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SUMMARY

In this thesis, a drug delivery system that will allow the therapeutic substances to be
administered to a specific part of the body in a minimally invasive way was prepared.
For this purpose, a biomaterial-based platform has been designed that can release the
anti-inflammatory drug active ingredient it contains by injecting it into the damaged
tissue after ovarian surgery. Thanks to this system, it is foreseen that it will be possible
to increase the concentration of the relevant active substances locally in the application
area and to create a reserve that can release active substance slowly and continuously
depending on time. In addition, thanks to the targeting molecule planned to be
conjugated to nanoparticles, it is aimed to release the drug active substance in the
ovarian cells where it is selectively targeted and show its effect. For this purpose, drug-
loaded sodium alginate-based nanoparticles were prepared to provide slow, controlled
and continuous release of the confined drug molecules. It was encapsulated or
embedded in a heat sensitive polymeric hydrogel for ease of application and slowing
down the rate of biodegradation. It is aimed to increase the stability and
functionalization of sodium alginate-based nanoparticles, which are planned to be
cross-linked with calcium chloride and have a high drug carrying capacity, by coating
them with chitosan natural polymer. The folic acid group was conjugated to the surface
of nanoparticles coated with chitosan polymer to provide targeting properties to
ovarian cells. Curcumin, an anti-inflammatory drug with a well-known mechanism of
action, was entrapped into the hydrophilic core of the nanoparticles. The prepared drug
loaded nanoparticles will be mixed with the heat sensitive polymer pNIPAM chains
and will be confined within the hydrogel structure that these polymer chains will form.
Thus, this drug delivery system was able to provide a treatment method that allows the
entrapped drug active substance to act on target cells selectively and with slow and
sustained release locally. Thus, the potential of nanoparticles, which are both
biocompatible and biodegradable, loaded with curcumin anti-inflammatory drugs and

specifically targeted to ovarian cells, as a drug delivery system were investigated.



Keywords : Anti-inflammatory, Curcumin, Drug Delivery Systems, Injectable
Hydrogels, Thermo-sensitive Hydrogels



OZET

Ila¢ Yiikli Nanoparcaciklarin Hazirlanmasi ve Termoduyarh Hidrojeller

Icerisine Hapsedilerek Enjekte Edilebilir Ila¢ Tasima Sistemlerin Gelistirilmesi

Onerilen tez kapsaminda, viicudun belirli bir bélgesine minimal invaziv bir yolla
terapotik 6zelligi olan maddelerin uygulanmasini saglayacak bir ila¢ tagima sistemi
hazirlanmistir. Bu amagcla, yumurtalik ameliyatlar1 sonrasinda hasar goren dokuya
enjekte edilerek icerdigi anti-inflamatuar ila¢ etken maddesini kontrollii olarak
salabilecek biyomalzeme bazli bir platform tasarlanmistir. Bu sistem sayesinde
uygulama bdlgesinde lokal olarak ilgili etken maddelerin konsantrasyonunu
arttirmanin ve zamana bagli olarak yavas yavas ve siirekli etken madde salimi
yapabilen bir rezervin olusturulmasinin miimkiin olabilecegi 6ngdriilmektedir. Ayrica
nanoparcaciklara konjiige edilmesi planlanan hedefleyici molekiil sayesinde ilag¢ etken
maddesinin segici olarak hedeflendirildigi yumurtalik hiicrelerinde salinmasi ve
etkisini gostermesi hedeflenmistir. Bu amagla, hapsedilen ila¢ molekiillerinin yavas,
kontrollii ve siirekli salimmi saglamak i¢in ilag yiiklii sodyum aljinat bazl
nanopargaciklar hazirlanacak; uygulama kolayligi ve biyobozunma hizini
yavaslatmasi adina 1siya karsi duyarli bir polimerik hidrojel i¢ine hapsedilmistir.
Kalsiyum klorit ile ¢apraz baglanacak ve ilag tagima kapasitesi yiiksek olacak sekilde
hazirlanmasi planlanan sodyum aljinat bazli nanoparcaciklarin kitosan dogal polimeri
ile kaplanarak kararliliginin arttiritlmasi ve fonksiyonellestirilmesi gergeklestirilmistir.
Tasarlanan ¢apraz bagli yap1 sodyum aljinat-kalsiyum klorit redoks reaksiyonu sonucu
elde edilmistir. Folik asit grubu, kitosan polimeri ile kaplanmis nanoparcaciklarin
yiizeyine konjiige edilerek yumurtalik hiicrelerini hedefleyici 6zellik sunabilecektir.
Nanoparc¢aciklarin hidrofilik ¢ekirdegine oldukea sik kullanilan ve etki mekanizmasi
Iyi bilinen bir anti-inflamatuar ilag olan kiirkiimin yiiklenmistir. Hazirlanan ilag¢ yiikli
nanoparcaciklar, 1stya duyarli polimer pNIPAM zincirleri ile karistirilarak bu polimer
zincirlerinin olusturacagi hidrojel yapinin i¢ine hapsedilmistir. Boylelikle 6nerilen bu

ilag tagima sistemi, hapsedilen ila¢ etken maddesinin lokal olarak yavas ve siirekli



salimiyla ve de secici olarak hedef hiicrelerde etki gdstermesini saglayabilecek bir

tedavi yontemi sunabilecektir.

Anahtar sozciikler : Anti-inflamatuvar, Enjekte Edilebilir Hidrojeller, Ila¢ Tasima

Sistemleri, Kurkumin, Termoduyarli Hidrojeller



1. BACKGROUND AND AIM OF THE STUDY

The aim of this project is to develop a minimally invasive drug delivery system that is
targeted only to ovarian cells and has the potential to eliminate inflammation in the
operated area after any surgical intervention in the ovaries and reduce ovarian cell

loss/damage.

