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ABSTRACT

XYLAN BASED COMPOSITE NANOPARTICLES AND BIOFOAMS
FOR DRUG DELIVERY AND TISSUE ENGINEERING

Xylan is a hemicellulosic polysaccharide, which can be obtained from forest and
agricultural wastes. Similar to some other polysaccharides, xylan can find application in
drug delivery and tissue engineering due to its availability, structural diversity,
biocompatibility, biodegradability, and low cost.

In the first part of the study, xylan-based nanoparticles were developed for colon-
targeted oral drug delivery. Xylan is resistant to digestion and absorption in the upper
GIT and is degraded by hydrolysis of glycosidic bonds by the colon microbiota; this
makes it prominent in targeted drug delivery to the colon. The drug carrier was combined
with a polymeric micelles system to increase the bioavailability of hydrophobic bioactive
molecules in the colon targeting. The model hydrophobic molecule, curcumin, was loaded
in the core of the triblock copolymer P-123 micelles by the thin-film hydration method.
Curcumin-loaded micelles were coated with xylan supported by chitosan and
tripolyphosphate using the ionic gelation method. In another approach, xylan was also
used to coat curcumin-loaded mesoporous silica nanoparticles to prevent premature drug
release in the upper GIT in colon-targeted delivery. In both approaches, the drug-
containing structures were maintained up to the colon and the drug was released upon
bacterial hydrolysis of xylan.

In the second part, xylan-based biofoams were synthesized by the oil in water
emulsion templated method. Several physicochemical and mechanical tests have shown
that at the optimal conditions foams with promising properties could be synthesized.
Besides, to develop a more effective tissue therapy by utilizing the synergistic effect of
the drug delivery and scaffold system, a model drug was successfully loaded into
biofoams.

This study showed that xylan is a promising feedstock for the synthesis of stable
and biocompatible materials in biomedical applications, which reveals its potential

capability in drug carriers and scaffolds.
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OZET

ILAC TASIMA VE DOKU MUHENDISLIGI ICIN KSILAN BAZLI
KOMPOZIT NANOPARTIKULLER VE BIYOKOPUKLER

Ksilan, orman ve tarmm atiklarindan elde edilebilen hemiseliillozik bir
polisakkarittir. Diger kimi polisakkaritlere benzer sekilde, ksilan bulunabilirligi, yapisal
cesitliligi, biyouyumlulugu, biyolojik olarak parcalanabilirligi ve diisiik maliyeti
nedeniyle ila¢ dagitimi ve doku miihendisligi uygulamalarinda kendine yer bulabilir.

Calismanin ilk boliimiinde, kolon hedefli oral ilag dagitimi igin ksilan bazli
nanopartikiiller gelistirildi. Ksilan, {ist gastrointestinal sistemde sindirime ve
absorpsiyona direnglidir ve kolon mikrobiyotasi tarafindan glikozidik baglarin hidrolizi
ile parcalanir; bu da onun kolona hedeflenen ila¢ dagitiminda 6ne ¢ikmasini saglar. Ilag
tasiyici, hidrofobik biyoaktif molekiillerinin kolon hedeflemede biyoyararlanimini
arttirmak i¢in, polimerik misel sistemi ile birlestirildi. Model hidrofobik molekiil
kurkumin, ince film hidrasyon yontemiyle pluronik triblok kopolimer P-123 misellerinin
cekirdegine yiiklendi. Kurkumin yiiklii miseller, iyonik jelasyon yontemi kullanilarak
kitosan ve sodyumtripolifosfat destekli ksilan ile kaplandi. Diger bir yaklasimda ise
ksilan, kolon hedefli tasiyicilarda erken ila¢ salimini 6nlemek i¢in kurkumin yiikli
mezogdzenekli silika nanopartikiillerini kaplamak i¢in kullanildi. Her iki yaklagimda da,
ilag igeren yapilar kolona kadar korunmus ve ilag, ksilanin bakteriyel hidrolizi sonucu
salinmustir.

Ikinci boliimde, su iginde yag emiilsiyonu sablon yontemi ile ksilan bazli
biyokopiikler sentezlendi. Cesitli fizikokimyasal ve mekanik testler, optimal kosullarda
umut verici 6zelliklere sahip kopiiklerin sentezlenebilecegini gostermistir. Ayrica ilag
tasima ve iskele sistemlerinin sinerjik etkisinden yararlanilarak daha etkili bir doku
tedavisi gelistirmek i¢in bir model ilag¢ basariyla biyokopiiklere yiiklendi.

Bu calisma, ksilanin, ilag tasiyicilart ve yapr iskelelerindeki potansiyel
kapasitesini ortaya c¢ikaran, biyomedial uygulamalarda kararli ve biyouyumlu

materyallerin sentezi icin umut verici bir hammadde oldugunu gostermistir.
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CHAPTER 1

INTRODUCTION

Polysaccharides have remarkable physicochemical and physiological properties
such as biocompatibility, biodegradability, and low immunogenicity, which are important
for biomedical applications (Prasher et al. 2021). Natural polysaccharides have a
considerable impact due to their structural diversity, wide availability, low cost, and ease
of modification chemically and biochemically (Metaxa et al. 2021; Singh et al. 2020).
Therefore, extensive scientific efforts have been given in recent years to develop
polysaccharide-based biomaterials for tissue engineering and drug delivery systems.
Natural polysaccharides have been combined with other organic and inorganic materials
and synthetic polymers to enhance their functions (Hu, Li, and Xu 2017).

Drug delivery is the method or process of administering a pharmaceutical
compound to achieve a therapeutic effect. The poor solubility, tissue damage on
extravasation, rapid breakdown, poor biodistribution, and lack of selectivity for target
tissues are some limitations of conventional (free) drugs or bioactive molecules. Such
problems arising from free drug use can be overcome and improved using drug delivery
systems (Tiwari et al. 2012; Inamuddin and Mohammad 2018). Colon-targeted drug
delivery allows the topical treatment of colon diseases such as inflammatory bowel
disease, ulcerative colitis, colon cancer, and Crohn’s disease. In addition, the long
residence time, low hydrolytic enzyme activity, and near-neutral pH of the colon provide
important opportunities for systemic absorption of drugs (Sinha and Kumria 2001;
Shimono et al. 2002). Traditional systems are hampered by various factors, such as
reduced control over the rate of drug releases (eg. a burst release of drugs), failure of
targeted delivery, or potential drug degradation in the upper gastrointestinal tract. In this
context, various smart delivery approaches and strategies for colon-targeted drug delivery
systems have been developed dependent on size, surface charge, pH, colonic microbiota,
time, and redox (Sinha and Kumria 2001; Jeong et al. 2001, Hua et al. 2015).

Tissue engineering is an alternative and promising approach to developing

biological substitutions that restore, maintain, or improve tissue function so that problems



like poor biocompatibility, low biological functionality, and immune rejection can be
overcome. There are three main tools of tissue engineering: cell, scaffold, and cell
signaling. To replace or repair damaged tissues, it is necessary to create an environment
that supports the ability of cells to integrate, differentiate and proliferate (Jagur-
Grodzinski 2009; Eltom, Zhong, and Muhammad 2019). Growth factors and extracellular
matrix (ECM) components are used to induce the proliferation and differentiation of cells
(Celikkin et al. 2017). The creation of the environment to hold this structure together is
usually accomplished by the implantation of three-dimensional (3D) scaffolds. The
scaffold provides a framework and assists in the proliferation, differentiation, and
migration of the cell (Briquez and Hubbell 2020; Howard et al. 2008). Regardless of the
type of tissue, several important matters like biocompatibility, biodegradability, proper
mechanical properties, architecture, and physicochemical properties of scaffold surfaces
should be considered to design and produce scaffolds.

Xylan is a promising natural hemicellulosic source for tissue engineering and drug
delivery system. It is an abundant and cost-effective natural polysaccharide and is
available in agricultural and forestry wastes. Although xylan structure varies according
to the source and extraction method, it mainly comprises xylose units linked by B-(1—4)
glycosidic linkage. Besides the great advantage of being a renewable material, xylan has
several properties that make it a favorable material for pharmaceutical and biomedical
applications. The different forms of xylan such as films, hydrogels, and particles have
been used in biomedical applications (Melo-Silveira et al. 2012; Silva et al. 2013; Gao et
al. 2016). Chitosan is one of the most widely used natural polymers in biomedical
applications. It is composed of B-(1—4) linked linear copolymer, containing N-acetyl-D-
glucosamine and D-glucosamine units with one amino (NH>) group and two hydroxyls
(OH) groups unit. Chitosan is obtained by deacetylation of chitin which is available in
the shells of crustaceans, insects, and fungi. It displays attractive properties for drug
delivery such as bioactivity, biodegradability, biocompatibility, toxicity, and
antimicrobial properties (Sanyakamdhorn et al. 2013; Tang et al. 2014).

Natural polysaccharides are extensively used in biomedical applications for the
development of functional materials due to their distinctive properties as described above.
The ability of xylan to remain stable up to the colon and to be hydrolyzed by colon
bacteria makes it advantageous and prominent compared to many other natural polymers
in colon-targeted drug delivery systems. The objective of this thesis study was to develop

a colon-targeted drug delivery system by utilizing xylan hydrolysis by colon bacteria as



a triggering mechanism. Besides, the stability of xylan in the upper GIT enables it to
deliver drugs safely to the colon. To increase the bioavailability of hydrophobic
molecules in the colon targeting, the drug carrier was combined with a polymeric micelles
system. The model bioactive molecule, curcumin, was encapsulated into the core of P-
123 micelles. These micelles could be improved the bioavailability of curcumin and serve
as soft templates for subsequent particle formation. Since the micelles can easily be
affected by the environmental conditions, they were coated with xylan to form shell and
protect them until the colon. Additionally, silica nanoparticles were synthesized and
coated with xylan to prevent premature drug release from the nanoparticles in the upper
GIT. An additional application of natural polymers is their use as scaffold materials in
tissue engineering. The second aim of this study was to investigate the suitability of a
xylan-based biofoam as a scaffold by testing its physicochemical and mechanical
properties and stability. Curcumin was used as a model hydrophobic bioactive molecule
for the examination of the efficiency of drug loading and release.

This doctoral thesis study is designated to comprise of following four parts: 1)
Curcumin loaded P-123 micelles to increase the bioavailability of a hydrophobic drug
and serve as soft templates for subsequent particle formation; 2) Xylan/chitosan
composite nanoparticles with a micellar core for microbially activated colon targeted
delivery of curcumin loaded P-123 micelles; 3) Xylan/chitosan coated mesoporous silica
nanoparticles for the efficient colon-targeted and microbially activated delivery of
curcumin loaded silica nanoparticles; and 4) Curcumin loaded xylan based biofoams for

tissue engineering applications.



CHAPTER 2

BACKGROUND INFORMATION

2.1. Drug Delivery

Drug delivery, as a general definition, is the method or process of administering
a pharmaceutical compound to achieve a therapeutic effect. Free drugs and active
ingredients have some unfavorable pharmacological properties such as poor solubility,
tissue damage on extravasation, the rapid breakdown of the drug in vivo, poor
biodistribution, and lack of selectivity for target tissues. Such problems arising from free
drug use can be overcome and improved through the use of drug delivery systems (Tiwari
et al. 2012; Inamuddin and Mohammad 2018). For example, hydrophobic drugs are
difficult to obtain in a suitable pharmaceutical format because they tend to precipitate in
aqueous media. Free drugs can lose activity at physiological pH and are cleared very
quickly by the kidneys. Inadvertent extravasation of cytotoxic drugs leads to tissue
damage and necrosis. In addition, drugs with a widespread distribution in the body can
affect normal tissues, and cause dose limitations in practice. In this case, low drug
concentrations in target tissues result in suboptimal therapeutic effects, making treatment
difficult (Allen and Cullis 2004; Gundloori, Singam and Killi 2019).

There are alternative routes of administration of the drug to reach the target area
most comfortably and efficiently, and in this way, a treatment opportunity can be offered
according to the therapeutic area and the disease state. These are intranasal,
buccal/sublingual, pulmonary, oral, and transdermal routes of administration. The drug
can be delivered to the target by applying the best procedure and route, taking into account
the advantages and limitations. For example, although, the transdermal route provides
easy access, convenience to dose, and a large surface area for treatment; it has some
limitations such as low dose delivery, and a tough barrier to penetrate. For the intranasal
administration; highly permeable epithelia and well-perfused mucosa properties are
advantages but also rapid mucociliary clearance and taste/sensory liability are

disadvantages (Mathias and Hussain 2010). Each route of administration can be selected



according to the therapeutic area target and disease state, providing a synergistic effect.
For example, there are approved examples of drugs using this synergistic effect:
Intranasal administration of super-potent peptides enables therapeutic blood levels not
achieved with oral administration; non-invasive insulin products improve patient
compliance by reducing daily injections with inhalation administration; transdermal

products eliminate gastrointestinal related adverse reactions.

2.2 Oral Drug Delivery and Colon Targeting

Oral delivery is the most widely used route for both systemic drug delivery in the
gastrointestinal tract (GIT) and the treatment of local gastrointestinal diseases. It is the
most convenient route for patients due to its non-invasiveness, ease of use, and self-
administration. By oral administration, targeting both the upper parts of the GIT (mouth,
pharynx, esophagus, stomach, first part of the small intestine) and the lower GIT (end of
the small intestine and the large intestine) can be performed (Reinus and Simon 2014;
Hua 2020).

There are three general main objectives for the oral route of gastrointestinal drug
delivery: 1) to treat a local gastrointestinal disease. In such a situation, the drug is usually
not absorbed systemically or is poorly absorbed. Usually, the drug is taken by the mucous
membrane; ii) for the drug to be absorbed by the GIT and pass into the systemic
circulation; iii) to increase the dissolution rate of poorly soluble drugs. To meet one of
these goals or sufficient drug absorption, formulations must be designed considering
various factors in the GIT. These are the surface area and blood flow of the absorption
region, the physicochemical properties, and the concentration of the drug (Martinez and
Amidon 2002; Brunton, Knollmann, and Dandan 2018).

Recently, there is great interest in the development of new systems for the
treatment of local colonic diseases by stably delivering therapeutic agents to the colon by
using the oral route. In the treatment of local diseases of the colon, drug targeting can
prevent possible systemic side effects and facilitate treatment by reducing the dose to be
administered, as well as providing targeted therapy. However, despite the clear
therapeutic advantages of colon-targeted drug delivery by the oral route, the GIT is
complex and can be encountered with several physiological barriers that affect drug
delivery, such as poor drug solubility, low metabolic stability, and low permeability

across the mucosa. Therefore, the effects of GIT on the drug delivery system should be



considered during formulation design. Transition time, pH alteration, different enzymes,
and giant microflora variation can be given as examples of these effects. Factors to be
considered during the design of the drug delivery system are described in more detail.

i) Gastrointestinal Transit Time: A drug carrier that has taken by swallowing first
encounters the stomach, and the time it takes to leave the stomach is highly variable. The
gastric transit time can vary from 0 to 2 hours, depending on many physiological factors
of the host (Kagan and Hoffman 2008). In general, the transit time in the small intestine
is between about 2 and 4 h (Reinus and Simon 2014), while the colonic transit time has a
highly variable range from 6 to 70 h (Rao 2004; Hua 2020).

ii) Gastrointestinal pH: While the lowest pH level in humans is 1.5-2.0 in the
stomach (in the fasted state), the pH rises rapidly when it passes into the small intestine
and reaches the highest pH level in the terminal ileum (pH 7.4). The pH drops to 6.4 when
entering the colon. The pH is 6.6 in the middle colon and 7.0 in the left column. The
decrease in pH upon entry to the colon is due to the production of short-chain fatty acids
from bacterial fermentation of polysaccharides (Bratten and Jones 2006; Nugent,
Rampton, and Evans 2001; Ibekwe et al. 2008)

iii) Gastrointestinal Mucus: Mucus consisting of water and mucin protein
molecules coated with proteoglycans facilitates the passage of substances and provides
mechanical protection to the epithelium. The small intestine has one type of mucus that
is unbound and loose, while the stomach and colon have thicker, bilayered mucus. Mucus
which is secreted by goblet cells has a negative charge due to proteoglycans (Homayun,
Lin and Choi 2019; Johansson, Sjovall and Hansson 2013). Several studies have revealed
that the cationic surface of drug carrier formulations has a great influence on its
therapeutic efficacy. As the interaction between the cationic nanocarrier and the
negatively charged intestinal mucosa promotes better contact with the mucosal surface,
makes it a promising strategy for adhesion, cellular uptake, or drug release and an
advantage for GIT targeting (Coco et al. 2013; Han, Shin and Ha 2012; Gradauer et al.
2013).

iv) Gastrointestinal Enzymes and Microbiome: The drug delivery systems can be
enzymatically degraded in the stomach and small intestine, which is the site of action of
the main enzymes involved in the digestion of food and disintegrated in the large intestine
by microbial fermentation. Although these enzymes affect the stability of the drug
delivery system, it can be turned into an advantage when designing the delivery system.

The majority of the gut microbiome resides in the anaerobic colon and they ferment



indigestible polysaccharides. Non-digestible polysaccharides have been used as a coating
material for drugs. Firmicutes, Bacteroidetes, Proteobacteria, Actinobacteria, and
Fusobacteria constitute the majority of the colonic flora. In addition, although the
microbiota is present in the small intestine compared to the colon, its density is much
lower. They are species of Clostridium, Escherichia, Turicibacter, Streptococcus, and
Veillonella.

There is great interest in the development of new systems for the delivery of active
agents including drugs or supplements to the "colon" (large intestine) via the GIT.
Because the colon provides an important opportunity for the absorption of bioactive
molecules, with a long residence time (approximately 2-3 days), low hydrolytic enzyme
activity, near-neutral pH, facilitating the treatment of local colon diseases, and much
greater responsiveness to absorption enhancers (Sinha and Kumria 2001; Shimono et al.
2002). However, traditional delivery systems are hampered by various factors, such as
reduced control over the rate of drug releases (eg. a burst release of drugs), failure of
targeted delivery, or potential drug degradation in the upper GIT. In this context, various
smart delivery approaches and strategies for colon-targeted drug delivery systems have
been developed dependent on size, surface charge, PEGylation, pH, colonic microbiota,
time, and redox (Sinha and Kumria 2001; Jeong et al. 2001, Hua et al. 2015).

For example, in the colon targeted pH-dependent systems, the coating polymer is
resistant to low pH, whereas it dissolves at neutral or slightly alkaline pH in the distal part
of the small intestine or colon. However, the formulation may begin to dissolve in the
distal small intestine, or rapid transit through the ascending colon resulting in reduced
site-specificity. Also, it has proven difficult as the pH of the GIT varies considerably
within and between individuals. Despite this variability, it is commercially available as
pH-sensitive oral tablets for colonic administration (McConnell, Short and Basit 2008;
Brunton, Knollmann and Dandan 2018). The time-dependent delivery systems typically
rely on relatively constant transit time through the small intestine for targeted drug release
to the colon. This system assumes that it will spend about 6 h in the stomach and the small
intestine in the fasting state, and the rate of drug release can be controlled by the reaction
of the coating or matrix in contact with aqueous liquids. However, gastric emptying time
is physiologically highly variable and differences can be observed with diet. Peristaltic
movements or contractions in the stomach can change the transit time. Moreover, in
diseases of the colon like diarrhea, ulcerative colitis, accelerated transit has been observed

in some segments of the colon. For this reason, the drug has difficulty in reaching the



target region because the time of arrival in the colon cannot be predicted precisely
(Caraballo 2010; Reinus and Simon 2014; Gazzaniga et al. 2006). Prodrugs are
pharmacologically inactive derivatives of a parent molecule. The release of active drug
moiety requires spontaneous or enzymatic transformation within the body. To optimize
colon-specific drug delivery, natural polymers or azo conjugates that are stable in the
upper GIT are used and the drug is released after hydrolysis of conjugates by enzymes in
the colon. Although prodrugs provide site-specific distribution, they are new chemical
entities and required detailed toxicological studies. The versatility of prodrugs is limited
because their formation depends on functional groups on the drug moiety. Therefore, a
drug specific carrier should be developed (Chourasia and Jain 2004; Hua 2020). The
pressure-controlled system is based on the realization of drug release when the colon
encounters higher pressures (luminal pressure) than the small intestine as a result of
peristalsis (Philip and Philip 2010).

Colonic microbiota-dependent systems rely on the degradation of colon-specific
polysaccharides by the microbiome residing in the colon. The colon has a huge variety of
anaerobic bacteria which obtain their energy by fermenting the undigestible
polysaccharides. Bacteroides, Eubacteria, Clostridia, Enterococci, and Enterobacteria
are some examples of colon-specific species. Numerous enzymes such as glucuronidase,
xylosidase, nitroreductase, and azoreductase are produced by them to ferment
polysaccharides. As drug transported by undigested polysaccharides is digested only by
these enzymes localized in the colon, this approach appears to be more promising for
colon-specific delivery. Polymers can be chemically or physically modified or cross-
linked, thereby, dose-controlled drug release can be achieved by varying the degree of
enzymatic degradation. Examples of natural polysaccharides used for colon targeting
include pectin, starch, alginate, guar gums, amylose, chitosan, dextran, chondroitin
sulfate, inulin, xylan, and galactomannan (Awad et al. 2022). For example, pectin-
hydroxypropyl methylcellulose tablets have been produced for successfully passing the
proximal GIT and degrading in the colon (Hodges et al. 2009). Also, it has been produced
as fluorouracil microspheres coated with Eudragit S100 (Paharia et al. 2007) and a
microporous bilayer osmotic tablet with cellulose acetate and a layer of Eudragit L100
(Chaudhary et al. 2011). Another example guar gum is stable in the stomach and small
intestine owing to its high viscosity; thence it has been studied for colon-specific drug
delivery, both as a matrix polymer (Krishnaiah et al. 2003; Al-Saidan et al. 2005) and as
a coating (Krishnaiah, Indira Muzib, and Bhaskar 2003). Resistant starch is not degraded



in the small intestine by pancreatic enzymes, making it an energy source for colonic
bacteria (Basit, Short and McConnell 2009). Because amylose swells in the presence of
water, it is often combined with a water-insoluble polymer such as ethylcellulose to
prevent premature drug release (Tuleu et al. 2002; McConnell et al. 2006). McConnell,
Short and Basit (2008) compared two colonic drug delivery concepts, a pH-responsive
system, and a bacterially-triggered approach to establish which physiological factor is the
more reliable trigger in-vivo. They prepared the amylose/ethylcellulose coating and the
pH-sensitive Eudragit S coating for colonic drug delivery. The pH-dependent system
showed premature drug release in the small intestine, while the amylose/ethylcellulose
coating only released the drug in the colon. Both systems had similar bioavailability, but
the Eudragit S coating showed much higher variability, with no drug release in one
patient. They concluded that the bacterially-triggered system has more reproducibly and

reliably, and provides superior colonic targeting.

2.3. Tissue Engineering

When tissues or organs have been seriously diseased or lost as a result of cancer,
trauma, etc; artificial organs/tissues or organ transplantation are preferred to reconstruct
damaged structures. Transplantation can be performed in the same patient from one area
to another (an autograft) or from one person to another (allograft) (Ikada 2006). Although
artificial organs/tissues and transplantation treatments are life-saving, it has important
difficulties as can be listed below:

« Anatomical limitations in autografts

« Shortage of organ donation because of the high difference between the number of
patients requesting transplantation and the offered organs

« Risks of rejection by the patient's immune system

« Donor site morbidity

« Carrying infections from the donor.

Tissue engineering is an alternative and promising approach to overcome these
problems. It is the use of a combination of cells, engineering, materials, methods, and
suitable biochemical and physicochemical factors to improve or replace biological tissues
(Atala 2004). Tissue engineering involves the use of a scaffold for the formation of new
viable tissue for a medical purpose and aims to develop biological substitutions that

restore, maintain, or improve the function of tissue; so that problems like poor



biocompatibility, low biological functionality, and immune rejection can be overcome.
The cell, scaffold and cell signaling are three main tools of tissue engineering (Figure

2.1).
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Figure 2.1. Three tools of tissue engineering and their relations.

Cells, primary constituents of biological tissues, can be considered as building
units in tissue engineering (Briquez and Hubbell 2020). The source of cells can be
classified as autologous (patient's own), allogenic (human other than the patient), and
xenogenic (animal origin). Autologous cells are the most suitable for tissue engineering
applications. Allogenic and xenogenic cells can cause immunogenic reactions, SO
immunosuppressive side therapy is needed. In addition, xenogeneic cells might have a
risk of containing some infections (Ikada 2006; Fishman, Scobie and Takeuchi 2012). To
replace or repair damaged/failed tissues with viable ones, it is necessary to create an
environment that supports the ability of cells to integrate, differentiate and proliferate
(Jagur-Grodzinski 2009; Eltom, Zhong and Muhammad 2019). Growth factors and
extracellular matrix (ECM) components are used to induce the proliferation and
differentiation of cells (Celikkin et al. 2017). The creation of the environment to hold this
structure together is usually accomplished by the implantation of three-dimensional (3D)
scaffolds. The scaffold is seeded with suitable living cells that secrete its extracellular
matrix. The scaffold provides a framework and assists in the proliferation, differentiation,
and migration of the cell (Briquez and Hubbell 2020; Howard et al. 2008). Regardless of

the type of tissue, there are several important matters to consider to design and produce
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scaffolds for tissue engineering applications. These are biocompatibility,
biodegradability, proper mechanical properties, scaffold architecture, and
physicochemical properties of scaffold surfaces:

i) Biocompatibility: The first criterion of any scaffold that will be used for tissue
engineering applications is biocompatibility. This phenomenon is related to the
interaction between cells and template material, and the need to develop the right micro-
environment for the cells to create new tissue. Thus, cells can adhere, multiply, migrate
and function normally (O’Brien 2011; Naahidi et al. 2017; Kohane and Langer 2010).

ii) Biodegradability: Implanted scaffolds are not designed as permanent implants.
The body's cells are aimed to replace this structure over time. As the cells produce their
extracellular matrix, the scaffold is biodegraded. By-products formed as a result of
biodegradation should not be toxic to the body and should not harm other organs.

iii) Proper Mechanical properties: A scaffold must have mechanical properties
suitable for the anatomical region where it will be implanted. In other words, it should
mimic the structure of native parts of the body. The implanted scaffold must have enough
mechanical integrity to function until the remodeling process is complete. Hence knowing
the mechanical behaviour of the scaffold is important such as Young's modulus,
compressive/tensile strength, breaking strain (elongation at break), etc. Even though
many materials are produced with good mechanical properties, the composition and
structural properties of scaffolds including porosity and pore size, also play fundamental
roles in the success of the tissue engineering structure. In some of the studies conducted
in this matter, it has been observed that in-vivo implanted materials fail when there is an
absence of balance of mechanical properties and porosity of scaffolds (Hutmacher 2000;
O’Brien 2011).

iv) Scaffold Architecture: The architecture of the scaffolds used for tissue
engineering is critical. Desired features can be listed under three main captions: i) Pore
size (average diameter of pores), ii) porosity (porosity volume/total volume), and iii)
interconnectivity of pores (Declercq et al. 2014). The scaffolds should have an
interconnected pore structure and high porosity to diffuse of sufficient nutrient and
oxygen for cells, and removal of waste products (Causa, Netti and Ambrosio 2007). The
porous and interconnected networks that necessary for tissue vascularisation and new
tissue formation, are important in determining a cellular response (Hollister 2005; Loh
and Choong 2013; Kang and Chang 2018). In addition, surface topography design plays

an active role in cell and tissue organization, along with scaffold-cell interactions. It
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affects the regulation of cell behaviors like adhesion, migration, proliferation,
differentiation, and ECM secretion. Some researchers suggest that surface topography
offers a new strategy to mimic the environment to be applied to the cells as much as
possible. In this way, more effective results can be obtained by improving the interaction
of cells with the microenvironment (Mansouri and SamiraBagheri 2016; Xiong et al.
2019).

v) Physico-chemical properties of scaffold surfaces: The contact of cells and ECM
molecules with molecules on the physico-chemical properties of scaffold surfaces are
critical for the applicability of scaffolds. As mentioned above, the scaffolding surface
must support the functions of cells such as adhesion and migration. Unsuitable surface
properties may prevent cell proliferation and cause the structure to fail (Bartis and

Pongracz 2011; Katti, Vasita and Shanmugam 2008).

Bioactive Molecules Loaded Scaffolds:

Drug loaded foams, sheets or films were also produced as scaffold materials for
different purposes like antimicrobial, antifungal, anti-inflammatory, and tissue repair. It
is very exciting to be able to develop a more effective technique for tissue therapy by
taking advantage of the synergistic effect of the drug delivery and scaffold system.

Bioactive molecules can be loaded on polymeric scaffolds in different ways. The
appropriate method should be selected or designed according to the structure of the
scaffold and the active molecules, the desired release rate, and the environment to be
applied. Blend/soak loading; site-specific binding; drug-polymer conjugation; pre-
loading in nono/microparticles are some methods to loading of bioactive molecules into
scaffolds (Calori et al. 2020; Yang et al. 2020). In blend loading, which is one of the most
common methods, polymers and drugs are prepared by blending before fabrication. Soak
loading consists of two stages; the scaffold is prefabricated and then immersed in a
solution containing the drug (Sriamornsak et al. 2010; Zhu and Mao 2019). Site-specific
binding loading can be used to overcome unfavourable solvent or drug-polymer
interaction problems. More specific and stronger drug-polymer interaction can be
achieved by covalent binding of active molecules to the polymer or site-specific binding
of active molecules via surface functional groups. In the encapsulation loading method,
firstly the drug is encapsulated in nano- or micro-sized particles and then incorporated
into the scaffold material. In this way, while undesired drug and polymer interactions can

be prevented, more suitable molecule-polymer interactions can be achieved by changing
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the particle surfaces according to the application (Calori et al. 2020; Polat and Polat
2020).

Controlled bioactive molecule release from scaffolds, the purpose of which is to
provide effective tissue therapy comes into prominence with its advantages in many
aspects. The release of active ingredient from scaffolds is dependent on a variety of
factors, including the environment and the structural features of the scaffold. In order to
modulate this system in accordance with the purpose, it is necessary to determine and
evaluate these factors well. The release of active materials can be controlled by the
structural features of the scaffolds (pore sizes and interconnectivity), the chemical
structures of drugs, physicochemical properties of scaffolds, active material-scaffolds
interaction, and environment.

When producing drug-loaded scaffolds, the structure should be designed
considering the release kinetics, otherwise the drug release may remain at low levels. For
example, drug molecules in the core of non/difficultly degradable scaffold or scaffolds
with inadequate pores will be much more difficult to release. This problem in porous
structures can also occur in the mesh size of hydrogels. The mesh size, which is critical
in the release of the drug to be used, should be considered during the production phase
and the ratios of polymer cross-linking agents should be determined accordingly
(Schneider et al. 2004). Another factor is the physical and chemical interactions between
polymers (matrix) and active molecules, which should also be considered in the drug
loading process. Besides, drug release can be achieved by biological or external stimuli
such as pH (Anna and Katarina 2018), light (Vivero-Escoto et al. 2009), reducing agent,
temperature (Coughlan, Quilty and Corrigan 2004; Lindner et al. 2008), ultrasound,
electrical (Pierce 2010) and magnetic fields (Pirmoradi et al. 2011). Polymeric scaffolds
that can on-demand respond to such stimuli can be produced by different approaches such
as surface modifications, coating, forming composite structures with alternative sensitive
materials, or introducing nanoparticles (Davoodi et al. 2018). Many different natural and
synthetic polymers are used as a potential scaffold material with controlled drug release
that increases tissue regeneration (Prabaharan and Jayakumar 2009; Prabaharan et al.

2007).
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2.4. Polysaccharides in Drug Delivery and Tissue Engineering

Polysaccharides have considerable physicochemical and physiological properties
such as biocompatibility, biodegradability, and low immunogenicity (Prasher et al. 2021).
Additionally, natural polysaccharides have a considerable impact due to their structural
diversity, wide availability, low cost, and ease of modification chemically and
biochemically (Metaxa et al. 2021; Singh et al. 2020). Therefore, researchers have shown
an increased interest in developing polysaccharide-based biomaterials for biomedical
applications (Sood, Gupta, and Agrawal 2021). Besides, natural polysaccharides have
been combined with synthetic polymers due to their unique properties to develop
functional materials (Hu, Li, and Xu 2017).

They are included in the "generally safe" category and easily available from plants
(guar gum, inulin, and xylan), animals (chitosan, chondroitin sulfate), algal (alginates),
and microbes (dextran). Given the increased concern about the environment and
sustainability in recent times, it is clear that the use of renewable material resources has
an important circumstance. In this regard, the use of natural polysaccharides is promising

in biomedical applications (Zheng et al. 2020; Sun et al. 2020).

2.4.1. Xylan

Xylan, the most common hemicellulose, comprises xylose units linked by -
(1—4) glycosidic linkage. It can be readily found in forest/pulping and agricultural
industry debris and side streams (Cartaxo da Costa Urtiga et al. 2020). It is one of the
most abundant biopolymers in residues produced by the agricultural industry
(Ebringerova and Heinze 2000). Depending on their source and extraction method, the
backbone can be substituted by a-D-glucuronic acid, 4-0-methyl-a-D-glucuronic acid, a-
L-arabinose, a-D-xylose, and a-D-galactose. Generally, xylans are classified based on
their substituents. The a-L-arabinofuranose units are attached to the backbone as side
chains of arabinoxylan that is found in the cell wall of the starchy endosperm and outer
layer of cereals. Glucuronoxylan which is found in hardwood species like beech and birch
wood is substituted with 4-O-methyl glucuronyl groups (Scheller and Ulskov 2010;
Ebringerova 2006). Heteroxylans are present in cereal bran and seed. They consist of
various mono-oligosaccharide residues. The chemical structure of beechwood xylan

substituted with 4-O-methylated glucuronic acid (GlcAOMe) is shown in Figure 2.2.
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Figure 2.2. Chemical strucrure of beechwood xylan.

Xylan is resistant the digestion and absorption in the human small intestine and is
fermented in the large intestine by microbiota in the colon, especially Bacteroides species.
(Hopkins et al. 2003; Hughes et al. 2007). Utilization of polysaccharides depends on the
structural properties of the carbohydrates and the ability of the bacteria to act on them
(Flint et al. 2012). The xylan degradation mechanism depends on the degree of
polymerization, cross-linking and branching (Hughes et al. 2007; Rose, Inglett and Liu
2010). Besides, the degradation of the xylan requires the activity of different bacterial
enzymes, like endo-xylanases, beta-xylosidases, reducing end xylose-releasing exo-
oligoxylanases and alpha-l-arabinofuranosidases (Pollet et al. 2012).

Xylan can potentially be used in the food industry. It can be used as a food additive
since it can act as a texturing and stabilizing agent (Rosa-Sibakov et al. 2016). Due to
their film-forming capacity xylans can be used in the preparation of edible food packing
materials (Hansen and Plackett 2008). It can influence the rheological behavior of dough
and texture in bakery products (Izydorczyk and Biliaderis 1992). Besides the great
advantage of being a renewable material, xylan has several properties that make it a
favorable material for pharmaceutical and biomedical applications (Melo-Silveira et al.
2012; Silva et al. 2013; Gao et al. 2016; Noaman et al. 2008; Oliveira et al. 2010). The
different forms of xylan such as films and hydrogels (Sun et al. 2013; Gao et al. 2016;
Cao et al. 2014; Garcia-Uriostegui et al. 2018; Peng et al. 2011), prodrugs (Kumar et al.
2018; Sauraj et al. 2017, 2019, 2020; Daus and Heinze et al. 2010), micro and
nanoparticles (Nagashima et al. 2008; Silva et al. 2013; Silva et al. 2007; Cartaxo da
Costa Urtiga et al. 2017); Garcia et al. 2001; Aratjo et al. 2015; Marcelino et al. 2015)
have been used in drug delivery. The use of xylan in the pharmaceutical field is discussed

in more detail in the following sections.
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2.4.2. Chitosan

Chitosan is a biopolymer obtained by a deacetylated derivative of chitin (60%-
100%), composed of P-(1—4) linked linear copolymer, containing N-acetyl-D-
glucosamine and D-glucosamine units with one amino (NH>) group and two hydroxyls
(OH) groups in each repeating glycosidic units (Ali and Ahmed 2018). Chemical

structure of chitosan is shown Figure 2.3.

OH OH OH
o) 0
HO HO HO OH
NH, NH, NH,

- -n

Figure 2.3. Chemical Structure of chitosan
(Source: Sami El-banna et al. 2019)

Chitin, the main source of chitosan is available in the cell walls of fungi, the
exoskeletons of crustaceans, green algae, and insect cuticles (Croisier and Jérome 2013;
Ramos Berger et al. 2018; Kannan et al. 2010). The flexibility for chemical modification
of chitosan caused by the reactive amino and hydroxyl group in the molecular chain,
allows it to be applicable for pharmaceutical and biomedical applications (Ahmed et al.
2018). Owing to the advantage of chitosan being easily processable, it can be chemically
or physically modified to manufacture tailor-made different functional forms such as gels,
nanofibers, membranes, beads, nanofibrils, nanoparticles, microparticles, scaffolds, and
sponge-like structure with desired properties. Further, chitin /chitosan have high
bioactivity, biodegradability, biocompatibility, and antimicrobial properties. It can be
also used in the food industry as food preservatives, as they have an antimicrobial activity
that allows them to protect from microbial deterioration, and are used as a thickening and
stabilizing agents. Moreover, it can be used as a carrier for cosmetic products to increase
the penetration of active ingredients through the skin layer. It is used in skin, hair and oral
care products in order to provide a permeability barrier on the skin surface and prevent
the harmful effects of solar radiation responsible for ageing and wrinkles, and etc.

Chitin/chitosan also used for enzymes-immobilization (wine, sugar, and wastewater
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treatment for pollutant removal), biosensors manufacturing, biodegradable packaging
(food wrapping), seeds-coating, dyes and chemicals removal from textile wastewaters
(chelating agent), scavenge heavy metals from polluted water, acceleration of seeds

germination.

2.5. Curcumin as a Model Bioactive Compound

Curcumin is a hydrophobic polyphenol with a broad spectrum of biological and
pharmacological activity produced from the rhizome of the Curcuma longa plant (Figure
2.4). Curcumin is a bis-a, B-unsaturated B -diketone that shows keto-enol tautomerism
having a predominant keto form in acidic and neutral solutions and stable enol form in
alkaline medium. Commercial curcumin includes about 77% diferuloylmethane, 17%

demethoxycurcumin, and 6% bisdemethoxycurcumin (Anand et al. 2007).

(0] O alken linker

b-diketone or
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Figure 2.4. Chemical structure of curcumin.

Curcuma longa rhizomes have been used in local medicine for centuries in the
treatment of various inflammations and other diseases, and today have preventive and
therapeutic values against a wide range of diseases. These diseases include
neurodegenerative diseases like Alzheimer’s and Parkinson’s disease, cancer (Anand et
al. 2007; Sharma et al. 2004), asthma, bronchitis (Ram, Das, and Ghosh 2003), Crohn’s
disease, ulcerative colitis (Hanai et al. 2006) inflammatory bowel disease (Ukil et al.
2003), diabetes (Nishiyama et al. 2005). The anti-inflammatory and anti-cancer effect of

curcumin has been known for many years and has been shown in several animal studies
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(Dulbecco and Savarino 2013; Hatcher et al. 2008; Jurenka 2009; Aggarwal and
Harikumar 2009; Aggarwal et al. 2003; Notarbartolo et al. 2005).

Despite its considerable therapeutic potential for the use of curcumin in various
diseases, its rapid metabolism and poor water solubility have limited its use by the clinical
area (Teonnesen, Masson and Loftsson 2002). Low bioavailability due to lipophilicity,
degradation in alkaline pH and photodegradation are the main disadvantage of curcumin.
Due to its lipophilic nature, it is difficult to achieve the desired therapeutic effect with the
desired concentration. In the study on mice; after curcumin consumption, it was observed
that approximately 75% of them were excreted in feces (Maheshwari et al. 2006) and this
shows how poorly absorbed from the intestines. In another study, it was shown that
curcumin was significantly excreted in feces in rats; the percentage absorbed was fixed
independently of the dose and did not result in high absorption despite increased dose
(Ravindranath and Chandrasekhara 1981). In addition, Yang et al. (2007) showed that the
oral bioavailability of curcumin in the rats was 1%. In order to overcome these problems,
to increase water solubility and bioavailability; liposome (Kunwar et al. 2006), polymeric
nanoparticles (Bisht et al. 2007), lipid-based nanoparticles (Sou et al. 2008;
Tiyaboonchai, Tungpradit, and Plianbangchang 2007), biodegradable microsphere,
hydrogel (Vemula, Li and John 2006), and polymeric micelles (Zhu et al. 2016; Zhang et
al. 2010; Bidkar, Sanpui, and Ghosh 2017) were developed to envelop curcumin.
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CHAPTER 3

PRODUCTION OF CURCUMIN LOADED P-123
MICELLES

3.1. Introduction

The International Union of Pure and Applied Chemistry (IUPAC) defines micelles
as “aggregates of surfactant molecules dispersed in solutions that is present in equilibrium
with the molecules/ions from which they are formed” and forming a colloidal suspension.
A polymeric micelle is defined as “a micelle developed in a peculiar solvent system
employing one or more block and in some cases from graft copolymers” (Kapse et al.
2020). Polymeric micelles are formed by self-aggregation of amphiphilic polymers
containing two or more blocks of different hydrophilicity. In micelle systems,
hydrophobic blocks aggregate to form a core, while hydrophilic blocks form a corona
(outer shell), which acts as the stabilizing interface between the hydrophobic core and the
external environment. This self-organization of two or three blocks of amphiphilic
polymers under favourable conditions is called micellization (Santos et al. 2016;
Deshmukh et al. 2017).

Micelle formation occurs as a result of two main interactions; the attractive force
which causes the association of the molecules and the repulsive force which prevents
unlimited growth of the micelles into a distinct macroscopic phase. The minimum
concentration required for the copolymers to self-assemble is called the critical micelle
concentration (CMC). At concentration below CMC, amphiphilic copolymers
accumulate at the air-water interface until the volume and the interface are saturated.
Micelles at CMC and slightly higher concentrations are loose and contain a little water in
their core. When the polymer concentration in the environment is increased, the micelle
balance shifts towards the formation of the micelle and the micelles become more
compact, durable and reduce their size. The CMC concentration is dependent on the

composition and molecular structure of the amphiphilic polymer, as well as temperature,
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pH and ionic composition, and co-surfactants (Owen, Chan, and Shoichet 2012; Mourya
et al. 2011; Mondon, Gurny and Mdller 2008).

Polymeric micelles have applications in various fields because they can be multi-
functional and are convenient to modifications. The most important of these are
applications in pharmaceutical fields such as medical diagnostic imaging (to receive a
sufficient amount of contrast agents in the targeted area and to examine the blood-pool
with computed tomography and evaluate the current blood flow status), regional drug
targeting, immunology (as an immunological adjuvant for the modulation of the immune
response and for the preparation of vaccines), gene therapy, and drug delivery
(Trubetskoy 1996; Torchilin 1999; Torchilin 2002; Movassaghian, Merkel, and Torchilin
2015; Cormode, Naha, and Fayad 2014; Al Zaki et al. 2014). The widespread study and
utilization of micelle systems in the many diverse fields mentioned above are due to their
versatility, variable functionality, and ability to be produced in large quantities in an easy
and reproducible manner (Deshmukh et al. 2017; Xu, Ling and Zhang 2013).

Especially in drug delivery systems, micelles have preferred because of their
many advantages described as below:

o Small diameter with narrow distribution: The polymeric micelles have a
significantly narrow distribution, between 10 and 100 nm, and their size can be easily
controlled. Particles in this size range are not actively captured in the reticuloendothelial
system (RES) and can maintain longer circulation in the bloodstream. At the same time,
this controllable size of micelles can be an important tool for targeting the tumor site with
their enhanced permeability and retention (EPR) effect.

o High water solubility: The polymeric micelle, which contains a large hydrophobic
core, traps hydrophobic drugs there, indirectly imparting high water solubility to the drug.
Also, through this large hydrophobic core, it may be possible to transport large amounts
of drugs to one cell at a time. In a sense, it ensures that the toxic effect of the drug is
avoided.

o Separated functionality: Polymeric micelles, consisting of an inner core and an
outer shell, can play different roles in the drug delivery system. For example, the outer
shell is responsible for interactions with biological components such as proteins and cells,
while the inner core is independent of that and both can be responsible for different
interactions for each step in drug delivery. While chemical modifications to the drug are

not required to load the drug into the micelle, the shell part of the micelles can be modified
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for active targeting purposes, e.g. modification with temperature, pH-sensitive agents or
specific vector molecules.

Poly(ethylene oxide)-poly(propylene oxide)-poly(ethylene oxide) (PEO-PPO-
PEO) block copolymers (called Pluronics or Poloxamers) are a famous family of widely
studied amphiphilic block copolymers (He and Alexandridis 2017). PEO-PPO-PEO
block copolymer are utilized widely in experimental medicine and pharmaceutical
sciences because of its nontoxic, biocompatible, and biodegradable characteristics
(Bruschi et al. 2017; Mayol et al. 2008; Dumortier et al. 2006; Kikuchi and Okano 2005).
It has been shown in many studies that Pluronics increase the solubility and changes the
pharmacokinetics of poorly soluble drugs safely (Batrakova and Kabanov 2008; Zhu et
al. 2016; Fang et al. 2013; Zhang et al. 2010; Bidkar, Sanpui, and Ghosh 2017).

Micelles can be prepared by various methods, primarily depending on the
physicochemical properties of the block copolymers and drug. Depending on the extent
of the solubility of the block copolymer forming a micelle in an aqueous medium, simple
dissolution, dialysis, oil in water emulsion, solvent evaporation and lyophilization can be
used (Trivedi and Kompella 2010; Cholkar et al. 2012). Since the method chosen to
prepare drug-loaded micelles would affect the physicochemical properties of the micelle
and the drug-encapsulation efficiency, the most convenient method should be selected for
both materials and the application area should be considered.

In pharmaceutical science, the dissolution ability of an active compound or drug
in GI fluids is very crucial. Drugs must be dissolved for absorption to occur across the
intestinal membrane. Therefore, hydrophobic drugs show low bioavailability due to their
poor solubility in luminal fluids (Siew et al. 2012). Most of the drug candidates are
relatively hydrophobic compounds because of their superior binding to receptor targets.
Some degree of apolar character is considered important for drug absorption (Kesisoglou,
Panmai, and Wu 2007; Stella and Nti-Addae 2007). However, poor water solubility
hinders absorption. Chemical modifications, reduction in particle size, complexing with
cyclodextrins, surfactants, and amphiphilic properties of polymers can be utilzed to
improve the solubility of hydrophobic drugs (Tandya, Dehghani, and Foster 2006; Kayser
2003; Brewster and Loftsson; Szejtli 2004; Wong, Kellaway, and Murdan, 2006; Cheng
2006).

In this chapter curcumin (hydrophobic model drug) was encapsulated in the
hydrophobic core of P-123 micelles by thin film hydration method. In this way, the

bioavailability of a model drug and transporting large amounts of drugs to one cell at a
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time can be increased. Also, curcumin loaded micelles can serve as soft templates for

subsequent particle formation.

3.2. Materials and Methods

Sodium dodecyl sulfate (SDS), poly(ethylene glycol)-block-poly(propylene
glycol)-block-poly(ethylene glycol) (P-123), cetyltrimethylammonium bromide (CTAB),
and curcumin were of analytical grade and purchased from Merck (Darmstadt, Germany).

Ultrapure water was used during all experiments.

3.2.1. Preparation of P-123 Micelles

P-123 micelles were prepared according to the thin-film hydration method (Fig.
3.1). Firstly, P-123 was dissolved in ethanol by using mechanical agitation. When
ensuring the homogeneity of the solution, it was kept in the vacuum oven until the thin
film formation at 42°C. Then water was added to create micelle structures. Furthermore,
the same method was applied to obtain curcumin loaded P-123 micelles (cur-P123). The
only difference is that curcumin and P-123 molecules were simultaneously dissolved in
ethanol and the following steps were applied. To separate unsolubilized curcumin, the
curcumin micelle solution was ultracentrifuged for 5 min at 6000 rpm. Curcumin is
known to remain stable at that temperature in an aqueous solution (Jagannathan et al.

2012). Figure 3.2 shows the different phases of cur-P123 formation.
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Figure 3.1. Production of curcumin loaded P-123 micelles by thin-film hydration
method.

Figure 3.2. The phases of curcumin-loaded micelle formation. a) curcumin and P-123
dissolved in ethanol b) thin film ¢) curcumin micelles in a polymer solution.

3.2.2. Characterization of P-123 Micelles

To determination of particle size, distribution and zeta potential Zetasizer Nano
ZS (Malvern, The United Kingdom) was used. The principle is based on the dynamic
light scattering distribution of particles as a function of particle size. Before measurement,
liquid and lyophilized samples were dispersed directly and in a buffer solution,

respectively.
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Scanning transmission electron microscopy (STEM) (Quanta 250FEG type 54
instrument) was used to examine the morphology of the micelles. The samples dispersed
in water were dropped on EMR Carbon support film on copper 200 square mesh (Micro
to Nano, Netherlands) and kept in a vacuum desiccator until completely dry. Carbon films
on copper grids are electrically and thermally conductive under the electron beam. It
provides image and specimen stability for high resolution imaging.

FTIR measurements were taken in the range of 450-4000 cm™ using Perkin

Elmer-UATR Two FT-IR spectrometer (UK).

3.2.3. Modification of P-123 Micelles with CTAB and SDS

To enhance the interaction of micelles and polymers in the further coating process,
P-123 micelles were modified by an anionic surfactant sodium dodecyl sulfate (SDS)
and cationic surfactant cetyl trimethyl ammonium bromide (CTAB). Curcumin, P-123,
and CTAB or SDS were dissolved in ethanol together. The remaining steps were
followed as in the thin-film hydration method (See 3.2.1). The characterization studies

described above were applied.

3.3. Results and Discussion

3.3.1. P-123 Micelles with and without Curcumin

The presence of both hydrophilic and hydrophobic blocks in the same molecule
leads to the self-assembly (also called spontaneous micellization process) of the block
copolymers in solution due to the tendency to minimize the contact between the
hydrophobic PPO moieties and the aqueous polar medium (Alexandridis 1997). The
hydrophobic PPO groups of the micelles form a core structure that serves as a container
for hydrophobic drugs or any active materials. Hydrophobic drugs can be encapsulated
with the core of the micelles by different methods.

The thin film method is based on the formation of the drug-copolymer film. First
both the copolymer and the drug are dissolved in a common solvent and evaporating the
solvent under vacuum. When the film is reconstituted with an aqueous solution, the

micelles form spontaneously and contain drugs in their core. By choosing a solvent that
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can dissolve both the copolymer and the drug, phase separation is prevented during
evaporation. The drug can be affected by the temperature during the evaporation process;
therefore, the temperature should be determined according to the drug. The schematic
representation of the molecular and micelle form of the P-123 block copolymer is given

in Figure 3.3.

x ——> Hydrophilic tail (PEO) :@ &‘% Hydrophilic shell
——> Hydrophobic head (PPO) /% N&

10-200 nm J Hydrophobic core

Pluronic -123

Figure 3.3. Schematic representations of the molecular and micelle form of the P-123
block copolymer.

After the hydration of thin-film, curcumin was encapsulated in P-123 micelles.
The water solubility of free curcumin and cur-P123 at the same concentration is shown
in Figure 3.4. While free curcumin showed very low solubility in water, it was completely

soluble in the micelle formulation.

Figure 3.4. Solubility of two forms of curcumin in water a) free curcumin b)
encapsulated curcumin.
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3.3.2. Size Distribution and Zeta Potential

Figure 3.5 presents the three repeat size distributions of the free curcumin, P-123,
and cur-P123 micelles by dynamic light scattering. The size of the curcumin molecules
that dissolved in ethanol was difficult to measure because they were smaller than 2 nm
(Fig. 3.5a). Although the dso median size of P-123 micelles was around 20 nm, slightly
expansion was observed in the distribution of cur-P123 (Fig. 3.5b-c). P-123 and cur-P123

micelles were slightly negatively charged, with a zeta potential of around -7.26 mV and

-4.28 mV, respectively (Fig. 3.6).
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Figure 3.5. Size distribution of a) free curcumin; b) P-123; c¢) cur-P123 micelles.
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Figure 3.6. Zeta potential of a) P-123; b) cur-P123 micelles.

3.3.3. Morphology and Structure

The size and shape of the micelles were investigated by using STEM (Fig.3.7).
The P-123 micelles were around 20 nm and a spherical shape. The size of the micelles
increased when the curcumin was loaded, confirming the DLS spectra. This may have
been caused by the retention of curcumin in the nucleus or an increase in the number of
micelle aggregation due to hydrophobicity of the pluronic molecules in the presence of
curcumin (Ganguly et al. 2017). It is necessary to calculate this number to determine
which factor plays a dominant role. However, it is very difficult to determine the amount

of curcumin in the core due to possible splitting between the core and the corona within

the micelle.
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Figure 3.7. STEM images of a) P-123; b) cur-P123 micelles.

The FTIR spectrum of cur-P123 was compared with P123 micelles and free
curcumin (Fig. 3.8). The characteristic bands of curcumin at 3510 cm™' (stretching
vibrations of the phenolic —OH group), 1605 cm™! (stretching vibrations of benzene ring),
1502 cm ™ '(C=0 and C—C vibrations), and 1285 cm™! (aromatic C—O stretching vibration)
(Anitha et al. 2012) were hardly seen in cur-P123. This result suggested that curcumin
was successfully entrapped into the hydrophobic core of pluronic micelles (Butt et al.

2012; Zhang et al. 2011).
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Figure 3.8. FT-IR spectra of curcumin, P-123, and cur-P123 micelles.

3.3.4. CTAB and SDS Modified P-123 Micelles

To enhance the interaction of micelles and polymers in the further coating process,
P-123 micelles were modified by SDS and CTAB. The size of both modified cur-P123
micelles (around 5 nm) was smaller than P-123 micelles (Figure 3.9a). A bimodal
distribution was not observed in modified micelles. This shows that SDS or CTAB did
not exist as separate micelles and were incorporated in the P-123 micelle structure. The
aggregation number of P-123 micelles is around 50 (Alexandridis and Alan Hatton 1995).
Substitution of the P-123 constructs with smaller SDS and CTAB molecules altered the
aggregation characteristic of P-123, resulting in compaction of the micelles (Foster,
Cosgrove, and Hammouda 2009). In addition, it affected the charge of micelles. The
P123-SDS micelles more negatively, P123-CTAB micelles more positively charged
(Fig.3.9b-c).
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Figure 3.9. Size distribution of a) modified micelles and zeta potential of b) P123-SDS,
and ¢) P123-CTAB micelles.

During the preparation CTAB modified P-123 micelles; a strong color change was
observed (Figure 3.10). This might be a response of curcumin to pH changes. Curcumin
appears yellow at pH values between 1.0 and 7.0 because most of the molecules are in

neutral form. However, at a pH higher than 7.5 it exhibits an orange-red color (Lestari

and Indrayanto 2014).
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Figure 3.10. Color changes of curcumin loaded a) P123-SDS, b) P123-CTAB micelles.

Polymeric micelles have been developed to increase the therapeutic potential of
different drugs such as paclitaxel (Wei et al. 2009), doxorubicin (Kabanov, Batrakova
and Alakhov 2002), curcumin (Saxena and Hussain 2013), and gambogic acid (Hussain
and Saxena 2012). However, the stability of polymeric micelles in aqueous environments
is still controversial. Micelles are exposed to various environmental changes depending
on their application. For example, after the intravenous injection, they can dilute in blood
and decrease below their CMC. Their structures can deteriorate due to exposure to pH
and salt changes. Also, they may contact various proteins and cells. Similarly, orally
administered micelles are exposed to strong pH changes and enzymes (Owen, Chan, and
Shoichet 2012; Sang et al. 2018; Hsu et al. 2018). For these reasons, different approaches
have been developed to protect drug-loaded micelle structures from deleterious external
factors. These are discussed in the following sections related to the polymer coating of P-

123 micelles.

3.4. Conclusions

The solubility of an active compound or drug is crucial for its absorption through
the intestinal membrane. The solubility and bioavailability of hydrophobic molecules can
be improved by insertion in micelles. In this study, P-123 micelles carrying a model
hydrophobic molecule, curcumin, were synthesized using thin-film hydration method.
The characterization studies indicated that curcumin molecules were successfully
entrapped in tight and spherical P-123 micelles (around 20 nm). The micelles could be

modified by SDS and CTAB, which enhance the interaction between micelles and
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polymers in coating with xylan in the following sections. Curcumin loaded P-123
micelles were small and had high drug loading capacity, therefore they are highly
promising for increasing the therapeutic potential of hydrophobic molecules. In the
following section of this study, these micelles were coated with natural polysaccharides

to form nanoparticles for colon-taregeted derug delivery.
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CHAPTER 4

PRODUCTION OF XYLAN/CHITOSAN COMPOSITE
NANOPARTICLES WITH MICELLAR CORE

4.1. Introduction

Polymer-based particles have been extensively studied for their roles in drug
delivery due to their biodegradability and biocompatibility. Polymeric drug carriers are
considered as a safe way to deliver therapeutic agents to a specific target without
presenting side effects. They can stabilize drugs, enhance drug solubility, improve
circulation lifetime and provide dose-dependent drug release.

Oral drug intake is a widely used and easily accepted form of drug administration
due to its ease of intake, pain avoidance, versatility, patient compliance, and low-cost (not
requiring sterile conditions) (Sastry, Nyshadham and Fix 2000). Colon-targeted delivery
through the oral route is desirable for topical treatment of diseases associated with the
colon such as ulcerative colitis, Crohn’s disease, colonic carcinomas. Also, the colon has
more mild conditions and a higher retention time for drug release, compared to the upper
gastrointestinal tract (GIT). However, before reaching the colon, the carriers should
protect the drug from the harsh conditions of GIT such as low pH in the stomach and
enzymatic degradation in the small intestine. Colon-targeted drug release can be managed
with the different triggering mechanisms. Particularly, microbially activated polymeric
systems are more colon-specific because they are less affected by physiological factors,
such as GIT transit time, pH, osmotic pressure, or disease conditions.

In recent years, there has been an interest in using xylan in drug delivery systems.
Xylan is the main hemicellulose found in hardwood and grass (Ebringerova and Heinze
2000). The great advantage of being a renewable material, xylan has several properties
that makes it a favorable material for pharmaceutical and biomedical applications (Melo-
Silveira et al. 2012; Silva et al. 2013; Gao et al. 2016; Noaman et al. 2008; Oliveira et al.
2010). The different forms of xylan such as films and hydrogels (Sun et al. 2013; Gao et
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al. 2016; Cao et al. 2014; Garcia-Uriostegui et al. 2018; Peng et al. 2011), micro and
nanoparticles (Nagashima et al. 2008; Silva et al. 2013; Silva et al. 2007; Cartaxo da
Costa Urtiga et al. 2017; Garcia et al. 2001; Araujo et al. 2015; Marcelino et al. 2015)
have been used in drug delivery.

Xylan conjugated prodrugs have been synthesized to improve the bioavaibility
and versatile drug releases kinetics. Drugs can be attached directly or through the linkers
to xylan. Xylan based prodrugs were synthesis to delivery of ibuprofen (Daus and Heinze
et al. 2010), curcumin (Kumar et al. 2018), 5-fluorouracil (Sauraj et al. 2019), and
curcumin-5-fluorouracil (Sauraj et al. 2020) in cancer therapy. Additionally, xylan
prodrugs have been synthesized for colon targeting. Xylan can maintain its structure
through the physiological environment of the stomach and small intestine and can only
be degraded by the extensive anaerobic microflora in the colon. Kumar and Negi
synthesized xylan prodrugs of 5-aminosalicylic acid (5-ASA) by intermolecular covalent
bond formation (2012a), and via activation of carboxylic acid with NN-
carbonyldiimidazole (2012b) to preventing drug release at upper GIT and minimizing the
systemic side effects. Although they showed the stability of the prodrug in the upper
GIT; assumed that the drug can be released in the lower part of GIT because of the
presence of biodegradable enzymes only in the colon. Sauraj et al. (2017) synthesized
xylan-5-fluorouracil-1-acetic acid conjugates as colon-specific prodrugs and evaluated by
the in-vitro release of drug in the content of cecum and colon of rats. They showed that,
the conjugates were stable in acidic (pH 1.2) and basic buffers (pH 7.4). The low amounts
of drug 3-4% and 5-7% were released in gastric and small intestine contents respectively.
The 53-61% of the drug was released in cecum and colonic contents. Although prodrugs
provide site-specific delivery, these are new chemical entities and detailed toxicological
studies need to be performed. The versatility of prodrugs is restricted due to their
formation depending on functional groups on the drug moiety. A drug-specific carrier
should be developed.

Xylan-based microparticles were produced by interfacial crosslinking
polymerization using sodium trimetaphosphate (STMP) (Cartaxo da Costa Urtiga et al.
2017) and terephthaloyl chloride (TC) (Marcelino et al. 2015). The phosphate ester bonds
were formed between STMP and xylan during the cross-linking process. The
microparticles showed narrow monodisperse size distributions (3.5 and 12.5 mm). Xylan
microparticles crosslinked with TC, the terephthalic esters bound were observed due to

the reaction between TC and the xylan. The mean particle diameter was around 37-43
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um. In both studies, drug was not included in the microparticles, only the characterization
and toxicity of xylan-based microparticles were investigated. The results showed that
xylan-based microparticles crosslinked with STMP or TC were dose dependanlty safe
systems for drug delivery applications. Silva et al. (2013) produced xylan based
microparticles by interfacial cross-linking polymerisation and/or spray-drying technique
in order to investigate feasibility and stability of the systems. The interfacial cross-linking
polymerisation method was include a w/o emulsification (chloroform:cyclohexane
containing sorbitan triesterate) and polymer cross-linking reaction with TC. The pH-
dependent polymer Eudragit S-100 (ES100) was used as a coating material of xylan
microparticles. 5-ASA was used as a model drug to investigate the interactions among
drugs and excipients in pharmaceutical dosage forms. Both techniques successfully
produced well-defined microparticles based on xylan and ES100 containing 5-ASA. The
microparticles presented suitable physical characteristics and satisfactory yields.
However, they suggested the spray-drying technique could be preferable to interfacial
cross-linking polymerization. Because more stable microparticles regarding thermal
behavior were produced by using spray-drying. Martinez-Lopez et al. (2019) prepared
insulin loaded arabinoxylans (AX) microspheres with different insulin/AX ratio for oral
delivery of insulin. The spherical AX microspheres with smooth surface were produced
an average diameter of 320 um. The AX microspheres minimized the insulin loss in the
upper GIT, high percentage (~75%) of insulin were retain in the microspheres. Significant
hypoglycemic effects were registered in vivo on diabetic rat models. The efficacy of
enzymatically crosslinked arabinoxylans microspheres demonstrated successful oral
administration of insulin. Lastly, Silva et al. (2007) synthesized xylan coated
superparamagnetic particles for protection of magnetic particles from gastric dissolution.
An emulsification/cross-linking reaction was utilized to produce magnetic polymeric
particles. In vitro dissolution tests at gastric pH demonstrated the xylan coating protected
magnetite particles from gastric dissolution.

In this study, chitosan which is one of the most widely used natural polymers in
drug delivery systems was used to produce xylan based nanoparticles due to its unique
properties and particularly positive charge. It is composed of B-(1—4) linked linear
copolymer, containing N-acetyl-D-glucosamine and D-glucosamine units with one amino
(NH2) group and two hydroxyls (OH) groups unit (Ali and Ahmet 2018). It displays
attractive properties for drug delivery such as bioactivity, biodegradability,

biocompatibility, toxicity and antimicrobial properties (Subramanian et al. 2005;
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Sanyakamdhorn et al. 2013; Tang et al. 2014). Its adhesion ability, which leads to a
prolonged residence time on mucosal surfaces and provides higher drug permeability,
makes chitosan prominent in colon-targeted drug delivery (Takeuchi, Yamamoto, and
Kawashima 2001). However, due to the high solubility of chitosan in gastric conditions,
its successful use in colonic-specific delivery requires alternative approaches to protect it
against gastric acidity. The combination or coating with a polymer that resist acidic
conditions prevent premature drug release in upper gastrointestinal conditions. For
example, chitosan has been combined with locust bean gum (Raghavan et al. 2002),
pectin (Ofori-Kwakye et al. 2004), sodium cellulose sulfate (Wang et al. 2009) and
hydroxypropyl methyl (Macleod et al. 1999) for colon-specific drug delivery. Xylan-
chitosan composites were developed as a hydrogel (Gabrielii and Gatenholm 1998;
Gabrielii et al. 2000; Meena, Lehnen and Saake 2013) and food preservative (Li et al.
2011; Gaoa et al. 2017) Altough xylan-chitosan blend has not been manifacture in a
nanoparticle form for colon targeted delivery, chitosan-xylan polyelectrolyte complexes
have been investigated (Mocchiutti et al. 2016). The polyelectrolyte complexes are good
candidate for the design of different types of dosage forms.

Curcumin was used as a model hydrophobic therapeutic compound. In
pharmaceutical science, the dissolution ability of an active compound or drug in GI fluids
is very crucial. Drugs must be dissolved for absorption to occur across the intestinal
membrane. Therefore, hydrophobic drugs show low bioavailability due to their poor
solubility in luminal fluids (Siew et al. 2012). Chemical modifications, reduction in
particle size, complexing with cyclodextrins, surfactants, and amphiphilic properties of
polymers can be utilzed to improve the solubility of hydrophobic drugs (Tandya,
Dehghani, and Foster 2006; Kayser 2003; Brewster and Loftsson; Szejtli 2004; Wong,
Kellaway, and Murdan 2006; Cheng 2006). For the solubilization of curcumin, it was
encapsulated in the hydrophobic core of P-123 micelles by the thin-film hydration method
(See chapter 3). The P-123 micelles provided curcumin solubility and soft templates for
subsequent particle formation. Polymeric micelles, which have advantages such as
smaller particle size, higher drug loading capacity, and increased cellular uptake, have
been developed to increase the therapeutic potential of different drugs such as paclitaxel
(Wei et al. 2009), doxorubicin (Kabanov, Batrakova and Alakhov 2002), curcumin
(Saxena and Hussain 2013), and gambogic acid (Hussain and Saxena 2012). However,
the stability of polymeric micelles in aqueous environments is still controversial. Micelles

are exposed to various environmental changes depending on their application. For
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example, after the intravenous injection, they may be diluted in blood below their critical
micelle concentration (CMC). Their structures can deteriorate due to exposure to pH and
salt changes. Similarly, orally administered micelles are exposed to strong pH changes
and enzymes (Owen, Chan, and Shoichet 2012; Sang et al. 2018; Hsu et al. 2018).
Therefore, different approaches have been developed to protect drug-loaded micelle
structures from deleterious external factors.

In this chapter, xylan/chitosan composite nanoparticles with micellar core which
functions as a solvent for water-insoluble drugs were developed for a colon-targeted drug
delivery. Xylan shows high stability in the upper GIT and it can be degraded by some
colonic bacteria. Chitosan was included into the xylan-based nanoparticles production
due to its unique properties and particularly positive charge. It has highly adhesion ability
which leads to a prolonged residence time on mucosal surfaces and provides higher drug
permeability in colon. Firstly, curcumin was encapsulated in the hydrophobic core of P-
123 micelles. The curcumin-loaded P-123 micelles with a mean diameter of 20 nm were
produced and characterized in the Chapter 3. This first stage provided curcumin solubility
and soft templates for subsequent particle formation. Secondly, curcumin loaded P-123
micelles were coated with xylan and chitosan by ionic gelation method for the protect
them from the upper digestive system and to activate them microbiologically in the colon.
A Bacteroides species known to ferment xylan was used to test the microbial degradation
of xylan for the release of drug from carriers. The general schematic illustration is given

in Figure 4.1
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Figure 4.1. General schematic illustration of the proposed mechanism for oral delivery
of xylan based polymeric nanoparticles.

4.2. Materials and Methods

Low molecular weight chitosan, sodium trimetaphosphate (STMP), sodium
tripolyphosphate (TPP), poly(ethylene glycol)-block-poly(propylene glycol)-block-
poly(ethylene glycol) (P-123), and curcumin were of analytical grade and purchased from
Merck (Darmstadt, Germany). Beechwood xylan which composed of (w/ w) xylose
((80.8 %), glucuronic acid (11.4 %), other sugars (4.9 %), protein (0.3%), ash (2.4%), and
moisture (2.4%) was purchased from Megazyme (Bray, Ireland). Xylooligosaccharide
(XOS) (95.5 % of XOS has a degree of polymerization between 2 and 7) was a kind gift
of Shandong Longlive (Yucheng, China).

Bacteroides ovatus DSM-1896 and Bifidobacterium animalis subsp. lactis DSM-
10140 were purchased from Leibniz Institute DSMZ-German Collection of
Microorganisms and Cell Cultures. For inoculum preparation and storage purposes,
strains were grown anaerobically in Wilking Chalgren Medium (WCM) and Reinforced
Clostridial Medium (RCM). The composition of WCM and RCM sre shown in Appendix
A. Strains were stored at -80°C in the medium supplemented with 20% glycerol as a

cryoprotectant.
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The human colon cancer cell line Caco-2 (ATCC® HTB-37 ™) was purchased
from American Type Culture Collection (ATCC) (Rockville, MA, USA).

4.2.1. Production of Curcumin Loaded Xylan Based Nanoparticles

For the synthesis of xylan based nanoparticles, the thin film which containing P-
123 and curcumin was hydrated with polymer solutions to create curcumin loaded
micelles. Then, the cross-linking agent was added and one h of stirring was applied. The
nanoparticles were collected using a high-speed centrifuge and freeze-dried (Fig. 4.2).
Different ratios of polymers and the cross-linking agent were tested. The schematic
representation of curcumin loaded xylan based nanoparticles produced by thin film

hydration coupled with ionic gelation method is given in Figure 4.3.

Thin Film

Xylan \l/ Chitosan
solution solution

Micelles Formation

\l/ <«——— Crosslinker

Formation of Composite
Nanoparticles

Figure 4.2. Curcumin loaded xylan/chitosan composite nanoparticles by ionic gelation
method (see Fig. 3.1 for thin film formation).
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xylan chitosan  curcumin  (P123)

Figure 4.3. Schematic representation of curcumin loaded xylan-based nanoparticles.

4.2.2. Characterization Studies

Morphological Analysis: Scanning Electron Microscopy (SEM) (Philips, XL-30S
FEG, Netherlands) was used to examine the surface morphology of particles. Samples
were prepared from both powder and liquid suspensions. Liquid samples were dropped
onto the aluminium sample holder, and stored in a moisture-free environment until dry at
room temperature. Lyophilized particles were attached to the sample holder with
aluminium tape. All samples were coated Au before analysis for the conductivity of the
samples.

Structural Analysis: FT-IR spectra of pure materials and composite nanoparticles
were obtained using an FT-IR spectrometer (Perkin Elmer-UATR Two, USA) at range of
400-4000 cm™.

Xylan Analysis: High-Performance Liquid Chromatography (HPLC) was used to
determine concentrations of xylan incorporated in nanoparticle formation. The xylan
were measured after hydrolyzing xylan into xylose using quantitative acid hydrolysis with
4% H>SO4 at 121°C for 1 h. After autoclaving, CaCOs was added to increase the pH to 5-
6. Finally, samples were centrifugated and filtered by membrane filters (pore size 0.45
um) before HPLC analysis. Xylan concentrations was calculated by multiplying the
xylose concentrations by the anhydro correction factor (0.88) ( NREL/TP-510-42623).

The operational conditions listed below;

HPLC system: Perkin Elmer, Series 200 (Shelton, USA)

Column: Rezex RPM-monosaccharides (Phenomenex, USA)
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Mobile phase: Ultra-pure water

Injection volume: 20 pL

The flow rate of mobile phase: 0.6 mL min’!

Column temperature: 80°C

Detector: Refractive index (RI)

Calibration curves are given in Appendix B were obtained using standard xylose

solutions at a range of concentrations.

4.2.3. Determination of Curcumin Entrapment Efficiency

For entrapment efficiency of curcumin, nanoparticles were removed from the
nanoparticle formation solution by centrifugation at 11.000 rpm for 5 min, followed by
spectrophotometric analysis of the supernatant at 420 nm. Due to the differences in the
absorbance of the free and encapsulated form of curcumin, the standard curve was also
obtained with the cur-P123 micelles and SDS-modified cur-P123 micelles. The

encapsulation efficiency and loading capacity were calculated by Eq.4.1 and 4.2.

Encapsulation Efficiency % = Curcumin Total - Curcumin free <100
Curcumin Total

(4.1)

. . Total Entrapped curcumin
Loading Capacity % = - — x100
Total Nanoparticle weight

(4.2)

4.2.4. Effect of upper Digestive System pH on Nanoparticles

The effect of the digestive system pH on the nanoparticles was tested in simulated
gastric and small intestinal fluid without enzymes. The simulated intestinal fluid at pH
7.4 was composed of KH>PO4 (6.8 g/L) and NaOH (0.9 g/L), while the simulated gastric
fluid at pH 1.2 was composed of NaCl (2.0 g/L) and HCI (7 mL/L). Curcumin-loaded
nanoparticles (10 g/L) were added into the simulated gastric fluid (pH 1.2) and incubated
at 37 °C in a shaking incubator at 150 rpm. After 60 min, the nanoparticles were collected

by centrifugation and transferred into simulated intestinal fluid and incubated at 37 °C for
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an additional 2 h. Throughout the incubation, samples were taken for curcumin analysis

and replaced by fresh medium.

4.2.5. Release Studies

Curcumin releasing as a result of bacterial digestion of polymers forming the outer
shell of nanoparticles was tested. To test this, Bacteroides ovatus that a well-known xylan
utilizer species was used. Bacteroides ovatus was pregrown in Wilkins-Chalgren
Anaerobe Medium (Falony et al. 2009) and inoculated into the Basal medium (Palframan,
Gibson, and Rastall 2003) containing nanoparticles for the release test. The composition
of Basal Medium is shown Table A.3 in Appendix A.

The tubes containing 3 ml Basal medium at ph 6.8 except for heat-sensitive
materials (haemin and vitamin K;) were sealed with a layer of paraffin and incubated for
at 90°C for 30 min creating an anaerobic environment (Hoseinifar et al. 2017). After the
sterilization at 121°C for 15 min, the heat-sensitive materials, which were sterilized by
membrane filter (pore size, 0.2 um) were added in the sterile condition.

Nanoparticles (1.0% w/v) were added to the basal medium as a sole carbon source.
After inoculation the organism (1.0 %), the tubes were incubated at 37°C for 48 h. In the
samples taken at intervals, curcumin released into the growth medium was measured by
spectrophotometrically at 420 nm. The percentage of released curcumin was calculated

using Eq. 4.3.

Released curcumin

Curcumin Release % = - x 100
Total curcumin

(4.3)

Cur-P123 micelles released from nanoparticles into the growth medium can be
utilized by organisms and that can cause misleading results. Therefore, the curcumin
utilization ability of organisms was tested. Cur-P123 was prepared by the thin-film
hydration method (See 3.2.1) and added into the growth medium as a sole carbon source.
The tubes were incubated at 37°C for 48 h. The growth was quantified by measuring

optical density at 600 nm in a spectrophotometer. Glucose was used as a positive control.
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Organic Acid Production: For the analysis of organic acids, High-Performance
Liquid Chromatography (HPLC) was used. The operational conditions and the procedure
used for organic acid analysis in HPLC were listed:

HPLC system: Thermo Fisher Scientific

Column: BIORAD Aminex HPX-87H (300 x 7.8 mm)

Mobile phase, 5 mM H2SOg4

Injection volume: 20 pL

Flow rate of mobile phase: 0.6 mL min!

Column temperature: 50°C

Detector: UV 210 nm.

Calibration curves given in Appendix C were obtained using standard organic acid

solutions at certain concentrations.

4.2.6. In vitro cell culture

For in vitro cell culture studies human colon cancer cell line Caco-2 was used.
The growth medium was Eagle's Minimum Essential Modified” medium containing 15%
fetal bovine serum (FBS), 1% non-essential amino acid, 1% penicillin-streptomycin, and
1% sodium pyruvate. For the growth of the cell line, incubation was carried out 21 days
in an oven with 95% humidity and 5% CO- at 37 °C. The procedure applied to thaw the
Caco-2 cells stored in the freezer and to reach the appropriate form for the tests was as
follows: Firstly, frozen cells were quickly thawed in a 37°C water bath. Then, it was
transferred to a centrifuge tube containing MEM at the appropriate temperature (37°C).
After centrifuging the cell suspension, the supernatant was removed. Pellet (cells) were
resuspended in the growth medium and incubated in flasks. Cells were passaged when
80% confluent in the flask (2-3 times per week). Passage numbers were kept between 15-
30 throughout the experiments.

Adherent cultures need to be passaged by transferring them to a new vessel a fresh
growth medium while in the log phase before reaching confluence. Because cells stop
growing due to contact inhibition and take longer to recover when reseeded, they do not
provide a suitable cell suspension for further experiment. The procedure of passaging,
which is the transfer of cells from a previous culture to a fresh growth medium, is as
follows: After removing the old cell culture medium, the cells were gently washed to

remove all traces of serum, calcium and magnesium that would inhibit the action of the
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dissociation reagent. After the washing liquid was removed, adequate trypsin was added
to cover the cell layer and incubated at 37°C for 2 min. After observing under the
microscope that the cells were completely detached, MEM was added to terminate the
reaction. The cell suspension diluted to the desired density was thoroughly pipetted,

transferred to new flask.

Cytocompatibility of nanoparticles:

Cytocompatibility studies of the bare nanoparticles were evaluated by MTT assay.
The cells were seeded in 96-well plates (4x103cells/well) and after reaching 50%
confluency, the cells were treated with various concentrations of samples which were
prepared by dilution with media. After the 24 h incubation, the growth medium was
removed from each well and washed with the medium. The cells were incubated with
MTT solution at 37 °C for 4 h and the resultant dark-blue formazan crystals were
dissolved in DMSO. The absorbance of the solution at 570 nm was detected using a
Multiskan go plate reader (Thermo Scientific, USA). The experiments were conducted in

triplicate and the percent cell viability was determined by Eq. 4.4.

Cell viability % Mean absorbance of the sample 100
= X
o1 Vb 7o Mean absorbance of control

4.4)

4.3. Results and Discussion

4.3.1. Morphology and Structure of Nanoparticles

To preparation of composite nanoparticles, two physical interactions between the
polysaccharides (xylan/chitosan) and the cross-linking agent (TPP/STMP) had been
utilized. The relationship between polysaccharides consists of hydrogen bonds and
electrostatic interactions between O—H, N—H groups in chitosan molecules and O-H
groups in xylan molecules. Another interaction is caused by negatively charged oxygen
on the cross-linking agent and positively charged amine groups on chitosan (Luo et al.
2014; Xu et al. 2012). Due to the negatively charged glucuronic acid groups on xylan, it

could be included in the system owing to chitosan (Umemura and Kawai 2008). The
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amount of xylan incorporated in the nanoparticles obtained using these interactions was
analyzed using HPLC. To verify the total xylan added during the production of
nanoparticles, both incorporated and not incorporated xylan were analyzed. The results
confirmed each other. Different ratios of polysaccharides and crosslinking agents were
tested. In addition to TPP as a cross-linker, STMP was also used as an alternative, or even
used together.

Both crosslinking agents (STMP and TPP) were successful in inducing
nanoparticle formation and the chitosan was able to keep the xylan in the system
successfully (Table 4.1). The amount of xylan that can be incorporated into the
nanoparticle depended mainly on chitosan and crosslinker. In all different conditions,
xylan could be included in the system at very high rates, but small differences were
observed depending on the amount of TPP in the particles using the same amount of
polymer. For example, since the amount of TPP in CN-9 was quite low than the polymer
ratio, less xylan incorporated xylan into the system. Using TPP as much as the total
polymer concentration (CN-3) increased the xylan content. However, the polymer and
crosslinking agent ratios should be designed considering the stability and release

behaviours of the particles.

Table 4.1. The composition of composite nanoparticles and incorporated

xylan into nanoparticles.

Code P-123 Xylan  Chitosan  TPP STMP C}f)fllt’;‘l‘l .
(mM) (g/L) (g/L) (g/L) (g/L) (%)
CN-1 1.0 0.84 0.84 0.84 0 472
CN-2 1.0 1.67 1.67 1.67 0 49 .4
CN-3 1.0 0.84 0.84 1.67 0 53.0
CN-6 1.0 1.67 1.67 0.84 0 48.0
CN-7 1.0 0.63 0.63 1.25 1.25 45.8
CN-8 33 1.67 1.67 0 1.67 42.1
CN-9 33 1.67 1.67 0.25 0 37.1

Morphological analysis of the composite nanoparticles was performed by SEM
analysis (Fig. 4.4). The particles were spherical and nano-sized ranged from 80 to 450
nm. The relatively wide size distribution suggests that polymers may have precipitated

around cur-P123 micelles at different rates. Also, some compact structures were observed

45



in SEM analysis. Aggregation may have occurred during the sample preparation stage for

SEM analysis, which includes the drying process.
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Figure 4.4. SEM images of composite nanoparticles a, b) CN-1 and ¢, d) CN-3

The FT-IR spectra of pure materials are shown in Figure 4.5. The beechwood
xylan exhibited an absorption band at 890 cm™! is attributed to the characteristic of -
glucosidic linkage between the xylose units. The band at 3420 cm™ is attributed to the
stretching of -OH group, and also the bands between 1465-1043 cm ! arise from the
stretching and bending vibration of C-O, C-C and C-OH groups (Kumar et al. 2018). The
bands of COO- group from to glucuronic acid units were observed at 1620 and 1466 cm™!
(Garcia-Uriostegui et al. 2018).

In the spectrum of the pure chitosan, the characteristic bands were observed at
3435 cm’! (O-H stretching), 1651 cm™!' (amide linkages) and 1588 cm™! (primary amine
linkages). The bands at 1066 and 1028 cm ! correspond to C-O stretching. The absorption
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bands at around 2921 and 2877 cm! can be attributed to C-H stretching. These are
characteristics band of polysaccharide and are found in other polysaccharides such as

xylan, glucans (Antunes et al. 2015).
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Figure 4.5. FT-IR spectra of pure materials.

The FT-IR spectrum of the composite nanoparticles is given in Figure 4.6. CN-1
and CN-3 were crosslinked with TPP, while CN-7 bound with TPP and STMP (See Table
4.1). Since other nanoparticles contain the same materials at different concentrations, the
FT-IR result for each is not given separately. The band at 3450 cm™ get sharper in the
particles because of the presence of more -OH groups. Since, the entrapment of curcumin
in micelles, the characteristic bands of curcumin at 1605 cm™!, 1502 cm™!, and 1285 cm™!
were hardly seen in nanoparticles. The characteristic bands shift was observed in the
composite nanoparticles because of the potential interaction of protonated amine and/or
amide groups and a negatively charged cross-linking agent. The amine band at 1588 cm”
!shifted to 1545 cm™ and similarly, the amide band shifted from 1648 cm to 1637 cm™.
The band at 2988 cm™! were also sharper which could be based on the presence of more
number of C—H groups in the nanoparticles. Additionally, TPP and STMP had a very
sharp characteristic bands for the P-O-P band at 892 cm™ and 991 cm™!, respectively (See
Fig. 4.5). The intensity of this band decreased significantly after polymerization, it
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indicates cross-linking between the negatively charged oxygen and the positively charged
ammonium groups. All these facts suggest that curcumin loaded xylan/chitosan

composite nanoparticles were successfully obtained.

CN-7

% Transmittance

4000 3000 2000 | 1000
Wavenumber cm™

Figure 4.6. FT-IR spectra of cur-P123 micelle loaded composite nanoparticles.

To strengthen the interaction between curcumin-loaded micelles and
polysaccharides, curcumin was encapsulated in SDS-modified P-123 micelles (see
section 3.2.3). The ionic interaction between positive groups of chitosan with SDS could
be more stable loaded nanoparticles. Both STMP and TPP were successful in inducing
nanoparticle formation and the chitosan was able to keep the xylan in the system
successfully (Table 4.2). In all different conditions xylan could be incorporated in the

system and xyan content of composite particles reached 39.0%.
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Table 4.2. The composition of composite nanoparticles and incorporated

xylan into SDS modified cur-P123 micelles loaded nanoparticles.

P-123 SDS  Xylan Chitesan TPP STMP  vian

Cod tent
@ @ @y @ @ @y T
CN-11 1.0 1.0 0.84 0.84 1.67 1.67 37.8
CN-12 1.0 3.3 0.84 0.84 1.67 0 39.0
CN-13 1.0 10.0 0.84 0.84 1.67 X 38.9
CD-14 1.0 3.3 0.84 0.84 0.84 0.84 37.0

SEM images of composite nanoparticles produced with SDS modified cur-P123
micelles are given in Figure 4.7. Particles were with a range of diameter of approximately
130-260 nm, but it was difficult to separate individual nanoparticles in SEM images due
to the dense structure and agglomeration. The phase separation was observed during the
preperation of CN-11 particle (contained 1.0 mM SDS). This might be due to the SDS

concentration which was much below the critical micelle concentration (CMC of SDS: 8

mM).
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Figure 4.7. SEM images of composite nanoparticles a) CN-12; b) CN-11; ¢) CN-13.

The FT-IR spectrum of the cur-P123-SDS loaded nanoparticles and pure SDS are
given in Figure 4.8. In the spectrum of the pure SDS, the characteristic bands were
observed at 1216 and 1080 cm ™! for asymmetric and symmetric stretching of the S=0,
and at 995 cm ! shows the asymmetrical stretching vibration of C—O—S. The absorption
bands at 1469 and 1380 cm™! correspond to the asymmetric and symmetric deformation
vibrations of CH3, respectively. The bands at 2952, 2916, and 2850 cm ™! represent the
asymmetric stretching vibration of CH3, asymmetric and symmetric stretching of CHa,
respectively (Ren and Zhang 2020).

In the specturum of composite nanoparticles, the typical characteristic bands, the
asymmetric- symmetric stretching of S=O at 1216 and 1080 cm !, and the stretching
vibration of S-O-C at 812 cm™! belonging to SDS. The bands of the COO- group from
glucuronic acid units belonging to xylan were observed at 1620 and 1460 cm™! in the
nanoparticles. The characteristic amide band shift from 1648 cm to 1637 cm™ was

observed in the composite nanoparticles because of the potential interaction of protonated
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amide groups and a negatively charged cross-linking agent. The intensity of the P-O-P
band at 892 cm-1decreased significantly after polymerization with TPP, it indicates cross-
linking between the negatively charged oxygen and the positively charged ammonium

groups. (Garcia-Uriostegui et al. 2018; Amri, Husseinsyah, and Hussin 2011).
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Figure 4.8. FT-IR spectra of cur-P123-SDS micelles loaded composite nanoparticles.

4.3.2. Curcumin Entrapment Efficiency

The entrapment efficiency of curcumin was calculated using data obtained by

UV spectrophotometer as described in section 4.2.3. To accurately measure curcumin
spectrophotometrically, calibration curves of free curcumin, cur-P123 micelle and cur-
P123-SDS micelles were obtained. The calibration curves were presented in Appendix D.
One of the most important parameters in the evaluation of drug delivery systems

is entrapment efficiency of drug. The percentage of drugs successfully entrapped in the

carrier (EE %) and the mass fraction of the drug in the nanoparticle (LC %) are shown in
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Table 4.3. The EE % was reached 90 in the CN 1-7 particles that 1 mM P-123 used,
regardless of polysaccharide or crosslinking agent concentrations. The EE % of CN 8-10
particles that 3.3 mM P-123 used decreased to 20%, dramatically. P-123 molecules are
aggregated as micelles at a concentration of approximately 0.1 mM, and the transition
from spherical to cylindrical form begins at 10 mM (Cihan et al 2017; Petrov et al. 2008).
Tight and spherical micelles were obtained with the 1 mM P-123 (See Fig. 1d-g). On the
other hand, the 3.3 mM P-123, probably caused the shape of the micelles to change and
the formation of a viscous structure during the thin film formation. Hence, the solubility
of curcumin decreased in the micelles, resulting in a low EE %. As a result, when there
were enough polysaccharides and crosslinking agents in the system, the EE % could be
related to the ability of P-123 micelles to capture curcumin in their core.

LC % depends on the nanoparticle entrapment capacity of the curcumin micelles
and the ability of the crosslinking agent to keep the system together. The very low LC%
of the CN 8-10 particles could be attributed to the low EE%. The CN 11-13 nanoparticles
that containing SDS modified micelles showed relatively lower EE % and LC% than un-
modified ones. Therefore, SDS was not used in further studies. The CN 1-6 nanoparticles
had very promising LC % and EE %. They can have great potential as a drug carrier. Due
to its high loading capacity, low quantities of carriers would be required to deliver the

drug to the site of interest, thus minimizing potential toxicity and immune reactions.
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Table 4.3. Composition, encapsulation efficiency, and loading capacity of

composite nanoparticles.

P-123 SDS Cur Xyl Cs Tpp Stmp  EE LC

Code _mM) _(mM) _(mv) g @L) @b @) ") (W)
CN-1 1.0 0 0.045 084 084 0.84 0 93 10.0
CN-2 1.0 0 0.045  1.67 1.67 1.67 0 93 6.0
CN-3 1.0 0 0.045 0.84 0.84 1.67 0 92 9.8
CN-4 1.0 0 0.9 1.67 1.67 1.67 0 91.1 11.0
CN-5 1.0 0 0.9 0.84 084 0.84 0 93.4 19.0
CN-6 1.0 0 0.9 1.67 1.67  0.84 0 93 10.0
CN-7 1.0 0 0.9 0.63 0.63 1.25 1.25 77 5.1
CN-8 33 0 0.9 1.67 1.67 0 1.67 47 1.0
CN-9 33 0 0.9 1.67 1.67  0.25 0 20 0.3
CN-10 33 0 0.9 1.67 1.67 1.67 0 20 0.3
CN-11 1.0 1.0 0.045 084 0.84 1.67 1.67 76 1.0
CN-12 1.0 33 0.045 084 0.84 1.67 0 57 5.6
CN-13 1.0 10.0 0.045 084 0.84 1.67 0 82 5.0

Cur: Curcumin, Xyl: Xylan, Cs: Chitosan, EE: Encapsulation efficiency, LC: Loading capacity.

4.3.3. Effect of upper Digestive System pH on Nanoparticles

The first biological barrier against any delivery system that is administered orally
and is targeted to the colon is the harsh acidic conditions in the stomach (pH 1-2.5). Then
the pH rises rapidly in the small intestine and reaches its highest pH level (pH 7.4) in the
terminal ileum (Bratten and Jones 2006; Nugent, Rampton, and Evans 2001; Ibekwe et
al. 2008). In both of these pH conditions, the carrier system is expected to protect the drug
and prevent the burst release of drug.

The release of curcumin (also it can be called loss) over time was presented in
Figure 4.9. The major burst curcumin release was not observed in the first 60 min at pH
1.2. A maximum release of 9% was observed in CD-17. The loss of curcumin in the early
stage might have resulted from curcumin condensed in the outer region of the particles.
The release of curcumin slowly increased throughout the incubation (pH 7.4). A

maximum curcumin loss of 19% was observed in CD-17.
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Figure 4.9. The effect of the GIT pH on the micelle embedded xylan/chitosan
nanoparticles. (diamond: CD17; square: CD 16; triangle: CD15)
Composition of nanoparticles:

Code XYL (gL) CS(gL) TPP(glL)

CD15 0.84 0.42 0.42
CD16 1.67 0.42 0.42
CD17 2.52 0.42 0.84

Curcumin release in the upper GIT pH can vary depending on the mainly polymers
and crosslinking agent concentration. The effects of polymer ratio and crosslinker on
curcumin loss are shown in Figure 4.10. Release was monitored for 60 minutes at pH 1.2,
followed by 90 minutes at pH 7.4 These graphs were generated by taking the highest
release of curcumin at upper GIT pH (after 140 min). The xylan concentration was
increased while the concentration of TPP and chitosan was kept constant at 0.84 g/L. The
use of 1:1 polysaccharides ratio has the lowest curcumin release (~5.0%). As the
xylan/chitosan ratio increased, drug release increased in parallel. However, this is not
originated the inability of xylan to withstand these conditions. Because it is known that
xylan can reach the last parts of the large intestine without being affected by the upper
GIT (Hopkins et al. 2003). The factor here can be attributed to the low ratio of chitosan,
which allows keeps xylan in the system with electrostatic interactions.

Furthermore, the response to pH conditions in the upper digestive tract is also
highly dependent on the concentration of the crosslinking agent. In different studies,
increasing cross-linking agent concentration has been successful in increasing the

stability of particles or films structures and minimizing drug loss (McConnell, Murdan
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and Basit 2008; Avadi et al. 2010). In order to test the TPP effect, six different composite
nanoparticles with a constant polysaccharide ratio and gradually increased TPP
concentration were produced. In line with other studies, increasing TPP concentration
reduces curcumin loss (Fig. 4.10b). However, the effect of cross-linking agent and
polysaccharides ratios on the stability of nanoparticles should be interpreted together with

the release of curcumin in the colon (See section 4.3.4).
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Figure 4.10. Effect of a) xylan to chitosan ratio and b) cross-linking agent (TPP) on
curcumin release in upper GIT pH.
(in a: TPP and chitosan concentration was constant at 0.84 g/L, in b: xylan and chitosan
concentrations were kept constant at 0.84 g/L).

4.3.4. Curcumin Release from Nanoparticles

Microbiologically activated polysaccharide-based drug delivery systems carry the
drug along the upper digestive tract and arrive the colon. Then, in the colon, the glycosidic
bonds in the drug-coating polysaccharides are hydrolyzed by the major saccharolytic
species like Bacteroides and Bifidobacterium (Sinha and Kumria 2001). Thus, the drug
can be released at the targeted site. When the produced composite nanoparticles reach the
colon, they can be fermented by the microbial community and release drugs. To monitor
curcumin micelles, release by microbiologically digesting xylan, B. ovatus species, which
is known to ferment xylan and is included in a critical xylanolytic group in the human

colon microbiota, was preferred. However, curcumin micelles released from the carrier
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system can be digested by B. ovatus as a carbon source and give false negative results
during curcumin measurement. Therefore, curcumin micelles were produced as described
in section 3.2.1 and tested for degradation by B. ovatus. Glucose-containing medium was

used as a positive control. The result showed that B. ovatus did not degrade or utilize

curcumin loaded in the micelles (Fig. 4.11).

1.2 A

0.8 1

0.4 1

Absorbance (nm)
(=]
N
—e—
e
I_e_l

0.2 i

HbH

! !

0 I T T T T T T T
0 10 20 30 40 50 60 70

Time (h)

Figure 4.11. The growth of B. ovatus and B.lactis on glucose and cur-P123 micelles.
(closed: B. ovatus; open: B.lactis; triangle: cur-P123 micelle; circle: glucose)

The release of curcumin from the composite nanoparticles by bacterial activity
was monitored. The Basal medium at pH 6.8 containing nanoparticles was inoculated by
B. ovatus. The xylan in the nanoparticles was sole carbon source in the culture medium.
Before the release test, nanoparticles were pre-imcubated at the upper GIT pH as
described above. Spontaneous release of curcumin was also monitored, as the control.
Three different nanoparticles were selected for release studies. The composition of the

particles are given in the Figure 4.12 caption.
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Figure 4.12. Curcumin release from composite nanoparticles with and without bacterial
degradation. (square: with bacteria; circle: without bacteria)

Code XYL (g/L) CS(gL) TPP(gL)

CN-15 0.84 0.42 0.42
CN-16 1.67 0.42 0.42
CN-17 2.52 0.42 0.84

The spontenous curcumin release from CN-15 which had the lowest
xylan/chitosan ratio was 5.6%. The bacterial dependent release reached 14.5 % at 72 h.
The spontenous curcumin release from CN-16 was higher than CN-15, reached maximum
of 10.3%. In B. ovatus dependent curcumin release, while it was 3.5% in the first h, it
increased rapidly and reached 27.8% at 24 h. The release within the first h was most likely
due to non-bacterial release. CN-17, which had highest xylan ratio (6:1), showed the
highest curcumin release. The release of non-bacterial curcumin was around 9.0%, quite
similar to CN-16. The bacterial-dependent release reached 33.1% at 72h. As a result, the
composite nanoparticles can release curcumin owing to the saccharolytic enzymes of a
bacterial species localized in the colon. The increase in xylan concentration in composite
nanoparticles increases the drug release in parallel.

Xylan can serve different roles in the drug delivery system developed in this study.
Firstly, it protects the cur-P123 micelles from the upper GIT conditions due to its resistant
to low pH (Ge et al. 2021). Secondly, it allows curcumin release in the colon, by its
degradation by the colonic bacteria. Lastly, xylan degradation products, namely xylose
and xylooligosaccharides are utilize by specific bacterial species as the carbon source.
This prebiotic activity provides several health benefits to the host. The health-promoting
effects of prebiotic substrates are generally attributed to the induction of beneficial

species and the production of short-chain fatty acids (SCFA). Although xylan is mostly
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not fermented by beneficial bacteria (e.g. Bifidobacterium species), the various in vitro
and in vivo studies showed that it can induce an increase of beneficial species and SCFA
production (Neyrinck et al. 2011; Nielsen et al. 2014; Van den Abbeele et al. 2011). This
is associated with the substrate cross-feeding phenomenon between some species in the
colon. An example of this is the cross-feeding of xylan between B. ovatus and B. lactis
(Zeybek, Rastall and Buyukkileci 2020). While drug release occurs with the utilization
of xylan by B. ovatus, B. lactis can increase their number owing to the cross-feeding
interaction and contribute to organic acid production. In this study, when these two
species were incubated together in the drug release medium, succinate, lactate, and acetate
were released by the species (Table 4.4). It has been reported in previous studies that
Bacteroides and Bifidobacterium could not produce succinate and lactate as end products,
respectively (Chassard et al. 2008; Louis and Flint 2009; Macfarlane and Macfarlane
2003; Hughes et al. 2007). The presence of both lactate and succinate in addition to
acetate indicated that the two species were actively growing and releasing respective

organic acids as the end products of their fermentative metabolism.

Table 4.4. Organic acid production

Sample Time (h) Succunate (mM) Lactate (mM)  Acetate (mM)

CN-16 24 0.685+0.03 2.999+0.11 7.118 £0.99
48 0.242 + 0.01 3.45+0.35 7.305+0.31
CN.17 24 0.637 +0.03 3.096 = 0.08 6.518 +0.15
48 0.465 +0.09 3.765+0.14 7.478 £0.21

4.3.5. Cytocompatibility of Nanoparticles

The cytocompatibility of composite nanoparticles was measured through MTT
assay with Caco-2 cells. The MTT assay is a colorimetric assay that measures cell
metabolic activity. It based on the reduction of the tetrazolium dye MTT through the
nicotinamide adenine dinucleotide phosphate (NADPH)-dependent cellular
oxidoreductase enzyme of living cell mitochondria. MTT transforms into purple colored

insoluble formazan crystals, and then the dissolved crystals are quantified by measuring
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absorbance at 500-600 nanometers. MTT reduction, which is dependent on cellular
metabolism, is low if cellular metabolism is low, and vice versa (Miri, Darroudi, and
Sarani 2019; Berridge, Herst and Tan 2005).

The cell viability after the 24 h cultivation of cells in the sample-containing
medium is shown in Figure 4.13a. The results did not show any significant cytotoxic (p<
0.01) effect for composite nanoparticles and micelles even for high concentrations (500
pug/mL). These results indicate the xylan and chitosan that cross-linked with TPP provide
a non-toxic coating on the pluronic micelles. In addition, as shown in Figure 4.13b and c,
the morphology of cells exposed to nanoparticles did not change significantly. The
synthesized carrier can carry any active material entrapped therein without causing any

cytotoxic effect and it can be used in biological applications.
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Figure 4.13. MTT cell viability assay of composite nanoparticles (a), morphology of
cells before treatment (b), and after treatment with 500 ug/mL of composite
nanoparticles (c).

4.4. Conclusions

In this study, xylan based composite nanoparticles with the micellar core were
synthesized for effective delivery of the hydrophobic drug to the colon without
deterioration or pre-releasing in the upper GIT. Xylan successfully precipitated on
curcumin-loaded P-123 micelles owing to chitosan and TPP by ionic gelation technique,
and spherical and nanosized xylan based nanoparticles were produced. In addition to the

cross-linking of chitosan with TPP, xylan incorporated into nanoparticles owing to the
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hydrogen bonds and electrostatic interactions between the hydroxyl and amine groups in
the chitosan and the hydroxyl groups in the xylan molecules. Also, through chitosan,
nanoparticles can improve drug permeability in the colon by providing long-term
residence time on mucosal surfaces. The xylan based nanoparticles minimized the drug
loss in the upper GIT pH, and released the drug as a result of xylan degradation. Although
it has been observed that nanoparticles released drugs by B. ovatus activity, the in-ivo
performance of nanoparticles should be investigated in clinical studies. Additionally, it
was observed that polymer ratios and crosslinking agent concentration were important
parameters in the drug release behaviors of carriers. In colon-targeted oral drug delivery
systems, the optimizing of these compositions of nanoparticles should be considered to
regulate drug protection and release. Besides the targeted delivery of hydrophobic drugs,
the degradation of xylan could potentially contribute to colon health through prebiotic
action.

Overall, xylan-based nanoparticles with a micelle core provide a promising and
safe approach for colon-specific drug delivery. Since such a carrier is not drug-specific,
it can be extended to the delivery of a broad range of hydrophobic drugs. Additionally,
given the increased concern about the environment and sustainability in recent times,
xylan a green biopolymer from a renewable source is promising for drug delivery

applications.
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CHAPTER 5

PRODUCTION OF XYLAN/CHITOSAN COATED
MESOPOROUS SILICA NANOPARTICLES

5.1. Introduction

In recent years, there is great interest in developing new systems for more
effective oral delivery of therapeutic agents through the gastrointestinal tract (GIT). The
colon, last part of the GIT, long residence time, low hydrolytic enzyme activity, near-
neutral pH, and much greater responsiveness to absorption enhancers provide an
important opportunity for the absorption of drugs (Sinha and Kumria 2001; Shimono et
al. 2002). In addition, colon-targeted delivery allows the treatment of various colon
diseases like inflammatory bowel disease, ulcerative colitis, colon cancer and Crohn’s
disease. However, developing new formulations for efficient oral delivery of drugs with
low permeability, low metabolic stability, poor water solubility, are still very challenging
for the pharmaceutical industry. Further, traditional oral delivery systems are hampered
by various factors, such as reduced control over the rate of drug releases (eg. an burst
release of drugs), failure of targeted drug delivery, or potential drug degradation in the
upper GIT (stomach and small intestine). In this context, various smart drug delivery
approaches for targeted drug delivery systems have been considered. To overcome such
various limitations, mesoporous silica nanoparticles (MSNs) have been proposed as
promising candidates.

MSNs have been well recognized as potential carriers for drug delivery systems
due to their hydrophilicity, biocompatibility, and non-toxicity, adjustable pore diameter,
modifiable surface properties, and surface-area-to-volume ratio that allow them to keep
significant cargo (Vallet-Regi et al. 2007; Rosenholm, Sahlgren, and Linden 2011; Baeza,
Colilla, and Vallet-Regi 2014; Argyo et al. 2014). Monodisperse, spherical silica
nanoparticles have been synthesized by the modified Stober method, which uses the

principles of sol-gel process (Stober et al., 1968). Stober et al. developed a synthesis based
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on the hydrolysis and condensation of silicon alkoxides (TMOS, TEOS, etc.) in the
ethanol-water mixture as solvent and ammonia as a base catalyst. Based on a Stober-like
approach, it is possible to synthesize mesoporous silica nanoparticles of uniform size by
condensing the silicate source around this micelle template, using micelles formed by a
cationic surfactant as the templating agent. Griin, Lauer and Unger (1997) first produced
submicrometer-scale MCM-41 particles (Mobil Crystalline Material) using a modified
Stober synthesis, and then mesoporous silica nanoparticles below 50 nm using a binary
surfactant system or dialysis process.

Drug release mechanisms in MSNs are based on diffusion or erosion. The
diffusion process can occur spontaneously without any control, or it can occur with a
trigger mechanism. Although MSNs show excellent properties for enhancing the oral
bioavailability of poorly water-soluble drugs, the pre-release or burst release of drugs into
the targeted area is one of the well-documented disadvantages of MSNs (Popat et al. 2011;
Rosenholm, Sahlgren, and Linden 2011; Popat et al. 2012). In this sense, the pores of
MSNSs can be capped by using stimuli-sensitive barriers or coating materials. Thus, the
pores of MSNs exposed to external stimuli can be triggered to opening, allowing drug
release. The stimuli-responsive drug release characteristic in MSNs can allow the drug
release only at the target site and dose regulation. The trigger factors can be external such
as magnet, light, temperature, and internal stimuli such as pH, redox, enzymes (Vallet-
Regi et al. 2018; Bansal et al. 2020).

In colon-targeted drug delivery applications, with an inorganic-polymeric
nanohybrid system based on MSNs, therapeutic agents can reach the colon while
maintaining their stability throughout the gastrointestinal tract. In addition, they can
acquire functional characteristics such as controlled release which is sensitive to stimuli
such as pH, time, temperature, chemicals, and enzymes. (DeMuth et al. 2011; Muhammad
et al. 2011; Aznar et al. 2009; Park, Lee, and Oh 2007; Vivero-Escoto et al. 2009; Coll et
al. 2011). Because of these potential applications, hybrid systems are receiving
widespread attention.

By using polymers that are especially biodegradable by colonic bacteria in the
hybrid system, functional particles can be produced for colon targeting approaches.
Fermentation of polysaccharides by colonic microflora is popular as a triggering
mechanism to achieve colon-specific drug delivery (Amidon, Brown, and Dave 2015).
This microbiologically activated delivery system has been developed as a variety of

delivery strategies because it is independent of gastrointestinal transit time, pH, osmotic
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pressure, or disease conditions and maintains its structure up to the target site. Therapeutic
agents transported by biodegradable polymers can be released to the target site, colon, by
degradation by microorganisms or digestion by an enzyme or degradation of the polymer
backbone (Shimono et al. 2002). In addition to all these, it is remarkable to use low-cost,
abundant in nature, chemically and biochemically changeable, stable, safe and non-toxic
structures in a drug delivery system. Xylan, the most common hemicellulose and
comprises xylose units linked by B-(1—4) glycosidic linkage, was one of the natural
products used in the design of polymeric composite nanocarriers. It is found in the
secondary cell walls of perennial plants and can be readily found in forest/pulping
industry debris and side streams. It is one of the most abundant biopolymers in residues
produced by the agricultural industry. Xylan-based films and hydrogels (Sun et al. 2013;
Gao et al. 2016; Cao et al. 2014; Garcia-Uriostegui et al. 2018; Peng et al. 2011), micro
and nanoparticles (Nagashima et al. 2008; Silva et al., 2013; Silva et al. 2007; Cartaxo da
Costa Urtiga et al. 2017; Garcia et al. 2001; Marcelino et al. 2015; Martinez-Lopez et al.
2019), and prodrugs (Kumar et al. 2018; Sauraj et al. 2017, 2019, 2020; Daus and Heinze
et al. 2010) have been studied for use in drug delivery systems.

Chitosan which is one of the most widely used natural polymers in drug delivery
systems was used to produce xylan based nanoparticles due to its unique properties and
particularly positive charge. Chitosan, obtained by deacetylation of chitin, composed of
B-(1—4) linked linear copolymer, containing N-acetyl-D-glucosamine and D-
glucosamine units with one amino (NHz) group and two hydroxyls (OH) groups in each
repeating glycosidic unit (Ali and Ahmet 2018). Chitosan is suitable for chemical
modifications due to the presence of reactive amino and hydroxyl groups in the molecular
chain. It can be easily processed in different functional forms such as gel, nanofiber,
membrane, bead, nanofibril, nanoparticle, microparticle, scaffold, and exhibit bioactivity,
biodegradability, biocompatibility, toxicity, and antimicrobial properties. (Subramanian
et al. 2005; Sanyakamdhorn et al., 2013; Tang et al., 2014).

In this chapter, taking advantage of the stability of the xylan in the upper digestive
system and its biological degradation, xylan and chitosan coated composite silica
nanoparticles were developed for the efficient colon-targeted oral delivery of a
hydrophobic active substance. Schematic representation of curcumin loaded polymer
encapsulated silica nanoparticles is shown Figure 5.1. Firstly, porous silica nanoparticles
were produced and loaded with soluble curcumin. The solubility of curcumin was

achieved with the TX-100 surfactant. Curcumin loaded silica nanoparticles were coated
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with xylan and chitosan to protect them from the upper digestive system, and to activate
microbiologically in the colon. Bacteroides species known to ferment xylan was used for

drug release test.

curcumin Triton X-100

ARV o

T e 'O: 4 Xlan —> I
O chitosan

Mesoporous Silica Nanoparticle Polymer Coated Curcumin Loaded
Mesoporous Silica Nanoparticle

Figure 5.1. Schematic representation of curcumin loaded polymer encapsulated
silica nanoparticles

5.2. Materials and Methods

Beechwood xylan from Megazyme (Bray, Ireland) was composed of (w/w) xylose
(80.8 %), glucuronic acid (11.4 %), other sugars (4.9 %), protein (0.3%), ash (2.4%), and
moisture (2.4%). Triton X-100 (TX-100), low molecular weight chitosan, tetraethyl
orthosilicate (TEOS), curcumin, and sodium tripolyphosphate (TPP) were of analytical
grade and purchased from Merck (Darmstadt, Germany).

Bacteroides ovatus DSM-1896 and Bifidobacterium animalis subsp. lactis DSM-
10140 were purchased from Leibniz Institute DSMZ-German Collection of
Microorganisms and Cell Cultures. For inoculum preparation and storage purposes,
strains were grown anaerobically in Wilking Chalgren Medium (WCM) and Reinforced
Clostridial Medium (RCM). The composition of WCM and RCM sre shown in Appendix
A. Strains were stored at -80°C in the medium supplemented with 20% glycerol as a
cryoprotectant.

Human colon cancer cell line Caco-2 (ATCC® HTB-37 ™) was purchased from
American Type Culture Collection (ATCC) (Rockville, MA, USA).
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5.2.1. Synthesis of Mesoporous Silica Nanoparticles (MSNs)

For the synthesis of mesoporous silica nanoparticles (MSNs); a cationic
surfactant, CTAB (1mM), was dissolved in 50 ml of distilled water. Later, 4 ml of NHsOH
was added and mixing was continued for 5 min. Then 4 ml of TEOS was added to the
solution by rapid addition. The solution was stirred on a magnetic stirrer for 2 h. The
solution was centrifuged and the supernatant was removed. Finally, the pellets were
calcined in an oven at 550°C for 5 h. The flow sheet of the synthesis is presented in

Figure 5.2.

CTAB ——> d-water <—— NH,;OH

<— TEOS

Silica production

i

Calcination 500°C 5h

Figure 5.2. Production of mesoporous silica nanoparticles.

5.2.2. Curcumin loading in MSNs and coating with polymers

A non-ionic surfactant, TX-100, was used to make curcumin water-soluble. Drop
by drop, 1.0 mM TX-100 was added into the aqueous curcumin solution to avoid micelle
formation. After the proper amount of TX-100 addition, insoluble curcumin molecules
were removed by centrifugation. To calculate the amount of soluble curcumin in the
supernatant, the pellet was dissolved in ethanol homogeneously and the absorbance at
420 nm was measured spectrophotometrically. The amount of curcumin was subtracted
from the initial amount of curcumin after being calculated from the standard curve, which

was generated based on known curcumin concentrations.
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Silica nanoparticles were soaked in a curcumin solution (30 mL) and the
suspension was mixed on a magnetic stirrer for 3 h at room temperature to allow curcumin
to enter the pores. The supernatant was analysed using UV-visible spectrophotometry at
420 nm to evaluate absorbed curcumin on the MSNs. After, chitosan (0.5% w/v) and
xylan (0.5% w/v) solutions were added and stirring was continued for 1 more h. Finally,
TPP (0.5% w/v) was added as a crosslinker and stirring was continued additional 30 min.
Encapsulated silica nanoparticles were separated from the solution by centrifugation and
particles were freeze-dried. A generalized flow sheet of the synthesis is presented in

Figure 5.3.

d-water <—— Curcumin

T-X100 ——>

Soluble Curcumin

<— Porous Silica

Mixing 3h

Xylan Solution ———> <— Chitosan Solution

Mixing 1h

l/ <— TPP

Polysaccharides Coated
Silica Particles

Figure 5.3. Production of curcumin loaded xylan/chitosan encapsulated MSNs.

5.2.3. Characterization

The surface morphology and size of particles was analyzed using Scanning
Electron Microscopy (SEM) (Philips, XL-30S FEG, Netherlands). Samples for SEM
analysis were prepared from both powder and liquid suspensions. Liquid samples were

dropped onto the aluminium sample holder, and stored in a moisture-free environment at
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room temperature. Lyophilized particles were attached to the sample holder. All samples
were coated Au before analysis for the conductivity of the samples.

The zeta potential distribution of the MSNs was determined by the dynamic light
scattering (DLS) technique using a Malvern Zetasizer Nano ZS instrument (Malvern
Instruments, UK). Prior to the measurement, all samples were diluted with deionized
water to obtain a suitable scattering intensity.

FTIR measurements were taken in the range of 450-4000 cm™! using Perkin Elmer-
UATR Two FT-IR spectrometer (UK).

The specific surface area and porosity measurement of the MSNs were performed
by the Brunauer, Emmet and Teller (BET) method in liquid nitrogen environment at 77

K, based on nitrogen (Nz) gas adsorption technique.

5.2.4. Effect of Upper Digestive System pH on C-MSNs

The effect of the digestive system pH on the nanoparticles was tested in simulated
gastric and small intestinal fluid without enzymes. The composition of the simulated
intestinal fluid (pH 7.4) is KH2PO4 (6.8 g/L) and NaOH (0.9 g/L); the simulated gastric
fluid (pH 1.2) is NaCl (2.0 g/L) and HCI1 (7 ml/L).

Curcumin-loaded MSNs (C-MSNs) with or without polymer-coating (10.0 g/L)
were added into the simulated gastric fluid (pH 1.2) and incubated at 37 °C in a shaker at
150 rpm. After 60 min, the nanoparticles were collected by centrifugation and transferred
into simulated intestinal fluid and incubated at 37 °C for an additional 2 h in a shaker.
Throughout the incubation, samples were taken for curcumin analysis and replaced by

fresh medium.

5.2.5. Curcumin Release from Polymer Coated C-MSNs

In this part of the study, curcumin releasing as a result of bacterial digestion of
polymers forming the outer shell of MSNs was tested. To test this, B. ovatus was used.
Basal Medium was used as a fermentation/release medium for growth of Bacteroides
species (Palframan, Gibson, and Rastall 2003). The composition of Basal Medium is

shown in Table A.3 in Appendix A.
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The tubes containing 3 ml Basal medium at ph 6.8 except for heat-sensitive
materials (haemin and vitamin K;) were sealed with a layer of paraffin and incubated for
at 90°C for 30 min creating an anaerobic environment (Hoseinifar et al. 2017). After the
sterilization at 121°C for 15 min, the heat-sensitive materials, which were sterilized by
membrane filter (pore size, 0.2 um) were added in the sterile condition.

Nanoparticles (1.0% w/v) were added to the basal medium as a sole carbon source.
After inoculation the organism (1.0 %), the tubes were incubated at 37°C for 48 h. In the
samples taken at intervals, curcumin released into the growth medium was measured by
spectrophotometrically at 420 nm. The percentage of released curcumin was calculated

using Eq. 5.1.

Released curcumin

Curcumin Release % = - x 100
Total curcumin

(5.1)

Organic acid production: For the analysis of organic acids, High-Performance
Liquid Chromatography (HPLC) was used. Calibration curves given in Appendix C were
obtained using standard organic acid solutions at certain concentrations. The operational
conditions and the procedure used for organic acid analysis in HPLC are given section

4.2.5.

5.2.6. In vitro cell culture

For in vitro cell culture studies human colon cancer cell line Caco-2 was used.
The growth medium was Eagle's Minimum Essential Modified” medium containing 15%
fetal bovine serum (FBS), 1% non-essential amino acid, 1% penicillin-streptomycin, and
1% sodium pyruvate. For the growth of the cell line, incubation was carried out 21 days
in an oven with 95% humidity and 5% CO- at 37 °C. The procedure applied to thaw the
Caco-2 cells stored in the freezer and to reach the appropriate form for the tests was as
follows: Firstly, frozen cells were quickly thawed in a 37°C water bath. Then, it was
transferred to a centrifuge tube containing MEM at the appropriate temperature (37°C).
After centrifuging the cell suspension, the supernatant was removed. Pellet (cells) were
resuspended in the growth medium and incubated in flasks. Cells were passaged when

80% confluent in the flask (2-3 times per week). Passage numbers were kept between 15-

68



30 throughout the experiments. Adherent cultures need to be passaged by transferring
them to a new vessel a fresh growth medium while in the log phase before reaching

confluence. The procedure is given section 4.2.6.

Cytocompatibility of nanoparticles:

Cytocompatibility studies of the bare nanoparticles were evaluated by MTT assay.
The cells were seeded in 96-well plates (4x10%cells/well) and after reaching 50%
confluency, the cells were treated with various concentrations of samples which were
prepared by dilution with media. After the 24 h incubation, the growth medium was
removed from each well and washed with the medium. The cells were incubated with
MTT solution at 37 °C for 4 h and the resultant dark-blue formazan crystals were
dissolved in DMSO. The absorbance of the solution at 570 nm was detected using a
Multiskan go plate reader (Thermo Scientific, USA). The experiments were conducted in

triplicate and the percent cell viability was determined by Eq. 5.2.

Cell viabilitv % Mean absorbance of the sample 100
= X
o Iy 7 Mean absorbance of control

(5.2)

5.3. Results and Discussion

5.3.1. Mesoporous Silica Nanoparticles (MSNSs)

The SEM images of these MSNs are presented in Figure 5.4. The MSNs were
synthesized using 1.0 mM CTAB at room temperature. The average particle sizes ranging
from 200-230 nm and uniform spherical nanoparticles were produced. During the
formation of mesoporous silica nanoparticles, the reaction temperature and surfactant
concentration have significant effects on the particle size and shape. Based on previous
studies in our laboratory, it has been observed that CTAB concentration rather than
temperature affects the size and shape of the particles (Siretli 2012). It has been observed
that the particles obtained with CTAB concentration between 50.0 mM-1.0 mM have

spherical and smaller dimensions as the CTAB concentration decreases.
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Figure 5.4. SEM images of MSNs.

5.3.2. Polymer Coated C-MSN

The dissolution of curcumin in water was achieved before loading into silica
nanopores. For this purpose, a non-ionic surfactant T-X100 was preferred to larger
surfactant molecules like P-123 considering the size of the silica pores (below 10 nm).
The surfactants form micelles at CMC, but in order not to allow micelle formation, T-
X100 concentration was kept below CMC and added dropwise to the curcumin-water

mixture.

Figure 5.5. Solubility of curcumin a) free form and b) TX-100 molecules in water.

The loading efficiency of curcumin into the pores of silica nanoparticles was
found to be as high as 85.7%. The entrapment efficiency of drugs is regarded as one of

the most important parameters in the evaluation of drug delivery systems.
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SEM images shows that, the curcumin loaded xylan/chitosan-coated MSNs were
roughly spherical and non-uniform in size with a range of diameter of 250-400 nm (Fig.
5.6). The increase in the size of these particles suggests that the coating with xylan and
chitosan was carried out successfully. The relatively wide range in the size distribution
may have been due to the lack of homogeneity of polymers during. After coating with
polymers, the nanoparticles tend to aggregate, due to the high density of polymers which
results in coalescence. The presence of small and large fragments by the input of energy

during nanoparticle synthesis can be another factor (Andreani et al. 2014).
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Figure 5.6. SEM images of curcumin loaded and xylan/chitosan-coated MSNSs.

To coat MSNs, two physical interactions between the polymers (xylan/chitosan)
and the cross-linking agent (TPP) had been utilized. The relationship between polymers
consists of hydrogen bonds and electrostatic interactions between O—H, N—H groups in
chitosan molecules and O—H groups in xylan molecules. Another interaction is caused by
negatively charged oxygen on the cross-linking agent TPP and positively charged amine
groups on chitosan (Luo et al. 2014; Xu et al. 2012).

The zeta potentials of the coated and uncoted MSNs were presented in Figure 5.7
Uncoated MSNs were charged negatively with a median zeta potential of around -22.53
mV. Whereas the zeta potential of the polymer coated MSNs increased to +5.14 mV due
to the presence of abundant NH; groups on chitosan. The results confirmed that polymers

were coated on the MSNs.
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The cationic nature of chitosan may offer many advantages for colon-targeted
delivery applications. Several studies have revealed that the cationic surface of
nanocarriers has a great influence on its therapeutic efficacy. As the interaction between
the cationic nanocarrier and the negatively charged intestinal mucosa promotes better
contact with the mucosal surface, makes it a promising strategy for adhesion, cellular
uptake or drug release and an advantage for GIT targeting (Coco et al. 2013; Han, Shin
and Ha 2012; Gradauer et al. 2013).
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Figure 5.7. Zeta potential of coated and uncoated silica nanoparticles.

The FT-IR spectra for coated and uncoated MSNs display an absorption band at
around 1080 cm™' and 805 cm™ which is assigned to the asymmetric vibration of the Si—
0Oi-O and symmetric vibration of the Si—O bond, respectively (Fig. 5.8). In the coated
MSN:ss, the shifting of the characteristic band of chitosan was observed because of the
potential interaction of protonated amine/amide groups and a negatively charged TPP.
The amide band shifted from 1650 cm™ to 1640 cm™ and similarly, the amine band at
1588 cm! shifted to 1518 cm™! (Azhary et al. 2019; Loutfy et al. 2016). The band at 898
cm ! can be assigned to the asymmetric stretching vibration of the P—O—P bridge. The
absorption bands at around 2921 and 2877 cm ! can be attributed to C-H stretching which
are characteristics band of polysaccharides. In addition, the bands of COO- group from
to glucuronic acid units were observed at 1620 and 1466 cm ' (Garcia-Uriostegui et al.

2018). Furthermore, the bands at 1502 cm™!' (C=0 and C—C vibrations), and 1265 cm™!
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(aromatic C—O stretching vibration) that are the characteristic bands of curcumin were
observed (Anitha et al. 2012). All these facts suggest that xylan/chitosan-coated C-MSNs

were successfully obtained.

MSNs
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Figure 5.8. FT-IR spectra of pure materials, MSNs, and coated MSNSs.

The nitrogen adsorption isotherms for the MSNs, C-MSNs and polymer coated
C-MSNs are shown in Figure 5.9. According to the Brunauer-Deming-Deming-Teller
classification, the MSNs had a type IV adsorption isotherm, characteristic of hexagonal
ordered mesoporous silica with small pore width. On the other hand, C-MSNs and
polymer-coated C-MSNs isotherms corresponded to type II due to their nonporous or
some macroporous nature (Thommes et al. 2015; Sneddon, Ganin, and Yiu 2015). The
low nitrogen adsorption after loading and coating with polymers affirmed that pores were
mostly blocked. The specific surface area and the pore volume were calculated using the
BET method (Table 1). The surface area, pore volume, and pore diameter of MSNs were
665.95 m?/g, 0.48 cm’/g, and 2.9 nm respectively. After curcumin loading or coating with

polymers, the decrease in surface area and pore volume were prominent.
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Figure 5.9. N, adsorption-desorption isotherms of nanoparticles.

Table 5.1. The surface area, pore volume, and pore size of nanoparticles.

Sample Surface area Pore volume Pore size
(m*/g) (cm¥/g) (nm)
MSNs 665.95 0.48 2.87
C-MSNs 168.68 0.32 5.63
Coated C-MSNs 140.19 0.27 -

5.3.3. Stability of C-MSNs at Upper GIT pH

To simulate upper GIT transit following oral administration, the nanoparticles
were tested at pH 1.2 (stomach) and pH 7.4 (small intestine), at 37 °C with stirring at 100
rpm (Fig. 5.10). At pH 1.2, a high amount of burst drug release was not observed in both
particles at the end of the 30 min. Curcumin release of uncoated MSNs and coated MSNs
was 29.88% and 10.01%, respectively. However, in the following 30 min, the difference
was clearly observed. While a small increase was observed in the polymer-coated MSNs,
the curcumin release reached 73.0% with a rapid increase in the uncoated MSNs. The
drug release of uncoated MSNs increased steadily and at the end of the incubation, the

almost all curcumin was released (99.5%). The release in polymer-coated MSNs at the
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end of incubation was 17.8%. These results clearly demonstrate the effect of polymer

coating of MSNss in inhibiting drug loss through the upper GIT pH.

pH12 pH74
~ 100 3
S s
Q80
< T
E 60 -
_Q
g 40
o 9
5 201 v X L2 L2
ol v
O‘I

0 20 40 60 80 100 120 140
Time (min)

Figure 5.10. The effect of the upper GIT pH on curcumin release
(open: uncoated C-MSNs, cloesed: coated C-MSNs).

In pharmaceutical technology, the protection of carrier materials from the harsh
conditions of GIT (e.g., low pH in the stomach and enzymatic degradation in the small
intestine) is a key issue. Some polysaccharides can maintain their structure through the
physiological environment of the GIT and can only be degraded by bacterial
polysaccharidases. Particularly, microbially activated polymeric systems are less affected
by physiological factors, such as GIT transit time, pH, osmotic pressure, or disease
conditions (Sinha and Kumria, 2001). Chitosan is widely used in drug delivery systems,
however its utilization in colon-specific delivery requires modifications or alternative
approaches. Since chitosan dissolves in dilute acid, chitosan based matrices are unstable
in the stomach. The polymer-coated MSNs prepared in this study were resistant the low
pH of the stomach so that, drug was protected. Thus, the stability can be attributed to the
xylan component in the chitosan-xylan composite coating (Sinha and Kumria, 2001;

McConnell, Murdan, and Basit 2008; Silva et al. 2007).
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5.3.4. Curcumin Release

The release of curcumin from the polymer-coated C-MSNs by bacterial activity
was monitored. The Basal medium at pH 6.8 containing nanoparticles was inoculated by
B. ovatus. The xylan in the coating was sole carbon source in the culture medium. Before
the release test, nanoparticles were pre-imcubated at the upper GIT pH as described
above. Spontaneous release of curcumin was also monitored, as the control.

The non-bacterial curcumin release was an average of 7.45% in the first h, and
increased slightly to 10.2% in 48 h (Fig. 5.11). B. ovatus dependent curcumin release, it
was 7.5% in the first h, it increased rapidly over the 24 h to 46.1%. And at the end of the
fermentation, 53.4 % of the curcumin was released. The results showed that nanoparticles
can release drugs owing to the saccharolytic activity of bacterial species localized in the

colon.
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Figure 5.11. The release of the xylan/chitosan-coated C-MSNs
with and without bacterial degradation at pH 6.8 (closed: with; open: without).

Xylan-chitosan coated MSNs were prevented premature drug release in upper GIT
pH and released curcumin by activating microbiologically. Besides the targeted delivery,
coating material xylan can improve the colon health of the host by inducing the
proliferation of beneficial bacteria. Xylan is considered an emerging prebiotic
carbohydrate. The health-promoting effects of prebiotic substrates are generally attributed

to the induction of beneficial species and the production of short-chain fatty acids
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(SCFA). Although xylan is mostly not fermented by beneficial bacteria (e.g.
Bifidobacterium species), the various in vitro and in vivo studies showed that it can induce
an increase of beneficial species and SCFA production (Neyrinck et al. 2011; Nielsen et
al. 2014; Van den Abbeele et al. 2011). This is associated with the substrate cross-feeding
phenomenon between some species in the colon. An example of this is the cross-feeding
of xylan between Bact. ovatus and B. lactis. While drug release occurs with the utilization
of xylan by Bact. ovatus, B. lactis can increase their number owing to the cross-feeding
interaction and contribute to organic acid production. When they were incubated together
in the drug release medium, succinate (0.70 mM), lactate (2.99 mM), and acetate (6.90
mM) were produced (Table 5.2). It has been reported in previous studies that Bacteroides
and Bifidobacterium could not produce succinate and lactate as end products, respectively
(Chassard et al. 2008; Louis and Flint 2009; Macfarlane and Macfarlane 2003; Hughes et
al. 2007). The presence of both lactate and succinate in addition to acetate indicated that
the two species were actively growing and released as a result of their fermentative

metabolism.

Table 5.2. Organic acid produciton

Sample  Time (h) Succunate (mM) Lactate (mM) Acetate (mM)
24 0.38 £0.054 2.8+0.13 5.3+0.09
Coated

C-MSNs 48 0.70 £ 0.22 2.9+ 0.44 6.9+1.05

5.3.6. Cytocompatibility of Nanoparticles

In addition to the efficient delivery of therapeutic molecules, the biocompatibility
of any carrier formulation is an important consideration for bio-applications. Silica-based
materials are considered "generally safe (GRAS)" materials by the United States Food
and Drug Administration (US-FDA). However, several factors affect the biocompatibility
of MSNs, such as size, morphology, and surface chemistry. For example, the silanol
groups in the outer layer, a negative zeta potential, particle sizes, and any coating
materials of MSNs can affect biocompatibility while also affecting biological parameters
(Chen, Chen and Shi 2013; Kankala et al. 2020; Niculescu 2020; Jafari et al. 2019;
Manzano and Vallet-Regi 2020).

77



The cytocompatibility of the nanoparticles on CaCoz cells was examined by the
MTT assay. The cell viability after the 24 h cultivation of cells in the nanoparticle-
containing medium is shown in Figure 5.12. The results did not show any significant
cytotoxic (p< 0.01) effect for MSNs and polymer-coated MSNs even for high
concentrations (500 pg/mL). These results indicate the xylan and chitosan that cross-
linked with TPP provide a non-toxic coating on the MSNs. Our results suggest that the

synthesized carriers do not cause any cytotoxic effect and it can be used in biological

applications.
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Figure 5.12. MTT assay for cytocompatibility of the MSNs (a) and polymer coated
MSNss (b) with CaCo> cell line. Morphology of cells before treatment (¢) and after
treatment with 500 pug/mL of coated MSNs (d).

Results represent mean cell percent viability + S.D. of triplicate determination.
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5.4. Conclusions

In summary, this study demonstrated a facile strategy to a combination of an
inorganic-polymeric nanohybrid system based on MSNs and xylan/chitosan for use in
colon targeted drug delivery. Although MSNs have been preferred widely as drug carriers
due to their hydrophilicity, biocompatibility, and modifiable properties premature release
is one of the well-documented disadvantages. The coating of MSNs is a very rewarding
oral administration approach that both protects them and allows drug release in the colon.
This study was able to show that, xylan coating of curcumin-loaded MSNs as a shell
prevented drug release from MSNs in the upper GIT pH, and bacterial degradation of
xylan allowed the colon targeted curcumin delivery. In addition to demonstrating the
usability of xylan as a natural, biodegradable, low-cost polymer in drug delivery systems,
increasing the number of beneficial bacteria and SCFA production can provide a

promising advantage to improve colon health.
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CHAPTER 6

PRODUCTION OF CURCUMIN LOADED
BIODEGRADABLE BIOFOAMS

6.1. Introduction

Tissue engineering is an alternative and promising approach to develop biological
substitutions that restore, maintain, or improve the function of tissue or organ. To replace
or repair damaged tissues, it is necessary to create an environment that supports the ability
of cells to integrate, differentiate and proliferate (Jagur-Grodzinski 2009; Eltom, Zhong,
and Muhammad 2019). Growth factors and extracellular matrix (ECM) components are
used to induce the proliferation and differentiation of cells (Celikkin et al. 2017). The
creation of the environment to hold this structure together is usually accomplished by the
implantation of three-dimensional (3D) scaffolds. The scaffold provides a framework and
assists in the proliferation, differentiation, and migration of the cell (Briquez and Hubbell
2020; Howard et al. 2008). Regardless of the type of tissue, several important matters like
biocompatibility, biodegradability, proper mechanical properties, architecture, and
physico-chemical properties of scaffold surfaces should be considered to design and
produce scaffolds.

Bioactive material-loaded foams, sheets, or films have been produced as scaffold
for different purposes like antimicrobial, antifungal, anti-inflammatory, and tissue repair.
This approach is very exciting to be able to develop a more effective technique for tissue
therapy by taking advantage of the synergistic effect of the drug delivery and scaffold
system. Many types of active molecules can be loaded into synthetic or natural polymeric
scaffolds by using different methods (Barroso et al. 2014; Yang et al. 2017; Tejada et al.
2017). The controlled drug release mechanism from scaffolds can maintain an effective
treatment process around the tissue by keeping the drug concentration the therapeutically
minimum effectiveness and preventing using a high dose of the drug. Many studies have
been designed scaffolds for the controlled and sustained release of therapeutic agents

(Zhang et al. 2017; Li et al. 2017; Ong et al. 2018; Alvarez et al. 2020; Wei et al. 2020;
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Obayemi et al. 2020; Moradi Kashkooli, Soltani and Souri 2020). The release of active
molecules from scaffolds is dependent on a variety of factors, including the environment
and the structural features of the scaffold. In order to modulate this system in accordance
with the purpose, it is necessary to determine and evaluate these factors well. The release
of active materials can be controlled by the structural features of the scaffolds (pore sizes
and interconnectivity), the chemical structures of drugs, the physicochemical properties
of scaffolds, and environmental factors.

Scaffolds used in tissue engineering have been classified in different ways.
Classifications can be made depending on the starting raw material, production method
or the form of the resulting scaffolding structure (Dhandayuthapani et al. 2011). The most
common forms of scaffolding structure are hydrogels scaffold, fibrillar scaffold, and
porous matrix or foams. Hydrogels can be broadly defined as a three-dimensional
network of hydrophilic polymers. Hydrogels, which have high swelling and water
retention ability, are used in a wide variety of applications such as drug delivery, wound
healing, cosmetology and tissue engineering. It is formed by chemical or physical cross-
linking of hydrophilic amino, carboxyl and hydroxyl groups in polymer chains (Singh et
al. 2016).

Three-dimensional polymeric or ceramic porous scaffolds or foams with
interconnected pore networks create a very favourable attachment and proliferation
environment for cells in tissue engineering applications (Zhang and Ma 1999). A porous
matrix, including interconnected pores, provides a large surface for cells to form their
own ECM. This network structure also acts as a channel for the transport of nutrients,
oxygen and waste products. Moreover, they prevent the formation of very large clusters
that can cause a necrotic centre (Dhandayuthapani et al. 2011). Polymeric porous or foam
scaffolds can be produced by conventional techniques (solvent casting and particulate
leaching, melt molding, emulsification polymerization/freeze-drying, gas foaming,
thermally-induced phase separation) or advanced fabrication techniques (electro-
spinning, rapid prototyping, 3D Printing) (Eltom, Zhong, and Muhammad 2019;
Mabrouk, Beherei, and Das 2020; Li et al. 2014; Wang, Huang, and Zhou 2020). The
template-polymerization route, which will also be used in our study, is one of the most
common methods used to produce porous foams. While template materials can be chosen
as gas, liquid or solid, polymerization can be achieved by freeze drying or evaporation of
solvent or by use of a suitable cross-linking agent. In liquid templated method, a biphasic

system is generated and then the continuous phase is polymerized (Silverstein 2014). The
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volatile liquid phase is removed following polymerization to create porosity in the final
polymeric material. Depending on the nature of emulsion, pore size can vary from
nanaometer to micrometer.

Polysaccharides have remarkable physicochemical and physiological properties
such as biocompatibility, biodegradability, and low immunogenicity, which are important
for biomedical applications (Prasher et al. 2021). Therefore, they are receiving
widespread attention for tissue engineering applications (Sood, Gupta and Agrawal
2021). The xylan containing scaffolds produced for different tissue applications are
described below.

Xylan/chitosan/nano-hydroxyapatite composite matrix (Ali, Hasan, and Negi
2022) and xylan/chitosan/montmorillonite composite scaffold (Ali et al. 2019) were
produced for bone tissue engineering application. Hydroxyapatite and montmorillonite
(nano-clays) are most commonly used in hybrid structure for increasing mechanical
properties of scaffold in the bone tissue applications. Bush et al. (2016) developed a
composite hydrogel containing xylan and chitosan for the healing of bone fractures. This
injectable hydrogel improved the response of animal host tissue and accelerated the
healing of bone fractures compared to similar pure chitosan hydrogels in tissue
engineering models. They concluded that, the successful application of xylan to fracture
healing could reveal a new class of hemicellulose polymers. Additionally,
xylan/polyvinyl alcohol (PVA) nanofibrous scaffolds cross-linked with glutaraldehyde
were produced for myocardial infarction (Venugopal et al. 2013) and skin tissue
engineering (Krishnan et al. 2012). Moreover, xylan has been incorporated into hydrogel
production by blending with other natural or synthetic materials (Liu et al 2019; Ai et al.
2021; Kohnke et al. 2014). Garcia-Uriostegui et al. (2018) produced a hybrid hydrogel
based on spruce xylan, 2-hydroxyethyl methacrylate (HEMA), and mesoporous silica for
the use of the fibroblast attachment and growth. They functionalized xylan with acryloyl
chloride to introduce vinyl groups and was crosslinked by radical polymerization with
HEMA in presence of mesoporous silica. The use of silica particles was increasing the
mechanical properties of the hydrogel as well as to favor interconnected porous structure.

In this chapter, bioactive molecule loaded xylan and xylan-chitosan composite
biofoams were produced for tissue engineering application. Curcumin was used as a
model hydrophobic molecule. To produce curcumin-loaded biofoams, firstly, curcumin
was encapsulated in the hydrophobic core of P-123 micelles by the thin-film hydration
method (See Chapter 3) and then, the O/W emulsion templated method was used to
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produce biofoams. While xylan foams were crosslinked with CTAB, composite biofoams
were crosslinked with SDS and/or TPP, and the effects of the cross-linking agents were
investigated. Curcumin release from biofoams was evaluated in physiologic buffer
solutions. The fibroblast (3T3-L1) cell line was used to examine cell adhesion to

biofoams.

6.2. Materials and Methods

Low molecular weight chitosan, poly(ethylene glycol)-block-poly(propylene
glycol)-block-poly(ethylene glycol) (P-123), sodium dodecyl sulfate (SDS),
cetyltrimethylammonium bromide (CTAB), sodium tripolyphosphate (TPP), and
curcumin were of analytical grade and purchased from Merck (Darmstadt, Germany).
Beechwood xylan which composed of (w/ w) xylose (80.8 %), glucuronic acid (11.4 %),
other sugars (4.9 %), protein (0.3%), ash (2.4%), and moisture (2.4%) was purchased
from Megazyme (Bray, Ireland).

The Mus musculus fibroblast cell line 3T3-L1 was purchased from American

Type Culture Collection (ATCC) (Rockville, MA, USA).

6.2.1. Biofoam Production

To produce cur-P123 micelles loaded biofoams, two procedures were combined
(Fig. 6.1). The thin-film hydration method was used for the entrapment of curcumin in P-
123 micelles to increase its bioavailability (See 3.2.1). The oil in water (o/w) emulsion
templated synthesis was used to create porous biofoams. In the first part, the thin film
which curcumin and P123 contained was hydrated with the polymer solution. The
aqueous phase forces the curcumin molecules energetically into the hydrophobic core of
the P-123 micelles. To create an o/w emulsion, hexane (%12.0) was used as an oil phase
and the ultrasonic probe was used to disperse oil droplets in the continuous phase. The
polymerization was carried out by using TPP, SDS, or CTAB as a cross-linking agent.
The matrix was poured into a mold with 9.5 mm thickness and 20 mm diameter. Freeze-

drying was applied to remove hexane which creates the pores of the biofoams.
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Figure 6.1. Production of cur-P123 micelles loaded biofoams (see Fig. 3.1 for thin film
formation).

6.2.2. Characterization Studies

Morphology: The surface and internal microstructure of the biofoams were
examined using scanning electron microscopy (SEM) (Philips, XL-30S FEG). The
freeze-dried biofoams were sectioned into thin slices by razor blade were mounted on
aluminium holders with aluminium tape. All samples were coated with a thin layer of Au
before analysis for the conductivity of the samples.

Structure: FT-IR spectra of all pure materials and biofoams were obtained using
an FT-IR spectrometer (Perkin Elmer-UATR Two, USA) at range of 400-4000 cm™'.

Porosity: The porosity of the biofoams was measured by a liquid displacement
method. Ethanol was used as the displacement liquid, which is generally preferred as it
can easily penetrate into pores and does not cause shrinkage and swelling. The biofoams
were immersed in a graduated cylinder filled with a known volume of ethanol Vi. The
total volume after biofoam immersion was recorded as V». Then the biofoam was
removed and the residual ethanol volume in the cylinder was measured as V3. The

percentage of porosity was determined using Eq. 6.1.
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. Vi-V3
Porosity (% ) = ~ v x 100
2— V3

(6.1)

Swelling: For determining swelling behaviour, the dry weight of each biofoam

was determined before immersion (Wgq). Afterwards, the biofoams were immersed in
phosphate buffer solution at pH 7.4 and kept at temperature of 37°C. After 4 and 24 h,
the biofoam surface adsorbed water was removed by filter paper and wet weight (Wyw) of
the biofoam was determined using an electronic balance. The ratio of swelling was

determined as per the Eq. 6.2.

Wy-Wd

Swelling Ratio (% ) = Wa

x 100
(6.2)

The Specific Surface Area and Porosity: The specific surface area and porosity
measurement of the biofoams was performed by the Brunauer, Emmet and Teller (BET)
method in liquid nitrogen environment at 77 K, based on nitrogen (N2) gas adsorption
technique.

Mechanical Strength: For determination of mechanical properties, compressive
tests were performed by TA.XTplus Texture Analyser (Surrey, UK). The biofoams with
the dimension of approximately 9.5 mm thickness and 20 mm diameter were used. Across
head speed of 0.5 mm/sec, with % 40 strain and 49.0 N load cell at room temperature was

used. Each biofoam was repeated in four times to assure reproducibility.

6.2.3. Curcumin Release

In vitro release of cur-P23 micelles was evaluated in phosphate buffer solution at
ph 7.4 and 5.5. Biofoams containing 0.3 mM curcumin were tested in 50 mL buffer
solution and incubated in a shaking incubator at 37°C with 100 rpm. At regular time
intervals, the samples were collected and replaced with the equivalent volume of fresh
medium. The amount of curcumin released into the medium was analyzed by UV-vis
spectroscopy at 420 nm. The percentage of released curcumin was determined by using

Eq. 6.3.
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Released curcumin

Curcumin Release % = - x 100
Total curcumin

(6.3)

6.2.4. In-vitro Cell Culture

For in vitro cell culture studies 3T3 mouse embryonic fibroblasts was used. The
growth medium was Dulbecco's Modified Eagle Medium (DMEM) containing 10% fetal
bovine serum (FBS) and 1% penicillin-streptomycin. For the growth of the cell line,
incubation was carried out 21 days in an oven with 95% humidity and 5% CO- at 37 °C.
The procedure applied to thaw the 3T3 cells stored in the freezer and to reach the
appropriate form for the tests was as follows: Firstly, frozen cells were quickly thawed in
a 37°C water bath. Then, it was transferred to a centrifuge tube containing DMEM at the
appropriate temperature (37°C). After centrifuging the cell suspension, the supernatant
was removed. Pellet (cells) were resuspended in the growth medium and incubated in
flasks. Cells were passaged when 80% confluent in the flask (2-3 times per week).
Passage numbers were kept between 15-30 throughout the experiments.

Adherent cultures need to be passaged by transferring them to a new vessel a fresh
growth medium while in the log phase before reaching confluence. Because cells stop
growing due to contact inhibition and take longer to recover when reseeded, they do not
provide a suitable cell suspension for further experiment. The procedure of passaging,
which is the transfer of cells from a previous culture to a fresh growth medium, is as
follows: After removing the old cell culture medium, the cells were gently washed to
remove all traces of serum, calcium and magnesium that would inhibit the action of the
dissociation reagent. After the washing liquid was removed, adequate trypsin was added
to cover the cell layer and incubated at 37°C for 2 min. After observing under the
microscope that the cells were completely detached, DMEM was added to terminate the
reaction. The cell suspension diluted to the desired density was thoroughly pipetted,

transferred to new flask.

Assessment of Attachment and Morphology of 3T3 Cells on Biofoams:
Biofoams of uniform size (15 mm diameter and 5 mm thickness) were sterilized
by ultraviolet light (UV) for 30 min. Then, the biofoams were kept in a CO2 incubator in

24-well cell culture plates with a complete medium for 1 h to balance the system. Cells
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that had reached 80% confluency were detached with trypsin, then diluted and seeded on
the biofoam in each well. The cell-free biofoam was used as a control. Cells were allowed
to attach on and in the biofoams in an oven with 95% humidity and 5% CO; at 37°C. For
the examination of 1 day-old fibroblast morphology, the media was removed from cell
culture wells and biofoams were washed three times with PBS buffer to remove
unattached cells. After that, the samples were fixed in 2.5% glutaraldehyde for 2 h at 4°C.
The biofoams were then rinsed with distilled water for 10 min and dehydrated in graded
ethanol solution (50%, 70%, 90%, 95%, and 100% v/v) each for 5 min and freeze-dried.
Cell morphology was observed by using SEM. For the sample preparation, lyophilized
biofoams were attached to the sample holder with aluminium tape and coated with a thin

layer of gold before analysis.

6.3. Results and Discussion

6.3.1. Curcumin Loaded Xylan Biofoams

To produce xylan biofoams, CTAB was used as the cross-linking agent.
Beechwood xylan has a negative charge due to glucuronic acid substitutions. The
electrostatic interaction was used between xylan and negatively charged CTAB to
polymerization. The composition of xylan biofoams contained 0.3 mM curcumin is given

in Table 6.1. The characterization studies of the xylan biofoams are shown in Figure 6.2.

Table 6.1. The composition of xylan biofoams.

Code Xylan (%) CTAB (mM)
XF-1 3.0 10.0
XF-2 4.0 10.0
XF-3 5.0 10.0
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Figure 6.2. Characterization of curcumin loaded xylan biofoams. a) physical
appearance; b) SEM images; ¢) FT-IR spectrum; d) mechanical properties; €) porosity.

The pore size and structure of biofoams were characterized by SEM (Fig. 6.2b).
The xylan biofoam with pore diameters of 50-100 pm can be clearly observed. Porosity
is one of the important parameters in scaffold production. Scaffolds should have sufficient

porosity for nutrient and gas exchange, removal of metabolic waste products, cell
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migration and vascularisation required for new tissue formation. It has been reported in
different studies that an ideal scaffold should have more than 80 % porosity (Ikeda et al.
2014; She et al. 2018). The porosities of the all xylan biofoams reached to about 80%
(Fig.6.2e). These results are consistent with the SEM analysis.

The FT-IR spectra of pure materials and xylan biofoams are shown in Figure 6.2c.
The beechwood xylan exhibited an absorption band at 890 cm™! is attributed to the
characteristic of B-glucosidic linkage between the xylose units. The band at 3420 cm! is
attributed to the stretching of -OH group, and also the bands between 1465-1043 cm™!
arise from the stretching and bending vibration of C-O, C-C and C-OH groups (Kumar et
al. 2018). The bands of COO- group from to glucuronic acid units were observed at 1620
and 1466 cm ™! (Garcia-Uriostegui et al. 2018). The absorption bands at around 2921 and
2877 cm!' can be attributed to C-H stretching. These are characteristics band of
polysaccharides (Antunes et al. 2015). In the spectrum of xylan biofoams, the strong and
wide band in the biofoams at 3450 cm ! arises from the stretching vibration of hydroxyl
groups of the polymer. The strong absorption bands at 2920 and 2854 cm™! are attributed
to the C—H stretching vibration of methyl and methylene groups of CTAB. (Sornalatha
and Murugakoothan 2013). The bands at the region of 1400—1500 cm ™! arise from the
C—H bending. Since, the entrapment of curcumin in micelles, the characteristic bands of
curcumin at 1605 cm™! (stretching vibrations of benzene ring), 1502 cm ™! (C=0 and C—C
vibrations), and 1285 cm™! (aromatic C—O stretching vibration) (See Fig. 3.8) were hardly
seen in biofoams (Butt et al. 2012; Zhang et al. 2011; Anitha et al. 2012). All these facts
suggest that cur-P123 micelles-loaded xylan biofoams were successfully obtained.

The scaffolds need to have sufficient mechanical stability to withstand the stress
experienced during in vitro culturing and in vivo implantation and to provide adequate
physical support to the cells. Many factors such as the natural mechanical properties of
the scaffold components, their ratios, interactions to each other, and cross-linking
characters can contribute to the mechanical response (Olad and Azhar 2014). The

compressive strength of the xylan biofoams are given in Fig. 6.2d.
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Figure 6.3. Curcumin release from xylan biofoams.
(triangle: XF-2, square: XF-3)

The curcumin release profile of xylan biofoams at pH 7.4 are presented in Figure
6.3. A significant amount of curcumin (70-80%) was released from xylan biofoams within
the first h. In the following incubation, almost all curcumin was released and after 6 h
the xylan biofoams were completely dissolved. The xylan biofoams in the phosphate
buffer after 6 h can be seen in the figure.

Complete dissolution of xylan biofoams within 6 h is not suitable for use as
scaffolds. Scaffolds need to maintain their structure longer for cells attachment,
differentiation and migration. However, xylan biofoams that decompose in shorter times
can be developed for alternative applications. It may be applicable for wound dressing
applications containing active substances that affect wound healing after surgical

procedures.

6.3.2. Curcumin Loaded Xylan-Chitosan Composite Biofoams

Crosslinking the polymeric chains of xylan with CTAB to form a 3D network did
not provide adequate biostability. Xylan biofoams could not withstand the physiological
environment to allow the differentiation of cells. Therefore, xylan was combined with
another natural polymer, chitosan to produce more durable xylan-based biofoams.

Chitosan has been blended with collagen (Kaviani et al. 2019), hydroxyapatite,
gelatin (Shen et al. 2015; Kuo et al. 2015), and silk fibroin (Li et al. 2019) to produce
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composite materials for tissue engineering applications. Chitosan can provide many
advantages for scaffold structure. It can mimic the extracellular matrix (ECM)
environment due to its similarity with glycosaminoglycans. Its positively charged
backbone allows cell attachment-proliferation and facilitates the formation of new tissue.
Chitosan does not trigger the immune response because decomposition products are not
toxic or carcinogenic. It has an antimicrobial activity that allows protection from
microbial deterioration.

The mechanical strength and biostability of biofoams can be improved by the
interconnection of polymeric chains with cross-linking agents. In composite biofoams,
the cross-linking agent was used only for the polymerization of chitosan. Xylan was
incorporated into the system by interacting with chitosan (described in the next section).
Ionic (eg, triphosphate, hyaluronic acid, and alginate) or covalent crosslinking agents
(glutaraldehyde and genipin) can be used for the polymerization of chitosan. The most
commonly used negatively charged tripolyphosphate (TPP) can interact with positively
charged chitosan by electrostatic forces. Additionally, negatively charged SDS was used
as an alternative crosslinker because of the brittleness of composite biofoams crosslinked

with TPP.

6.3.2.1. Cross-linking with TPP

To produce composite biofoams, two physical interactions between the
polysaccharides (xylan/chitosan) and the cross-linking agent had been utilized. The
relationship between polysaccharides consists of hydrogen bonds and electrostatic
interactions between hydroxyl, amine groups in chitosan molecules and hydroxyl groups
in xylan molecules (Umemura and Kawai 2008). Another interaction is caused by
negatively charged oxygen on the TPP and positively charged amine groups on chitosan
(Luo et al. 2014; Xu et al. 2012). The composition and physiochemical properties of
composite biofoams contained 0.3 mM curcumin is given in Table 6.2. The mechanical
strength of composite biofoams was quite low. The swelling ratios could not measure due
to their high brittleness. Only the porosity of XCF-3 was measured and it was observed
to have a highly porous structure (95.0%). The physical appearances are shown in Figure

6.4.
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Table 6.2. Composition and physiochemical properties of composite

biofoams cross-linked with TPP.

Code Xylan Chitosan TPP  Compressive Porosity Swelling

(%) (%) (%) Strenght (%) Ratio
XCF-1 1.5 1.5 1.5 Brittle Nd Nd
XCF-2 1.0 1.0 1.5 Brittle Nd Nd
XCF-3 1.5 1.5 2.0 Brittle 95.0 Nd

Nd: could not measured due to high britillness.

XCF-1 XCF-2 XCF-3

Figure 6.4. Curcumin loaded composite biofoams crosslinled with TPP.

The morphological properties of the biofoams were investigated by SEM (Fig.
6.5). Composite biofoams cross-linked with TPP actually had a highly porous structure.
However, a complete pore form could not be observed by SEM due to their brittleness.
During the sample preparation, biofoams were sectioned into thin slices and mounted on

aluminum holders. This process caused the pore walls to mostly break.
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Figure 6.5. SEM images of XCF-2

The FT-IR spectra of pure materials and composite biofoams are shown in Figure
6.6. In the spectrum of pure chitosan and xylan, the absorption band at 3420 cm™ was
ascribed to deformation vibration of both O—H and N-H stretching vibrations. In the
spectra of chitosan/xylan composite biofoams, the absorption bands of O-H and N-H
became wider and stronger, and they shifted to the lower wavenumbers. This indicating
that there might be strong hydrogen bonds and electrostatic interactions between the O—
H, N-H groups in chitosan molecules and the O—H groups in xylan molecules (Umemura
and Kawai 2008). The bands at 28822988 cm™! were also sharper which could be based
on the presence of more number of C—H groups in the biofoams. In the spectrum of the
pure chitosan, the characteristic bands were observed at 3435 cm™ (O-H stretching), 1651
cm ! (amide linkages) and 1588 c¢cm™! (primary amine linkages). In the composite
biofoams, shifting of these bands was observed because of the potential interaction of
protonated amine and/or amide groups and a negatively charged cross-linking agent. The
amine band at 1588 cm’! shifted to 1545 cm™ and similarly, the amide band shifted from

1648 cm to 1637 cm™'. Since, the entrapment of curcumin in micelles, the characteristic
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bands of curcumin at 1605 cm ™! (stretching vibrations of benzene ring), 1502 cm™! (C=0
and C—C vibrations), and 1285 cm™! (aromatic C—O stretching vibration) (See Fig. 3.8)
were hardly seen in biofoams (Butt et al. 2012; Zhang et al. 2011; Anitha et al. 2012). All

these facts suggest that cur-P123 micelles-loaded xylan/chitosan composite biofoams

were successfully obtained.

xylan

chitosan

TPP

XCF-1

XCF-2
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4000 3000 2000 1000
Wavenumber cm’'

Figure 6.6. FTIR specturum of pure mateails and composite biofoams crosslinked with
TPP.

The curcumin release from composite biofoams is presented in Figure 6.7. Since
XCF-1 was quite brittle, it could not be included in the relase studies. XCF-2 and XCF-3
released around 20% of curcumin in the first 4 h. Although the xylan biofoams dispersed
within the first 6 h, the composite biofoams were intact throughout the incubation. The

biofoams in the phosphate buffer can be seen in the figure.
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Figure 6.7. Curcumin release from composite biofoams crosslinked with TPP.
(sqaure: XCF-1; triangle: XCF-3).

6.3.2.2. Cross-linking with TPP and SDS

Composite biofoams were more stable under physiological conditions than xylan
biofoams. However, composite biofoams showed a rather brittle structure and did not
have sufficient mechanical strength as a scaffold. Besides the nature of the polymers, the
crosslinking agent quite affects the strength of scaffolds. Since TPP has caused brittleness
in biofoams, an alternative crosslinking agent SDS was added to the system. As in the
previous composite biofoams, the relationship between polymers was still utilized.
Moreover, SDS has a negative charge like TPP and it can crosslink chitosan to form a 3D
network. In this section, the effect of SDS on the system was examined. Also, the effect
of polymer ratios on biofoams was investigated. The composition and physiochemical
properties of composite biofoams contained 0.3 mM curcumin is given in Table 6.3.
While keeping the chitosan concentration constant, the xylan concentration was gradually

increased. The physical appearances are shown in Figure 6.8.
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Table 6.3. The composition of composite biofoams.

Code Xylan (%)  Chitosan (%) TPP (%) SDS (mM)
XCF-+4 0.5 2.0 2.5 10
XCF-5 1.0 2.0 3.0 10
XCF-6 2.0 2.0 4.0 10
XCF-7 3.0 2.0 3.0 10
XCF-4 XCF-5 XCF-6 XCF-7

-

Figure 6.8. Curcumin loaded composite biofoams cross-linked with TPP and SDS.

The morphological characterization of the curcumin loaded composite biofoams
were characterized by SEM and presented in Figure 6.9. Composite biofoams have a
highly porous structure. In addition to the large pores around 150 um, there were smaller
pores of around 20-30 um. Pore diameters are very important for cell attachment and
proliferation. The optimal pore size of scaffolds is dependent on the type of tissue
(Kramschuster and Turng 2012). Although the optimum pore size has been most studied
for bone regeneration, it is still a controversial. For example, different studies have
suggested optimal pore sizes for bone tissue between 50-710 pm and 150-350 pm
(Agrawal and Ray 2001; Yang et al. 2001; Karande, Ong, and Agrawal 2004). Pores of
200 to 300 um are required for growth of fibrocartilaginous tissue and 5 pum for
neovascularization (Kramschuster and Turng 2012; Yang et al. 2001). Although no
consensus regarding the optimal pore size in scaffolds, it is generally assumed that pores
below 10 um are small for cells (Zhong et al. 2011). However, smaller pores in scaffolds
can generate interconnectivity and transport nutrients, oxygen or waste products. Thus,
the macro and micro porous structure can provide the optimum environment for cells to

grow.

96



IYTEMAM 5,00 k¥ x IYTEMAM

T T — v s Wo = 02 [ — ] 1L Se—]

IYTEMAM 3.00 Ky ) | 1000 | 10.1mm | ) p IYTEMAM

20 ym
TYTEMAM

Figure 6.9. SEM images of composite biofoam cross-linked with SDS and TPP. a)
XCF-4, b) XCF-7, and c¢) XCF-6.

The FT-IR spectra of pure materials and composite biofoams are shown in Figure
6.10. The characteristic bands of chitosan, xylan, and TPP have been described in detail
in the previous section. In the spectra of chitosan/xylan composite biofoams, the
absorption bands of O—H and N-H became wider and stronger, and they shifted to the

lower wavenumbers. It indicating that there might be strong hydrogen bonds and
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electrostatic interactions between the chitosan and xylan (Umemura and Kawai 2008).
The bands at 2882-2988 cm™! were also sharper which could be based on the presence of
more number of C—H groups in the biofoams. In the composite biofoams, shifting was
observed at the characteristic bands of chitosan because of the potential interaction of
protonated amine and/or amide groups and a negatively charged cross-linking agent. The
amine band at 1588 cm™! shifted to 1545 cm™ and similarly, the amide band shifted from
1648 cm to 1637 cm’!. Since, the entrapment of curcumin in micelles, the characteristic
bands of curcumin at 1605 cm ™! (stretching vibrations of benzene ring), 1502 cm™! (C=0
and C—C vibrations), and 1285 cm™! (aromatic C—O stretching vibration) (See Fig. 3.8)
were hardly seen in biofoams (Butt et al. 2012; Zhang et al. 2011; Anitha et al. 2012). In
addition, bands in the 2850-2950 cm™' band for the characteristic C-H stretch of SDS were
also appeared in biofoams crosslinked with SDS. All these facts suggest composite

biofoams were successfully obtained.
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Figure 6.10. FTIR specturum of pure materials and composite biofoams crossllinked
with SDS and TPP.
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The swelling ability of scaffolds is very important for the absorption of body fluid
and transfer of cell nutrients and metabolites. The degree of scaffold swelling is highly
dependent on the pore size, interconnectivity conditions, and higher values result in a
larger surface area to volume ratio. It facilitates the infusion of cells into the scaffolds,
allowing the cells to utilize the maximum inner surface of the scaffolds (Olad and Azhar,
2014). The swelling ratios of the biofoams were calculated at 4 and 24 h and they reached
their maximum values in 4h. Figure 6.11a and b shows the swelling ratios and structural
apparence after swelling of composite biofoams crosslinked with TPP and SDS. They
showed approximately 4-5 times swelling.

Porosity, one of the important parameters in scaffold production, is shown in
Figure 6.11c. The porosity of the composite biofoams reached to 90%. The change of
polymer ratios did not cause a significant difference in porosity. Composite biofoams
have a more porous structure than xylan biofoams. This may be due to the formation of
additional smaller pores in the structure, which can also be seen in SEM images. As a
result, composite biofoams produced with SDS and TPP as crosslinkers met the porosity
criteria for scaffolds.

The compressive strength of the composite biofoams are given in Fig. 6.11d. The
brittle structure caused by TPP was not observed in composite biofoams produced with
SDS and TPP. Moreover, composite biofoams with SDS have higher mechanical strength
than xylan biofoams (See Fig. 6.2d).
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Figure 6.11. Physiochemical characterization of composite biofoams. a) Swelling ratio;
b) Physical apperance after swelling; ¢) Porosity; d) Mechanical properties.

The curcumin release from composite biofoams is presented in Figure 6.12. A

significant amounts of curcumin released from the biofoams occurred with burst release

within the first 4 h in pH 7.4. The rapid diffusion of curcumin localized on the surface of

the biofoams into the phosphate buffer might have caused a burst release of curcumin.

Curcumin release continued for up to 48 hours and then remained stable thorough the

incubation. The curcumin release in phosphate buffer was reached max 24.9%. It can be

clearly seen that as the xylan concentrations of the biofoams increase, the release of

curcumin increases in parallel.
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Figure 6. 12. Curcumin release from composite biofoams.
(diamond: XCF-4; triangle: XCF-5; circle: XCF-6; square: XCF-7).

6.3.2.3. Cross-linking with SDS

As a result of the positive effect of SDS on the biofoams, only SDS was used as
crosslinking agent. Due to the negative charge of SDS, it can create ionic strength
between them with positively charged chitosan. In addition, SDS molecules can be in
hydrophobic interactions with hydrophobic tail portions so that polymers can form a more
connected structure. As in the previous composite biofoams, the relationship between
polymers was still utilized. The composition of composite biofoams contained 0.3 mM
curcumin is given in Table 6.4. The physical appearances of the composite biofoams are

shown in Figure 6.13.

101



Table 6.4. The composition of composite biofoams.

Xylan Chitosan SDS
Code %) (%) (mM)
XCF-8 0.5 2.0 10.0
XCF-9 1.0 2.0 10.0
XCF-10 2.0 2.0 10.0
XCF-11 3.0 2.0 10.0
XCF-12 4.0 2.0 10.0
XCF-13 5.0 2.0 10.0
XCF-14 4.0 4.0 10.0

XCF-8 XCF-9 XCF-10 XCF-11

Figure 6.13. Curcumin loaded composite biofoams crosslinked with SDS.

The morphological characterization of the curcumin loaded composite biofoams

were characterized by SEM and presented in Figure 6.14. Composite biofoams had a

highly porous structure. In addition to the large pores around 100-200 pum, there were

smaller pores of around 20-30 um. As mentioned earlier, porosity and pore diameters are

very important for cell attachment and proliferation. The smaller pores in addition larger

ones in scaffolds can generate interconnectivity and transport nutrients, oxygen or waste

products. The porous structure of composite biofoams can provide the optimum

environment for cells to grow.
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Figure 6.14. SEM images of composite biofoam cross-linked with SDS. a) XCF-8 and
b) XCF-11.
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The FT-IR spectra of composite biofoams are shown in Figure 6.15. The
characteristic bands of chitosan, xylan, and SDS have been described in detail in the
previous section. In the spectra of composite biofoams, the absorption bands of O—H and
N-H became wider and stronger, and they shifted to the lower wavenumbers (Umemura
and Kawai 2008). The bands at 2882-2988 cm™! were also sharper which could be based
on the presence of more number of C—H groups in the biofoams. In addition, bands in the
2850-2950 cm™! band for the characteristic C-H stretch of SDS were also appeared in
biofoams crosslinked with SDS. Since, the entrapment of curcumin in micelles, the
characteristic bands of curcumin at 1605 cm ™!, 1502 cm™!, and 1285 cm™! (See Fig. 3.8)
were hardly seen in biofoams (Butt et al. 2012; Zhang et al. 2011; Anitha et al. 2012). All

these facts suggest composite biofoams were successfully obtained.
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Figure 6. 15. FTIR spectrum of composite biofoams crosslinked with SDS.

The swelling ratios of the biofoams were calculated at 4 and 24 h and they reached
their maximum values in 4h. Figure 6.16a and b shows the swelling ratios and structural
apparence after swelling of composite biofoams crosslinked with SDS. The biofoams
XCF 8-11 showed high swelling capacity around 15-18%. The high swelling capacity of

biofoams facilitates the infusion of cells, allowing to utilize the maximum inner surface
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(Olad and Azha 2014). When compared to biofoams XCF 4-7 that crosslinked with
TPP+SDS (See Fig. 6.11a), XCF 8-11 had 3-4 times higher swelling capacity. The lower
swelling in XCF 4-7 might be originated from more cross-linking chains formed by TPP
and SDS. At high crosslinker concentrations, polymer chains grow to form high network
density. It prevents the movement of the polymeric chain or does not allow water to enter
the network, and so reduces the water holding capacity. Another parameter affecting the
swelling ratio is the chemical structure of polymers. Those with hydrophobic groups show
more swelling. Both TPP and SDS might have reduced the hydrophilicity of the polymers
by grafting more hydrophilic NH, or OH groups. On the other hand, XCF 12-14 had
higher xylan content and it had 10% swelling ratio. The decreasing swelling ratio with
increasing xylan concentration can be attributed to the decreased mechanical strength of
the pore walls. The inadequate strength of the pore walls may cause them to be unable to
retain water. As can be seen in Figure 6.16d, the increase of xylan content in biofoams
caused a lower mechanical strength. The biofoams XCF 8-11 had nearly 10 times more
mechanical strength than TPP crosslinked foams (XCF 4-7), under the same condition.
The mechanical strength has an inversely proportional relationship to the porosity of
foams. In the TPP contaning group, both the relatively higher porosity and their cross-
linking with TPP might have caused the structural strength values to be lower.

In addition to observing the porous structure with SEM analysis, the porosity was
also examined with the liquid displacement method (Fig. 6.16¢). The porosity of the
composite biofoams was around 85-90%. Increasing xylan content in biofoams (XCF12-
14) caused a relative increase in porosity. The lower mechanical strength might have
resulted from their higher porosity. Because these two physiochemical properties are

inversely proportional to each other.
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Figure 6.16. Physiochemical properties of composite biofoams. a) Swelling ratio; b)
Physical apperance after swelling; ¢) Porosity; d) Mechanical properties.
Sample names (XCF) were abbreviated as "F" in the a and c.

The N; adsorption isotherms are shown in Figure 6.17a. The presence of a sharp
adsorption step in the P / Py region between 0.9 and 1.00 indicates that the materials
process a well-defined and regular array of mesoporous (Wang et al. 2012). The specific
surface area and the pore volume were computed using Brunauer-Emmett-Teller (BET)

method (Fig. 6.17b).
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Figure 6.17. BET analysis of composite biofoams. a) N2 adsorption isotherm; b) The
surface area, pore volume, and pore size.

The curcumin release from composite biofoams is presented in Figure 6.18. The
curcumin release can be characterized as a two-phase: immediate release within the first
4 h and relatively slow release within 48 h. The significant initial burst release might have
resulted from the diffusion of curcumin into the phosphate buffer on the surface of the
biofoams. After the first phase, curcumin micelles localized in the interior of the biofoams
showed a slower release. The maximum curcumin releasing was achieved in the highest
xylan-containing biofoams (75.6%). It can be clearly seen that the increase in the

xylan/chitosan ratio in biofoams affects the release of curcumin.
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Figure 6.18. Curcumin release from composite biofoams. (open square: XCF-8;
diamond: XCF-10; closed circle: XCF-11; star: XCF-12; triangle: XCF-13; open circle:
XCF-14.

In order to the observation of cell adhesion on the biofoams, 3T3 fibroblast cell
line was used. The spindle-shaped morphology of 3T3 cells under the light microscope

can be seen in Figure 6.19.

Figure 6.19. Morphology of 3T3 fibroblast cell on light microscope.

Biofoam which did not seed with cells but applied whole cell culture and SEM
procedures can be seen in Figure 6.20a. It was used as a control for the comparison of the

biofoam surface. Figure 6.20b, showed the morphology of fibroblast cells on the inner
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surface of the XCF-10 composite biofoam after 24 h cultivation. When the cells come
into contact with the surface, they first adhere loosely. At this initial stage, they have a
relatively smooth round shape. Then, the spreading of the cell body begins, forming a
type of body extension to form adhesion complexes. The polygonal morphology typical

for cell differentiation can be seen in SEM images.

Figure 6. 20. SEM images of attached 3T3 fibroblast cell on composite biofoam XCF-
10 after 24 h incubation.
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As aresult of observation of attached cells on the surface of composite biofoams
and the beginning of cell differentiation, it can be assumed that the morphology,
interconnectivity, and physicochemical properties of biofoams were convenient for cell
adhesion. Composite biofoams have a great potential to provide suitable matrices for

cells. They can allow nutrient and gas exchange; help cell migration and vascularisation.

7.4. Conclusions

In summary, this study demonstrated a facile and simple strategy to fabricate
xylan-based crosslinked biofoams for use in tissue engineering applications. Curcumin-
loaded biofoams were synthesized with thin-film hydration coupled with oil in water
emulsion methods. The effect of cross-linking agents on the considerable characteristics
of the scaffold such as stability, swelling ability, and mechanical strength of polymers has
been clearly demonstrated. The porosity, mechanical strength, and swelling ability are
important properties of scaffolds. The xylan biofoams that crosslinked with CTAB had a
highly porous structure but did not provide sufficient biostability. The xylan biofoams
may be applied for alternative applications that degrade in a shorter time in physiological
environments. On the other hand, xylan-based composite biofoams crosslinked with SDS
provided convenient porosity, mechanical strength, and swelling ability. The bioactive
molecules loaded scaffolds can accelerate tissue healing, cells adhesion, proliferation;
and can prevent infections. The curcumin loaded composite xylan based biofoams
produced by utilizing the synergistic effect of drug delivery and scaffold system is
promising for developing a more effective tissue therapy. The adhesion and
differentiation of 3T3 cells on composite biofoams clearly supported that the
physicochemical properties of composite biofoams provided a satisfactory framework
and can assist new tissue formation.

The results of this study suggest that the development of xylan-based biofoams
can provide new approaches for the development of natural and cost-effective biomedical

materials that can be used in tissue engineering applications.
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CHAPTER 7

SUMMARY AND CONCLUSIONS

Polysaccharides can be presenting important roles in versatile biomedical
platforms including drug delivery and tissue regeneration. Polysaccharides are being
extensively researched for developing functional biomaterials due to their unique
properties like biocompatibility, biodegradability, and structural diversity. In this study,
a natural polysaccharide, xylan, was utilized to produce novel smart functional systems
to achieve their widespread use in biomedical applications were examined.

In the first part of the study, xylan-based colon-targeted oral drug delivery systems
were developed. Xylan degradability by hydrolysis of glycosidic bonds by colonic
microbiota was utilized as a trigger mechanism of drug release in colon. Two different
approaches were used for the delivery of hydrophobic molecules to the colon by oral
administration. Firstly, xylan based composite nanoparticles with polymeric micellar core
were produced. In this system, the model hydrophobic molecule, curcumin, was
encapsulated in the core of P-123 micelles by thin-film hydration method in order to
increase the absorption and bioavailability, transport large amounts of drugs into a cell,
and provide separated functionality. To protect the curcumin-loaded micelles from the
external environment, they were coated with xylan to form a shell. The electrostatic
interaction of xylan and chitosan was used for coating of the micelles, and chitosan was
cross-linked with TPP to increase the stability of nanoparticles. The mucoadhesive
property of chitosan also increases drug permeability in the colon by providing a
prolonged residence time on mucosal surfaces. The xylan based composite nanoparticles
which had high curcumin loading capacity minimized the drug loss in the upper GIT, and
released the curcumin as a result of xylan degradation by Bact. ovatus. Polymer ratios
and crosslinking agent concentration were affective on the curcumin release behaviors of
composite nanoparticles. These two impontant parameters should be considered when

designing a colon-targeted drug carrier. Besides the drug delivery, xylan can improve the
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colon health of the host by inducing the proliferation of beneficial bacteria. The health-
promoting effects of prebiotic substrates are generally attributed to the induction of
beneficial species and the production of SCFA. The increase in the number of B. lactis
and SCFA production showed that the degradation of xylan could potentially contribute
to colon health through prebiotic action. The in vitro cytocompatibility was investigated
and the results indicate the xylan and chitosan that cross-linked with TPP provide a non-
toxic coating on the P-123 micelles. Secondly, xylan/chitosan coated silica nanoparticles
were investigated for another microbially activated colon targeted oral drug delivery
system. Mesoporous silica nanoparticles (MSNs) have been well-recognized drug carriers
due to their hydrophilicity, biocompatibility, adjustable pore diameter, and modifiable
surface properties. Although they show excellent properties for enhancing the oral
bioavailability of drugs, premature release is one of the well-documented disadvantages.
MSNs were produced by using a cationic surfactant, CTAB, micelles as templates and
loaded with curcumin that was made water soluble with a nonionic surfactant TX-100.
Then, they were coated with xylan/chitosan to protect them from the upper GIT
conditions and to be activated microbiologically in the colon. The stability test
demonstrated the significant effect of the xylan/chitosan coating of MSNs in inhibiting
drug loss at the upper GIT pH. The polymer-coated MSN released curcumin owing to the
saccharolytic activity of Bact. ovatus. It has been observed that both nanocarrier systems
released curcumin as a result of xylan degradation by colon bacteria Bact. ovatus.
However, the in-vivo performance of nanoparticles should be investigated more
extensively in clinical studies. Similar to the xylan based composite nanoparticles with
polymeric micellar core, xylan degradation demonstrated that they had the potential to
improve colon health through prebiotic action. The in vitro cytocompatibility was
investigated and the results indicate the MSNs and xylan/chitosan-coated MSNs did not
show any significant cytotoxic effect.

In the second part of the study, the suitability of a xylan-based biofoam as a
scaffold was examined. Bioactive molecules-loaded frameworks can be developed as a
more effective technique for tissue therapy. To investigate the hydrophobic molecule and
biofoam interaction and release behavior of biofoams, curcumin was used. Curcumin-
loaded xylan based biofoams were synthesized by thin-film hydration coupled with oil in
water emulsion methods. The effect of cross-linking agents on the considerable
physiochemical and mechanical characteristics of the biofoams has been clearly
demonstrated. Crosslinking the polymeric chains of xylan with CTAB to form a 3D
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network did not provide adequate biostability and could not withstand the physiological
environment to allow cell differentiation. Therefore, xylan was combined with chitosan
to produce more durable xylan-based biofoams. Composite foams containing xylan and
chitosan were produced using TPP and/or SDS as the crosslinking agent. Composite
foams produced with TPP exhibited a very brittle structure. For that, SDS was added to
the system as a cross-linking agent and it was observed that SDS provided mechanical
strength to biofoams. The composite biofoams cross-linked with SDS demonstrated
highly porous structure and swelling ability. Although all types biofoams had high
loading capacity, SDS crosslinked biofoams showed the highest curcumin release. In
order to investigate the adhesion and differentiation of cells on composite biofoams, 3T3
fibroblast cells were used. The morphological examination of attached cells supported
that the physicochemical properties of composite biofoams provided a satisfactory
framework and can assist new tissue formation.

In conclusion, xylan-based nanocarriers and biofoams provided promising
approaches for microbially activated colon targeted drug delivery and tissue engineering
applications, respectively. These xylan-based functional materials can provide important
insights into xylan utilization in such fields. The findings of this thesis study are a good
agreement with the current perspective; xylan is an encouraging, natural, and safe

material for the biomedical area.
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APPENDICES

APPENDIX A. MEDIA COMPOSITION

Table A.1. Composition of Wilkins-Chalgren Anaerobe Broth.

Component Concentration g/L
Tryptone 10.0
Gelatine peptone 10.0

Yeast Extract 5.0
Glucose 1.0
Sodium chloride 5.0
L-arginine 1.0

Sodium pyruvate 1.0
Menadione 0.0005
Haemin 0.005

Table A.2. Composition of Reinforced Clostiridial Medium.

Component Concentration g/L
Peptone 10.0

Yeast extract 13.0
Sodium chloride 5.0
Glucose 5.0

Soluble starch 1.0
Sodium acetate 3.0
Cysteine hydrochloride 0.5

Agar 0.5
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Table A. 3. Composition of Basal Medium

Component

Concentration g/L

Peptone water

Yeast extract

Sodium chloride

Potassium phosphate dibasic
Potassium phosphate monobasic
Magnesium sulfate heptahydrate
Calcium chloride hexahydrate
Sodium bicarbonate

Tween 80

Haemin

Vitamin k1

Resazurin

Bile salt

2.0
2.0
0.1
0.04
0.04
0.01
0.01
2.0
2 ul
0.005
10 pl
0.001
0.5
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APPENDIX B

STANDARD CALIBRATION GRAPH FOR XYLOSE
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Figure B.1. Xylose standard curve for HPLC
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APPENDIX C

STANDARD CALIBRATION GRAPH FOR ORGANIC

ACIDS
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Figure C.1. Lactate standard curve for HPLC
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Figure C.2. Acetate standard curve for HPLC
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HPLC Peak area
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Figure C.3. Succinate standard curve for HPLC.
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STANDARD CALIBRATION GRAPH FOR CURCUMIN
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Figure D.1. Standard calibration curve of free curcumin and cur-P123 micelles.
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