cerium and
chitosan into structure both increased the antibacterial property. Effect of chitosan is

dominant than effect of cerium, when Ca-Chi and Ce are compared.

In this part of the thesis, potential wound dressings were developed made of
cerium/chitosan crosslinked alginate. Ce®” and chitosan are known for their
antimicrobial properties, and these features were also observed for Ce-Chi film. In
addition to this, cerium crosslinked films were more stiff. Ce-Chi has the potential to
be used as wound dressings. In future, in vivo studies can be conducted to improve

the results in this area.

Results of this chapter is accepted for publcation as “Antimicrobial cerium ion-
chitosan crosslinked alginate biopolymer films: A novel and potential wound

dressing” in International Journal of Biological Macromolecules.
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APPENDICES
APPENDIX A: SUPPORTING INFORMATION FOR CHAPTER 3
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Figure A.1 : Force (N) versus (H)3/ ? curves for beads with 1% (w/v) alginate beads crosslinked with 3% (w/v) Ca”"; doped with Brij 35
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Figure A.2 : Force (N) versus (H)*? curves for beads with 2% (w/v) alginate beads crosslinked with 3% (w/v) Ca’"; doped with Brij 35
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Figure A.3 : Force (N) versus (H)*? curves for beads with 3% (w/v) alginate beads crosslinked with 3% (w/v) Ca’"; doped with Brij 35
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Figure A.4 : Force (N) versus (H)*? curves for beads with 4% (w/v) alginate beads crosslinked with 3% (w/v) Ca’"; doped with Brij 35
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Figure A.5 : Force (N) versus (H)’ 2 curves for beads with 1% (w/v) alginate beads crosslinked with 3% (w/v) Ca®"; doped with SDS
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Figure A.6 : Force (N) versus (H)’ 2 curves for beads with 2% (w/v) alginate beads crosslinked with 3% (w/v) Ca®"; doped with SDS
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Figure A.7 : Force (N) versus (H)’ 2 curves for beads with 3% (W/v) alginate beads crosslinked with 3% (w/v) Ca®"; doped with SDS
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Figure A.8 : Force (N) versus (H)’ 2 curves for beads with 4% (w/v) alginate beads crosslinked with 3% (w/v) Ca®"; doped with SDS
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Figure A.9 : Force (N) versus (H)3/ ? curves for beads with 1% (w/v) alginate beads crosslinked with 3% (w/v) Ba®"; doped with Brij 35

66



0,12

0 cmc
—55cme
— 111 cmc
—333 cmc
0,08
z
L
0,04
0,00 T
0,0 0,2

(H/2)*”

Figure A.10 : Force (N) versus (H)’ 2 curves for beads with 2% (w/v) alginate beads crosslinked with 3% (w/v) Ba®"; doped with Brij 35
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Figure A.11 : Force (N) versus (H)’ 2 curves for beads with 3% (w/v) alginate beads crosslinked with 3% (w/v) Ba®"; doped with Brij 35
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Figure A.12 : Force (N) versus (H)’ 2 curves for beads with 4% (w/v) alginate beads crosslinked with 3% (w/v) Ba®"; doped with Brij 35
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Figure A.13 : Force (N) versus (H)3/ ? curves for beads with 2% (w/v) alginate beads crosslinked with 3% (w/v) Ba>"; doped with SDS
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Figure A.14 : Force (N) versus (H)3/ ? curves for beads with 3% (w/v) alginate beads crosslinked with 3% (w/v) Ba>"; doped with SDS
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Figure A.15 : Force (N) versus (H)3/ ? curves for beads with 4% (w/v) alginate beads crosslinked with 3% (w/v) Ba>"; doped with SDS
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APPENDIX B: SUPPORTING INFORMATION FOR CHAPTER 4

Table B.1 : Thickness values of the all PEM samples (calculated from ellipsometry data)

Without With
SDS SDS
Thickness Thickness Thickness Thickness
No. DL (nm) S.dev. |[(nm) S.dev. [No.DL |(nm) S.dev. |[(nm) S. dev.
1% r.h. Ambient conditions 1% r.h. Ambient conditions
1.5 3.3 0.2 3.6 0.2 1.5 2.8 0.2 3 0.2
2 5.9 0.2 6.1 0.1 2 6 0.1 6 0.1
3.5 6.2 0.2 6.7 0.2 3.5 5.2 0.2 5.7 0.3
4 10.9 1.2 11.8 1.5 4 11.1 1 15.1 5.2
5.5 11.6 0.5 12.7 0.6 5.5 8 0.5 10.4 0.1
6 16.6 2.1 18.4 2.5 6 19.8 1.1 26.4 2.9
11.5 20.2 0.6 23.6 1.1 11.5 21.5 1.8 28.0 0.4
12 21.3 0.3 24.5 0.9 12 22.4 1.2 322 2
17.5 34.6 1.1 41.1 0.2 17.5 38 0.9 41.2 0.3
18 35.0 0.2 384 0.6 18 45.8 3.6 53.9 5.1
29.5 72.2 1.1 86.2 1.5 29.5 88.1 1 96.4 2.7
30 90.4 3.3 110.6 2.2 30 101.1 6 124.3 2.6
39.5 108.2 1.2 119.1 1.5 39.5 122.4 1.2 129.5 1.5
40 115.0 1.4 127.3 0.2 40 135.5 1.1 149.7 0.3
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Table B.2 : Parameters of XRR fits.

Si0; layer Backing (Si)
Thickness (A) 1.5 Infinite
SLD 18.91 20.15
Roughness 3 3

Table B.3 : Swelling ratio (SR) values of the PEM samples

SR (%)
No. DL Without SDS With SDS
1.5 9.09 7.14
2 3.39 -
35 8.06 9.62
4 8.26 36.04
5.5 9.48 30.00
6 10.84 33.33
11.5 16.83 30.23
12 15.02 43.75
17.5 18.79 8.42
18 9.71 17.69
29.5 19.39 9.42
30 22.35 22.95
39.5 10.07 5.80
40 10.70 10.48
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Figure B.1 : XRR data and fit of PEM samples measured at ambient conditions. Dots indicate fits and lines are experimental data.
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Figure B.2 : XRR data and fit of PEM samples measured at ambient conditions. Dots indicate fits and lines are experimental data.
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Figure B.3 : XRR data and fit of PEM samples measured at ambient conditions. Dots indicate fits and lines are experimental data.
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Figure B.4 : XRR data and fit of PEM samples measured at ambient conditions. Dots indicate fits and lines are experimental data.
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Figure B.5 : XRR data and fit of PEM samples measured at ambient conditions. Dots indicate fits and lines are experimental data.
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Figure B.6 : Surface of a chitosan PEM film, imaged by AFM. Right hand side of the image is the Si wafer, left side is the PEM.
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APPENDIX C: SUPPORTING INFORMATION FOR CHAPTER 5
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Figure C.1 : Stress-strain curves for equally shaped film samples.
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