Within the scope of the project, it is achieved to prepare biodegradable and
biocompatible nanoparticles that may act selectively on target cells and to provide slow
and controlled release of drug molecules to be applied in treatment. Later on, these
nanoparticles were confined within the injectable hydrogel structure prepared with a
heat sensitive polymeric biomaterial for ease of application and slowing down the
biodegradation rate. This drug delivery system allows for the combined use of targeted
drug delivery and three-dimensional scaffold structures for both local application of
biomaterials and delivery of therapeutic agent in a controlled and sustained manner
specifically in the targeted (and mostly exposed to inflammation) ovarian cells. In
addition, since no examples of this polymer-drug combination have been found in the
literature, this novel design of nanoparticle-hydrogel system can be evaluated as an
advantageous injectable platform with high potential in both improving wound healing

and diminishing anti-inflammatory effects in case of surgery or internal tissue damage.
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Figure 1. Preparation of drug-loaded nanoparticle incorporated injectable hydrogel based drug delivery system



2. INTRODUCTION

2.1.Drug Delivery Systems (DDSs)

Recently, it has been figured out that pharmacokinetic factors have a crucial role on
therapeutic effects and undesirable actions of drugs. Therefore, scientists have been
aware of the importance of studies on drug metabolism and disposition. This growing
awareness has shown that therapeutic effect is not sufficient only by the administration
of a drug but also depends on appropriate concentration of drug for a certain duration
on a particular target site. Since the route of administration of a drug can has
undesirable actions, concentration of administered drug should have been kept in
control (1). Because, even if the drug is injected into the systemic circulation directly,

administered dosage and drug level at the target site will not be coherent (2).
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Figure 2. Comparison of drug concentrations in systemic circulation resulting from
administration of a drug by intravenous. CT, toxic concentration; CE effective

concentration; Cl, ineffective concentration (2)



In Figure 1, comparison of drug concentrations in systemic circulation after
administration of a drug and toxic (Cr), effective (Cg) and ineffective (Ci) drug
concentration are demonstrated. When a drug is injected into systemic circulation,
drug concentration typically rises rapidly and declines by first-order exponential decay
and drug concentration oscillate around effective (Cg) and ineffective (Ci)
concentration, even it reaches the toxic (Ct) concentration (curve A). With this type
of drug concentration oscillations where the therapeutic index (C+/Cg) is low,
ineffective therapeutic actions with undesirable side effects are inevitable. Curve B
illustrates the required drug concentration levels after administration of a drug,
constant (zero-order release) release of a drug into systemic circulation. It is possible

to achieve desired therapeutic effect with maintained release rate (2).

Other incoherence between administered dose and drug levels has been attributed also
poor activity in vivo. Poor activity is the term ‘bioavailability’ of drugs, the extend and
rate which drug reaches and shows effect in target tissue. When a drug is administered
into the system, drug bioavailability is typically very low, and the concentration of the
drug can quickly drop below an effective level, requiring re-administration. This led

to undesirable side effects and more importantly toxicity (3).

It has become clear that beneficial therapeutic effects can be achieved by an
appropriate administration formulation that can be controlled temporal and spatial
aspects of drug disposition. This consideration has led the scientist drug delivery
system concept (2). Drug delivery system (DDS) is the method or process of
alternative approach for administering a pharmaceutical compound to regulate
bioavailability and therapeutic effect. DDSs provide to control both routes of
administered drug, drug metabolism, and the extend and rate of drug release at which
drug reaches into the target site (4). DDS represents an attractive approach for
controlled release of administered drug. Therefore, duration of action of drug can be
extended, fluctuations of drug level in system and frequency of dosing can be reduced.



Besides, DDSs provide improvement drug utilization with maximizing availability
with minimum dose, minimize or eliminate local and systemic side effects and drug
accumulation (4)(5). In DDSs, polymeric network structure provide an alternative
approach to administrate a therapeutic compound with incorporation (3). The demand
to improve bioavailability of drugs and achieve appropriate therapeutic effect is to be

satisfied with already existing biocompatible encapsulation materials (6)

2.1.1. Nanoparticles (NPs)

In drug delivery systems, various carriers with a wide range sized are used due to
intended purpose. Nanoparticles, microspheres, implant surface coating, wafer etc. are
the intensively used and advantageous carriers in drug delivery systems. Carrier is
chosen for better encapsulation due to its grand bioavailability and less toxic
properties. Polymeric nanoparticles, liposomes, dendrimers etc. are commonly used
carriers due to their ability of controlled release and improvement of effectiveness of

capsulated drugs.

Since the size and size distributions of carriers are important to determine their
interaction with the cell membrane and their penetration across the barriers, nano-sized
carriers are commonly preferred. These nano-sized carriers, ‘“nanoparticles”, are
preferred due to their small size, customizable surface, improved solubility, and multi-
functionality and designed for target, diagnose and treatment. Nanoparticles are vary
in size from 10 to 1000 nm but less than 200 nm sized nanoparticles are preferred for
prolonged blood circulation and easy administration (7). Various hydrophilic/
hydrophobic therapeutic molecules and drugs are improved by using biodegradable
nanoparticles to improve solubility and circulation time. Therefore, therapeutic index
of drug, specificity, tolerability and drug efficacy increases by nanoencapsulation of
drugs (nanomedicine) and this reduces risk of toxicity and patient expences. Besides,



using nanoparticle increases interaction with the biological environment by enhancing

absorption into selected tissue (8).

2.1.1.1. Polymeric Nanoparticles

Depending on the method of preparation, possessed different properties and release
characteristics natural and synthetic polymers are used for synthesis of nanoparticles
according to application purpose and type of drug/therapeutic molecule to be
encapsulated. Biodegradable nanoparticles are commonly formulated from PLA,
PLGA, PCL etc. type synthetic polymers for effective targeting (9). Specially
biocompatible natural polymers such as alginate, chitosan, gelatin etc. are preferred
because they can easily extracted from natural resources and are cost effective (10).

Alginate is a water soluble linear polysaccharide which is composed of differently
arranged blocks of 1-4 linked a-L-guluronic and f-D-mannuronic acid residues and
extracted from black sea weed and brown algae (10). Alginate has been widely used
in drug delivery systems and cell encapsulation as it is biocompatible, biodegradable
and mucoadhesive (11). It has easy gelling property by addition of a polycationic
solution and micro and/or nanoparticle can be formed easily by inducing with calcium
ions (Figure 2) (12). Alginate based nanoparticles can transform hydrophobic
molecules like curcumin dispersible in aqueous media and eliminate the deficiency of

poor solubility of hydrophobic molecules (13).

10
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Figure 3. Crosslinking of sodium alginate with cationic calcium chloride

As an alternative, chitosan is another linear polysaccharide, a derivative of chitin;
partially deacetylated polymer of N-acetylglucosamine and mostly protonated at
pH<6.5, thus in these conditions it possessed polycation property (10). Despite of
insoluble in water and organic solvent unlike alginate, chitosan is soluble in dilute acid
solution. Chitosan and its derivatives are known as biodegradability, bioavailability
and non-toxic properties and have been widely used in drug delivery systems (14).

2.1.2 Targeted Nanoparticles

Small size and use of biodegradable polymers are the advantages of using
nanoparticles in drug delivery systems. These advantages allow nanoparticles easy
circulation in bloodstream and efficient uptake by various cell types and drug
accumulation at target sites. For successful and efficient advantage of nanoparticles,
persistence of nanoparticles is required in systemic circulation of the body. In despite
of formulation nanoparticles with hydrophilic characteristic or coating the
nanoparticles with hydrophilic polymers/surfactants are alternative approach for

minimizing opsonization and prolong the circulation time, modification/conjugation

11



of surface of nanoparticles with therapeutic agent or cell-specific ligand is required for
active targeting (Figure 3.) (8)(9)(15).

To achieve sustained systemic circulation of nanoparticles surface of nanoparticles
must be modified to prevent phagocytosis (8). Increase the site-specific targeting tissue
specific of nanoparticle must be increased. Small non-antigenic ligands have been
commonly started to use due to their advantages (5).
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Figure 4. Surface modification of nanoparticles (16)

Folic acid (FA) is one of the most popular ligand presents advantages as a targeting
agent as stable, inexpensive, and non-immunogenic compared with proteins and has
high affinity for its cell receptor, folate receptor (14). It has been found that during
inflammation, folate receptors are strongly upregulated on activated macrophages.
Therefore, design of active targeting drug delivery system with folic acid modified
nanoparticles for targeting activated macrophages is an attractive approach for

inflammation treatment (17).

12



2.1.3. Functionalization

Since alginate nanoparticles are obtained with crosslinking of the alginate polymer by
electrostatic interaction with calcium ions, polymer forms a matrix capable of entrap
drugs. Besides, alginate polymer tends to form a polyelectrolyte complex with cationic
polymers such as chitosan. Association between the acid group of alginate and the
amine group of chitosan provides polyelectrolyte complex coating. In 2011, Cook et.
al. have been suggested that coating the alginate nanoparticles with chitosan might be

improved the mechanical strength of alginate nanoparticles (18).

On the other hand, while coating the nanoparticles with chitosan provides positive
surface charge to improve functionalization of surface, also prolong the interaction
time of encapsulated molecule with epithelium and enhance the absorption via the
paracellular transport pathway through the tight junctions (10)(12). However, it has
been figure out that functionalization of nanoparticles has many advantages besides
extended interaction time. Recently, functional nanoparticles have been started to use
for various biomedical and clinical applications for treatment, monitoring and
targeting (19)(20). Although coating the nanoparticles with chitosan provides
functionality for nanoparticles, chitosan polymer is not sufficient for the targeted
administration but thanks to amine group of chitosan, functionalization capability can
be improved by conjugates, specially conjugation of chemical or biological or
targeting agents with NHS-ester bonds is an effective approach (21). In 2010, Huh et.
al. designed a chitosan/polyethylenimine nanoparticles with sSiRNA for tumor-homing
to test imaging system for detection of RFP intensity (20). As another efficient
example of functional nanoparticles for targeting is J.Ji and his groups, designed a
MTX encapsulated FA conjugated chitosan nanoparticles to improve the tumor cell-

selective targeting and induced the drug toxicity (21).
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2.1.4. Drug Loading

In polymeric nanoparticles, high efficiency drug loading capacity has been expected
and loading of interested drug can be accomplished by various ways such as dissolved,
entrapped/encapsulated and adsorbed/attached into or onto a polymeric matrix (Figure
4.). Drug can be incorporated at the time of nanoparticle formation or drug can be
attached after nanoparticle formation, incubating the nanoparticle into concentrated
drug solution. Since entrapment of drug into polymeric nanoparticles has an advantage
in terms of drug stability and sustained&slow drug release. Entrapment efficiency and
drug loading depend on solubility of drug and polymer that is used for formulation of
nanoparticle. Also, polymer composition, molecular weight, interaction between drug

and polymer and the functional groups are effective on drug loading and entrapment

efficiency (8)(9).

Polymer
+ Drug

Figure 5. Structural organization of biodegradable drug-loaded nanoparticles (8)
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In the last decade, it has been believed that medicinal plants are major source of
therapeutic molecules in the traditional medicine to treatment and medicinal plants are
healthier that synthetic ones. Curcumin is a one of the common spice known as active
ingredient in turmeric and used for its medicinal and anti-inflammatory properties (22).
Curcumin has been known to act as antioxidant, anti-mutagen and anti-carcinogenic
and protective effect on reproductive organs activity (23). Since curcumin regulates
the functioning of inflammatory enzymes, it can be employed for reduce post-
operative inflammation (13)(24). Studies shows that formulated biodegradable
polymeric carriers with curcumin for the treatment of inflammation in arthritic rats
successfully employed for therapeutic management of inflammation (25). Despite
curcumin is safe evet at high doses but its therapeutic effect is limited as it has poor
aqueous solubility and rapid systemic elimination, which restrains its bioavailability
(13). Bisht et.al. have been resolved this inefficiency by encapsulating curcumin in a
polymeric nanoparticle, nanocurcumin, and provides an opportunity to expand the use
of curcumin in clinical treatment (26). However, Inchai et.al. have showed in their
study that curcumin solubility is proportional with the surfactant addition (27). The
polysorbate 80 also known as tween 80 is a surfactant and nonionic emulsifier used as
dispersing agent for nanoparticle synthesis (28). Since the surfactants play role in the
formation of nanoparticles by lowering the interfacial tension, therefore they prevent
particle aggregation (29). On the other hand, surfactants and other possible additives
and agents such as cationic polymer poly-(l)-lysine, ease formulation of polymeric

nanoparticles with different functional groups and improve stability (12).

2.1.5. Hydrogels

Local drug delivery systems have been intended to overcome shortcomings of
conventional drug pharmacokinetic mechanisms. Since drug has to be delivered to
response metabolic requirements, not only should matches temporal modulations also
provide site-specific targeting. Such a system would be beneficial that delivered the
therapeutic agent by some signal, sensed at the specific target and release the
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therapeutic agent in response. This idea has led scientists to development of smart drug

delivery systems (1).

Hydrogels have been started to use extensively for a wide variety of biomedical
application. Hydrogels are three-dimensional cross-linked polymer networks which
has high-water content that provides capability of swelling or de-swelling. In another
word, polymerization of monomers either the presence of cross-linker and initiator

depending on functional groups of polymer and cross-linker (Figure 5).

crosslinker
38 =
initiator

polymer

Figure 6. Hydrogel preparation scheme (adapted from (30))

Hydrogels are capable of retaining large volume in swollen state for sustained release
of therapeutic agent. The ability of resistance to dissolution of hydrogels comes from
the hydrophilic functional groups and molecular entanglements arises from cross-
linking between polymeric chain networks. They can be classified as natural, synthetic
and hybrid, as is the type of polymer that made of. Hydrogen bonding, ionic and
hydrophobic interactions provide stabilization of hydrogels and hydrogels can be

cross-linked by covalent bonds.
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Thanks to the biocompatibility and biodegradability of polymers, development of in
situ forming hydrogels has led smart drug delivery systems. Since the polymers that
the scaffold material of hydrogels and polymerization/crosslinking methods are
tunable, hydrogels can be designed as responds and changes with external
environmental conditions. They can be designed that perform as stimulated by physical
(temperature, electric or magnetic field etc.) or chemical (pH, ionic strength, solvent
composition etc.) conditions (Figure 6.) and known as ‘stimuli-responsive” hydrogels
(3)(30)(31).
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Figure 7. Stimuli-response hydrogel (30)

Thermo-responsive hydrogels are commonly known stimuli-responsive hydrogels and
they have been extensively used in biomedical applications due to phase transition
capability of polymers to change in external environment (Figure 7). The ability of
gelation at physiological temperatures provides hydrogels to injectability and they can

solidify to from gel in situ at body temperature in the desired tissue. Thermo-
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responsive injectable hydrogels transform from a liquid to hydrogel at a threshold

temperature which is defined as ‘lower critical solution temperature’ (LCST).

,@@ |

Drug and polymer in solution Drug loaded in thermoresponsive hydrogel

W ol
@ Drug

Figure 8. Thermo-responsive hydrogel mechanism (31)

To make thermo-responsive injectable hydrogels, thermo-responsive polymers such as
poly(lactic-co-glycolic acid)-PEG, poly(N,N-diethylacrylamide), pNIPAM and
poly(ethylene glycol-b-[DL-lactic acid-co-glycolic acid]-b-ethylene glycol) are
needed (Figure 8). Thermo-responsive polymers can undergo phase transition without
any chemicals and change physical properties with temperature. At low temperatures,
while thermo-responsive polymers are liquid, they solidify with the increasing

temperature and form semi-solid gel at high temperatures (32).
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Figure 9. Thermo-responsive polymers (1)

Poly(N-isopropylacrylamide) (pNIPAM) is a polymer which is mostly preferred for
preparing temperature- responsive hydrogels and widely examined and used in many
other application areas. Microfluidic devices, cell culture substrates, drug delivery
vehicles and soft actuators are some examples of these application areas. pNIPAM
shows a broad and invertible volume change in water at its lower critical solution
temperature (LCST, typically 32-35 °C) by virtue of coil-globule transition of the
network strands of the polymer. At the temperatures under its LCST, pNIPAM
molecules in an aqueous condition displays a hydrophilic act with an extended coil
format, which continues with a water uptake and swelling. On the hand temperatures
above the LCST, the hydrophobic groups starts to become highly more active, this
leads to causing the molecules to convert into a shape resembling a compact globule
(33)(34).

2.1.6. Nanoparticle Embedded Hydrogel Scaffolds as DDS

The injectability of thermo-responsive hydrogels has led to increment on relevance of
use hydrogels in many applications. Recently, hydrogels have been used as dressing
material for different types of wounds in wound healing process including
inflammatory, remodeling or regeneration of damaged tissue. With the help of natural
or synthetic biomaterials and their bioavailable characteristic properties, hydrogels has

19



been attracted to researchers due to tunable properties and applicability in site-specific
target (35).

In situ application of thermo-responsive hydrogels provide assist for wound healing.
Due to swelling/de-swelling property, prepare a hydrogel as therapeutic molecule
release mechanism has a promising approach for wound healing, specially treatment
of inflammation type complications. Since the drug release from a hydrogel is a
function of time and based on rate-limiting step, controlled release profile of hydrogels
can be categorized in three; as diffusion-controlled, swelling-controlled, or
chemically-controlled. In diffusion-controlled release mechanisms, while diffusion of
drug depends on the pore size (5-100 nm) of the hydrogel and significantly retarded in
the swollen state, in swelling-controlled release mechanisms diffusion of drug is faster

than swelling and it led to control release behavior (3).

Sustained and slow release of a drug using cross-linked hydrogel is not sufficient;
incorporation of another release system is an alternative approach. Incorporated drug-
loaded carriers (microspheres, nanoparticles or nanoemulsion etc.) into hydrogel
network has a promising approach to overcome inefficacy of conventional wound
healing processes with only administration of drug-loaded carrier or use of hydrogel-
based healing mechanism by itself. In 2016, Verma et.al. had an efficient strategy for
accelerate wound healing process with using sericin/chitosan-capped silver
nanoparticles incorporated hydrogel to reduce the risk of bacterial infection (35).
Subsequently, in 2005, Zhang et. al. were proposed another novel strategy which is
thermo-responsive pNIPAM nanoparticle incorporated pNIPAM hydrogel that its
swelling based on diffusion-control and they compared conventional pNIPAM
hydrogel with nanoparticle incorporated pNIPAM hydrogel as shrinkage kinetics and

observed faster shrinkage rate with the nanoparticle incorporated hydrogel (34).
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3. MATERIALS AND METHODS

3.1. Materials

Alginic acid sodium salt from brown algae (low viscosity), calcium chloride, sodium
dodecyl sulfate (SDS), chitosan (LMW, 50-190 kDa), curcumin (from Curcuma longa
(Turmeric), powder) and Tween 80 (for synthesis) were purchased from Sigma Aldrich

for the preparation of nanoparticle.

Poly(N-isopropylacrylamide),N,N,N’,N’-Tetramethylethylenediamine  (bioreagent,
suitable for electrophoresis ~ 99%), triethylene glycol dimethacrylate (contains 80-
120 ppm MEHQ as inhibitor, 95%), folic acid (> 97%), diisopropylamine (>99.5%),
N,N-Dimethylformamide (anhydrous, > 99.8%), ammonium persulfate (APS) (for
molecular biology, for electrophoresis > 99.8%), poly-L-lysine (0.1% (w/v) in H20))
were purchased from Sigma Aldrich for the preparation of hydrogel scaffold.
Aluminium oxide (90 active basic (0.063-0.200 mm) (activity stage 1) for column
chromatography) was purchases from Merck and used as filter to remove inhibitor of

triethylene glycol dimethacrylate.

Acetate buffer (pH 5.5) was prepared with acetone and acetic acid (Merck) into
distilled water; phosphate saline buffer tablets (Biomatik Corporation) in distilled
water, both solutions were used for determination of drug release profile experiments.
HATU, diethyl ether, sodium sulfate (anhydrous for analysis) were purchased from
Merck. Spectrum™ Spectra/Por™ 6 (Pre-wetted Standard RC Dialysis Tubing, 1kD

MWCO) was purchased from Fischer Science for dialysis.
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3.2.Preparation of Drug Delivery Systems

Drug delivery system designed in this thesis was prepared in two parts; curcumin-
loaded chitosan-coated alginate nanoparticles (CS(AA-Cur-NPs)) and their
encapsulation into PNIPAM based hydrogel scaffold (CS stands for chitosan polymer,

AA stands for alginic acid polymer and Cur is curcumin drug molecule).

3.2.1. Preparation of Alginate Nanoparticles (AA-NPs)

Literature reveals several different methods for the preparation of nanoparticles from
alginate polymer. However specifically two procedures were selected based on the
evaluation of the obtained results for the nanoparticles in the associated scientific
papers. Together with the modifications in the steps of the above-mentioned

procedures, nanoparticles were prepared as follows.

3.2.1.1. Procedure 1 (P1): Preparation of Nanoparticles with the Surfactant

‘Poly-L-Lysine’

Preparation of blank (without drug) alginate nanoparticles was taken from literature
(11)(36). Briefly, sodium alginate (low viscosity) (0.05 g, 0.231 mmol) was dissolved
in 10 mL ultrapure (Milli-Q) water. On the other side, calcium chloride (0.05549 g,
0.0005 mmol) was dissolved in 10 mL ultrapure water. After the addition of Sodium
dodecyl sulfate (SDS) (0.01g) solution prepared in 10 mL ultrapure water into the
alginate solution, lastly CaCl> solution was added onto the mixture. Continuous
stirring for 1 hour at room temperature was followed by the filtration of this reaction

mixture through 0.22 pm cellulose acetate syringe filter.

3 mL poly-I-lysine (0.1% v/v) and 3 mL SDS solution (0.1% w/v) were added to 4.75
mL calcium chloride (50 mM) solution while calcium chloride was being stirred. 0.25
mL sodium alginate solution (0.5% w/v) was added dropwise through by micropipette
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and the mixture was mixed by stirring magnetically at 1500 rpm for 2 hours at 40 °C
in order to obtain nanoparticles. After 2 hours, the mixture was centrifuged at 14000
rpm for 30 min and rinsed with ultrapure water, centrifuged at 5000 rpm for 5 min.
Washing step was repeated two times. Supernatant was decanted and filtered with 0.22
um cellulose acetate syringe filter for further measurements for the characterization of

prepared nanoparticles.

3.2.1.2. Procedure 2 (P2): Preparation of Nanoparticles with Surfactant

‘Tween 80’

Preparation of blank ( without drug) alginate nanoparticles was taken from literature
(37). Briefly, sodium alginate (0.1g, 0.468 mmol) was dissolved in 10 mL ultra pure
water. 0.1% (w/v) calcium chloride solution was prepared by dissolving 0.01 g calcium
chloride in 10 mL ultra pure water. 1% (v/v) tween 80 solution was prepared by
dissolving 0.1 mL in 10 mL ultra pure water. While calcium chloride and sodium
alginate solutions were mixed by stirring magnetically for 1 hour without temperature,
tween 80 solution was mixed by stirring only for 15 min to prevent micelle formation.
All solutions were filtered with 0.22 pm cellulose acetate syringe filter, again except

tween 80 solution.

6 mL of tween 80 (1% v/v) solution was added into 5 mL sodium alginate solution
(0.1% wi/v) and mixed by stirring for 15 min. 1 mL was taken from the mixture in
order to make total volume 10 mL. Then 5 mL calcium chloride (0.1% w/v) was added
dropwise through by micropipette while the tween 80 and sodium alginate mixture was
stirring magnetically, and mixture was allowed to stir for 1 hour at 1500 rpm. After 1
hour, the mixture was centrifuged at 14000 rpm for 30 min and rinsed with ultrapure
water, centrifuged at 5000 rpm for 5 min. Washing step was repeated two times.
Supernatant was decanted and filtered with 0.22 um cellulose acetate syringe filter for

further measurements.
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3.2.2. Preparation of Curcumin —loaded Alginate Nanoparticles (AA-Cur-
NPs)

In Procedure 1, curcumin-loaded alginate nanoparticles were prepared with similar
procedure with blank (without drug) nanoparticles. However, with the difference of
addition of curcumin powder dissolved in ethanol (99%) solvent. Briefly, 10 mg
curcumin powder was dissolved in 10 mL ethanol solvent. 9 L curcumin solution was
added in 4.75 mL calcium chloride (50 mM) solution while calcium chloride was being
stirred. 3 mL poly-I-lysine (0.1% v/v) and 3 mL SDS solution (0.1% w/v) were added
to mixture. 0.25 mL sodium alginate solution (0.5% wi/v) was added dropwise by
micropipette and the mixture was stirred at 1500 rpm for 2 hours in order to obtain
nanoparticles. After 2h, the mixture was centrifuged at 14000 rpm for 30 min and
rinsed with ultrapure water, centrifuged at 5000 rpm for 5 min. Washing step was
repeated two times. Supernatant was decanted and filtered with 0.22 um cellulose

acetate syringe filter for further measurements.

In Procedure 2, curcumin-loaded alginate nanoparticles were prepared with similar
procedure with blank (without drug) nanoparticles but with the difference of addition
of curcumin powder directly. Briefly, 6 mL tween 80 (1% v/v) solution was added into
5 mL sodium alginate solution (0.1% wi/v) and stirred magnetically for 15 min. Then
1.5 mg curcumin was added and stirred until dissolved properly. 5 mL calcium
chloride solution (50 mM) was added dropwise through by micropipette while the
mixture was stirring magnetically and mixture was allowed to stir for 1 hour at 1500
rpm. After 1 hour, the mixture was centrifuged at 14000 rpm for 30 min and rinsed
with ultrapure water, centrifuged at 5000 rpm for 5 min. Washing step was repeated
two times. Supernatant was decanted and filtered with 0.22 pum cellulose acetate

syringe filter for further measurements.
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3.2.3. Preparation of Curcumin-loaded Chitosan-coated Alginate
Nanoparticles (CS(AA-Cur-NPs))

In this step, both blank (without drug) and curcumin-loaded (with drug) nanoparticles
were coated with chitosan polymer. Both nanoparticles prepared by Procedure 1 and

2 were utilized for chitosan coating step.

Procedure for the coating of alginate-based nanoparticles with chitosan polymer was
followed by literature example (9) with slight modifications. Briefly, chitosan (0.01g)
(LMW) was dissolved in 10 mL ultrapure water for preparing 0.1% (w/v) chitosan
solution. While chitosan solution was being stirred at 1500 rpm, blank (without drug)
nanoparticles were added dropwise by micropipette with the ratio of Chitosan to
Nanoparticle (C:NP) as 1:2 by volume/volume. Mixture was allowed to stir
magnetically at 1500 rpm for 2 hours. After 2 hours, the mixture was centrifuged at
14000 rpm for 30 min and rinsed with ultrapure water, centrifuged at 5000 rpm for 5
min. Washing step was repeated two times. Supernatant was decanted and filtered with

0.22 um cellulose acetate syringe filter for further measurements.

Above-mentioned procedure was followed for the coating of curcumin-loaded alginate
nanoparticles. Briefly, as chitosan solution was being stirred at 1500 rpm, curcumin-
loaded nanoparticles were added dropwise by micropipette with the ratio of 1:2
(C:NP). Mixture was allowed to stir at 1500 rpm for 2 hours. After 2 hours, the mixture
was centrifuged at 14000 rpm for 30 min and rinsed with ultrapure water, centrifuged
at 5000 rpm for 5 min. Washing step was repeated two times. Supernatant was

decanted and filtered with 0.22um cellulose acetate syringe filter for measurements.
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3.2.4. Conjugation of Folic Acid (FA) on the Surface of Nanoparticles (FA-
CS(AA-Cur-NPs)

FA-NP conjugate synthesis was done by following the literature (10). 1 mL of
nanoparticle solutions (obtained by both P1 and P2) were lyophilized separately in 10
ml round-bottom flasks in order to perform FA-conjugation reaction. 3.9 mg HATU
and 4.1 mg FA was added into lyophilized nanoparticles and round-bottom was closed
with rubber septum. Inert condition was provided with nitrogen gas (N2) with the help
of needle through rubber septum. 0.68 uL. DIPA and 1.5 mL anhydrous DMF solution
wad added into round-bottom with syringe through rubber septum. Obtained mixture
was stirred magnetically overnight in the dark to allow the conjugation reaction to

occur.

Next day, dialysis was performed in order to remove free FA molecules and excess
DMF in the solution. Briefly, FA-CS conjugate of both P1 and P2 nanoparticles were
separately transferred into two different 7 cm-length dialysis membrane (1K) and two
tips of membranes were closed with clips. Each nanoparticle-filled membranes were
placed in separate beakers and dialyzed against ultra pure water as receptor solutions
at 300 rpm. Water inside the beakers was changed with the fresh water for five times.
Afterwards, solutions inside the membranes were transferred into eppendorf tubes and

stored at +4°C for further FT-IR measurements.

3.2.5. Characterization of FA conjugated Nanoparticles

Hydrodynamic volume measurement: Size determination of nanoparticles was done by

Dynamic Light Scattering (DLS) measurements in water at 25 °C by Anton Paar
Litesizer500 and Wyatt Technologies Dynapro Nanostar. Hydrodynamic diameter and
polydispersity index of nanoparticles (AA NP, Cur-AA NP and CS(Cur-AA NP)) were

measured in distilled water and at room temperature. 1 mL of these solutions was
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transferred into glass cuvette and run for 10 process run with 5 sec equilibrium time

for three repetitions.

Surface charge measurement: Surface charge evaluation of AA NP, Cur-AA NP and
CS(Cur-AA NP) was done by Anton Paar Litesizer500 at 25 °C with 100 runs for three

repetitions.

Morphological analysis: The morphology of obtained nanoparticles was examined by
Transmission electron microscopic (TEM) (Thermo Fischer Scientific, Talos L120C)
operated at 20kV with 3.5 spot size and support-cupper TEM grids were utilized to

visualize nanoparticles.

Functional Group Analysis: Freeze-dried functionalized nanoparticles were
investigated for their primary functional moieties in order to check FA-CS conjugation
process by Fourier Transform Infrared Spectroscopy (FT-IR) (Thermo Fisher
Scientific Inc.; Nicolet 380).

Determination of Encapsulation Efficiency: Encapsulation efficiency values were
investigated by LC-MSMS instrument (Agilent Technologies 1260 Infinity II).

Briefly, standard curve of curcumin was plotted with serial diluted samples with
concentrations of 25, 50, 100, 200, 500, 1000, 2500, 5000, 7500, 10000 ppb. The
calibration curve was drawn against mass peak intensity of molecular ion with m/z
ratio as 365.2. In order to measure the amount of drug molecules loaded in the
nanoparticles, dialysis-purified drug-loaded nanoparticles were incubated in
DMF/water mixture with the ratio of 1:1:4 (NP:DMF:DW) for their dissociation and
liberation of the drug molecules into the solution. Released curcumin amount was
examined with the prepared calibration curve and amount of curcumin at each sample

was calculated via equation of this curve.
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For the drug-loaded nanoparticles, encapsulation efficiency values were determined
based on the following equation 1 (eq.1):

Encapsulation Efficiency: (Mioaded drug/ M nitial drug) *100 (eq.1)

3.2.5.1. Stability Study for Nanoparticles

Stability of nanoparticles was studied via size measurement by DLS depending on
hydrodynamic diameter change day by day. Briefly, nanoparticle solution was
transferred into glass cuvette and run for 10 process run with 5 sec equilibrium time
for three times Hydrodynamic diameter of nanoparticles (AA NP, (Cur-AA NP),
CS(Cur-AA NP) and FA-CS(Cur-AA NP)) for both of them obtained by following
Procedure 1 (P1) and Procedure 2 (P2) were measured successively. Size

measurements were taken at different time intervals from day 0 to day 10.

3.2.6. Drug Release Profiles of Functionalized Nanoparticles

Determination of release profiles of drug molecules from the drug-loaded
nanoparticles was studied in both 10 mM Phosphate Buffered Saline (PBS) (pH 7.4)
and Sodium Acetate Buffer (SAB) (pH 5.5) in order to mimic human body fluids as
healthy and inflammated conditions, respectively. Briefly, drug release setup was
prepared as follows; 1 mL of CS(Cur-AA NP) and FA-CS(Cur-AA NP)) (both P1 and
P2, separately) was transferred into a 7 cm-length dialysis membrane (1K) and two
tips of membrane were closed with clips. Each nanoparticle-filled membrane was put
into separate falcon tubes that were filled with either 30 mL PBS or 30 mL SAB.
Falcon tubes were incubated in thermal-shaker at 37 °C to mimic human body
temperature and thermal-shaker was rotated at 200 rpm during the experiments. First
sample at time 0 (to) was taken initially and then samples from the receptor buffer
solutions were collected at different time intervals for 0.25, 0.5, 1, 2, 4, 6, 8, 12, 24,
48, 72 and 96h. Samples were stored at -20 °C for LC-MS/MS measurements.
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3.2.7. Preparation of Nanoparticle-Embedded Hydrogel Scaffolds
(HG/CS(AA_NPs))

PNIPAM based hydrogel scaffolds were prepared by following literature procedures
with slight modifications (34). Hydrogels without nanoparticle (blank) was also
prepared for its comparison with the drug-loaded nanoparticle embedded hydrogel

structure.

Briefly, blank hydrogel was prepared as follows; 100 mg of powder PNIPAM (~40000
MW) was dissolved in 900 pL ultra pure water in an eppendorf tube. This solution was
sonicated to get rid of the lumps and bubbles, and then stored at +4 °C. On the other
side, the cross-linker for the hydrogel synthesis, namely (tetraethylene glycol
dimethacrylate) was filtered through Aluminum oxide to remove inhibitor inside it.
20.5 pL of this cross-linker was added onto the PNIPAM solution and vortexed
gently. Lastly, 50 uL of 5% APS (in H20 by w/v) and 30 uL TEMED were added in
this solution as initiator and accelerator, respectively. By this step, crosslinking and
entrapment of PNIPAM polymer chains in ethylene glycol network was initiated. The
reaction mixture placed eppendorf tube was shook by vortex shortly and then placed
into thermal-shaker. The mixture was placed in thermal-shaker for complete gel

formation at 37.5 °C for overnight.

Nanoparticle (with or without drug) embedded hydrogels were prepared as follows;
100 mg of powder PNIPAM (~2000 MW) was dissolved in 700 pL ultra pure water in
an eppendorf tube. Then the solution was sonicated to get rid of the lumps and bubbles,
and stored at +4 °C until the addition 0f 20.5 pL of A1203 filtered tetracthylene glycol

dimethacrylate as cross-linker and vortexed gently. 200 uL from nanoparticle solutions
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(prepared by either P1 or P5; CS(Cur-AA NP) and FA-CS(Cur-AA NP))) was added
and shook upside down softly. Initiator complex, 50 uL APS (5% w/v) and 30 pL
TEMED, was added in the polymer-crosslinker mixture. Eppendorf tube was shook by
vortex shortly and then placed into thermal shaker at 37°C for overnight for complete

gel formation.

3.2.8. Characterization of Nanoparticle-Embedded Hydrogel Scaffolds

Degradation studies, swelling behavior, thermo-responsive (injectability) property and
morphology of nanoparticle-embedded hydrogel scaffolds were investigated in the
context of this thesis. The scanning electron micrography (SEM) images were obtained
using Thermo Fischer Scientific Quanta 650 FEG. SEM samples were prepared by
coating gold and not dried with carbon tape on stub. Rheological properties were

conducted on a Malvern Kinexus rheometer.

3.2.8.1. Rheological Test of Nanoparticle-Embedded Hydrogel Scaffolds

Gelation process and degradation properties of hydrogel were measured with J2 SR
4703 SS geometry. Degradation property was studied by taking measurements at
parameters between y = 0.001 and y =1 at f=1 Hz at 37 °C. The gelation process was
analyzed under CD-auto strain mode with y = 0.01 at f= 1 Hz. The strain-dependent
oscillatory rheology and frequency dependent oscillatory rheology of hydrogel
scaffolds were tested at 0.1 Hz, 50.5 Hz, 100 Hz and y = 0.01 at 37 °C.

3.2.8.2. Thermo-responsiveness of  Nanoparticle-Embedded  Hydrogel
Scaffolds

Thermo-responsive property of hydrogels was investigated with a set up that includes

a piece of freshly obtained chicken breast tissue (4 cm x 4 cm). Briefly, a small scratch
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(1 cm) was scared on tissue surface to mimic a wound. Tissue sample was placed in
the thermal shaker and temperature of specifically tissue sample was adjusted to 37 °C
and checked by a digital thermometer. Liquid mixture was prepared as reported before
(3.3). Then this mixture was immediately injected into scratch site with syringe and
allowed to spread inside the scratch. As it is, tissue sample was stored in thermal shaker

at 37 °C for further observation of gelation process and wound closure.

3.2.8.3. Swelling Capacity of Nanoparticle-Embedded Hydrogel Scaffolds

Swelling behaviors of the hydrogels (with and without nanoparticle) were investigated
by calculating water uptake percentage as a function of time until an equilibrium
condition is observed. Briefly, swollen a piece of hydrogel was frozen at -20 °C and
then freeze-dried in lyophilizer. Dry hydrogel sample was transferred into a beaker
containing deionized water. Increase in the weight of hydrogel was recorded as a
function of time for a 30 sec (t0-t15), 2 min (t16-t22), 3 min (t23-t28), 5 min (t29-t30)
and 10 min (t30-t31) time points. Obtained data were used to plot the swelling capacity
graphs. The swelling ratio percent W was calculated via equation 2 (eq.2) where my
and mgq are the weights of wet and dry samples, respectively.

% W = (mw - mg) / mg X100 (eq.2)

3.2.9. Drug Release Studies of Nanoparticle-Embedded Hydrogel Scaffolds

Phosphate buffered saline (PBS) (pH 7.4) and sodium acetate buffer (SAB) (pH 5.5)
were used to mimic human body fluids. Briefly, drug release set-up was prepared as
follows; nanoparticle embedded gels ((FA-CS(Cur-AA NP) formed with both P1 and
P2, separately) was transferred into 7 cm-length dialysis membrane (1K) and two tips

of membrane were closed with clips. Gel-containing membranes were put into falcon
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tubes that filled with 30 mL PBS or 30 mL SAB, separately. Falcon tubes were placed
in beaker to stand and beakers were placed in thermal-shaker. Temperature was
adjusted to 37 °C to mimic human body temperature and thermal-shaker was rotated
at 200 rpm. Samples were collected at each half an hour, up to 12h and then 24h, 48h,
72h and 96h samples were taken afterwards. All collected samples were stored at -20
°C for LC-MS/MS measurements.

32



4. RESULTS

4.1.Preparation of Drug Delivery System

4.1.1. Preparation of Alginate Nanoparticles (AA-NPs)
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Figure 10. Comparison of prepared alginate nanoparticles with different calcium

chloride concentrations
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Measurements (intensity)

Name Temperat Processed Measure PolydisperHydrodyn Peak1  Peak2 Peak3  Diffusion Color

ure [°*C]  runs ment sity index amic (intensity) (intensity) (intensity) Coefficien
position  [%] diameter [nm] [nm] [nm] t [um?s]
[mm] [nm]
1LFSDS 25,0 10 -0,2 17,8 238,5 247,9 - - 2,1 p—
2ml 25T
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3ml 40T
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Figure 11. Effect of different amount of surfactant and different temperature on

preparation of alginate nanoparticles

34



Table 1. Effect of different amount of surfactant and different temperature on

preparation of alginate nanoparticles in Procedure 1

CaCl2 (50 mM) NaAlo L-Lysine (0.1%)SDS (0.1%) Temp
No (0.5%)
(mL) (mL) (mL) (mL) | (O
1 4.75 0.25 2 2 25
2 4.75 0.25 2 2 40
3 4.75 0.25 3 3 25
4 4.75 0.25 3 3 40

Table 2. Effect of different amounts of surfactant and different temperature on

preparation of alginate nanoparticles in Procedure 2

CaCl: NaAlg Tween 80 Tem
Tween 80 (2%0)
No (0.1%) (0.1%) (1%) p
(mL)

(mL) (mL) (mL) (°C)
1 5 5 6 - 25
2 5 5 6 - 40
3 5 5 - 6 25
4 5 5 - 6 40
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412. Preparation of Curcumin-loaded Chitosan-coated Alginate
Nanoparticles (CS(AA-Cur-NPs))

Surface Charge Measurement

Procedure 1

Leta otentil distribution Control Zewpotentiol disibuion — Chijtosan-coated Control NP
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Figure 12. Zeta potential graphs of (A) control NP in P1 and (B) chitosan-coated
control NP in P1
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Figure 13. Zeta potential graphs of (A) drug-loaded NP in P1 and (B) chitosan-
coated drug-loaded NP in P1

Procedure 2

Zeta potentiel distribution tespoentisl it Chitosan-coated Control NP
Average =
‘ 9.6mV Averngt
§ o -1.6 mV
-10.1 L i
-2.4mV
my f -1.8mV
9.6mV i :
i, H
o wo i, » '

20 w %0
Zeta potentl disrbution (V]

Figure 14. Zeta potential graphs of (A) control NP in P2 and (B) chitosan-coated
control NP in P2
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Figure 15. Zeta potential graphs of (A) drug-loaded NP in P2 and (B) chitosan-
coated drug-loaded NP in P2
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4.1.3. Functionalization of the Nanoparticle Surface with Folic Acid (FA)

= m—— |
80-FA N M st 163336
£
=
=
®
£
2
4000 3500 3000 2500 2000 1500 1000 500
Wavenumbers (cm-1)
a0 FA s o T T\ 16m36 -
{ \ P x A a /N W A
i A NV N A AL Nyv VN s
607 168929, AT AVAYERR 1"l T W
! &0 WA 4
* w0l 159804 \
a0 173050
sa-‘
2 1
F3 4
90 FA-CS
163925
801
704
& ' B
- -
4000 3500 3000 2500 2000 1500 1000 500
Wavenumbers (cm-1)

Figure 16. FTIR spectra of (A) FA conjugated P1 nanoparticles and (B) FA
conjugated P2 nanoparticles
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4.1.4. Characterization of Functionalized Nanoparticles

Hydrodynamic volume measurement

Drug-loaded NP 233.1 nm { Control NP .y 2492nm
—*  with 0.67 with 0.79
Pd index Pd index
(‘ Chit -coated D " i »
] oo
with 0.28 -ontro | . with 0.64

— Pd index B - Pd index

Figure 17. Size determination of P1 nanoparticles with Dynamic Light Scattering.
(A) Drug-loaded NP in P1 (B) