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ABSTRACT

DEVELOPMENT OF CHITOSAN BASED BIOFOAMS

Chitosan is a preferred bio-foam material used in many research fields due to its
unique structural features. However, chitosan foams are mechanically too weak to
maintain the desired shape.

A wound infection and tissue necrosis, endanger human's lives. So, a dressing is
required to protect loss of fluids from the wound and prevents any bacterial invasion
replacing the function of skin temporarily. Therefore controlled drug release from a
wound dressing is necessary with a biocompatibility and enough mechanical strength.

The aim of this study was the synthesis of mechanically durable - dual porosity
chitosan bio-foams to provide a controlled drug release. For this purpose, oil droplets
formed in a chitosan solution were used as templates to produce micropores that also
contain vancomycin (a model antibiotic-hydrophylic) and curcumin (a model anti-
inflammatory-hydrophobic) in the walls of chitosan matrix with large structural voids.
An anionic surfactant, sodium dodecyl sulfate (SDS) alone, was used as a crosslinking
agent which was a new approach. The chitosan foams have dual pore structures. 1) The
intrinsic micro pores with different morphology that depends on the oil phase. 2) The
structural voids, present even in the absence of an oil phase that depends on the
experimental conditions. The mechanical strength of the foams were found to be much
higher (up to 250 kPa) compare to the foams produced in literature and suggested to be
suitable to use for wound dressing applications. The drug release mechanism of foams
were found to depend on the conditions used for foam development and the released

kinetics were presented with a mathematical model.
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OZET

KiTOSAN BAZLI BiYOKOPUKLERIN GELISTIRILMESI

Kitosan, essiz yapisal Ozellikleri nedeniyle doku miihendisligi ve ilag salim
sistemleri gibi bircok alanda biyo-kopiik tretmek icin kullanilan bir malzemedir.
Bununla birlikte, kitosan kopiikler, dokunun yeniden olusmasi ya da iyilesmesine kadar
gecen siirede istenen seklini korumasi agisindan mekanik olarak ¢ok zayiftir.

Yara enfeksiyonu ve ciddi doku 6liimii, insanlarin hayatini tehlikeye sokar. Bu
nedenle, yara bolgesinden sivi kaybini dnlemek ayrica cildin islevini gecici olarak
degistiren bakteri istilasini1 engellemek i¢in bir yara ortiisii gereklidir. Bununla birlikte,
biyouyumluluga ve yeterli mekanik mukavemete sahip yara ortiilerinden kontrollii ilag
salmimi, yaralarm tedavisi i¢in dnemlidir.

Bu c¢alismanin amaci, kontrollii bir ilag salimi saglamak i¢in mekanik olarak
dayanikl ve iki farkli tip gézenek yapisina sahip kitosan biyo-kopiiklerin sentezidir. Bu
amacla, kitosan ¢ozeltisinde olusturulan yag damlaciklari, biiyiikk yapisal bosluklara
sahip kitosan matrisinin duvarlarinda vankomisin (model antibiyotik-hidrofilik) ve
curcumin (model antiinflamatuar-hidrofobik) iceren mikro gdzenekler iiretmek igin
sablon olarak kullanilmistir. Yeni bir fikir olarak, anyonik bir yiizey aktif madde olan
sodyum dodesil siilfat (SDS) capraz baglama maddesi olarak kullanilmistir. Kitosan
koptkler iki farkli tip gbzenek iceren yapiya sahiptir. Bunlar, 1) Kitosan matrisinin
duvarlarinda bulunan ve yag fazina bagli olarak farkli morfolojiye sahip olan gercek
mikro gézeneklerdir. 2) Kitosan matrisinin yag fazi olmasa bile deney kosullarina bagl
olarak sahip oldugu yapisal bosluklardir. Kopiiklerin mekanik mukavemetinin,
literatiirde iiretilen koptiklere kiyasla cok daha yiiksek (250 kPa 'a kadar) oldugu ve yara
sargis1 uygulamalarinda kullanilmaya uygun oldugu goriilmiistiir. Koptiklerin ilag salim
mekanizmasinin, kopiik tiretimi i¢in kullanilan kosullara baglh oldugu bulunmustur ve

salim kinetikleri, matematiksel bir modelle sunulmustur.
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CHAPTER 1

INTRODUCTION

Polymer foams have highly porous structures due to the gas phase that they
contain. Although the porous structure supplies the material lots of properties such as
having high surface area with low weight, the gas phase within the polymer do not have
any effect on the chemical properties of the foams. The relation between the foam
properties and porous structure depends on pore size, thickness of the pore walls,
morphology, density and interconnectivity (Andrieux et al. 2019). Biofoams are
materials which are bio-based, soft biomaterials, produced from renewable feedstocks
(such as soybean flour/oil, cellulose, wheat gluten (WG), corn starches, chitin and
chitosan (CS)) with interconnected pore structure, high swelling and absorption
capacity. Biofoams can be produced by several type of methods such as solid templated,
gas templated and liquid templated methods. Gas templated method is not useful for
hydrophilic and glassy polymers like chitosan. In the case of gas templated method,
closed pores could be obtained (Ji et al. 2011). The solid templated methods require
extra porogen removal processes to have porous structures. Hence, liquid templated
method looks promising among them to produce biofoams with porous structure.

Skin is the largest organ of the living structures which protect the internal organs
from the environment and is about 15 wt % of the total body (Moeini et al. 2020). A
wound can be described as the damage of the structure of skin and loss of its normal
function due to burns, injury, chronic or genetic diseases, insect bites and surgial
operations. The first thing to deal with in wounds to prevent deaths from injuries is to
stop bleeding (Khan and Mujahid 2019). In addition, Gram-positive such as
Staphylococcus aureus (S.aureus) and Streptococcus pyogenes (S.pyogenes) and Gram-
negative bacteria such as Escherichiacoli (E.coli) and Pseudomonas aeruginosa
(P.aeruginosa) which may be resulted in function loss of organ can colonized as a result
of chronic wounds. Usage of suitable drugs such as vancomycin, curcumin is the most
effective way to prevent wound from bacteria. In addition, controlled drug release from
wound dress advantageous treatment since optimum drug release rate can be reached

and change of wound dressing frequently is not needed. A succesful wound dressing



should have biocompatibility and be easily applicable with mechanical strength during
usage. It should prevent infection by allowing ideal gas and liquid exchange
(Michailidou et al. 2019). Traditional dressing is used in the first moments of treatment
to stop wound contact with environment. They are not successful in ensuring stability
and reducing the risk of infection. Hence, it is required to produce wound dressings
which can prevent microorganisms. To achieve this aim, synthetic and natural polymers
can be used to develop these dressing materials. Especially, natural polymers which are
biocompatible, biodegradable, self treating due to features of the used raw material are
preferred most of the time for biofoams as wound dressing. There are some natural
polymers such as collogen, chitin, chitosan, alginate to produce biofoam wound
dressings (Moeini et al. 2020).

Chitosan which is obtained by deactylation of chitin is the most commonly used
polysaccharide in wound dressing applications due to being biocompatible,
biodegradable, non-toxic, antimicrobial, easily applicable, easily processable and
haemostatic (Khan and Mujahid 2019). Moreover, it is naturally antibacterial as a result
of its amino side groups (Andrieux et al. 2019). A lot of study about chitosan based
wound dressings have been carried out in literature due to its excellent properties. (Hu
et al. 2018; Li et al. 2005; Khan and Mujahid 2019; Moeini et al. 2020). In literature, it
was mentioned that there are some limitations due to mechanical strength of the
chitosan. In addition, it was claimed that low mechanical strength is one of the major
problem for the use of the polysaccharide as wound dressing (Pires and Moraes 2015;
Devi et al. 2012). Hence, composites containing chitosan were prepeared or chemical
modifications were applied to overcome this problem in many research. For instance,
chitosan-collogen composite sponges were produced to improve the mechanical
properties of the foams (Arpornmaeklong et al. 2008; Indrani et al. 2017). Devi et al.
improved the mechanical properties of the foams produced as wound dressing by
combining chitosan with fibrin and sodium alginate (Devi et al. 2012). Although many
chitosan biofoams produced in the literature, there is little work regarding chitosan
based foams (drug loaded/unloaded) which have desired mechanical properties without
using composites. Moreover, foams obtained in literature have only structural voids in
their structures.

In the present study, the aim was the synthesis of composite drug-bearing
chitosan biofoams (as wound dressing) through liquid templated methods with

optimized pore structure, mechanical strength and water affinity. Effect of molecular



weight of chitosan, chitosan concentration, type of crosslinking agent, oil type and
concentration on foam sythesis were evaluated. In addition, foam-drug interactions were
examined to achieve high efficiency of drug loading (modification of synthesis) and
release. The release kinetics of both hydrophilic and hydrophobic drugs were studied

and a release model was developed to express the process in mathematical form.



CHAPTER 2

BACKGROUND INFORMATION

This chapter starts with the description of biofoams and its synthesis methods. It
continues with detailed information and literature studies about biofoams in wound

dressing, chitosan, chitosan biofoams and emulsions.

2.1. Biofoams: Definition and Application Areas

Biofoams are bio-based porous materials manufactured from renewable
feedstocks. Porous materials are materials with voids (pores, cavities, channels) have
different properties depending on the material, composition of material, porosity, size,
shape and arrangement of pores (Figure 2.1). Porosity is defined as the total volume of
empty or pore parts in the material. Pore size of these materials can be changed from
nanometer to milimeter and pores can have ordered or irregular pattern. Pores are
classified as macropores (larger than 50 nm), mesopores (between 2 and 50 nm) and
micropores (smaller than 2 nm) based on their pore size (Zhu and Ren 2014).

There are many types of raw materials for biofoams such as soybean flour/oil,
cellulose, wheat gluten (WG), corn starches, chitin and chitosan. Figure 2.2. shows the
different types of biobased polymers. Cellulose is the most widely used biopolymer due
to being biodegradable, biocompatible and non-toxic (Ferrer et al. 2017). High surface
area and tunable surface properties are some features of nanocellulose. Vegetable oils
can be used to produce polyuretanes since they are renewable, easily accessible and
inexpensive (Budnyak et al. 2015; MITELUT et al. 2015). Corn starch is an agriproduct
which is degradable, renewable and has easily accessible source, usability at high
temperature, short-time cooking processes without any blowing agent (Lin et al. 1995).
Instead of polyurethane and polystyrene, wheat gluten is used in thermal insulation
applications due to its good thermal insulation properties (Wu et al. 2017). Chitin is
naturally occuring biopolymer in cell wall fungi, exoskeleton of crustacean and cuticle

of insects (Zhou et al. 2014; van den Broek et al. 2015). Deacetylation of the chitin



gives chitosan which is pH sensitive, biodegradable, biocompatible, non-toxic,

antimicrobial, antitumoral and antifungal biopolymer.
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Figure 2. 1. Porous materials

(Ohtsuki et al. 2009).
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Figure 2. 2. Different types of biobased polymers
(Srinivasa and Tharanathan 2007).

Porous biomaterials have wide usage area such as wound dressing, tissue
engineering, drug delivery, green packaging and etc. (Xie et al. 2012). They have high
applicability due to tunable pores size, high surface area and adjustable framework
(Netti 2014). In addition, usage of biofoams prevent the effects of synthetic polymers on
the environment. Zhang et al. used soybean oil based polyol instead of petroleum-based
polyols to produce foams as thermal insulation material. Produced foams were more
stable than syhthetic polymer based foams in terms of chemical and thermal stability.
Also, mechanical properties were improved by using natural polymer (Zhang and Luo
2015). As it was mentioned starch can be used as a raw material for foam production
due to its biodegradability, low cost and low density. Also, starch biofoams have good
thermal insulation properties when they compared with fossil-fuel based polymers
(Hassan et al. 2020). Since wheat gluten has very low cost and good thermal insulation

properties, wheat gluten biofoams were produced by freeze drying method and used in



thermal insulation applications. Moreover, these foams showed good liquid hold up
capacity. As a result of this property, they were offered as an alternative material in
applications where there is a risk of water or moisture exposure (Wu et al. 2017). The
use of single-use foam packaging is increasing day by day. As a result, food packaging
materials produced from plastic materials are pose a serious danger to the environment.
To overcome this problem, biofoams are used instead of the synthetic foams in food
packaging industry. Starch is one of the alternative biobased polymer for packaging
applications (Glenn and Orts 2001). In addition to their environmental benefits,
biofoams can protect the foods against microorganisms and microbes due to their
natural properties. In literature, starch, antimicrobial and antioxidant, used to create
bioactive packaging foams (Cruz-Tirado et al. 2020). Engel et al. developed starch-
based biofoams for packaging foods with low moisture content (Engel et al. 2019).
Since all biobased polymers have their own properties, sometimes it is required to use
some biopolymers together to improve the properties of the biofoam. Ottenhall et al.
combined low density cellulose and water stable chitosan polymers to have an
alternative packaging material with desired properties (Ottenhall et al. 2018). Also,
starch-cellulose composite foams were produced for use in the food industry
(Soykeabkaew et al. 2004). Kaisangsri et al. prepeared cellulose enhanced starch foams
as biodegradable packaging material (Kaisangsri et al. 2019). Biofoams are used in
removal of industrial dyes from aqueus solutions due to their high adsorption capacities.
Also, they are ecofriendly adsorption materials. Chitosan is widely used for dye
removal because biofoams produced by chitosan have high surface area and porosity (Li
et al. 2018). Da Rosa Schio et al. prepeared biobased chitosan-polyurethane foams for
the adsorption of dye. They suggested these foams as potential dye removal materails
with high adsorption capacity, high removal efficiency and good mechanical properties
(da Rosa Schio et al. 2019). In another study, chitosan/hydroxyapatite foam membranes
were used successfully to remove the dyes since NH, and OH groups of chitosan is
effective for adsorption of organic contaminants and heavy metals (Shi et al. 2017).
Biofoams are used widely in wound healing applications since their biocompatibility,
non-toxicity, biodegradability. Nguyen et al. prepared drug loaded chitosan/gelatin
composite biofoam as wound healing material (Nguyen et al. 2013). Moreover, porous
biomaterials are used in ceramic industry as a slurry since they are sensible to water. In
a study, chitosan based biofoams were used to process a porous ceramic material

(Mathias et al. 2011).



2.1.1. Synthesis of Biofoams

Biofoams can have random or ordered pore arrangement. Random pores cause
some problems during diffusion. On the other hand, ordered pore structure can
overcome the diffusion limitations. Biofoams can be produced by many different
methods such as gas foaming, particle leaching, phase seperation which are inexpesive
and easily applicable. Although these methods have many advantages, biofoams
produced by these methods have some troubles with porosity, mechanical strength,
diffusion and pore structure (Mohanty et al. 2016). Techniques to have ordered
structured biofoam can be classified as gas templating, solid templating and liquid

(emulsion) templating.

2.1.1.1. Gas Templated

Dense gas is defined as gas which is close to its critical point. Dense gas
expansion is a method to produce porous structure from polymeric materials (Ji et al.
2011). When it is compared to other methods (solid and liquid templated), toxic
solvents are not used and ordered pore structure with sufficient and interconnected
pores can be created. The most widely used dense gas is carbon dioxide (CO,) since it is
non-toxic, non-flammable and soluble in most of polymers. During this method, a
thermoplastic material is put in a vessel which is pressured and saturated with an inert
CO; gas. Polymer-gas solution at temperature which is lower than its glass transition
temperature is obtained by supercritical CO, at high pressure. Then, solubility of CO,
decreases with fast reduction in pressure to ambient pressure and bubble formation is
observed due to supersaturation. Produced porous polymers are widely used as drug
carrier, porous scaffold and microparticles. Figure 2.3 shows a schematic representation

of the gas templating foaming method.
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Figure 2. 3. Schematic of gas templated foam production.

Although porosity formation with supercritical CO; is easily applicable method,
it results in a dense unfoamed surface layer since high velocity of CO, near the surface
increases viscosity and glass transition temperature. These porous polymers can be
preferred for high-strength applications. Gas templated method leads to closed pore
structure which is useful for some applications such as insulation, however, closed pore
structure is not desirible in tissue engineering applications (Kiran 2016). Although there
is lots of study about gas (CO,) templated method, it is highlighted that this method is
not useful for hyrophilic and glassy polymers (chitosan etc.) since CO; is not highly
soluble in these materials. Acid or ethanol as a co-solvent can be used to solve the
problem about low solubility. On the other hand, while using co-solvent (such as
ethanol) can result in higher solubility of the gas, open pores can not be produced and
additional procedures is needed (Ji et al. 2011). Xie et al. prepared porous
polycaprolactone (PCL) materials for controlled drug release studies by using CO; as
foaming agent and procedure for porous PCL scaffolds can be seen from Figure 2.4

(Xie et al. 2012).



1) Pnapamtmn of PCL pcrwdarl:y thermal
dphase sep

/%‘m 2) Fabrication of PCL/soclvent/drugtablet
by mixing-compaction

:sn:,sm { Misture compaction by mwan of

%‘ I % hydric press (93107 M)

F(lfﬂm T
o i eatracrion

[ET ] rv, RT] |='_'__.] l

Manwe) mixing of FOL
powsder and drug solution

3) Porous PCL{drug scaffolds prepared by means of scCO, foaming

Saturation Foarming
(aoec, 200Pa, 1h) (402c, Shiaymin)

Dy Peading mw PCL

©0;
outhet
Capillary '

High pressurewvessel

Figure 2. 4. Gas (CO;) templated method for PCL scaffolds
(Xie et al. 2012).

Morphology, mean pore size and pore size distribution of drug loaded PCL

porous materials produced by CO, foaming process is given in Figure 2.5.
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Figure 2. 5. Drug-loaded PCL-based porous scaffolds
(Xie et al. 2012).
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Singh et al. produced PLGA foams by the gas templating method. Supercritical
CO; was used as the blowing agent (Figure 2.6) (Singh et al. 2004).

Figure 2. 6. Porous structure of poly(DL-lactide-co-glycolide) foams
(Singh et al. 2004).

An alternative gas is air for gas templating foam production method. Testouri et
al. used this technique to produce porous foams from chitosan gels. In this method,
chitosan solutions (with surfactant), air and crosslinking agent were given at the same
time in a T-junction device (Figure 2.7). Also, surfactant was used to stabilize the foams

(Testouri et al. 2010).

Figure 2. 7. Shematic form of the air templated foam production method

(Testouri et al. 2010).
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2.1.1.2. Solid Templated

Porogen is a solid material used to produce porosity. Porous material with
desired pore sizes (micropores, mesopores and macropores) and high porosity can be
obtained by changing and controlling size of particles (Figure 2.8). Salt and silica can
be used as porogen (Xianfang and Eli 1996). In literature, chitosan membranes were
produced by using silica particles as porogen by Xianfang and Eli. While silica particles
dissolve in alkaline solution, chitosan is insoluble in this solution. Hence, silica particles
removed easily from the structure to create pores by using an alkaline solution

(Xianfang and Eli 1996). Figure 2.9 shows the structure of the membranes produced at

) -

Salt/Silica  Polymer Biofoam with Porous
porogen hiofoam
Biofoam inwater or
weak acid bath

different chitosan silica ratios.

Figure 2. 8. Schematic of solid templated foam production.

Figure 2. 9. Structures of chitosan membranes

(Xianfang and Eli 1996).
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Chao et al. used sodium cloride (NaCl) as a porogen and genipin as a
crosslinking agent for solid templated chitosan membrane production (Figure 2.10).
NaCl particles was removed by using deionized water. Effect of porogen on mean pore
diameter and porosity was studied by using NaCl and silica. The pore diameter and
porosity of the materials which was produced by NaCl were lower than the materials
using silica particles as porogen due to dissolving and size reduction of NaCl particles

in acidic chitosan solution (Chao et al. 2006).

Figure 2. 10. Surface morphologies of chitosan membranes prepared with different

NaCl:chitosan concentrations (Chao et al. 2006).

Lim et al. prepeared chitosan scaffold by solid templated method using sodium
acetate as a porogen and examined the structure by SEM (Figure 2.11). Since chitosan
is soluble in acidic conditions, the tendency of the salt to ionize in low acidic conditions
should be taken into account and a salt eith low ioniation trend should be used as a

porogen to produce porous material (Lim et al. 2011).
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Figure 2. 11. Scanning electron microscope (SEM) images of sodium acetate templated

chitosan scaffold (Lim et al. 2011).

Although solid templated method is used to produce porous structures, there is
some disadvantages of the method. For instance, residual impurities are formed after the
foam production and extra porogen removal methods are needed. Also, high solid
concentrations are needed to create open pores and foam shows low mechanical

strength due to high solid concentration.

2.1.1.3. Liquid Templated

In liquid templated method, porous structure is formed by liquid phase such as
emulsion or microemulsion. Pore size can vary from nanaometer to micrometer,
depending on liquid system used (Silverstein 2014). In this method, biphasic system is
present and while continuous phase is polymerized, volatile liquid phase is removed

after polymerization to produce porous structure (Figure 2.12).
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Figure 2. 12. Schematic of liquid templated foam production.

Miras et al. generated chitosan biofoams by using liquid templated method. Oil-
in-water emulsions was used to create porous structure and chitosan was crosslinked by
genipin. Volatile components were removed by freeze drying. SEM images of
synthesized chitosan macroporous foams can be seen from Figure 2.13 (Miras et al.

2013).
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Figure 2. 13. SEM images of chitosan porous foam

(Miras et al. 2013).

Franks et al. desired to develop a new method to produce chitosan scaffolds by
controlling porous structure in terms of volume fraction and pore size. 2,5-dimethoxy-

2,5-dihydrofuran (DHF) was used as crosslinking agent to polymerize the chitosan
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solution which is continuous phase. Oil is used to produce dispersed emulsion phase.
The crosslinked scaffold was dried at room temperature. While a problem such as
shrinking of scaffold was encountered during the drying phase, no cracking was
observed in the scaffolds. It was observed that pores was created with lower sizes by
increasing the cationic surfactant, CTAB concentration which was used to reduce the
interaction with the cationic chitosan. Pore size of the structure was always higher than
calculated and expected. There could be two reasons for this; 1) Size of the pores is not
monodisperse and as a result while pores with small size have higher surface area, pores
with larger pores can have less surface area, 2) There can be some surfactants which
could not be removed in solution. It can be deduced that amount of surfactant affect the
pore size of the structure (Franks et al. 2006). Figure 2.14, Figure 2.15, Figure 2.16 and
Figure 2.17 show the SEM images of scaffold produced with different oil amount and

droplet size.

Figure 2. 14. Structure of the scaffold (30 % oil and 3 um droplets)
(Franks et al. 20006).

Figure 2. 15. Structure of the scaffold (30 % oil and 30 pm droplets)
(Franks et al. 20006).
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Figure 2. 16. Structure of the scaffold (50 % oil and 3 um droplets)
(Franks et al. 20006).

Figure 2. 17. Structure of the scaffold (50 % oil and 30 pm droplets)
(Franks et al. 20006).

Zhong et al. produced chitosan-poly(e-caprolactone) (PCL) composite hydrogels
having different volume ratios by liquid (emulsion) templated method. Emulsion was
obtained by Span-80 as an emulsifier and homogenity of the emulsion was provided by
sonication. The polymerized mixture was frozen and lyophilized to create porous
structure by ice sublimation under vacuum (Zhong et al. 2011). Figure 2.18 gives the

results of SEM analysis of chitosan with different PCL amount.
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Figure 2. 18. SEM images of pure chitosan (a, b), composite hydrogels, 25 wt % PCL
(c,d), 50 wt % PCL (e,f) and 75 wt % PCL (g,h) (Zhong et al. 2011).

In addition, the change in pore size by freezing temperature prior to
lyophilisation was examined in the study. Liquid nitrogen was used at -196 °C to freeze
the polymer solution and resulting pores had very small sizes which are not found
favorable for tissue engineering applications. Otherwise, hydrogels frozen at -20 °C got

larger pores as can be seen from Figure 2.19 (Zhong et al. 2011).

i
20 pum n I 200 um

Figure 2. 19. SEM images of composite hydrogel frozen at (a) liquid nitrogen (-196°C)
and (b) -20°C (Zhong et al. 2011).
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2.1.1.4. Freeze Drying

Freeze drying is a technique used to produce porous material by sublimation of
ice under vacuum after polymer solution is frozen at a low temperature (Chen et al.
2015). This technique is easy to apply and highly efficient. Since this process is a
physical process between polymers and ice crystals, biofoams produced by the freeze
drying process do not contain impurities and do not require extra purification steps.
Water is environment-friendly solvent hence sustainable and green ice crystals are
widely used to obtain porous structure (Zhou et al. 2014). Schematic representation of

the freeze-drying method can be seen from the Figure 2.20.

ice crystal

Emulsionphaseformation  Freezingof Sublimation of Porous
and polymerization emulsion phase emulsion phase Structure

Figure 2. 20. Schematic of Freeze-Drying.

2.1.2. Biofoams in Wound Dressing

Skin covers the all of human body and is the largest organ of the body. It has many
duties such as preventing infections by microorganisms, balancing body temperature, fat,
water and vitamin. In addition, skin preserve the body against light, heat and injury. Many
people suffer from skin diseases or skin losing due to physical, chemical and health reasons.
Infections caused by skin injuries can endanger human life. A wound can be elucidated as
the injury of usual structure and function of a living tissue. For example, as a result
of the chemical explosions in industries or injuries in wars, many people suffer from
skin burns. If all skin layer is destroyed in third degree burn, healthy part of the patient's
own skin can be transfered to the burned area. Burned area should be protected from

infections and fluid accumulation and also wound healing is speeded up during this
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treatment. Open wounds have high risk in terms of infection. For example, orhopaedic
wounds can suffer from infection. To prevent patient from morbidity and mortality,
infection of the wounds should be prevented to improve antimicrobial protection (Noel
et al. 2010). Dressing is a solution for preserving the skin from bacteria spreadwhich
distrups the structure of the skin. Also, it is required to stop protein, body fluid and
function loss from the wound by appropriate dressing (Hu et al. 2018). Tissue
engineering works to create solution for the repair damaged tissues or develop new
solutions such as hydrogels, hydrocolloids and biofoams for replace the tissues
(Michailidou et al. 2019). There is some requirements for designing and producing a
material in tissue engineering such as being biocompatible and biodegradable,
required/adequate mechanical strength and interconnected, appropriate pore structure
(Xu et al. 2017). Biofoams are bio-based, flexible and soft materials manufactured from
renewable feedstocks with interconnected pore structure. As a result of the their
structural properties, biofoams have high absorption capacity and cell connection.
However, they especially do not have high mechanical strength to maintain their shape
for the desired time. Hence, biofoams can be conveniently used as wound dressing or
healing material. A wound dressing material must have some features such as being
non-toxic, non-allergic, obstacle to microorganisms, having high absorption capacity of
wound exudate, enable gaseous transfer and ensuring that the wound surface is kept at
the required humidity. Biofoams can satisty the requirements of biofoams with high
liquid absorption capacity, healing ability due to natural properties of raw material
(Jayakumar et al. 2011). Many types of raw material are used to produce biofoams as a
wound dressing. For instance, collagen biofoams can be loaded by antibiotics. Toxicity
is one of the disadvantage of the collagen. Chitosan is also used as a raw material of
biofoams due to being biodegradable, biocompatible and effective drug carrier. In
addition, chitosan is used widely as a wound treatments in US military to control injury
bleeding (Noel et al. 2010).

Chronic wounds contain a wide variety of types and high amounts of bacteria
such as Staphylococcus aureus and Pseudomonas aeruginosa. These pathogens are
caused by gram-positive and gram-negative microorganisms in wound area (Albaugh et
al. 2013). Antibiotics are used to prevent wound from organisms. Vancomycin is a
hydrophilic antibiotic. Vancomycin is effective against Gram-positive bacteria which is
not destroyed by other antibiotics (Zaric et al. 2018). This antibiotic can be used as

initial treatment for complicated infections caused by Staphylococcus aureus such as
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bone, joint, bloodstream and skin (Talebian and Mansourian 2017). Xu et al. prepeared
vancomycin loaded chitosan nanoparticles and they had excellent antibacterial activity
against the Gram-positive bacterium Staphylococcus aureus (Xu et al. 2015). Drugs
obtained from natural sources have an importance for healthcare. Curcumin is natural,
hydrophobic polyphenolic compund which is an active agent of the herb Curcuma longa
(commonly known as turmeric). It has incredible properties such as anticancer,
antioxidant, anti-inflammatory, hyperlipidemic, antibacterial, wound healing.
Bioactivity of curcumin is provided by double bonds, diketone and phenolic hydroxyl
groups in the structure. Drug release is a process where the loaded drug is released in
the body by dissolution or diffusion. Not only active component of the drug but also
solubility and diffusibility is important for effective drug release. Since curcumin has
poor solubility in aqueous solutions, efficiency of the drug release is limited. To
overcome release limitations, advanced drug delivery systems with emulsions, micelles,
nanoparticles have been enhanced (Gunathilake et al. 2018). Hence, solubility and
stability of curcumin can be increased to improve effectiveness of therapeutic ability
(Cuomo et al. 2018).

Drug release process includes drug loading, absorption, distribution, acting
periods. It is important to be aware about new drug dosage in terms of drug release and
dissolution. Drug dissolution and release is intensively researched by pharmaceutical
industries. Mathematical derivations which are function of drug amount are used for the
quantitative drug analysis. Mathematical models can be obtained during release process.
By using mathematical models, emprical results/equations can be justified and new drug
delivery systems can be designed. With the mathematical model, the number of
experiments is reduced, saving money and time. As a result, mathematical modeling
enable researcher to development new formulations. Kinetic models define the amount
of the released drug from the structure as a function of time. The objectives of
mathematical models can be listed as follows:

e Deduction of appropriate drug release system via general release behaviour.

¢ Avoiding further experiments by obtaining drug release/diffusion rate and behavior.

e Determination of optimum conditions for release kinetic.

e Determination of drug release mechanism.

e Obtaining how the drug release rate is affected by design parameters such as size,

amount, shape, composition.
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2.2. Chitosan

. 11
Chitin is the second widely used polysaccharide after cellulose. About 10

tones of chitin is obtained per year from insects, mollusks or crustacean shells (Kumar
2000). Chitin consist of -(1-4)-N-acetyl-d-glucosamine units. After the raw material is
pretreated, chitin is obtained by applying demineralization, deproteination,
deodorization, drying processes, respectively (Srinivasa and Tharanathan 2007).
Deacetylation of the chitin gives chitosan which have a a copolymer of glucosamine (at
least 60 % of D-glucosamine residues) and N-acetylglucosamine units. Chitosan is the
preferred biopolymer due to its properties such as pH sensitivity, biodegradability,
biocompability, non-toxicity, antimicrobial, antitumoral and antifungal (Xie et al. 2012;
Kanimozhi et al. 2016). Chemical structure of chitin and chitosan can be seen from

Figure 2.21.
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Figure 2. 21. Chemical structure of chitin and chitosan.

Chitosan has different polar functional groups such as hydroxyl (OH), primary
amine (NH2), ether (C-O-C), and residual carbonyl (C=0) groups. Due to the these
functional groups, chitosan have water absorption capacity (Madeleine-Perdrillat et al.
2016). Chitosan is the cationic biopolymer since its positive charge on the amino group

under acidic conditions. Chitosan is weakly basic due to the amino and hydroxyl groups
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in its structure (Wan et al. 2008). Some properties of chitin and chitosan can be seen
from Table 2.1. Crosslinking process is performed to improve mechanical strength and
biostability of chitosan by interconnection of polymeric chains to form 3D network.
Ionic and covalent crosslinking agents can be to polymerize the chitosan. While
polyanions such as triphosphate, hyaluronic acid and alginate are some examples for the
ionic crosslinking agent, glutaraldehyde and genipin can be given as examples for
covalent crosslinking (Jayakumar et al. 2011). Crosslinking agents can be classified into
two groups as toxic and non-toxic. Non-toxicity of the material makes it possible to use
them as biomaterials (Miras et al. 2013; Sionkowska et al. 2014). Genipin and
tripolyphosphate (TPP) crosslinked materials are less toxic than those crosslinked by
glutaraldehyde, formaldehyde and epoxy compounds, hence they are generally preferred
for use in biomaterials. Tripolyphosphate (TPP) can have interaction with chitosan due
to its negative charge and electrostatic forces creates ionic crosslinked materials. Also,
TPP has high gelling ability. Polymerization of chitosan by TPP and genipin can be
seen from Figure 2.22 and Figure 2.23, respectively.
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Figure 2. 22. Polymerization of chitosan with TPP.
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Figure 2. 23. Polymerization of chitosan with genipin.

Chemical and physical properties of chitosan can be listed as follows (Srinivasa and

Tharanathan 2007; Xie et al. 2012; Croisier and Jérome 2013);

* Natural polysaccharide with positive charge.

* Low solubility except in acidic conditions.

* Solubility of chitosan varies with pH and this property makes it available in many
applications.

» All deacetylation degree, molecular weight and acetyl group distribution of chitosan
have effect on solution properties.

* Chitosan can have covalent bond due to the alcohol and amino groups of the
polysaccharide.

» Specific properties of the chitosan depend on the protonable amino group along D-
glucosamine residues.

 FEtherification and esterification reactions can occur since chitosan have alcohol
functions.

* Chitosan can have interation with mucin due to its positive charge in acidic medium.
Increasing deacetylation degree of chitosan gives the higher mucoadhesion since
positive charges increases with deacetylation degree.

* Deaceylation degree and molecular mass of chitosan affect its degradation rate.
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Table 2. 1. Some properties of chitin and chitosan

(Croisier and Jérome 2013)

Property Chitin Chitosan
Molecular Weight (1-1.03)x10°to 2.5x10° 10°to 5x10°
Degree of Deacetylation ~10 % 60-90
- - o —
Viscosity 0]21 % solution in i 200-2000
1 %, cps
Moisture content 6-7
Solubility DMACc-LiClI/TCA-MC | Dilute Acids TCA-MC

As a result of these properties, chitosan has a great application areas such as
food packaging, waste treatment, cosmetics, paper industry, biotechnology, tissue
engineering, drugs and pharmaceuticals (Table 2.2) (Madeleine-Perdrillat et al. 2015;
El-Hefian et al. 2014). Chitosan can be treated as scaffolds, beads, membranes/sponges,
films, nanofibers, microgel/nanogel, hydrogel, nanofibers and micro/nano particles
(Anitha et al. 2014).

Although chitosan has many benefits due to the properties of the polymer, there
is lack of tensile strength and elasticity which are the properties required for wound
dressing and tissue applications. Usage of composites of chitosan and synthetic/natural

polymers or development of new preperation methods can overcome the deficiencies.
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Table 2. 2. Application areas of chitosan
(Source: El-Hefian, Nasef et al. 2014)

Application Examples

Filtration, removal ions, sponges, membranes, dental
Water Treatment plaque inhibition, cholesterol reducing agent, tumor
inhibition, contact lens

Controlled release of drugs, bone release of drugs, wound
Medical healing material, drug carriers, burned area treatment,
drug delivery system, artificial kidneys

Make-up powder, nail polish, moisturizer, bath lotion

Cosmetics and hair treatment, face, hand and body creams, toothpaste
Paper industry Surface treatment, photographic paper, carbonless copy paper
. Enzyme immobilization, protein separation, glucose

Biotechnology electrode, chromattography
Agriculture Seed coating, hydroponic/fertilizer
Food Removal of dyes, solids, acids animal feed additives, color

stabilization

Chemical industry | Solvent separation, permeability control

2.3. Chitosan Biofoams

An ideal wound dressing material should have some properties such as
acceleration of tissue regeneration, easy application, low infection risk, high absorption
capacity of wound exudate. These requirements can be provided by cationic wound
dressing. Chitosan is a cationic biopolymer which is a polysaccharide obtained from
chitin. Chitosan is one of the raw material used to produce biofoams since it is
biodegradable, biocompatible, non-toxic, antimicrobial, antitumoral and antifungal
(Jayakumar et al. 2011). Antimicrobial properties of the polymer is important to prevent
the wound from infections. In addition, effectivieness of macrophages and
inflammatory cells can be accelerated by chitosan. N-acetyl glucosamine which

increases the re-epithelialization is produced during chitosan biodegradation. Not only
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chitosan absorb wound exudates but also it increases tissue regeneration. Also, stability
of drug is improved in the presence of chitosan. Interconnected porous structures with
high fluid hold up capacity can be obtained by chitosan (Hu et al. 2018). In literature,
chitosan biofoams are widely used as wound dressing due to its properties (Jayakumar
et al. 2011; Dragostin et al. 2016). Nguyen et al. produced hydrophobic drug (curcumin)
loaded chitosan/gelatin composite sponge for wound treatment applications. They used
phosphate buffer solution, pH 7.4 for in vitro drug release. They were obtained
improved wound healing propeties by combining gelatin and chitosan in the presence of
curcumin (Nguyen et al. 2013). Karri et al. used curcumin incorpared chitosan
nanoparticles in collogen scaffolds to have improved stability and solubility (Karri et al.
2016). Huang et al. compared chitosan biofoams and gelatin sponges as hemostatic
wound dressing. They obtained smaller pore size, high swelling capacity by chitosan
sponges. Also, blood loss is lower for chitosan biofoams than gelatin biofoams.
Chitosan foams provided a faster recovery of the wound (Huang et al. 2015). Shao et al.
produced chitosan/silver sulfadiazine (CS/AgSD) foams in order to enhance the
biomaterial for wound dressing. They concluded that this composite can be used as
antimicrobial wound healing material against E.coli, C. albicans, S. aureus and B.
subtilis (Shao et al. 2017). Sankar et al. prepared chitosan biofoams using freeze drying
and glutaraldehyde (as crosslinking agent). The results of the study demonstrated that
chitosan foams have high absorption capacity and sterility was appropriate. Non-
toxicity of chitosan foam was obtained in vivo experimets. It was concluded that
produced biofoam is suitable for blood haemostasis application with good
biocompability (Sankar et al. 2017).

Producing the foams with sufficient and desired mechanical properties are very
important. There is some important mechanical properties of biofoams such as porosity,
pore size, swelling capacity and mechanical strength for the usage of the foams in
wound dressing applications (Xie et al. 2018). Characteristic features of the chitosan
biofoams in terms of the mechanical and biological properties depend on deacetylation
degree and molecular wieght, and on sponge production method. Nwe et al. tried to
fabricate chitosan foam using both high moleular weight and low molecular weight
chitosan. Freeze drying was used to fabricate porous structure. As a result, it was
obtained that low molecular weight chitosan is more appropriate than high molceular
weight chitosan. In addition, higher mechanical strength was achieved by low molecular

weight chitosan (Nwe et al. 2009). Ikeda et al. examined effect of chitosan
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concentration on mechanical strength by producing chitosan foams using freeze drying.
There was similarity in pore size and structure due to changing chitosan concentration
except 4 wt % chitosan. It was observed that since chitosan concentrations increase as 1
wt %, 2 wt % and 4 wt %, pore diameter decreases as 158.5 um, 142.5 um, 74.5 pum,
respectively. The study showed that increasing chitosan concentrations formed thicker
pore walls, increased homogenity and dense surface structure. Mechanical properties of
the foam was increased as a result of decreasing pore size and increasing wall thickness.
It was proved that mechanical properties can be improved by higher chitosan
concentrations. However, when chitosan concentration was raised up to 10 wt %, the
solution started to create aggregates which results in decreased porosity due to high
viscosity. In addition, it was obtained that mechanical properties of the foams were
affected by porosity change and, Young's modulus and tensile strength decreased with
increasing porosity. In other words, when the solution concentration was increased,
tensile strength was increased. Moreover, it was given that foams having larger pore
size have better mechanical properties than foams with smaller pores. Desired pore sizes
and pore structures can be obtained by changing and optimizing the process conditions
(Ikeda et al. 2014). In literature, chitosan solution was frozen in cylindrical vessel and
lyophilized to produce biofoams which have open pore structure with interconnectivity.
Due to the cylindrical geometry of the vessel, pores had radial structure (Madihally and
Matthew 1999). Hsieh et al. produced chitosan foams by freeze drying and examined
the process parameters on the mechanical properties. It was found that the tensile stress
and strain were 35 kPa and 41 %, respectively (Hsieh et al. 2007). Since mechanical
strength of the biofoams are important due to be in contact with skin, compressive
strength was tested and found as 54 kPa for 40 % strain (Hu et al. 2018). Li et al.
applied compression test to foams which was dried by freeze dryer. For the pure
chitosan, compressive strength and Young's modulus were found as 0.125 MPa and 2.6
MPa, respectively (Li et al. 2005). As a result of the studies, it can be said that chitosan
foams has great option to used as a wound dressing.

Porosity is the ratio of pore volume to total volume. Porosity value can change
between 0 and 1. The porosity is one of the most important property for the wound
dressing since it allows required fluid and drug transfer. In literature, it was stated that
material with more than 80 % porosity is suitable for wound dressing. Ikeda et al
produced chitosan foam and obtained 83 %, 80 % and 79 % porosity for the 1 wt %, 2

wt % and 4 wt % chitosan concentration, respectively. It can be clearly said that
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porosity was decreased with increasing chitosan concentration and produced chitosan
foams have enough porosity to achieve effective migration of the fluids (Ikeda et al.
2014). Furthermore, Shirosaki et al. produced chitosan sponges by freeze drying and the
porosity of the foams found as 83 % (Shirosaki et al. 2008).

2.4. Surfactants and Emulsions

An emulsion is a mixture/colloid of two or more liquids which are immiscible in
normal conditions and one liquid contains a dispersion of the other liquids. Also,
emulsion can be defined as special mixture produced by two or more non-miscible
liquids (Lopez-Montilla et al. 2002). Emulsions do not have static inner structure due to
being in liquid form. The dispersion medium is the medium in which the droplets are
distributed throughout a liquid matrix. Different types of the emulsions can be produced
such as oil in water emulsion (O/W) or water in oil emulsion (W/O). While the oil
droplets are dispersed in water for an oil in water emulsion, water is dispersed in oil for
a water in oil emulsion, with. Further, they can form multiple emulsions, such as water

in oil in water (W/O/W) and oil in water in oil (O/W/O) (Figure 2.24).
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Figure 2. 24. Types of emulsion.
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To have stable emulsion, mechanical force is needed to have suspended small
droplets of dispersed phase in the continuous phase. In addition, the smaller the drops
are desired, the more mechanical energy should be applied since work is defined as
W=yAA (AA: the change in the total interfacial area, y: interfacial tension). Different
devices can be used to apply the mechanical energy such as blender, homogenizer and
whisk. When more mechanical energy is applied, smaller droplets and the resulting
more stable emulsion are obtained. Nevertheless, although the droplets are small, phases
can easily separate without using an emulsifier/emulgent which is the substance that
makes emulsion stable. Emulsifiers allow molecules to have different polarity and
increase the kinetic stability of a mixture. Surfactants are used as emulsifiers
(Shahidzadeh et al. 1999). Emulsifier decreases the surface tension between two
immiscible liquid by creating a film over one liquid and emulsification come true. It can
be seen from Figure 2.27 that how the emulsifier molecules position themselves to
make an oil droplet more stable.

Spontaneous Emulsions

Spontaneous emulsification can be defined as self-emulsification. Spontaneous
emulsion is formed when two immiscible liquids which are not in equilibrium produce
droplets in the absence of mechanical energy due to chemical potential gradients
between immiscible phases. On the other hand, it can be explained as follows; required
energy to increase the interface is positive and large when the immiscible liquids are in
equilibrium thermodynamically. If the energy required to increase the interface is
defined as yAA (y: the interfacial tension, AA: the increase in interfacial area) and
energy due to the entropy change is given as TAS (T: the absolute temperature, AS: the
increase in entropy), total free formation energy which is AG=yAA—TAS is obtained as
positive. As a result, external energy have to be applied to system for emulsification.
Nevertheless, emulsion can be produced spontaneously when the immiscible liquids are
not in equilibrium and emulsification free energy is negative due to chemical potential
gradient between phases (Solans et al. 2016).

Surfactants are short for surface active agents which are chemicals that adsorb at
surfaces or interfaces due to their structures: both hydrophilic and hydrophobic part in
one molecule. In the presence of surfactants, contact area between liquid and other
substance increases since surface active agents decreases the surface tension of liquid
by creating film. The main idea of the work of surfactants is adsorption. Surfactants

have two parts which are hydrophilic (water-liking) and hydrophobic (water-disliking)
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(Figure 2.25). The hydrophobic part (nonpolar carbon chain) is formed by long carbon
chain and hydrophilic head (polar head group) has ionic or polar structure. In a reverse
micelle, while hydrophilic part creates the core of a micelle, hydrophobic part forms the

outer shell.
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Figure 2. 25. Surfactants in bulk and surface.

air

Several types and combination of hydrophobic and hydrophilic parts give many
different surfacant type. According to their hydrophilic head group, they can be
classified into four main types: anionic, cationic, nonionic and zwitterionic (Mobius et
al. 2001). The anionic surfactants have hydrophilic parts with negative charged while
the cationic surfactants have positive charged group. On the other hand, the surface-
active portion in the nonionic surfactants have no ionic charge while zwitterionic
surfactants possess both positive and negative charged head groups. Schematic form of

surfactant structure can be seen from Figure 2.26.
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Figure 2. 26. Schematic form of surfactant structure.

The critical micelle concentration (CMC) is the concentration where
surfactants start to aggregate to form micelles. Core-shell micelle structure is formed
due to the association of hydrophobic parts of block copolymers to reduce the contact
area with water. At low surfactant concentration, surface tension has the highest value.
When surfactants are added to solution, surface tension starts to fall down and decreases
down to the critical micelle concentration. At this point surface is full of surfactant. If
surfactants are added after this point, surfactants start to aggregate to form micelles and
the surface tension remain constant because there is no change at the surface. Due to
these properties surfactants are widely used as emulsifier. The structure of surfactants as

an emulsifier and micelles can be seen from Figure 2.27.
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Figure 2. 27. Surfactant as a emulsifier in oil/water emulsions.
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When amphiphilic block copolymers come together spontaneously above their
critical micelle concentration in aqueous solution, polymeric micelles which have
hydrophobic and hydrophilic blocks with core-shell nanostructure are formed. Most of
the micelles have spherical structure with hydrophobic core and hydrophilic corona.
Hydrodynamic diameter of the spherical micelles changes between 20 nm and 80 nm
(Petrov et al. 2008). Hydrophobic drugs which are poorly water-soluble have some
problems such as aggregation, low bioavailability and low absorption during
pharmaceutical applications. Polymeric micelles are widely used to overcome the
dissolution problem in drug studies. While the outer shell of the hydrophilic part
conserves the drug from water, hydrophobic drug stays in the inner hydrophobic core
and as a result effciency of the drug increases (Figure 2.28) (Kedar et al. 2010).
Hydrophobic parts of the polymers have hydrophobic interaction in the inner core of the
micelles. Due to this property polymeric micelles are most preferred subtance to make
hydrophobic drugs soluble in water. There are two types of the block copolymers as
diblock and triblock copolymers. Diblock copolymer can be shown as X-Y (X:
hydrophilic block and Y: hydrophobic block). Triblock copolymers have two different
types which are produced from two type polymers, XYX and three type polymer, XYZ.
Both X-Y and X-Y-X type block copolymers are widely used as drug carrier since the
properties of micelles and polymers are similar to this types copolymers. There are
some properties which should be supplied by block copolymers used in drug delivery
systems. For instance, they should be formed spontaneously in water, high drug
solubility and loading effciency, and be nontoxic and biocompatible. Pluronics; Most of
the time, polypropylene oxide (PPO), polyesters; polylactic acid (PLA), hydrophobic
polyamino acids, lactic acid copolymers, glycolic acid and polycaprolactone (PCL) are
used as micelles in drug delivery applications (Xu et al. 2013). Pluronic block
copolymer, PEO-PPO-PEQ, is one of the triblock copolymer formed by poly (ethylene
oxide) (PEO) and poly (propylene oxide) (PPO) which are hydrophilic and
hydrophobic, respectively. Pluronic P123 (PEO20- PPO70-PEO20) compose of average
40 PEO and 70 PPO repeat units. This copolymer ensures high drug loading efficieny,
since it has high hydrophobic block. Hydrophobic PPO parts encapsulate the
hydrophobic drug by forming micelles in aqueous solution and hydrophilic PEO block

make the micelles stable in the medium (Su et al. 2016).
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Figure 2. 28. Hydrophobic drug inside block copolymer.

Su et al. prepeared polymeric micelles by Pluronic P-123 and curcumin to
enhance the solubility and bioavailability of curcumin. Thin-film evoparation technique
was used to form the P-123-curcumin micelles. Drug release of curcumin from P-123-
curcumin micelles was observed as 6 %, 30 % and 75 % within 3 h, 12 h and 48 h,
respectively. This release mechanism can be explained by the the rapid desorption of a
small amount of curcumin absorbed in the micelle surface or in the hydrophilic layer
coated by the force of van der Waals. Swelling or erosion of biopolymer can be a reason

for slow drug release (Su et al. 2016).
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CHAPTER 3

MATERIALS AND METHODS

This chapter gives the properties of materials used in this study and summarizes
the experimental methods for chitosan biofoam production and characterization. The

methodology of the synthesis methods is given in the following paragraphs.

3.1. Materials

Low molecular weight chitosan was used as a raw material to produce biofoam
due to the favored properties such as biodegradable, good biocompatible, high adhesion
ability, pH stability in wide range. In some studies, high molecular weight chitosan was
also used to form biofoams to observe the effect of molecular weight on the synthesis.
Sodium tripolyphosphate (TPP) and anionic surfactants such as sodium dodecyl sulfate
(SDS), octadecyl sulfate sodium salt and mono-N-dodecyl phosphate were used as
crosslinking agents. Pentane, hexane and heptane were used as oil phases for emulsions.
Pentane is the most volatile component among them. Normal boiling and melting points
of pentane are 36 °C and -139 °C, respectively. Hexane is a highly volatile substance
whose normal boiling and melting points are 67-69 °C and -94 °C, respectively. n-
Hexane is well known for its high hydrophobicity and low bioavailability (Cheng et al.
2016). Properties of pentane and hexane are very similar. Normal boiling point and
melting points of heptane are 98 °C and -90.59 °C, respectively. Heptane does not have
the environmental and health concerns that are associated with hexane hence because of
the similarity of the oils, heptane can be an alternative oil. Vancomycin was selected as
model hydrophilic antibiotic which is used to treat infections. Curcumin and
Amphotericin-B as model hydrophobic drugs were used. Amphotericin-B treats fungal
infections. Curcumin is antioxidant, anticancer, anti-inflammatory and antibacterial
drug. A polymeric surfactant, P-123 (Polyethylene glycol-block-polypropylene glycol-
block-polyethylene glycol) was used to form micelles and enclose the hydrophobic

drugs. In addition, nonionic surfactants, TX-100, Tween 20 and Tween 80 were used to
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form smaller sized O/W emulsions and to make curcumin (hydrophobic surfactant)

soluble. Properties of selected materials can be seen from Table 3.1.

Table 3. 1. Used chemicals and their properties

Mw

Name Explanation Chemical structure
(g/mol)
HO
Chitosan-Low Molecular | 50000- Raw material for foam o - o
OH
Weight 190000 = o]
cs Da 77% DA chitosan was used. e
HO' NH3| .
4
Chitosan-High Malecular | 310000- -
Weight, 3750000 Raw material for foam
NI
cs a e
NH‘_I,,
Sodium Dodecyl Sulfate
sDS 288 Anionic surfactant CHa(CHa);,CH,0~S-ONa
NaCy,H;550, 5
Octadecyl Sulfate Sodium
Salt 372 Anionic Surfactant CHa(CHQ)]GCHg‘O“g_ONa
CH,(CH,),,050,Na S
Mono-N-Dodecyl Ho-B
Phosphate 266 Anionic Surfactant MO ‘O’\//\:Q
Cy,Hy7040P HsC
Sodium tripolyphosphate NaO\('F? (n) (IE?”ONa
TPP 368 Crosslinking agent NaO” \O'T\O' “ONa
NasP;0y ONa
. Hydrophilic Drug
c k\i/anciorT ‘gmH l 1485.73 An antibiotic used to treat
bETSE RS e infections
Hydrophobic D 1T
Curcumin yarophobic Urug A
CH.O 378.38 Antioxidant, anticancer, |
21" 2075 . . £
antibacteriol drug HO oH
OCH, O
OH
D O
Amphotericin-B Hydrophobic Dru oo bk Rt oy
P 924.08 ydrop e Km0
Cy7H2:NO Treat possibly fungal infections i,
HY{ Yoo
H,re;w«c«

(cont. on next page)
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Table 3.1. (cont.)

MW . R
Name Explanation Chemical structure
(g/mol)
Paly{ethylene glycol)-
block-poly(propylene
glycol)-block- .
poly(ethylene glycol) 5800 Polymeric surfactant
pP-123
{C,H0.C,H,0)x
Hexadecyl Trimethyl-
Ammonium Bromide 364 Simple,
CTAB cationic surfactant
CyqHyBIN Br
QOctylphenol Ethoxylate,
Triton X-100 625 Nonionic surfactant ROH
TX-100
C14H2,0GH0) =0 10)
o0 oA
Polysorbate 20 or\/ "7 i o o
Tween-20 1227.54 Nonianic surfactant © o
of Ol CHaACH:CHy
CaainaOse ~
Polysorbate 80 . ﬁawﬁof&v/\/\/\f\v’\
Tween-80 1310 Nonianic surfactant Y fo g™
HO{/\O\(_\(C/\}'OH
C64H124026 A [P ’y Wy
ol H HH HH H
Pentane 7715 Highly volatile, hydrophohic, H H
CsHpp low bioavailability
B.P:36°C, M.P: -139°C H HH H
Oil
HOHH
Hexane Highly volatile, hydrophobic, H-C-C-C-C-C-C-H
CHia 86.18 low bioavailability }f{ }[{ I'I'l PI*I Pl‘i Pi*l
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3.2. Experimental Methods

As mentioned above, although there are some studies in literature using liquid
templated method, it looks like there is not much success to obtain chitosan foams with
desired structures and properties. Also, there is no detailed study on drug release
through kinetic models and optimization of the foam structure for best drug
loading/release. First of all, methods were developed and parameters were studied in
detail for the foam production. Interaction of molecules in the foam production system
was examined to clarify drug release behaviours. The flow sheets of the liquid

templated methods applied in this study are given in the following paragraphs.

3.2.1. Foam Production

First, the O/W emulsion templated method in the absence of surfactant was used
to produce foams using ultrasonic probe (Bandelin Sonopuls, HD 3200). Four different
chitosan concentrations (1-4 %) and five different oil phases concentrations (5, 10, 15,
17, 20 volume %) were studied for synthesis. Hexane and heptane were the oil phases
and sodium tripolyphosphate (TPP) was the crosslinking agent. Freeze drying
(LABCONCO Freeze Dryer) was applied to all samples to remove volatile components
which creates pores. Operation condition for freeze dryer was 0.016 mBar and -52 °C.
Then the characterization of foams were conducted by SEM analysis and mechanical
tests (Figure 3.1).

Then, the same O/W emulsion templated method was used in presence of
surfactants to produce foams using ultrasonic probe (Figure 3.1). The surfactants used
were: 1) a nonionic polymeric surfactant, P-123, 2) a cationic surfactant, CTAB, 3) an
anionic surfactant, SDS and 4) a nonionic simple surfactant, TX-100. Two different
chitosan concentrations (2 % and 4 %) were used. In addition, 15 volume % hexane as
an oil phase was selected. Biofoams produced were analyzed by SEM and mechanical

tests.
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Figure 3. 1. O/W emulsion templated method.

Figure 3.2 gives the flowsheet of liquid templated method when emulsion is
produced spontaneously. In this case two types of surfactants were used to freeze the oil
droplets. One in oil phase (Span 80), the other is water phase (Tween 20). The
concentrations of these surfactants were 10> M. In this case, it was possible to measure

size of emulsion droplets by DLS.
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Figure 3. 2. O/W spontaneous emulsion templated method.

Moreover, high molecular weight chitosan (HMW chitosan) was also used to
produce foams (Figure 3.1) in the absence of surfactants to see effect of molecular
weight. However, in this case, high concentrations could not be studied due to the
higher viscosities chitosan solution for the similar conditions of low molecular weight
(such as acetic acid ratio etc.). Hence, 1 % HMW chitosan was used to be able to
produce biofoams at different hexane concentrations (10, 15, 17 volume %).

In addition, SDS was used as a crosslinking agent because of its negative charge
like TPP (Figure 3.1). The effect of SDS was tested at different concentrations (107 and
10° M) with different oil phases (pentane, hexane and heptane). Freeze drying was
applied to all samples to remove volatile components which creates pores. In addition,
the following testes were conducted: 1) the type and concentration of oil phase, 2)
similar type anionic surfactant. Foams were characterized by SEM, mechanical test,

FTIR and BET. In addition to sodium dodecyl sulfate, octadecyl sulfatesodium salt and
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mono-N-dodecyl phosphate were used as an anionic crosslinking agent. In this period
of the study, concentrations of chitosan and hexane were set as 4 % and 15 %,
respectively. As before, freeze drying was applied to all samples to remove volatile

components. Produced foams were characterized by SEM.

3.2.2. Porosity and Water Release Behavior of the Chitosan Foams

To determine hold-up capacity of the foams produced, water immerse tests were
applied to calculate the amount of water that hold-up in biofoam and releasing behavior
of water with time can be determined. Foams were produced by o/w emulsion templated
method which is given in Figure 3.1 (in the absence of surfactants). Hexane was used as
an oil phase. Foams were crosslinked by SDS. The effect of chitosan (2-4 %) and oil
phase (15 and 25 %) concentrations on the release behaviour were studied. First, all the
samples were dried at 50 °C in oven and weighed. Then, they kept in ultrapure water at
25 °C and weighed as a function of time again after removed from water.

The porosity of the foams were calculated using results of immerse test and the
effect of chitosan/oil phase concentrations on the porosity were determined. First, the
dimensions of the foams were measured and weighted after dried. The details of the
calculations are as follows. Air volume was calculated by using Equaiton 3.1. Porosity
(®) of the foams were calculated by using foam volume and air volume (Equation 3.2).

Chitosan density was used as 0.8 g/cm’ as mentioned in literature (Lin et al. 2005).

Vv * i -M
Vair — Ytotal*Pchitosan total (31)

Pchitosan ~Pair

= o (3.2)

Viotal

where V,;, 1s the volume of the air, My, 1S the total mass of the foam, Vigiy 1S
the total volume of the foam, pcphitosan 15 density of chitosan and p,;, is the density of

air.
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3.2.3. Production of Drug-Loaded Chitosan Biofoams

In this part of the study, the production of chitosan foams were done in the
presence of a model hydrophilic drug, Vancomycin Hydrochloride, and a model
hydrophobic drug Curcumin to see the effect of drug type on foam structure. In these
studies, an ultrasonic probe was used to produce oil/water type of emulsions to use as
templates. Both TPP and SDS (due to its negative charge) were used as crosslinking
agents. The chitosan concentration was fixed as 2 % to decrease the risk of dissolution
problems. As before, freeze drying was applied to all samples to remove volatile

components which creates pores. Foams produced were characterized by SEM.

3.2.3.1. Hydrophilic Drug-Loaded Chitosan Biofoams

In this part of the study, the production of chitosan foams were done in the
presence of a model hydrophilic drug, Vancomycin Hydrochloride. In the first method,
vancomycin hydrochloride, was dissolved in chitosan solution and O/W emulsion was
produced using hexane. The amount of Vancomycin used was 3 mg/mL. Two different
chitosan concentrations (2 % and 4 %) were studied. Oil (hexane) concentration was
selected as 15 %. Both SDS (10 M) and TPP (2 % and 4 %) were selected as
crosslinking agent. The flow sheet of the method applied is presented in Figure 3.3.
SEM and FTIR analyses were done on the foams.
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Figure 3. 3. Production of vancomycin-loaded chitosan biofoam production by O/W

emulsion templated method.

In another emulsion templated method to produce vancomycin loaded chitosan
foams, the foams were immersed in drug solution to load foams. Chitosan concentration
was selected as 2 % while hexane concentration was used as 15 %. SDS (107 M) was
used as a crosslinking agent. The flow sheet of the method designed is presented in

Figure 3.4.
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Figure 3. 4. Production of chitosan biofoam by O/W emulsion templated method and

drug loading of the foam by immersion in drug.

3.2.3.2. Hydrophobic Drug-Loaded Chitosan Biofoams

Amphotericin-B and Curcumin were chosen as model hydrophobic drugs for
this part of the study. The chitosan concentration was fixed as 2 % to reduce the risk of
dissolution problems. Different drug loading methods were applied to produce chitosan
foams to achive the most effective drug release. The first method was the thin film
evaporation method coupled with O/W emulsion template method in which the

hydrophobic drug was enveloped in P-123 micelles (10~ M). Chitosan was crosslinked

44



by SDS to produce Amphotericin-B loaded foams. SDS and TPP were both used as
crosslinking agent to produce curcumin loaded foams. SEM analysis was done on the
foams. The flowsheet of the methods designed is presented in Figure 3.5 for

Amphotericin-B and Curcumin.

Hydrophohic Drug + P-123 in ethanol
y

Ethanol evaporation under vacuum

v

Thin Film Formation (Drug +P-123 compozite)

{_‘i Chitosan Solution

Micelle Formation

l

Emulsion Formation

l r—{ Crosslinking agent

Polymerization

Y

Dispersed phase removal
FOAM H Characterization [~ SEM

Figure 3. 5. Hydrophobic drug-loaded chitosan biofoam production by thin film

formation coupled with O/W emulsion templated method.
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In the second method used, curcumin was dissolved in water by using different
nonionic surfactants (TX-100, Tween 20 and Tween 80). Then curcumin solution was

mixed with chitosan solution. TPP was used as crosslinking agent (Figure 3.6).

Chitosan Solution Drug (Curcumin)+ TX-100/ Tween 20/ Tween 80

{ !

Chitosan Solution within Curcumin

Liquid

(hexane) I

Emulsion Formation

TPP

Polymerization

v

Dispersed phase removal

v

FOAM

!}

Characterization —> SEM

Figure 3. 6. Drug loaded chitosan biofoam production by O/W emulsion templated

method (nonionic surfactants to make hydrophobic drug soluble).
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3.2.4. Examination of Interaction of Molecules in the Foam Production

System

While different production methods were applied, the interactions between
molecules were studied in detailed to clarify the release behavior. Size measurement
were applied to P-123 micelles in water, P-123 micelles in water in the presence of
chitosan molecules, P-123 micelles in chitosan solutions, P-123 micelles with drug
curcumin and curcumin molecules in ethanol. Charge measurements were applied to P-
123 micelles to characterize the surfactant molecules. Also, FTIR analyses were applied

to these molecules.

3.2.5. Drug Release from Chitosan Biofoams

In drug release part of the study, all chitosan foams were produced (clarified in
previous section) in the presence of a model hydrophilic drug and in the presence of a
model hydrophobic drug with various chitosan and drug concentrations used for release
studies. First of all, calibration curves for vancomycin and curcumine (both in ethanol
and in P-123 micelles) were obtained to determine the amount of the drug released
(Figure 3.7 and Figure 3.8). The release of drug from drug-loaded chitosan biofoams
were evaluated using phosphate buffer at pH 5.6 and pH 8.2. Phosphate buffer was
prepared by using dipotasyumfosfat (K;HPO,4) and mono potasyumfostat (KH,POy).
Molarities of K;HPO4 and KH,PO4 are 0.0058 M and 0.0942 M, respectively, for pH
5.6. Moreover, Molarities of K;HPO4 and KH,PO4 are 0.0935 M and 0.0065 M,
respectively, for pH 8.2. The release study was carried out at 37 °C applying a shaking
and at the time intervals of 0.2, 1, 3, 6, 24 and 48 hours, the sampling was performed.
All samples (supernatants) were examined by UV-spectrophotometer and calibration
curve to determine the quantity of releasing drug. Characteristic peaks of vancomycin
and curcumin are 281 nm and 425 nm, resprectively. The flowsheets of the methods
designed for release studies are presented in Figure 3.9 and Figure 3.10 for Vancomycin
and Curcumin, respectively.

The amount of drug release is calculated by the given relationship:

Release % = Released Drug/Total Drug x 100
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Figure 3. 7. Calibration curve for vancomycin.
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Figure 3. 8. Calibration curve for curcumin.
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Figure 3. 9. Hydrophilic drug release from chitosan foams.
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Figure 3. 10. Hydrophobic drug release from chitosan foams.

3.2.6. Application of Kinetic Models

In this part,

mathematical models were used to describe the drug release

mechanisms for drug-loaded biofoams. First order, Second order, Higuchi and

Korsmeyer—Peppas models were applied.
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First Order Kinetic Model:

First Order Kinetic Model clears up the absorption of the drugs release. The
drug release can be given by the equation given below when described by first order
kinetic model:

In(mo—my¢)=In(me)—k;t

where t is the time, mp is the amount of the drug in the structure, my is the
released drug amount with time t, and k; is the first-order release rate constant (Wojcik-
Pastuszka et al. 2019). The plot can be obtained by using remaining drug with time.
This model is suitable to examine the water soluble drug in porous structures (Shaikh et

al. 2015).

Second Order Kinetic Model:

In the second-order kinetics, the rate depends as a second power of drug
concentration. The second-order kinetics model is given as:

1/(mo—m¢)=1/mo+kst

where m; shows the released drug amount with time t, mp is the amount of the
drug in the formulation before dissolution and k, is the second-order rate constant

(Wojcik-Pastuszka et al. 2019).

Higuchi Model:

Higuchi Model is most widely used mathematical description for drug release of
water soluble or low soluble drugs in solids. This model is often applicable to the
different structures and porous system. The Higuchi model is as follows;

me=kyt*>

where ky; is the Higuchi rate constant, my is the released drug amount with time t
(Wojcik-Pastuszka et al. 2019). This model was studied for several drug dosages and for
water soluble drugs (Shaikh et al. 2015).

Assumptions for this model are given as (Siepmann and Peppas 2011);

a. Diffusion of the drug is one dimensional.

b. Diffusivity of the drug is constant.

c. Dissolution of matrix is negligible.

d. Sufficient amount of drug which is higher than solubility is presentd.
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Korsemeyer-Peppas Model:

Korsemeyer-Peppas Model describes the release of drug from a polymeric

system. The Korsmeyer-Peppas model is as follows;
log(%)Zlog(kK,p)Jrnlog(t)

where m, is the mass of the released drug after an infinitive time (in this
research after 24 h), kg pis the Korsmeyer-Peppas rate constant, and n is the drug
release parameter (Table 3.2) (Wojcik-Pastuszka et al. 2019). It should be underlined
that the data we have been fitting to the model refer to the diffusion through low
retention/high retention barriers.
The following assumptions were made for this model;
a. Drug release is one dimensional.

b. The ratio of the lenth to thickness should be equal or higher than 10.

Table 3. 2. Drug release parameter the Peppas equation and drug release mechanism

(Siepmann and Siepmann 2008)

Exponent, n
Drug Release Mechanism
Thin film Cylinder Sphere
0.5 0.45 0.43 Fickian diffusion
Anomalous transport on non
0.5<n<1.0 [045<n<0.89|0.43<n<0.85
Fickian transport
1.0 0.89 0.85 Polymer swelling

3.3. Characterization

Scanning electron microscope (SEM), Transmission electron microscope
(TEM), Scanning transmission electron microscopy (STEM) and Atomic force
microscope (AFM) analyses were used for morphological characterization of foams
produced. Fourier transform infrared (FTIR) spectroscopy was used for chemical
characterization and to examine the interactions between molecules present in the
foams. Size measurements of P-123 micelles in water, P-123 micelles in water in the

presence of chitosan molecules, P-123 micelles in chitosan solutions, P-123 micelles
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with drug curcumin and curcumin molecules in ethanol were determined. Charge of P-
123 micelles were also measured. Ultraviolet—Visible Spectroscopy (UV-Vis) was used
to determine the calibration curves and to determine the quantities of drug during the
release studies. Water immerse tests and mechanical tests were also used to characterize

the porous structure of foams produced.

3.3.1. Scanning Electron Microscope (SEM)

The scanning electron microscope (SEM) images were used for morphological
characterization (size and shape) of the biofoams produced. Surface is characterized by
high-energy electrons which are generated by SEM. Human eye can differenciate the
points in 0.2 mm away from each other. Microscope is used to enable to see the points
which have lower distance than 0.2 mm. The magnifications can be between 20X and

30000X.

3.3.2. Scanning Transmission Electron Microscopy (STEM)

Scanning transmission electron microscopy (STEM) analyses were used to
characterize (size, shape and structure) the P-123 micelles using a Quanta 250FEG type
instrument. Image is obtained by counting of backscattered electrons of the reflected
electron beams in STEM analysis. Both properties and working principles of SEM and
TEM are combined in STEM. Samples should be very thin for STEM. Like TEM,
STEM uses secondary electrons, characteristic X-rays and scattered beam electrons.

STEM scans the samples by electron beams like SEM.

3.3.3. Transmission Electron Microscope (TEM)

The transmission electron microscope was used to characterize (size, shape and
structure) the P-123 micelles. TEM is a very useful analysis method for material

science. The working principle of the TEM is similar to light microscope. The TEM



uses electrons instead of light since electrons have smaller wavelength than the light of
light microscope. Hence, resolution of TEM images is better and details in the structure
of samples can be examined. A high energy electron beam is sent to the sample and
images are obtained as a result of interactions between electrons and atoms of the
sample. The magnifying power of TEM is up to 2 million times. If TEM is compared
with SEM, it can be said that SEM is based on scattered electrons while TEM is based
on transmitted electrons. In adddition, TEM has much higher resolution than SEM.

TEM provides a 2-dimensional picture while SEM provides a 3-dimensional image.

3.3.4. Atomic Force Microscope (AFM)

P-123 micelles were characterized (size, shape and structure) by Atomic Force
Microscope using a Bruker — MultiMode Nanoscope8. The principle of operation is
based on measuring the force between the tip and the sample. The force is caused by
different types of interactions such as electrostatic, magnetic, van der Waals, ionic and
capillary forces, elastic/plastic deformations. Hooke's Law (F=-k.x ; F: the Force, k: the
spring constant, and x: the cantilever deflection) can be used to describe the force
between the sample and the probe which is put at the end of cantilever. This force
depends on the spring constant of the cantilever and the distance between probe and

sample.

3.3.5. Fourier Transform Infrared (FTIR) Spectroscopy

FTIR analyses were performed for chemical characterization of chitosan foams
(Whether to see if the foams contained heptane or hexane). FTIR is the most widely
used type of infrared spectroscopy. When infrared radiation is absorbed, signals are
observed. All chemical structures have own signal spectral fingerprints in FTIR. For
instance, the pure chitosan shows characteristic bands at 3441 cm™ for O-H (hydroxyl)
stretching, at 2856 cm™ for C-H stretching, at 1630 cm™ for C=0 stretching (Amide-I)
and at 1317 cm™ for C-N (aliphatic amine) stretching (Figure 3.11).
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Figure 3. 11. FTIR spectrum of chitosan.

Before the characterization of the foams produced, SDS which was used as
crosslinking agent was examined by appliying FTIR analysis to see the effect of it on
the produced foams. Figure 3.12 shows the FTIR spectrum for SDS. SDS gave peak
near 3450 cm™ ! for the bending vibration of adsorbed molecular water. In addition, SDS
have peak at 2950 cm ' for asymmetric stretching vibration of CHs. Peaks at 2920 and
2850 cm ' representing the asymmetric and symmetric stretching of CH,, respectively.
The bands at 1470 and 1380 cm ' shows the asymmetric and symmetric deformation
vibrations of CHs, respectively. SDS have characteristic peaks at 1220 and 1108 cm™’

for asymmetric and symmetric stretching of the S=O. The peak at 995 cm ' shows the

asymmetrical stretching vibration of C—O-S.
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Figure 3. 12. FTIR analysis of SDS.

Vancomycin was used as model hydrophylic drug to produce drug loaded
biofoams. Figure 3.13 gives characteristic peaks of the drug. The characteristic
absorption bands of vancomycin are found at 3450 cm™ for O-H (hydroxyl) stretching,
at 1655 cm™ for C=0 stretching (Amide-I), at 1504 cm™ for C=C stretching (aromatics),
at 1231 em™ for C-O-C stretching (phenols) and at 1062 cm™ for C-N (aliphatic amine)
stretching.

Figure 3.14 gives the FTIR analysis for P-123. As it is seen, the peaks
corresponding to appear in the range of 2850-3000 cm™ -CH stretching. The peak
between 1000 and 1100 cm ' is assigned to the C—O—C stretch of the ether bond, which

is a feature of the Pluronic copolymer.
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Figure 3. 14. FTIR graph for P-123.
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3.3.6. Water Hold-Up Capacity and Release Studies

It is important to know hold-up capacity of the produced foams. Water immerse
test was applied to the chitosan foams to see amount of water that hold-up in biofoam
and releasing behavior of water with time. First of all, the samples were dried and
weighed. Then, they stayed in water and weighed with time again after removed from

water.

3.3.7. Mechanical Test

To observe the mechanical properties of the foams and the effect of the
parameters, compression test was applied to samples by using TA.XTplus Texture
Analyser. Strain of 40 % was applied with the load of 5 kg. The mechanical properties
of biofoams produced for wound dressing applications are very important during the
applications. The mechanical and biological properties of chitosan foams depend on the

properties of chitosan and preparation method used.

3.3.8. Brunauer-Emmett-Teller (BET) Surface Area Analysis

BET analyses were used to characterize the structure and pore sizes of the foams
produced. This method is based on the gas adsorption on solid surfaces. Adsorption is
the adhesion of gas molecules or atoms to a surface. Temperature and pressure of gas,
surface area and interaction between the molecules are parameters for the adsorbed gas
amount. Nitrogen is used as a gas in BET surface analysis since it has high purity and
availability. Nitrogen gas with known amount is given to the device. Then, samples are
removed after adsorption layers are produced. Heat is applied to release adsorbed
nitrogen. BET isoterm is obtained as a function of adsorbed gas amount and releative

pressure.
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3.3.9. Ultraviolet—Visible Spectroscopy (UV-Vis)

UV-Vis spectroscopy was used to determine the amount of drug releaseased and
also to examine the interactions between P-123 molecules, chitosan and drug molecules.
The working principle of the UV is the measurement of beam of light after
reflection. While visible region ranges from 400 to 800 nm, ultraviolet region is
between 190 and 400 nm. The analyisis can be both quantitative and qualitative. UV-
Vis spectroscopy involves the region between 200-800 nm. The absorbance (A) of the

sample can be obtained by the equation given below:

A= 10g1 ()

where I, s intensity of light passing through the reference cell and I is intensity
of light passing through the sample cell. Light is absorbed when intensity of light
passing through the sample cell is lower than intensity of light passing through the
reference cell. Light is converted to the current and high current shows higher intensity.
Concentration of the substance is proportional to the absorbance according to the Beer-
Lambert Law. Calibration curve is obtained by measuring absorbances at the known
concentrations. Then unknown sample amounts are determined by using calibration

curve.
3.3.10. Size and Charge Measurements

Size and charge measurements of P-123 micelles in water, P-123 micelles in
water in the presence of chitosan molecules, P-123 micelles in chitosan solutions, P-123
micelles with curcumin and curcumin molecules in ethanol were carried out using
Malvern Zeta Sizer Nano ZS. This device combines the laser Doppler velocimetry and
Phase Analysis Light Scattering. Malvern Zeta Sizer Nano ZS has working principle
based on dynamic light scattering distribution of particles as a function of particle size.
While small particles scatter light at small angles, large particles scatter light at small
angles relative to the laser beam. Molecules have random collosion due to Brownian

motion. Stokes-Einstein equation describes the relationship between particle size and
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speed of particles due to Brownian motion. Zeta Sizer uses this relation to determine the

size of particles (Figure 3.15).
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Figure 3. 15. General size distribution graph.

Zeta Potential can be defined as potential of the particle surface or surface
charge of particles. Henry equation given below is used to get zeta potential by Malvern
Zeta Sizer Nano ZS (Figure 3.16)

_(2€zf(Ka))

31

where UE: Electrophoretic mobility, €: Dielectric constant, z: Zeta potential, I]:

UE

Viscosity, f(Ka): Henrys function, f(Ka) value generally used as 1.5 or 1.0. The
magnitude of the zeta porential shows how the colloidal system is stable. Particles
which have low zeta potential come together while particles which have large zeta

potential repel each other.
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Figure 3. 16. Malvern Mastersizer 2000 Laser Diffraction.
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CHAPTER 4

PRODUCTION AND CHARACTERIZATION OF
CHITOSAN BASED BIOFOAMS

Production of chitosan biofoams was done by O/W emulsion templated
synthesis in the absence and presence of surfactants for different chitosan and oil phase
concentrations and types. For these experiments, TPP and SDS (as an alternative) were
used as the crosslinking agents. O/W emulsions were prepared using ultrasonic probe as
mentioned above in experimental section. For this purpose three types of oil phases
such as pentane, hexane and heptane were employed at various concentrations. First of
all, the structure of chitosan foams produced without an oil phase were characterized as

a base line. The results of all these studies were discussed in the following paragraphs.

4.1. Foam Production Using O/W Emulsion Templated Method: In the

Absence of Surfactants

In this part of the study, O/W emulsions were produced using an ultrasonic
probe in the absence of surfactants at four different chitosan concentrations. Chitosan
was crosslinked by TPP and hexane and heptane were used as oil phases in these
studies. The pictures of the foams produced are presented in Figure 4.1 a and b. It is
easily seen with a naked eye that there is a big difference between the foams produced
with low and large amounts of chitosan. That is, it seems that the chitosan amount has a
large effect on both the pore structure and the mechanical strength of foams. The SEM
images of these foams were also presented in Figures 4.2 and 4.3 (at different
magnifications) for the cases of 2 % and 4 % chitosan, respectively. It is clearly seen
that the high chitosan concentration resulted in larger pore size. Although the pores are
large, the structure seems robust. Detailed studies for the oil phase and concentrations

are given below.
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Figure 4. 1. Chitosan foams produced by O/W emulsion templated method in the

absence of surfactant (a) 2 % chitosan (b) 4 % chitosan.
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Figure 4. 2. Chitosan foam in the absence of surfactant (2 % chitosan).
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Figure 4. 3. Chitosan foam in the absence of surfactant (4 % chitosan).

64



4.1.1. Hexane as an Oil Phase

As discussed in methods section above, different chitosan concentrations were
used in the range of one to four percent. Hexane concentrations were chosen as 5, 10,
15, 17, 20 volume %. Pore size and structure of these foams were characterized by SEM
and the SEM images were presented in Figure 4.4 for all the conditions. It can be seen
from images that all structures have almost porous structure. The chitosan amount
seems to have a large effect on both the pore structure and the mechanical strength of
foam. Increasing chitosan concentration results in smaller pore size. Moreover, it is also
seen that the concentration of oil phase is important and about 15 volume % of oil
produce better structures. Based on these results one can conclude that the foam is
better in terms of both the strength (Table 4.1) and the pore structure when 2-4 %

chitosan was used with 15-17 volume % hexane.
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Figure 4. 4. SEM images of chitosan foam which produced with different chitosan and hexane concentrations.
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The mechanical properties of these foams with different concentrations were
evaluated by compressive strength measurements. The compressive strength gives the
stress that is needed to destroy the sample by crushing. These results were listed in
Table 4.1. It is seen that the strain values for 4 % chitosan are different due to the
irregular shape of samples. When the stress and strength values are compared for
similar strain values, it can be said that higher chitosan and hexane amounts give better
mechanical properties. The mechanical properties of a scaffold used for tissue
engineering are very important due to the need for the structural stability to oppose the
various stresses incurred during culture in vitro or implantation in vivo. In one example
study from literature found that the compressive stress values at 40 % strain in

compressive testing was about 50 kPa for chitosan foams (Hu et al. 2018).

Table 4. 1. Mechanical test results for foam produced by hexane/water emulsion

templated method

Sample Content Compressive Strength (kPa)
2 % CS, 5 % hexane 19
2 % CS, 10 % hexane 20
3% CS, 10 % hexane 23
4 % CS, 13 % hexane 66
4 % CS, 17% hexane 87

4.1.2. Heptane as an Qil Phase

Heptane does not have the environmental and health concerns that are associated
with hexane hence because of the similarity of the oils, heptane was also used as an oil
phase to produce chitosan foams. Similar to the foam productions conducted with
hexane, chitosan at different concentrations (1 - 4 %) and heptane at concentrations (5,
10, 15, 17, 20 volume %) were used in these experiments. Pore size and structure of
these foams were characterized by SEM and presented in Figure 4.5. It can be seen from
the figures that all the conditions of 4 % chitosan concentration with different oil
concentrations resulted porous structures as expected. For the other chitosan

concentrations (2 % and 3 %), high heptane concentrations give porous structure.
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Figure 4. 5. SEM images of chitosan foams which produced with different chitosan and

heptane concentrations.

Table 4.2 gives the mechanical test results for chitosan biofoams produced by
heptane/water emulsion templated method. Similar to the results of hexane, it can be
clearly seen that increasing chitosan concentration increases mechanical strengths of the

foams with higher compressive stress values.
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Table 4. 2. Mechanical test results for for foam produced by heptane/water emulsion

templated method

Sample Content Compessive Strength (kPa)
2 % CS, 5 % heptane 9
2 % CS, 10 % heptane 13
2 % CS, 17 % heptane 12
4 % CS, 10 % heptane 52
4 % CS, 13 % heptane 74
4 % CS, 17 % heptane 78
4 % CS, 20 % heptane 62

4.2. Foam Production Using O/W Emulsion Templated Method: In the

Presence of Surfactants

As discussed in the experimental methods section above, some selected
surfactants (P-123, SDS, CTAB and TX-100) were used to increase both the stability
and the number of oil droplets to form emulsions as templates. The size and shape of oil
droplets were observed using a microscope (Figure 4.6 a, b, ¢ and d). As it is seen from
the figures that the sizes of oil droplets are between 220-270 um in the case of P-123,
around 170 pm in the case of SDS, around 170 pm in the case of CTAB and between
80 and 250 um in the case of the mixture, TX-100.



Figure 4. 6. Microscope images of emulsions with different surfactants (a) P-123 (b)

SDS (c) CTAB (d) TX-100.

Figure 4.7 shows the chitosan foams produced using these emulsions in the
presence of surfactants. It can be seen from the figures that all structures are so brittle
compare to the ones produced in the absence of surfactants. The porous structures of
these foams are also look better from the foams produced in the presence of surfactants.
This is suprizing and can become very important conclusion about surfactants. They are

expected to be miracle molecules and used in any application.
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Figure 4. 7. Produced foams by using O/W emulsion templated method in the presence

of surfactant (a) SDS (b) CTAB (c) P-123.

The foams produced in the presence of hexane and different types of surfactants
at two chitosan concentrations as 2 % and 4 % were also characterized by SEM analysis
and given in Figures 4.8 - 4.15. As can be seen from figures, except SDS, biofoams with
other surfactants give porous structure. Although they have very good porous structure,
they are all so brittle. Especially the one which was prepared in the presence of SDS
was not durable and scattered during sample preparation for SEM analysis.

Compare to the SDS, the network structure of chitosan foam produced in the
presence of CTAB was better (Figure 4.10 and Figure 4.11) but not enough in terms of
the size and shape of the pores. Even though there are both small and large pores in the
structure, they are not uniform and ordered.

Similar type of foams were obtained in the presence of P-123. As it is seen that
the foams are better in terms of both the strength and the pore structure (Figure 4.12 and
Figure 4.13). If one compares this structure with the one in the case of CTAB, it is
more ordered and uniform. There are no very large pores.

SEM images of the foams produced in the presence of TX-100 are similar to the
foams produced in the presence of P-123. These two surfactants are both nonionic.
However, there is big difference in their moleculer weights (Figure 4.14 and Figure

4.15).
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Figure 4. 8. O/W Emulsion templated foam in the presence of SDS (2 % CS, 15 %

hexane).
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Figure 4. 9. O/W Emulsion templated foam in the presence of SDS (4 % CS, 15 %

hexane).
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Figure 4. 10. O/W Emulsion templated foam in the presence of CTAB (2 % CS, 15 %

hexane).
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Figure 4. 11. O/W Emulsion templated foam in the presence of CTAB (4 % CS, 15 %

hexane).
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Figure 4. 12. O/W Emulsion templated foam in the presence of P-123 (2 % CS, 15 %

hexane).
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Figure 4. 13. O/W Emulsion templated foam in the presence of P-123 (4 % CS, 15 %

hexane).
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Figure 4. 14. O/W Emulsion templated foam in the presence of TX-100 (2 % CS, 15 %

hexane).

)

HFW WD & A1E L 00 pm
206mm | 122 mm 3 i Ay IYTEMAM

Figure 4. 15. O/W Emulsion templated foam in the presence of TX-100 (4 % CS, 15 %

hexane).

76



Compressive strength measurements of these foams were conducted and given
in Table 4.3. As it is expected, the britle sample produced in the presence of SDS have
the lowest value. The foams with P-123, however, shows the higher mechanical strength
in direct proportion to SEM results. In addition, the comressive strength of the foams
which were produced in the presence of surfactant are lower than the foams produced in

the absence of surfactants.

Table 4. 3. Mechanical test results for foam produced by hexane/water emulsion

templated method in the presence of surfactants

Sample Content Compressive Strength (kPa)
4 % CS, 17 % hxn, 10 M SDS 19
4% CS, 17 % hxn, 10 M P-123 48
4 % CS, 13 % hxn, 10 M CTAB 21
4% CS, 17 % hxn, 10 M TX-100 38

4.3. Foam Production Using O/W Emulsion Formed Spontaneously

O/W emulsions formed spontaneously were prepeared in the presence of Span
80 in hexane together with ethanol and Tween 20 in chitosan solutions (discussed above
in experimental methods section). The size distributions of emulsions were obtained by
Dynamic Light Scattering (DLS). DLS performs measurements three times. It is seen
that the average size of oil droplets are about 1600 nm and have narrow size
distributions (Figure 4.16). The picture of foam produced by forming spontaneous
emulsion is given in Figure 4.17. As it is seen from the picture that the structure is very
brittle and distributes easily. The pore structure, on the other hand, looks uniform and

small sized (Figure 4.18).
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Figure 4. 17. Produced foam by using O/W spontaneous emulsion templated method.
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10 100
Size, nm

Size distribution of O/W spontaneous emulsion.
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Figure 4. 18. O/W spontaneous emulsion templated foam.
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4.4. Foam Production using O/W Emulsion Templated Method: High
Molecular Weight Chitosan

High molecular weight (HMW) chitosan was used to test the effect of molecular
weight on biofoam production. High concentrations of chitosan were not used because
of the high viscosity of the resulting chitosan solution and inadequate mixing. One
percent chitosan was used by changing hexane concentrations (10, 13 and 17 volume
%). Samples did not maintain their shape after freeze drying process as can be seen
from Figure 4.19. SEM images for HMW chitosan foams are given in Figure 4.20. It
can be seen that pore structure is more disordered when compared with low molecular
weight chitosan. As a result, it can be concluded that the low molecular weight chitosan

is more favorable for production of biofoams.

Figure 4. 19. Biofoams produced by using high molecular weight chitosan (a) 1 %
HMW CS, 10 volume % hexane, (b) 1 % HMW CS, 13 volume %
hexane (¢) 1 % HMW CS, 17 volume % hexane.
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Figure 4. 20. SEM images for biofoams produced by using high molecular weight
chitosan (a) 1 % HMW CS, 10 volume % hexane, (b) 1 % HMW
CS,13 volume % hexane (c) 1 % HMW CS, 17 volume % hexane.
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4.5. Foam Production Using O/W Emulsion Templated Method: SDS
as a Crosslinking Agent

In this part of the study, SDS alone without TPP was used as an alternative
crosslinking agent due to its negative charge. As it was discussed above the foams
produced in the presence of SDS as a surfactant besides TPP were so brittle compared
to the other surfactants. When it is used alone, on the other hand, produces much
different foams. In these studies, hexane concentration was chosen to be 15 % with
chitosan concentrations 2 % and 4 %. Two different SDS concentrations (107 and 107
M) were tested and the SEM images were presented in Figure 4.21. It can be seen from
the images (Figure 4.21) that all SDS concentrations produced smaller sized porous
structures compared to the ones crosslinked by TPP. Also, walls of the chitosan matrix
have porous structure. After freeze drying, no deformation in the structure was observed
in the case of SDS crosslinking.

The mechanical strengths of these foams were conducted and compression
strength values were presented Table 4.4. It is seen that the biofoams which were
crosslinked by SDS have higher compressive strength values compared with the other
foams produced in this study (using TPP) and the literature. In this respect, chitosan
biofoam crosslinked by SDS might be quite beneficial in wound dressing applications in
terms of providing mechanical flexibility. As a result, it was thought that SDS can act as

a crosslinking agent due to its negative charge similar to TPP.

Table 4. 4. Mechanical properties of the foams crosslinked by SDS

Sample Content Compressive Strength (kPa)
4 % CS, 15 % hexane, 10° M SDS 201
4 % CS, 15 % hexane, 10> M SDS 255
2 % CS, 15 % hexane, 10> M SDS 186
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Figure 4. 21. SDS crosslinked chitosan foams (a) 4 % CS, 15 volume % hexane, 10° M
SDS (b) 4 % CS, 15 volume % hexane, 10> M SDS (c) 2 % CS, 15 volume
% hexane, 10” M SDS.
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4.6. Foam Production Using O/W Emulsion Templated Method:

Different Anionic Surfactants as Crosslinking Agents

The studies showed that the foams produced with SDS as a crosslinking agent
have better pore structures and mechanical properties. This was attributed to the
negative charge of SDS. Therefore, different type of anionic surfactants were also tested
as crosslinking agents to clarify the effect of surfactant structure on forming foams.
Octadecyl sulfate sodium salt has straight chain similar to the SDS and mono-N-
dodecyl phosphate has helical chain. Hexane (15 %) was used as an oil phase to
produce emulsions in these studies. SEM images of these foams are presented in Figure
22. As can be seen from the images that the both surfactants were also formed porous
structures. However, the walls of the foams do not have porous structure. As a result,

SDS can be choosen as an appropriate crosslinking agent for this system.

Octadecyl Sulfate Sodium Salt Mono-N-Dodecyl Phosphate

Figure 4. 22. SEM images of chitosan foam which was produced by O/W emulsion
templated method in the presence of different anionic crosslinking

agents.
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4.7. The Role of an Oil Phase on Foam Production (SDS as a
Crosslinking Agent)

After choosing the suitable cross linking agent as SDS, the role of oil phase in
foam production was investigated. For this reason, first chitosan foams were produced
in the absence of an oil phase. Then, the effect of an oil phase and oil concentration on

the structure and mechanical strengths of foams were studied.

4.7.1. Chitosan Biofoam Production without an Oil Phase

In this part of the study, biofoams were produced in the absence of an oil phase
to clarify the role of an oil phase in foam production. These experiments were carried
out in two different concentrations of SDS as a crosslinking agent and the structure of
the foams produced were characterized by SEM and the images were given in Figure
4.23. As can be seen from the SEM images that the foams show a porous structure even
in the absence of an oil phase. However, the walls of the chitosan matrix seems to have
no pores. This observation suggests the presence of two types of pores in the structure.
One is the structural voids (macropores) produced even in the absence of an oil phase
(at least oil phase is not directly responsible) and the other one is the intrinsic micro
pores (micropores) produced in the walls of the chitosan matrix. The air phase that is
involved (uncontrolled way) during the synthesis, may be mainly responsible from the
structural large voids. But the shape and the size of pores might be still affected by the
presence of an oil phase. The effect of oil phase, on the other hand, seems to be on the
matrix structure of the foams (the porous in the walls). The structural voids were
characterized using small SEM magnifications (x250) and the intrinsic micro pores

were characterized using large SEM magnifications (x10,000).
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Figure 4. 23. SEM images of chitosan foam produced in the absence of oil phase (Cross

linking agent: SDS).

BET analyses were conducted to estimate the surface area and micropore areas
of porous materials. BET surface area and t-plot micropore area was found as 3.6083

m’/g and 0.2608 m’/g, respectively.

4.7.2. Effect of Oil Phase Type and Qil Concentration (SDS as a
Crosslinking Agent)

In this part of the study, three types of oil (pentane, hexane and heptane) were
used to see the effect of carbon chain length. The results of these studies were discussed

in the following paragraphs.
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4.7.2.1. Pentane as an Oil Phase

Pentane has a smaller carbon chain length compare to the those of haxane and
heptane. The pentane concentrations were chosen as 15 and 25 volume %. Pore size and
structure of these foams were characterized by SEM and the SEM images were
presented in Figure 4.24. It can be seen from the images that the structures have both

structural voids and intrinsic micro pores.
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Figure 4. 24. SEM images of chitosan foam which produced with different SDS and pentane concentrations (Crosslinking agent

. SDS).



It is important to remove all volatile oil phase during freeze process. Therefore,
FTIR (with different spectral finger prints chemical structures/molecules) is used to
check whether the samples contain any pentane. Figure 4.25 gives the results of FTIR
analysis for all the samples and pentane itself alone. It can be seen from the figure that
the characteristic bands of pentane in the 3000-2850 cm™ region due to C-H stretch,
almost disappears in the case of foams produced. However, there is also SDS as a cross
linking agent in the system. The very small peaks in this region may belong to SDS
which also have a peak at this region for C-H stretching. Hence, it can be said that all
pentane was removed by applying freeze drying process and the foams produced do not

contain any pentane.

2z 4% CS

C-H stretch

1468
CH, bend

1380
pentane J\JM_M

25 % pnt, 102 M SDS

Absorbance

15 % pnt,102M SDS

4000 3000 2000 1000

-1
Wave number, cm

Figure 4. 25. FTIR results of foams produced by pentane/water emulsion templated

method.
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The BET analyses were done for the samples produced by 25 % pentane and
102 M SDS. BET surface area and t-plot micropore area were found as 9.4118 m?/g and
10.6123 m?/g, respectively.

The mechanical properties of these samples were evaluated by compressive
strength measurements. The compression test results of the foams are given in Table
4.5. It can be seen that the foams produced have good mechanical strength when it is
compared with literature. In addition, they have better compressive strength than the

foams produced in the absence of oil phase.

Table 4. 5. Mechanical test results for foam produced by pentane/water emulsion

templated method (4 % CS)

Sample Content Compressive Strength (kPa)
15 % pentane, 10° M SDS 166
15 % pentane, 10% M SDS 180
w/o oil, 10° M SDS 76
w/o oil, 10° M SDS 12

4.7.2.2. Hexane as an Oil Phase

Hexane has higher carbon chain than pentane and smaller carbon chain than
heptane. The hexane concentrations were chosen as 15 and 25 volume %. Pore size and
structure of these foams were characterized by SEM and the images were presented in
Figure 4.26. It can be seen from the images that the structures have both structural voids

and intrinsic micro pores.
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Figure 4. 26. SEM images of chitosan foam which produced with different SDS and hexane concentrations.



As mentioned before, it is important to remove all volatile oil phase during
freeze process. Therefore, FTIR (with different spectral finger prints chemical
structures/molecules) is used to check whether the samples contain any hexane. Figure
4.27 gives the results of FTIR analysis for all the samples and hexane itself alone. It
can be seen from the figure that the characteristic bands of hexane in the 3000-2850
cm’ region due to C-H stretch, almost disappears in the case of foams produced.
However, there is also SDS as a cross linking agent in the system. The very small peaks
in this region may belong to SDS which also have a peak at this region for C-H
stretching. Hence, it can be said that all hexane was removed by applying freeze drying

process and the foams produced do not contain any hexane.
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Figure 4. 27. FTIR results for foam produced by hexane/water emulsion templated

method.

The BET analyses were done for the samples produced by 25 % hexane and 107
M SDS. BET surface area and t-plot micropore area were found as 1.8112 m%/g and

3.7425 m’/g, respectively.
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The mechanical properties of these samples were evaluated by compressive
strength measurements. The compressive strength of chitosan foams at 40 % strain was
found to be 50 kPa in literature. The compression test results of our foams are given
Table 4.6. It can be seen that the foams produced have good mechanical strength when
it is compared with literature. In addition, they have better compressive strength than

the foams produced in the absence of oil phase and in the presence of pentane.

Table 4. 6. Mechanical test results for foam produced by hexane/water emulsion

templated method (4 % CS)

Sample Content Compressive Strength (kPa)
15 % hexane, 10° M SDS 201
15 % hexane, 10> M SDS 255
w/o oil, 10° M SDS 76
w/o oil, 10° M SDS 12

4.7.2.3. Heptane as an Oil Phase

Heptane does not have the environmental and health concerns that are associated
with pentane and hexane hence because of the similarity of the oils, heptane was used as
oil phase to produce chitosan foam. Heptane has longer carbon chain length than both
pentane and hexane. Heptane concentrations were chosen as 15, 25 volume %. Pore
size and structure of these foams were characterized by SEM and the images were
presented in Figure 4.28. It can be seen from the images that the structures have both
structural voids and intrinsic micro pores. In addition, as can be seen from the images
that there is bubbles on the surface. This may be explained by high carbon chain and

low volatility of heptane.
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Figure 4. 28. SEM images of chitosan foam which produced with different SDS and heptane concentrations.



FTIR (with different spectral finger prints chemical structures/molecules) are
used to check whether the samples contain any heptane. Figure 4.29 gives the results of
FTIR analysis for all the samples and heptane itself alone. It can be seen from the figure
that the characteristic bands of heptane in the 3000-2850 cm™ region due to C-H stretch.
Although almost all bands of heptane disappear in the case of foams produced, foams
which produced by higher amount of heptanes have more significant peaks than others.
The small peaks might be due to unremoved heptane. However, there is also SDS as a
cross linking agent in the system. The very small peaks in this region may belong to

SDS which also have a peak at this region for C-H stretching.
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Figure 4. 29. FTIR results for foam produced by heptane/water emulsion templated
method.

The BET analyses were done for the samples produced by 25 % heptane and
102 M SDS. BET surface area and t-plot micropore area were found as 8.3991 m?/g and
2.1562 m’/g, respectively. If the results are compared with pentane (10.6123 m*/g) and

hexane (3.7425 m’/g), t-plot micropore areas for samples produced by pentane is
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smaller. These results show that oil phase with smaller carbon chain produces higher
micropore areas due to high volatility and low molecular weight. Also foam produced in
the absence of oil phase has the smallest micropore area (0.2608 m”/g). This may be due
to not presence of intrinsic micro pores.

The mechanical properties of these samples were evaluated by compressive
strength measurements. The compressive strength of chitosan foams at 40 % strain was
found to be 50 kPa in literature (Hu et al. 2018). The compression test results of our
foams are given in Table 4.7. It can be seen that the foams produced have good
mechanical strength when it is compared with literature. In addition, they have better

compressive strength than the foams produced in the absence of oil phase.

Table 4. 7. Mechanical test results for foam produced by heptane/water emulsion

templated method
Sample Content Compressive Strength (kPa)
15 % heptane, 10° M SDS 148
15 % heptane, 10% M SDS 103
10° M SDS 76
107 M SDS 12

4.7.2.4. Porosity and Water Hold-up/Release Behavior of the Chitosan

Foams

To determine the porosity and water hold-up/release behavior of the chitosan
foams, foams were produced at three different chitosan concentrations and two different
concentrations of oil phase. SDS was the crosslinking agent (Figure 4.30). As can be
seen from the SEM images that the chitosan foams show two types of porous structure
as intrinsic micro pores and structural voids. As it was discussed in the previous part of
the study, the intrinsic micro pores (micropores) were produced in the walls of the
chitosan matrix in addition to the structural voids (macropores). The effect of oil phase
seemed to be on the matrix structure of the foams (the pores in the walls). The structural

voids were characterized using small SEM magnifications (x500) and the intrinsic
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micro pores were characterized using large SEM magnifications (x10,000). Both

structural voids and micropores are smaller for low chitosan concentrations.

15 % hexane 25 % hexane

2%
Chitosan

3%
Chitosan

4 %
Chitosan

Figure 4. 30. Structure of produced chitosan biofoams for different chitosan and

hexane amount.

Then, water immerse tests were conducted using chitosan foams to observe the
amount of water that hold-up in structure and its release behavior with time. Effect of
chitosan concentration and oil phase (hexane) percentages on release behavior was
studied. For this purpose, first, the samples were dried at 50 °C in oven and weighed.
Then, they are left in water for some time to weight again to determine the amount of
water hold-up. The results of these studies were presented in Figure 4.31. It can be said

that almost all foams can hold water nearly twenty times of their weight.

97



25

S

©

L 20 -
[T

o

0

0

©

E 154
8

=

=

Q. ]
2 10
2

o

<

1

g 54
©

=

0

Figure 4. 31. Water hold-up ratios to initial mass of foams.

For the water release tests, the foams were dried and then immersed in water for
a day. Then, they were weighted in time intervals to see the release amount of water. As
can be seen from Figure 4.32 that water release is slower for the higher chitosan
concentration. This can be due to high pore size and low porosity of the foams produced
by high chitosan concentration. There is no significant effect of the hexane amount on

water release behavior.
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Figure 4. 32. Water release behaviour of the chitosan foams.

Based on these results the porosities of foams were calculated and the results are
presented in Table 4.8. Dimensions of the chitosan foams produced were measured and
they were dried to weigh. Air volume and porosity was calculated using equations given
above (Equation 3.1 and Equation 3.2) for chitosan foams with varying chitosan and oil
phase concentrations. As can be seen from the table that, the porosity of the foams
depends on the percentage of chitosan and oil phase. The porosity increases with
decreasing chitosan concentration and decreasing oil concentration. Moreover, the
porosity of all the foams are higher than the ideal value, 80 % mentioned in literature
(Ikeda et al. 2014). Hence, one can conclude that the foams produced in this study will

be all suitable for wound dressing applications.
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Table 4. 8. Porosities of the foams for different chitosan and oil phase concentrations

Sample

Porosity, %

4 % CS, 15 % hxn 91.25
4 % CS, 25 % hxn 90.47
3% CS, 15 % hxn 93.96
3 % CS, 25 % hxn 93.75
2 % CS, 15 % hxn 95.04
2 % CS, 25 % hxn 94.83
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CHAPTER 5

PRODUCTION OF DRUG LOADED CHITOSAN FOAMS

This part of the study is on the production of drug loaded chitosan foams. For
this purpose two types of drugs as hydrophilic and hydrophobic were selected. The
hydrophobic drugs used were curcumin and amphotericin-B (a model anti-inflammatory
and antibiotic drugs) and the hydrophylic drug was a model antibiotic vancomycin
hydrochloride which is used to treat infections. The morphological and chemical
characterization of chitosan foam structures (drug loaded in these experiments) were

done by SEM and FTIR as usual.

5.1. Hydrophilic Drug Loaded Foam Production using O/W Emulsion
Templated Method

To produce drug loaded chitosan foams, hexane was used as an oil phase to
produce emulsions as templates and drug was dissolved in chitosan solution. The
system was polymerized by both SDS and TPP, separately. The SEM images of the
foams are presented in Figure 5.1. As can be seen from the figure that the foam have
both structural voids and intrinsic micro pores. In addition these foams which were
crosslinked by SDS were found to have a durable structure. However, the foams
crosslinked by TPP has broken into small peices. SEM images of these foams look very
much the same with the foams without drug. This is most probably due to the
dispersion of hydrophilic drug within the chitosan matrix. Therefore the presence of

drug was demonstrated using FTIR analysis.
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Figure 5. 1. SEM images of vancomycin loaded chitosan biofoam production by O/W

emulsion templated method.

FTIR analyses were carried out to confirm the presence of drug vancomycin in
the chitosan biofoam structure. The FTIR spectra of chitosan, vancomycin, and foams
produced which were crosslinked by SDS and TPP are shown in Figure 5.2 and 5.3,
respectively. The characteristic absorption bands of vancomycin were found at 3450
cm’ for O-H (hydroxyl) stretching, 1655 cm™ for C=0 stretching (Amide-I), 1504 cm’
for C=C stretching (aromatics), 1231 cm™ for C-O-C stretching (phenols) and 1062 cm™
for C-N (aliphatic amine) stretching. The pure chitosan shows characteristic bands at
3441 cm™ for O-H (hydroxyl) stretching, 2856 cm™ for C-H stretching, 1630 cm™ for
C=0 stretching (Amide-I) and 1317 cm™ for C-N (aliphatic amine) stretching. The
produced biofoams involved these characteristic peaks of the chitosan and vancomycin.
As can be seen from the figures, the hydroxyl stretching existed in the chitosan and

vancomycin was less obvious in the biofoams. This can be explained by hydrogen
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bonding between the vancomycin and chitosan through amine and hydroxyl groups. In

additon, SDS have peaks 2850-2950 cm’ band for C-H stretching and biofoam

crosslinked by SDS have these peaks as can be seen in Figure 5.2.

2 %CS, 15 % hxn, 3 mg/mL vancomycin 123
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Figure 5. 2. FTIR analysis of drug loaded chitosan biofoam production by O/W

emulsion templated method (SDS as a crosslinking agent).
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Figure 5. 3. FTIR analysis of drug loaded chitosan biofoam production by O/W

emulsion templated method (TPP as a crosslinking agent).

5.2. Hydrophobic Drug Loaded Foam Production Using a Thin Film
Evaporation Method Coupled with the O/W Emulsion Templated
Method

Hydrophobic drug loaded chitosan foams were produced with a thin film
evaporation method coupled with the O/W emulsion template method. In thin film
evaporation part of the method, the micelles of P-123 molecules that envelope
hydrophobic drugs were produced. Therefore, this part of the method will be discussed

in detail in the following paragraphs.
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5.2.1. Preparation and Characterization of P-123 Micelles with and

without Curcumin

Before producing drug loaded chitosan foams, P-123 micelles were
characterized with and without curcumin. Also, effect of micelle formation methods

was examined.

5.2.1.1. P-123 Micelles in Water

First of all, drug loaded P-123 micelles were produced using the procedure given
in experimental part. In this method, both P-123 and curcumin were dissolved in ethanol
and ethanol was evaporated and a thin film of P-123 and curcumin was obtained. When
this film was dissolved in water, drug loaded micelles were produced. The details of this
method were given above. These micelles were characterizated using several different
methods such as DLS, STEM, TEM. The size and charge distributions of P-123
micelles formed at concentration of 10 M were presented in Figures 5.4 and 5.5,
respectively. Figure 5.4 gives the size distribution of P-123 micelles obtained by DLS.
It can be clearly seen that average size of micelles are around 20 nm as also mentioned
in literature (Dutra et al. 2015). In addition, size of micelles were also observed by
STEM and TEM (Figure 5.6). These results also show that the size of P-123 micelles
are around 20 nm. In addition, P-123 micelles were found to be slightly negatively

charged (Figure 5.5) as expected.
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Figure 5. 4. Size distribution of P-123 micelles in water by DLS.
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Figure 5. 5. Charge of P-123 micelles in water.
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Figure 5. 6. Characterization of P-123 micelles by STEM, AFM and TEM.

5.2.1.2. P-123 Micelles in Water in the Presence of Chitosan Molecules

The stability of P-123 micelles in the presence of chitosan molecules were
studied by mixing with chitosan solutions at different concentrations. That is, first P-
123 micelles were formed in water and then chitosan molecules were added at different
amounts. Figure 5.7 gives the size distribution for P-123 micelles in water in the
presence of chitosan molecules. It can be seen that an increase in chitosan concentration
increases the size of P-123 micelles. Since, there is only one mode size distribution, one

can conclude that chitosan molecules contribute to the structure of micelles. As can be
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seen from Figure 5.8 that the size of P-123 micelles increases with increasing chitosan

concentration up to 160 nm in the presence of 2 % chitosan.
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Figure 5. 7. Size distribution of P-123 micelles in water in the presence of chitosan.
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Figure 5. 8. Effect of chitosan concentration on P-123 micelle size in water in the

presence of chitosan.

5.2.1.3. P-123 Micelles Formed in Chitosan Solution

In this part of the study, P-123 micelles were directly formed in chitosan
solutions. First, chitosan molecules in water without P-123 micelles at different
concentrations were analyzed and presented in Figure 5.9. It is seen that the size of
chitosan molecules are larger than 1 micron on average (Figure 5.10). The size of a
chitosan molecule, on the other hand, is over 1 micron on average which is in the range

given literature (Sreekumar et al. 2018).
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Figure 5. 9. Size distribution of chitosan solutions at different concentrations.
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Figure 5. 10. Average sizes of chitosan molecules for different concentrations.
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P-123 micelles in chitosan solutions give size distributions very similar to the
ones that chitosan added to the P-123 micelle solution later (Figure 5.11). It is seen that
the size of micelles increases with increasing chitosan concentrations. When it was
compared with the chitosan molecules, it can be seen that sizes of chitosan molecules

seem to decrease in the presence of P-123 micelles.
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Figure 5. 11. Size distribution of P-123 micelles in chitosan solutions.

As can be seen from Figure 5.12 that the size of P-123 micelles were able to
increase up to 160 nm (2 % chitosan) when P-123 micelles formed in chitosan solutions.
Figure 5.13 gives the effect of chitosan concentration on P-123 micelles for both
micelle formation conditions (P-123 micelles in water in the presence of chitosan and in
chitosan solution). It can be said that there is no effect of P-123 micelle formation
method clearly. So, chitosan molecules get into the structure of P-123 micelles however

that they were prepared.
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Figure 5. 12. Effect of chitosan concentrati on on P-123 micelle size in chitosan
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Figure 5. 13. Effect of chitosan concentration on P-123 micelle size in water in the

presence of chitosan molecules and in chitosan solution.
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In addition to the size measurements by DLS, UV-spectrophotometer was also
used to see the difference in their absorbance values, if any, in the case of micelles with
different methods (Figure 5.14). Similar to the other analysis, the same results were also
obtained with UV-spectrophotometer for the two formation conditions. As a result, it
can be said that both P-123 micelles in water in the presence of chitosan or P-123

micelles in chitosan solution can be used to envelope drug.
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Figure 5. 14. UV-spectrophotometer analysis for P-123 micelles in water in the

presence of chitosan molecules and in chitosan solution.

5.2.1.4. Curcumin Loaded P-123 Micelles in Water

As it was mentioned above in the experimental section, thin film evaporation
method was coupled with O/W emulsion templated method to envelope hydrophobic
drug, curcumin, in P-123 micelles. For this purpose, several chitosan foams contain
different drug amounts were used. Figure 5.15 gives the size distributions of P-123
micelles in the absence and presence of curcumin molecules at different drug

concentrations. As can be seen form the DLS results that the presence of drug in
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micelles seem to not effect the size distribution of micelles very much. This might be
due to the low amounts of drugs used in this study. The STEM images, on the other
hand, clearly show the change in the size distribution of drug loaded P-123 micelles as
presented in Figure 5.16. However, the distribution of drug molecules among micelles

seems to be non-uniform and therefore the size distribution of P-123 micelles gets

broader.
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Figure 5. 15. Size distribution of curcumin loaded P-123 micelles.
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Figure 5. 16. Characterization of curcumin loaded P-123 micelles by STEM.
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5.3. Production of Drug Loaded Chitosan Foams

Amphotericin-B and curcumin were hydrophobic drugs. Hexane was the oil
phase to produce O/W emulsions. The polymerization of chitosan was performed by
SDS for amphotericin-B and chitosan was polymerized by SDS and TPP at different
curcumin concentrations. The morphological characterization of the hydrophobic drug-
loaded foams was characterized by SEM and presented in Figures 5.17-5.25. As it is
seen the drugs dispersed drug in chitosan matrix can not be identified in the SEM
images. However, the foams produced by different cross linking agents were unlike in
terms of their pore structures. Foams crosslinked by SDS have both structural voids and
intrinsic micro pores. However, the foams crosslinked by TPP have only structural

voids (macropores).

Figure 5. 17. SEM images of amphotericin-B loaded chitosan biofoams.
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Figure 5. 19. SEM images of curcumin (0.04 mg/mL) loaded chitosan biofoams (TPP).
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Figure 5. 20. SEM images of curcumin (0.08 mg/mL) loaded chitosan biofoams (SDS).
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Figure 5. 21. SEM images of curcumin (0.08 mg/mL) loaded chitosan biofoams (TPP).
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Figure 5. 23. SEM images of curcumin (0.1 mg/mL) loaded chitosan biofoams (TPP).
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Figure 5. 25. SEM images of curcumin (0.2 mg/mL) loaded chitosan biofoams (TPP).
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CHAPTER 6

DRUG RELEASE STUDIES

This chapter includes, tests to observe the drug release behaviour of foams for
both hydrophobic and hydrophylic drugs. For release studies, a selected drug, curcumin,
was used as a model hydrophobic, anti-inflammatory drug. Vancomycin was selected as
a model hydrophilic antibiotic which is used to treat infections. These studies were
conducted for different chitosan concentrations at pH 5.6 and pH 8.2 in phosphate
buffer. The quantitative analyses of released drugs were done using UV-Vis analysis as

discussed above in methods section.

6.1. Hydrophobic Drug: Curcumin

Before release studies, it was important to understand the system in detail to
clarify the interactions between molecules as P-123 micelles with and without curcumin
and chitosan molecules. For this purpose, the UV-Vis absorption data (UV-
spectrophotometer), FTIR analysis, STEM images were used. In addition size and
charge measurements were conducted using DLS. All these results were evaluated
together to understand the possible effects on the release of a hydrophobic drug before

studying the kinetics for all types of foams in detail.

6.1.1. Determination of Curcumin by UV-Vis Analysis

Curcumin has poor solubility in water at ambient conditions of pressure and
temperature. Further, it is soluble in polar organic solvents, such as methanol, ethanol,
dimethyl sulfoxide, among others. Hence, the real amount of curcumin was first
determined in ethanol to see the difference when drug was in micelles. Three

measurements were done for all curcumin concentrations. The size distributions of these
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samples were also determined and given in Figure 6.1. Average sizes of curcumin

molecules for different concentrations are shown in Figure 6.2. As can be seen from the

figure that curcumin molecules are very small molecules when compared with P-123

micelles.
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Figure 6. 1. Size distribution of curcumin for different concentrations.
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Figure 6. 2. Average sizes of curcumin molecules for different concentrations.

The UV-absorbances for curcumin molecules in ethanol and in P-123 micelles

were presented together in Figure 6.3. These analysis were done by different curcumin

concentrations as 0.05 mg/mL, 0.04 mg/mL, 0.03 mg/mL, 0.02 mg/mL, 0.01 mg/mL.

As can be seen from the figures that the higher curcumin amounts give higher

absorbance values as expected. In addition, when compared with curcumin in ethanol,

curcumin in P-123 micelles gives lower absorbance values for the same amounts. That

is, the presence of P-123 micelles around curcumin reduce the absorbanse of UV-Vis.
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Figure 6. 3. UV analysis of curcumin in ethanol and in P-123 micelles.

6.1.2. Release Studies with Curcumin

In this part of the study, the release of hyrophobic drug enveloped in chitosan
foams was studied. For this purpose, curcumin was selected as a model drug
(hydrophobic) and several chitosan foams were prepared with different amounts of drug
and chitosan. The details of the method used was discussed above which was the thin
film evaporation method coupled with O/W emulsion template method to envelope drug
in P-123 micelles. The amounts of chitosan were 2 % while the amounts of curcumin
were 0.2 mg/mL, 0.1 mg/mL, 0.08 mg/mL, 0.04 mg/mL. Hexane (15 %) was used as an
oil phase to produce W/O emulsions. SDS and TPP were the crosslinking agents. The
release studies were conducted in phosphate buffer at pH 5.6. These studies were
carried out at 37 °C by shaking the solutions in bottles that contains a chitosan foam.
The sampling was performed at the preset time intervals to for kinetic release studies.
All the samples (supernatants) were analyzed by UV-spectrophotometer and calibration
curve (obtained earlier, given above) to determine the quantity of the curcumin released.
The drug release percentage was calculated for the conditions of 2 % CS. It is seen that

the release percentage of curcumin increases with an increase in the amount of
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curcumin for the cases where chitosan was crosslinked by TPP (Figure 6.4). In the case
of chitosan foams crosslinked by SDS, on the other hand, the release percentage of
curcumin is really low (Figure 6.5). This might be due to the possible interactions
between drug, chitosan and SDS.

Figure 6.6 gives the release data both for SDS and TPP crosslinked chitosan
foams. It can be clearly seen that the the release percentage of curcumin is higher in the
case of foams crosslinked by TPP. Hence, one could conclude that the amount of drug

release could be increased if chitosan foams crosslinked with TPP.
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Figure 6. 4. Hydrophobic drug (curcumin) release from chitosan foams crosslinked by

TPP.
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Figure 6. 6. Hydrophobic drug (curcumin) release from chitosan foams.
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The release data obtained for hydrophobic drug, curcumin (crosslinked by TPP
and SDS) were analyzed by first and second order kinetics and commonly used Higuchi
and Korsemeyer-Peppas Models (Figure 6.7 and 6.8). The details of the models were
discussed above in materials and method section. The figures show that the drug release
fits the second order kinetics much better among others in the case of TPP. The data

with SDS, on the other hand, seem to not fit any of the models applied.

FIRST ORDER SECOND ORDER

O Measured Data
Predicted
0.15 1| === 95% Confidence interval

HIGUCHI MODEL KORSMEYER-PEPPAS MODEL

0.20

Curcumin, mg/mL

0.1 1 10 100 1000 0.1 1 10 100 1000
Time, h

Figure 6. 7. Drug release data fitted to various kinetic models (0.2 mg/mL curcumin,

CLA:TPP).
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FIRST ORDER SECOND ORDER

. Measured Data

Predicted
——— 95% Confidence Band

0.04

HIGUCHI MODEL KORSMEYER-PEPPAS MODEL

0.05

Curcumin, mg/mL

Time, h

Figure 6. 8. Drug release data fitted to various kinetic models (0.2 mg/mL curcumin,

CLA:SDS).

6.2. Hydrophilic Drug: Vancomycin Hydrochloride

In this part of the study, the release of hydrophilic drug from chitosan biofoams
was determined. Vancomycin Hydrochloride was the model hydrophilic drug. Hexane
was used as an oil phase to produce emulsions. Chitosan concentrations were chosen as
2 % and 4 %. The system was polymerized by SDS. The release of vancomycin from
vancomycin-loaded chitosan biofoams were evaluated using phosphate buffer at pH 5.6
and pH 8.2 (Figure 6.9). These studies were carried out at 37 °C by shaking the
solutions in bottles that contain a chitosan foam and the sampling was performed at the
preset time intervals to perform kinetic release studies. All the samples (supernatants)
were examined by UV-spectrophotometer and a calibration curve (obtained earlier and

given in Method section) to determine the quantity of vancomycin released (Figure 3.7).

1000 0.1 1 10 100 1000
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It can be seen from the figure that the release of vancomycin from loaded foams
was found to be higher at pH 5.6 than pH 8.2 (in case of 2 % chitosan) due to the higher
solubility of chitosan under acidic conditions. The release of vancomycin was also
lower in the case of 4 % chitosan compared to the 2 % chitosan as expected due to its

structure with lower porosity as discussed above.

01 @ pH56,2%CS
. V- pH8.2,2%CS
S~ O pH8.2,4%CS
dm; 80 || —@— pH 5.6,2 % CS, absorbed
®
2
&’ 60
£
o
E" 40
(o]
0
c
‘>° 20
0
0.1 1 10 100 1000

Time, h

Figure 6. 9. Hydrophilic drug (vancomycin) release from chitosan foams.

The release data obtained was analyzed by first and second order kinetics and
commonly used Higuchi and Korsemeyer-Peppas Models (Figure 6.10). The details of
the models were discussed above in materials and method section. The figure shows

that the drug release fits the second order kinetics much better among others.

128



FIRST ORDER SECOND ORDER

——— % 95 Confidence Interval
Predicted
Measured Data

Vancomycin, mg/mL

- O
1 10 100 1000
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Figure 6. 10. Drug release data fitted to various kinetic models (2 % CS, pH 5.6).
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CHAPTER 7

DEVELOPMENT OF A RELEASE MODEL FOR THE
DRUG MOLECULES FROM CHITOSAN FOAMS
MATRIX

Since the drug release mechanism has great importance, this chapter includes the
development of a model for drug release from chitosan foams. First of all, details about
produced foams in terms of pore structure are given. Then, physical model is described.

Derived equations are given in detail in the following parts.

7.1. Chitosan Foams

In this study, chitosan biofoams were produced by o/w emulsion templated
method as given in detail in the previous part. To summarize, an ultrasonic probe was
used to produce oil/water type of emulsions to use as templates. Freeze drying was
applied to all samples to remove volatile components which creates pores. In addition,
biofoams were produced in the absence of an oil phase to clarify the role of an oil phase
in foam production. Structures of the foams produced were characterized by SEM.

It could be seen from the SEM images in Section 4. Production and
Characterization of Chitosan Based Biofoams that the foams show a structure composed
of two different levels of porosity. The first type is rather large structural voids (or
nearly spherical chambers) in sizes larger than 100 micrometer (um). These chambers
are separated by thin walls whose thicknesses are in the order of 10 micrometer. The
walls contain the second level intrinsic pores which are nearly spherical with diameters
in the order of 1 micrometer.

It was mentioned in Section 4 that the structural voids (or the chambers) form
irrespective of whether the oil is present during the synthesis. This suggests that the
structural voids are created by some other means, most probably due to the presence of

air bubbles created by the strong ultrasonic energy applied during the synthesis.
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However, the walls of the chamber in the absence of the oil contain no intrinsic pores.
When the oil is present, both the structural voids and the instrinsic pores on their walls
are present. This clearly indicates that the instrinsic micro pores are generated by the
evaporating oil phase.

The foams were also synthesized in the presence of both hydrophilic
(vancomycin hydrochloride), and hydrophobic (curcumin) drugs in the presence of oil.
The dispersion method of the drugs into the chitosan matrix was completely different as
explained in Section 3. Materials and Methods. SEM images of the foams in the
presence of the drugs are very similar to those generated in the absence. No residual
separate drug phase was observed in the foam structures even though the mass ratio of
the drug to the polymer is close to 10 % (30 mg drug in around 0.4 gr polymer). This is
an initial indication that complete dispersion of the drugs in the chitosan matrix was
achieved as aimed.

Figure 7.1 displays a cross view of a sectioned representative chitosan foam
where the chamber structure (structural voids) can be seen very clearly. Figure 7.2
shows a magnified portion of the same photograph which shows the instrinsic pores on
the chamber walls. A comparison of the figures shows that the size of the chambers are
several order of magnitude larger than the the instrinsic pores.

Measurements have been carried out on the SEM photographs show that the
measured and calculated geometrical properties of the system (as averages) can be
summarized as follows:

Measured from geometry

The diameter of the chambers: ~100(pm)

The thickeness of the walls (2L): ~10 um

The radius of the instrinsic pores (R): ~0.5um
Number of pores in 1cm’® chamber surface: 8.6x107 #/1 cm’

Calculated from geometry

The volume of a single chamber: 3.38x10°cm’
The total surface area of chamber: 4.61x10%cm’
Number of chambers: 3.42x10" #/cm’
Total number of pores: 1.85x10'
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Figure 7. 2. Wall thickness of the foams and size of intrinsic micro pores.
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7.2. Development of the Model

7.2.1. Model Geometry

The physical model is based on the main assumption that the drug is
homogeneously dispersed in the chitosan matrix and the dissolution kinetics of chitosan
from the pore walls directly gives the dissolution rate of the drug. Therefore, the model
aims to determine the chitosan dissolution rate from the pores in a chitosan matrix
which is in contact with a buffer solution in a diffusion controlled manner.

Since the size of the chambers in the foam is very large, any drug released into
the chambers can be considered to be in total solution volume. In other words, the
change of the drug concentration in the chambers with time can approximate to the drug
concentration in solution Csu(t). Also, it was assumed that the intrinsic pores on the
walls maintain a cylindirical geometry through the wall with a pore radius R.
Considering possible tortuosity, the minimum pore length will be equal the wall
thickness 2L (Figure 7.3).

A pore is situated in the z-axis between z=-L and z=+L and is symmetrical
around z=0. In terms of the radial distances, the position of the pore is between r=-R
and r=+R and there is also a complete symmetry around r=0. One end of the pore opens
into a chamber at z=L with a solution concentration of Cgy(t) at time t. The
concentration at the pore mouth (z=L) is constant at Cy(t) for all r at any given time.
The chitosan solution concentration on the pore surface (r=R), on the other hand, is
constant at a value C; for all z where C; is the solubility limit of the chitosan polymer in
given solution conditions. It can be seen that these boundary conditions will require a
series solution of a periodic function.

The solute flux in the pore (0<r<R and 0<z<L) depends on the local
concentration gradient C(r,z) according to the Fick’s 1* Law. The flux from the pore
wall will be governed by the the local concentration gradient which becomes equal to
chitosan solubility Csat r=R. The flux at the pore entrance will be governed by the local
concentration gradient which becomes equal to solution concentration Csy(t). The flux

in the z-direction is zero at the middle of a pore along the z-axis (z=0) due to the
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symmetry requirement. Also, the flux in the r-direction is zero at the center of a pore

along the r-axis (r=0).

The solution of the system requires the following:

1.
2.

Setting up the 2-D mass balance which leads to the Laplace’s equation,
Solution of the Laplace’s Equation in terms of the periodic Bessel’s
functions which leads to the concentration profile C(r,z) within the pore,
Calculating the in-flux from the walls to the pore and the out-flux from the
pore to chamber using the C(r,z) profile,

Integrating the out-flux from the pore to chamber with respect to time to
determine the time-dependent solution concentration,

Calculating the foam sequence,

Fitting the experimental data to a developed model.

Figure 7. 3. Schematic presentation of the pores.
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7.2.2. Development of the Mass Balance Equation

The net flux through the infinite small volume, 6V, can be shown as (Figure

7.4);

Jne=Jou-Jin (7 1)

Figure 7. 4. The net flux through the infinite small volume, 6V.

The mass balance in an infinite small volume element of a cylindiral pore 6V
can be obtained by recognizing that change in the mass content of in this volume will be

equal to;

d . . :
d—T = My — My + Generation (7.2)

If it is asssumed that; 1) no generation in 8V, 2) steady state, Equation 7.2 can

be written as;

M = Moy; (7.3)
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Mass of the flux crossing the area per unit time in a given direction, is
proportional to the gradient of solute concentration in that direction and described by

Fick's First Law;

=-D (66) A (7.4)
/= dl '
where D: molecular diffusion coefficient, C: concentration, 1: distance, A: area,

J: mass flow rate.

m goes in & out in r, © and z directions. If flux equations are examined in

cylindrical coordinates;

r-Direction:

c
e > 0 inr — direction and flux is (=) inr

_ 0C(r,0,z) 0 0C(r,0,z)6r 505
Jr== or or or 2 |Tover
ac(r, 0, 0 0C(r,0,z)6
_|op(26@8.2) 9 Cw6,2)3Y .\ o sess (7.5)
or or or 2
O-Direction:

The system is radially symmetrical due to © direction, hence there is no change

in concentration with O.

z-Direction:

oc ) ) . . .
P < 0inz —direction and fluxis (+) inz

_ b 0C(r,0,z) 0 0C(r,0,z)6z
Jz == 0z or 0z 2)

D 66(r,9,z)+ 0 0C(r,08,z)6z 505 76
e 0z or 0z 2 rovor (7.6)

>r595r
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Net flux through 0V:

—1r(6rd66z) + > + Py 6ré06z + ﬁr((Sr(SG(Sz) =0 (7.7)

20%C oC 0%Cor 0%C
dr?

If the equation is divided by 6r8680z;

626+OC+67‘62€+ 626_0 -
rarz ar 2 Or razz_ (7.8)

Divide by r and collect;

626[ +6r] 166+626_O 79
dr? 2rl ror  9z2 (7.9)

Since dr = 0, 1 + g—ﬂ

Hence two dimensional steady state diffusion equation in a cylindrical pore is

obtained as given below and this is the Laplace Equation;

0%Cc(r,z) , 10 [ 6C(r,z)]
——+-——|r——=| =0
or

0z2 r or (7.10)

7.2.3. Solution of the Laplace Equation in Two-Dimension

Since the Laplace Equation for steady state flux in cylindrical coordinated in 2-

dimension is obtained as;

0%C(r,z) +1 d [TGC(r,z)] _ o

or or

dz2 ror (7.11)
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Boundary Conditions for C(r,z);

c(R, z)=Cs The concentration on the pore surface (r=R) is constant at C for
all z. C is the maximum concentration which chitosan may reach

in solution (solubility limit).

c(r, L)=Csal The concentration at the pore mouth (z=L) is constant at C, for
all z. At the pore end (chamber) the concentration is equal to

solution concentration).

ac(r, . . .
0(; 2) z=0 = 0 The flux at the pore end (z=0) is zero (Pore is symmetric on both
sides of z=0). This means no flux at z=0.
ac(o, . . .
a(lr 2) l,=o = 0  The flux at the pore center (r=0) is zero (Pore is symmetrical

around r).

Since C(r,z) at r=R is constant and equal to Cs, it can be said that;

C(r,z) = x(r,z) + C (7.12)

Note that, x(r,z) must be equal to 0 at r=R (since we want to solve for the roots

of the Bessel Function).

x(R,z)=0 (7.13)

This can be generalized for all r;

C(r,z) = x(r,z) + Cg (7.14)

It follows that;

dC(r,z) 0x(r,z)
9z 0z

(7.15)
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Note that the boundary conditions for C(r,z) are satisfied for y(r,z);

ox(r,z) 3 dx(r,z)
[ ar B [ 0z

r=0 z=0

Since the general solution of the Laplace Equation for diffusion in cylindrical

coordinates is given in 7.11, it follows that;

0 x(r,2) ox(r,z)
T + ;E r = (716)
If the Equation 7.16 is separated into variables and y(r,z) defined as;
x(t,2)= R(r)Z(2) (7.17)
Integration of Equation 7.17 two times gives;
0%x(r,z) 0%Z
0z - R(r )622 (7.18)
If Equation 7.18 is used for the first term of the Equation 7.11;
0d*C(r,z) _ 0%x(r.z) 02 Z(z)
= o = R() (7.19)

Now, Equation 17 is used for the second term of the Equation 7.11 becomes;

(7.20)

10 [ ax(r,z)] 10 6R(T)Z(z) 10 OR
r or r or rar _rar[r Or]

When the derivative of the product is taken, second term of the Equation 7.11

can be written as;

10[(013 1] 8R  9°R ()1aR 9?R o
rarrzar)] Zor T 292" z t oz (7.21)
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If the Equation 7.19 and Equation 7.21 is put into Equation 7.11;

62
R(r)——— (Z) Z(z) [ ar2 =0 (7.22)
When Equation 7.22 is divided by R(r)Z(z);
1 azz(z) 1 aR(r) 92R(r) ~
Z(z) 0z2 R(r) [ arz |~ 0 (7.23)

While Equation 7.11 have two functions which depends 2-variables (r and z),
Equation 7.23 is obtained with two functions which depends only 1-variable (r or z) by
separating into variables. Then, they can be integrated separately. Terms of the Equation
7.23 should only be equal to each other when they are equal to a constant. If the

constant is defined as -73;

1 0%Z(z) _ 19R(r) 62R(r) 3
" 2(z) 9z2 R(r)[ orz |

—)? (7.24)

If the Equation 7.24 is solved for Z(z) and R(r) separately Equation 7.25 and
7.26 is obtained;

Z(z) = Aze? + Ae™ (7.25)

R(r) = A,JO(Ar) + 4,YO(Ar) (7.26)

If the Equation 7.25 and 7.26 are used in Equation 7.17, general solution for

concentration in a cylindrical pore with an opening is obtained (Equation 7.27);
x(r,z) = [A]JO(Ar) + A;YO(Ar)][Aze + Age™] (7.27)
Evaluating the Equation 7.27 at r=0 gives;

x(0,2) = [A1JO(X. 0) + A,YO(A. 0)][Aze + Age™] (7.28)
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Since JO(0)=1, YO[0] = —oo, to make the concentration finite A, should be 0.

Then, the equation 7.28 can be given as;

x(r,2) = [AJO(AD)][A5e?* + Ae7]

Applying the boundary conditions that there is no flux at z=0 and derivation of

the Equation 7.29 is zero due to symmetry;

Then;
d?(gz' 2 [4:JO(A)][A4;3e20 — AA,e70]
dx(r,0)

=0 = [4JOOOAI[4; — 4,] = 0

Since equation 7.32 is equal to zero;

Az =4,

Since A3=A4, Equation 7.29 becomes;

x(r,2) = [A;JO(Ar)A3][e? — e=*]

If the hyperbolic functions is examined, it can be seen that;

Az —Az
= cosh(1z)

(7.29)

(7.30)

(7.31)

(7.32)

(7.33)

(7.34)

(7.35)

If all constant defined as '¢', general solution for Equation 7.35 can be written

as;
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x(r, 2) = $JO(r) cosh(Az) (7.36)

The above equation requires that the term JO(AR) should be zero since
cosh(Az) cannot be zero for all z values. Also ¢ cannot be zero since for ¢p=0, it
becomes a trivial solution.

It also follows that the periodic JO(AR) term has n number of AR terms where it

is equal to zero for n numbers of AR (zeros of JO(AR)). If we call these values V,;

JO(AR) =JO(V,) =0 (7.37)
AR=V, > A _ 7.38
BRI Sy (7.38)

then Equation 7.34 can be shown as;

x(r,z) = i $,JO (% r) cosh (% Z) (7.39)

Since, C(r,z) = x(r,z) + Ci,

c0 =) (o (o) osn(2)) v 740)

Remember that Cy 1s actually Cg(t). We are looking at the system at a given

instant. Applying the boundry condition that;

=Y (oo (E)eosn (L)) + e =60 )

If Equation 7.41 is shown as;

Z (d)nlo( )) % =0 (7.42)

n=1
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It can be seen that the above equation is in the form of a Bessel Fourier series

such that;

P = i (%IO (%r» (7.43)

¢, can be found by applying Fourier Bessel transform;

[*orjo Yir\ar
o, = "a ‘ER 2) (7.44)
Jo r]O(Flr) dr
The solution of the integral is in the form;
290J1(Vy)
= 7.45
Pn Vi(Jo (V)2+j1 (V)?) (745)
Since JO(V;)=0 (roots of J0),
2§0 Csol - Cs 2
b, = = ) 7.46
"I cosh (L) VLD (7:46)
R
Substituting for ¢,
Csol - Cs 2
d; = . 7.47
" cosh (% L) ViJ1 (V) (7.47)
Then C(r,z) gives;
C(lr,z) =21, (q>i]0 (%r) cosh (%z) + CS) (7.48)

Then, Equation 7.48 gives the concentration equation as;
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o) = 2 — O Z Jl(vij;jj’é )> oo a0

In this model, a pore is situated in the z-axis between z=-L and z=+L and is
symmetrical around z=0. In terms of the radial distances, the position of the pore is
between r=-R and r=*+R and there is also a complete symmetry around r=0. The
concentration of drug in the pore changes with pore diameter (R) and pore length (L).
Increasing r values indicate that the chitosan wall is approached while the chitosan
solution concentration on the pore surface (r=R) is constant at a value C for all z.
Hence, the highest drug concentration is present on the pore surface when r=R and z=0.
At the point where the pore meets the chamber (z=L), drug concentration decreases
while the concentration at the pore mouth (z=L) is constant at Cy(t) for all r. Figure 7.5
shows how concentration changes with r and z, separately. If the concentration change
with r is examined in three points (r=0.001 R, r=0.5 R and r=0.99 R) when R=1 pm and
L=10 pm, it can be said that concentration shows a much sharper reduction for r=0.99R
when moves away from z=0 as expected. Because, concentration difference is higher
between pore surface and the chamber. The decrease is slower for the r=0.001 R since
concentration is lower than surface concentration and difference is much lower between
chamber and the point (r=0.001,z). Also, when the concentration change is studied for
changing r values and for three z value (z=0.01 L, z=0.5 L, z=0.995 L), sharp increase is
observed when getting closer to the pore surface (r=R) from r=0 for z=0.995 L as can be

seen from the figure.
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Figure 7. 5. Change of concentration with changing r and z values (R=1 pm and L=10

pm).

To observe the effect of the ratio of the pore diameter to pore length, the system
was assumed to have pore diameter as 5 um and length as 10 um. Figure 7.6 shows the
change of the concentration with r and z for the system. It can be cleary seen that
concentration decreases slowly when compared the lower pore diameter through the z
direction. In addition, the concentration inceases slowly through the r direction since the

radius is higher. To sum up, it can be said that concentration inside the pore can be
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thought to be equal to the surface concentration and same for all pore volume for the

small pore diamaters. Otherwise, there is a concentration profile in the pores with higher

diameters.
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Figure 7. 6. Change of concentration with changing r and z values (R=5 pm and L=10

pm).
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7.2.4. Development of the Flux Equations

The flux from the pore wall into the pores is equal to the amount

coming into the solution. It can be given by;

L

Jin = —21TRDJ0 (% C(r, z))R dz

Since the change of concentration is obtained as;

n Yig cosh( )

dC(T z) _
—2(Cs01 — s); JI(V)cosh( )

If Equation 7.51 is used in Equation 7.50;

Jin = 21RD [} (a"—r c(r, z)) dz

= V‘]l (%r) cosh (%Z)

i=1

~ 2nRD j 2= )) - Vii(Veosh (L)

When Equation 7.52 is simplified;

Then, integration of Equation 7.53 gives;

sinh (%1

Jin = 4D (Coo1 = )ZT()

The flux at the pore wall is obtained as;

of solute

(7.50)

(7.51)

(7.52)

(7.53)

(7.54)

147



Jin = 4TRD(C, — Cypy) i (% tanh (;VL)) (7.55)
i=1

This flux (J;,) should be equal to the flux from the pore into the solution at the

pore mouth under steady state conditions (Figure 7.7).

dr
" Ji” @ Jout z

Figure 7. 7. Flux from the pore wall into the pores (J;,) and flux from the pore into the

L

solution at the pore mouth (J,,¢).

The flux leaving the pore at the pore mouth can be given as;

R

(iC(r, z))L rdr (7.56)

Jout = —ZHDJ or

0

Taking the derivative of the concentration equation with respect to L gives;

(dC(r,z)) _ (Csoz—Cs) - J0(%ir) tanh(*)
L

dz R i=1 vy (7.57)

Evaluating this equation at the pore exit L and inserting it to the the Jo, flux

equation (7.56) gives;

R nro(V vi
Jout = —41D Csol R_ s j Z]O (R r;ii:;h (R L) rdr (7.58)
0

i=1
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The flux leaving the pore at the pore mouth under steady state conditions is

obtained as;

n
1 R
Joue = 4TRD(C, = Coo) ) (-tanh (7 V1)) (7.59)
i=1

7.2.5. Development of the Equation for Concentration Change in

Solution

It can be seen that the steady-state conditions hold and the two fluxes are
identical. Here, a is defined as R over L and the summation part is defined as f(a). It can
be seen from Figure 7.8 that f(a) is equal to 1.25 a. As a result equation for
concentration change in solution can be obtained as given here. The summation terms

can be safely approximated by a simpler expression as follows:

R v R
If; a = o f(a) = ?zl(viitanh (;)), f(a)=1.25a=1.252

1.5 n

f(a) 1 =

0.5 .

Figure 7. 8. Functions of f(a) and a.
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If Equation 7.59 is divided by L and multiplied by R;
Jout = 47TLD(CS sol) Z ( tanh ( )) (7.60)

When a and f(a) terms used in Equation 7.60, it becomes;

Jout = 4mLD(Cs — Cso) f (@) (7.61)

As a result, Equation 7.59 can be obtained as;

Jout = % = 57DR(t)(Cs — Cso1) (7.62)

The equation given above is for a single pore and since 1 is the total number of
pores and ¢ is the fraction of the drug in chitosan matrix, the total drug flux from the

foam can be given as;

dC(t)
T a,R(t)(Cs — Csp;) wWhere a, = 5SnémD (7.63)

It can be seeen that the flux out of the pores follow a first-order expression for a
constant pore radius (which would be equivalent to an instantaneous dissolution rate) is
first-order. However, the dissolution of chitosan also leads a change of the pore radius

which bring a higher-order dissolution rate (Figure 7.9).

L,

Figure 7. 9. Change of pore radius.
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Differential amount of mass disssolving from the pore walls per unit solution
volume can be given in terms of the change of the pore radius which is also changing

concentration with time as chitosan dissolves;

dm(t) = dC(t) = 2nR(t)dR(t)pL, (7.64)

Dividing both sides of Equation 7.64 with dt gives the differential amount of out

flux from the single pore and change of concentration per unit solution volume;

_dm(t)  dC(®) dR(t)
out = =g =~ = 2R(O) — L, (7.65)

Since n is the total number of pores, ¢ is the fraction of the drug in chitosan
matrix and b is defined as b = 2mpL,¢n, the total drug flux from the pore into solution

can be given as;

dcC(t) dR(t)

Jour = =g~ =PRI =5,

(7.66)

Equating the two expressions for the rate of concentration change give

(Equation7.63 and Equation 7.66);

dR(t)
& R(6)(Cs = Cso1)) = DR(E) — (7.67)
dR(t) a

dt = f(cs - Csol) (7.68)

If a, is defined = %anda, =22

a, 1S deimeda as a, = b and a, = szpa

dR(t)

dt = az(Cs - Csol)) (7'69)

Solution of the two equations (Equation 7.68 and 7.69) above gives;
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R(t) = /zz—z(cs — ¢)tanh E] V2212, (C; = C(t + 2C)|

where;

C Ri2 ap
re 2a,
R.
atanh 1

2C
fRiZ 422532
az

JR?a? + 2Csaja,

Ca

for R(0)=Ri and for C(0)=0, Equation 7.70 is given as;

/ / R. \ t R-2a2+2Caa\ 2C.a
R(t) = tanh| atanh g +- VRfai 5 220 [R2 4+ as 2
2 2Cgay 1

) /

When the equation is simplified;

/ / R; \ a;t a \ 2Csa
R(t) = tanh | atanh | ———— | + = |R? + 2¢, = RZ 4 22
\ \ ’R_z +2C532/ 2 alz/ a
i a

Then, the expressions for a; and a; is put in Equation 7.74;

R(t) = tanh (atanh (ﬁ)

Sn¢mDt C C
£ 200 R +——— | [R?4+—
2 TpLydn TpLydn

(7.70)

(7.71)

(7.72)

(7.73)

(7.74)

(7.75)
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If a 1s defined as given in Equation 7.76;

= |R? (7.76)
' ompLlydn
When «a is used in Equation 7.75;
B Ry\ 5n¢nDt
R(t) = atanh [atanh " + 5« (7.77)
After R(t) is obtained, C(t) is found as;
2
_ t /Rizaz+2Csa a
tanh | atanh ZR;C - - 2 = (a;R? + 2Csa,)
RZ 425522 2
iTa; a1 Ry
— 7.78
C(t) Zaz Zaz ( )
Simplified form of Equation 7.78 gives;
(7.79)

C(t) =mpLyon |[tanh /atanh /La\
[ )

]
at 2 dz ( 2 dz z)l
—_ : 2C.— R 2C.—) — Rs

+ 2 Rl + CS a1 1+ CS al) 1 Jl

Then,

2

[
C(lf)=7TL<I571|tanh/atanh/L\+a—1t R? + = \<R-2 (7.80)
oo i) o) 0

G\ ol
* ﬂpr¢n> - Rin|
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When the expressions for a; and a, is put in Equation 7.80;

Ry\ 5n¢mDt \* 5 5
C(t) = mpL,¢n |tanh (atanh (E) + > a) a” — R} (7.81)
Equation 7.81 can be simplified as;
R\ 5Sn¢nDt 2 5
C(t) = mpL,¢n |(atanh (atanh (E) + > a)) — RS (7.82)

If total initial pore volume is given by V;, mass ratio of dissolvable chitosan to

solid chitosan is shown by a and k which is the dissolution rate can be defined as;

Vi = nR}Lpng (7.83)
Cs
= |1+— 7.84
a + V. (7.84)
5
K= EnanbRi (7.85)

When the definitions are used change of the radius and change of the

concentration is found as;

R(t) = atanh [atanh (%) + ouct] (7.86)
R(t) = atanh E In (Z i E) + ouct] (7.87)
C(t) = nLpnp[R())* — R}] (7.88)

To sum up, R(t) and C(t) can be given below;
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R(t) = aR;tanh [atanh (é) + ouct] (7.89)

a+1
R(t) = aR;tanh |In po— + axt (7.90)
[(R(D)\?
ci)y=v ( R- ) - 1] (7.91)

Figure 7.10 gives the change of drug concentration in the chamber and radius of
the pore with time. It can be easily said that drug concentration in the chamber increases
first. Then, increase rate decreases since the concentration difference is reduced by time
between the chitosan wall and chamber. When the concentrations in the wall and
chamber are equalized, concentration stays constant as can be seen from the figure. In

addition, radius of the pore increases until chitosan wall reaches dissolution limit.

Al dll

Ok
aw —
— 10°
0.5
1 A
._..-—'_'/ 0
| 10 100 1x10°  1x10" | 10 100 x10°0  1x10*

t t

Figure 7. 10. Change of drug concentration in solution and pore diameter with time.

Then numerical solution was done to check the derived equations by using

Mathematica. Equations used in the numerical solution are given below;
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. d
Given & = 5n¢mDR(£)(C; — C(1) 2 = %(cs —C(V)
C(0)=0 R(0)=R; (}C{Jl) = Odesolve[(}), t,t;,100]

7.2.6. Foam Calculation Sequence

It is important to determine the number of pores, volume of chamber, number of
chamber, total surface area of chambers and total volume of chambers. In addition, pore
properties such as volume of a single pore, unit number of per area, total number of
pores and total pore volume are determined for the model. Then, total empty volume,
total solid volume, total solid mass and foam volume are calculated. The foam model in

calculating the number of pores in the foam structures is given in Figure 7.11.
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dy: 0.2 cm; dc: 0.8 cm; dp: 0.05 cm

di=4 cm

Chamber wall

\-i: dp=2Rp

B pores

Chamber ™® Chamber

Chamber wall

Figure 7. 11. The foam model in calculating the number of pores in the foam structures.

The sequence used in calculating the number of pores in a model foam structure
in Figure 7.11 and the results are given in Figure 7.12. Pore properties such as volume
of a single pore, unit number of per area, total number of pores and total pore volume
are determined for the model. Then, total empty volume, total solid volume, total solid

mass and foam volume are are calculated.
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FOAM PROPERTIES

Volume of the whole foam: Vpi= 64-cm3
Size of one side of the whole foam: dei= 3/7f de=4cm
Solid density: _.&m
cm

CHAMBER PROPERTIES
Chamber size: d.:=0.8cm
Volume of a single chamber Vo= dc3 Ve = 0,512cm3
Chamber wall thickness: dy, =0.2cm

dy 3

. = — N. = 64
Number of chambers: c d +d c
C W
Total surface area of chambers: S, = 6'dc2'Nc S. = 245.76cm2
Total volume of chambers: Vo= dc3-Nc Ve = 32.768cm3
PORE PROPERTIES
Radius of a pore: Rp :=0.05cm
: . 2 —3

Volume of a single pore: Vp = n-Rp dy, Vp = 1.571x 10 ~-
Unit number of pores per area: Ny = 25-L2 oy = 39.063L2

dc cm
Total number of pores: N :=n i N, =4.8x 103

pt " Tpu, pt ™
3
Total Pore Volume: =N - =
Vp : Npt p Vp 7.54cm

OVERALL FOAM PROPERTIES
Total empty volume: Vo=V, + Vp Ve = 40,308cm3
Total solid volume: Vg =V =V, Vs = 23.692cm3
Total solid mass: mg = Vg-p m, = 23.692gm
Calculated Foam Volume: Vfi=V, + Vg Ve = 64-cm3

Figure 7. 12. The sequence used in calculating the number of pores in a model foam

structure in Figure 7.10.

Then, the same the sequence used in calculating the number of pores in a real
foam structure using the model in Figure 7.11. The volume of the foam is put into 100

mL release solution is 14 cm® and the mass of the same foam in 100 mL release solution
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is 0.4 g. The number of pore was determined to the around 80 in 100 pm’ by using SEM

images. Figure 7.13 gives the results for the real foam property calculations.

REAL FOAM PROPERTY CALCULATIONS

The volume of the foam that is put into 100 mL release solution is 14 cm3
The mass of the same foam in 100 mL release solution is 0.4 g (4.0 g/L).
ALL CALCULATIONS BELOW ARE FOR 1 LITER SOLUTION.

(140 cm3 IL).

Volume of foam in 1 L solution: Vp = 14o.cm3
Size of one side of the whole foam: dp:= SIVf dg=5.192-cm
Chitosan Solid density: 118
p=1 ]
cm
CHAMBER PROPERTIES
Chamber size: d; = 150-um
Volume of a single chamber V= d03 Ve =3.375x 10 6.cm3
Chamber wall thickness: dg, = 10-pm
_ dg : ~ 7
Number of chambers: N¢ = d +d Ng = 341810
C w
Total surface area of chambers: S = 6'dc2'Nc S. = 4.614 x 104 cm2
Total volume of chambers: Ve = v Ng V. = 115.356-cm3
PORE PROPERTIES
Radius of a single pore: Rp = 0.6-um
Volume of a single pore: v.:=n-R 2-d v. =1.131x 10 ”.cm3
p p W p :
Unit number of pores per area: n_. =80 ! n_ . =8x 107-L
pu pu 2
100-um cm
Total number of pores: N i N, = 1.846 1012
' pt = MpuT, pt = 1OA0X
3
Total Pore Volume: = . = .
Vp. Npt Vp Vp 20.874-cm
OVERALL FOAM PROPERTIES ;
Total empty volume: Vo=V, + Vp Ve = 136.231-cm
Total solid volume: Vg = Ve -V, Vg = 3.769-cm3
. . 4 m
Total solid mass: mg = Vg-p mg = 4.066 x 10" ——-gm
kg-s
Calculated Foam Volume: =
,Xﬁ/ Ve + Vs Vf = 14O-cm3

Figure 7. 13. The sequence used in calculating the number of pores in a real foam

structure using the model in Figure 7.10.
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7.3. Application of the Model to Real Data and Back Calculation of

the System Parameters

The model developed was applied to the drug release data obtained. The
resulting equations were obtained from the model development for the change of the

pore radius due to chitosan dissolution and for the dissolution profile for chitosan;

R;(1 + tanh(axkt))

R(t) = (7.86)
1+ itanh(ouct)
R(£)\"
Con(® = V(7)) —1 (7.91)
l
As given above;
Vi = nR}Lpng (7.83)
= [1+ s 7.84
a= v (7.84)
k = ZmDnR¢ (7.85)

Defining a dimensionless pore diameter by dividing the time-dependent

diameter with the initial pore diameter at t=0;

Ry, (t) = Rét)

(7.94)

i
The known geometrical and physical system parameters in these equations are;

R; = 0.6 um p = 1100 kg/m3 n=1.846x10" 1/L
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The other parameters D, L, and k in the equations are not known and must be

determined.

Note that the Cg(t) is the concentration of chitosan in the release solution. Since

a known amount of drug is present in the chitosan matrix at a ration ¢, the drug

dissolution profile can be obtained as a function of time by using chitosan dissolution

profile.

Concentration of chitosan in solution:

Concentration of drug (Vancomycin) in solution:

Concentration of drug (Curcumin) in solution:

Drug (Vancomycin) to chitosan ratio (¢):

Drug (Curcumin) to chitosan ratio (¢):

me,=40 g/L

mg=3 g/ L

mgy;=0.2 g/L

mqg

= 0.075

q)=

Mch

¢, = =% =0.005

Mch

The drug dissolution results as a function of time from the release experiments

are given below. Note here that Cy(t) is the measured drug concentration in solution and

Cen(t) 1s the corresponding chitosan concentration in solution such that Cgp(t)=Cq(t)/d

(assuming the drug is homogeneously dispersed in the chitosan matrix).

"Time, hr"
0.1600
1.0000
3.0000
6.0000

24.0000
48.0000
72.0000
96.0000
168.0000
192.0000
214.0000
238.0000

"Cd(t), g/L"

0.0109
0.0199
0.0618
0.1069
0.2187
0.2671
0.2872
0.2961
0.3049
0.3016
0.3076
0.3000

"Cch, (g/L)"

0.1453
0.2653
0.8240
1.4253
2.9160
3.5613
3.8293
3.9480
4.0653
4.0213
4.1013
4.0000
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Equations 7.86 and 7.91 can be combined to a single equation for the change of

chitosan concentration with time;

1 + atanh(akt))
1+ itanh (axt)

Cen(t) =V, -1 (7.95)

Equation 7.95 was fitted to the data from the table above using the Time (hr) and

Cen(t) columns to give the following fit parameters;

a=1.0161
k = 0.0302 1/h
V, = 122.01 g/L

Placing these model fit parameters and the known physical parameters for the

system in Equation 7.83, Equation 7.84, Equation 7.85 yields the following unknown

system parameter using;

LoV
P mR?pn
Cs = (az - 1)V1
D— 2K
which gives;
kg D 5
Lp = 53.1[11’1’1 Cs = 396$ W = 0.964m /S
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The corresponding chitosan and drug (vancomycin) dissolution profiles from
Equation 7.86 and 7.91 is in the form given in Figure 7.14. As can be seen from the
figure that the dissolution rates of chitosan and drug increase first and the increasing

rate decreaces with time up to dissolution limits.

4 T 0.3 =
3
0.2
Cen(D2 Cen(D-0
0.1
1
0 e 0 e
0.01 0.1 1 10 100 1><10: 0.01 0.1 1 10 100 1x10
L L
hr hr
The chitosan dissolution profile The drug dissolution profile
(Total chitosan concentration = 4 g/L) (Total drug concentration = 0.3 g/L)

Figure 7. 14. The chitosan and drug dissolution profile.

Finally, the release data obtained were analyzed by the developed model. Figure
7.15 gives the dissolution of the chitosan and analysis of the data by model. The data
can be said to fit perfectly. In addition, Figure 7.16 shows the graph of model fit
analysis for hydrophilic (vancomycin) drug. It can be easily seen that the data fits the
model very well. Hence, it can be said that the model is suitable for the vancomycin
(hydrophilic) release mechanisms where drug is dispersed in the matrix. Also,
assumptions made for the systems are found to be quite appropriate.

Morover, it can be seen that the model output parameter are reasonable physical
entitites. The pore length comes out to be around 53.1 um. Considering the wall
thickness of around 10 pum, this higher number (53.1 pm) indicates a tortuosity of the

pores within the walls.

Also, the very low diffusion coefficient of 0.964x10-15 m%s is in aggrement
with the diffusion coefficients observed in the literature for large polymer molecules.

Kwasniewska et al. showed that the diffusion coefficients of Heterogemini
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Sulfobetaines molecules in water varied between 10-14 and 10-16 m%s and decreased
with increasing polymer concentration (Kwasniewska et al. 2015). Considering the high

concentration profiles developed within the narrow pores of the chitosan matrix, the

effective diffusion coefficient of 0.964x10-15 m*/s is reasonable.
As for the solubility limit Cs, the predicted value of around 4.0 g/L at pH =5.6 1s

reasonable considering (da Silva et al. 2018).
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0.1 1 10 100

Time, h

Figure 7. 15. Application of the model to the chitosan dissolution data.
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Figure 7. 16. Application of the model to the vancomycin release data.

Then, the model was applied to the curcumin (hydrophobic) release data.
Although the model complies with the hydrophilic drug system, it can be seen from
Figure 7.17 that the model does not fit well in systems in the presence of hydrophobic
drug encapsulated micelles. Because, the system work for the systems where molecules
dispersed in the chitosan matrix homogeneously. If the model is accepted for the
system, k value which is releated to the diffusion coefficient increases. This can be due

to the presence of high amount of molecules in the micelles.
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Figure 7. 17. Application of the model to the curcumin release data.
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CHAPTER 8

SUMMARY AND CONCLUSIONS

In this thesis study, chitosan biofoams were produced by liquid (emulsion)
templated method in the absence/presence of drug. The effect of experimental
parameters on optimizing synthesis methods and optimizing foam-drug interactions has
been studied in detail. The results of all these studies conducted and the conclusions
made based on these studies were summarized in the following paragraphs.

In the first part of the study, O/W emulsions were produced using an ultrasonic
probe in the absence of surfactants at four different chitosan concentrations. Chitosan
was crosslinked by TPP. It was observed that chitosan amount has a large effect on the
both the pore structure and the mechanical strength of foams. High chitosan
concentrations resulted in more robust structures. Then, the oil droplets were obtained
by ultrasonic probe in the presence of four types of surfactants (P-123, CTAB, SDS and
TX-100) to increase both the stability and the number of oil droplets to form emulsions
as templates. All structures were so brittle compare to the ones produced in the absence
of surfactants. In the case of forming spontaneous emulsions, much smaller and ordered
pores were produced but the foams were very brittle and distributed easily. High
molecular weight chitosan was also tested to observe the effect of molecular weight on
biofoam production. The pore structure was found to be more disordered and brittle
compared to the low molecular weight chitosan.

In this study, SDS was used as an alternative cross linking agent in the absence
of TPP. All SDS concentrations tested produced smaller sized porous structures
compared to the ones crosslinked by TPP. Also, walls of the chitosan matrix showed
porous structure. After freeze drying, no deformity in the structure was observed in the
case of SDS crosslinking. The biofoams which were crosslinked by SDS have higher
compressive strength values compared to the other foams produced with TPP (in this
study and the literature). Different type of anionic surfactants were also tested as
crosslinking agents to clarify the effect of surfactant structure on forming foams

(Octadecyl sulfate sodium salt has straight chain similar to the SDS and mono-N-
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dodecyl phosphate has helical chain) and both surfactants were also found to form
porous structures. However, the walls of the foams did not have porous structure.

To clarify the role of oil phase in pore structure, chitosan foams were also
produced in the absence of an oil phase. Even though these foams showed structural
voids, there were no intrinsic micro pores in their framework. This observation
suggested the presence of two types of pores in the structure. One is the structural voids
(macropores) produced even in the absence of an oil phase (at least oil phase is not
directly responsible) and the other one is the intrinsic micro pores (micropores)
produced in the walls of the chitosan matrix. Besides the structural voids in foams,
intrinsic micro pores with different size and shape were also observed in the presence of
an oil phase. Then, effect of carbon chain length was examined by using three types of
oil (pentane, hexane and heptane). For all the oil types, the structures had both structural
voids and intrinsic micro pores. The foams had good mechanical strength compared
with literature. They have better compressive strength than the foams produced in the
absence of oil phase. It was observed that oil phase with smaller carbon chain produce
higher micropore areas due to high volatility and low molecular weight. The foams
produced in the absence of oil phase, on the other hand, has the smallest micropore area.
This may be due to the absence of intrinsic micro pores.

To determine the porosity and water hold-up/release behavior of the chitosan
foams, immerse tests were conducted. The results indicated that almost all foams can
hold water nearly twenty times of their own weight. The water release tests showed that
the release is slower for the higher chitosan concentrations. This can be due to high pore
size and low porosity of the foams produced by high chitosan concentrations. The
porosities of foams were calculated and concluded that the porosity of the foams
depends on the amount of chitosan and oil phase. The porosity increases with
decreasing chitosan concentration and decreasing oil concentration. Moreover, the
porosity of all the foams are higher than the ideal value, 80 % mentioned in literature.

The second part of the study was an attempt to produce drug loaded chitosan
biofoams using the same liquid (emulsion) templated method. The hydrophobic drugs
used were curcumin and amphotericin-B (a model anti-inflammatory and antibiotic
drugs) and the hydrophilic drug was a model antibiotic, vancomycin hydrochloride
which is used to treat infections. Hydrophobic drug loaded biofoams were produced by

thin film evaporation method coupled with the O/W emulsion template method.
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Therefore this part of the study includes a detailed characterization of P-123 micelles
with and without drug. However, a change in the size of micelles were not drastic.

In the third part of the study, the drug release behaviour of foams for both
hydrophobic and hydrophilic drugs was examined. These studies were conducted in
phosphate buffer at pH 5.6 for curcumin loaded biofoams at 37 °C. The release
percentage of curcumin was found to increase with an increase in the amount of
curcumin for the cases where chitosan was crosslinked by TPP. This percentage, on the
other hand, was really low for the chitosan foams crosslinked by SDS most probably
due to the possible interactions between drug, chitosan and SDS. In the case of
vancomycin, the release was found to be higher at pH 5.6 than pH 8.2 due to the higher
solubility of chitosan under acidic conditions. The release of vancomycin was also
lower in the case of 4 % chitosan compared to the 2 % chitosan as expected due to its
structure with lower porosity. The kinetics of drug releases were found to be presented
better by second order kinetic model.

In the fourth part of the study, a mathematical model was developed to describe
the kinetics of drug release from chitosan foams. According to this model, drug
concentration in the chamber increases first. Then, increase rate decreases since the
concentration difference is reduced by time between the chitosan wall and chamber.
When the concentrations in the wall and chamber are equalized, concentration stays
constant. In addition, radius of the pore increases until chitosan wall reaches dissolution
limit. When the model is applied to the chitosan dissolution and vancomycin release
data, it was demonstrated that model fits to the experimental data very well as expected.
Since the model works with the molecules which are homogeneously dispersed in the

chitosan matrix, the model does not fit the curcumin (in P-123 micelles) release data.
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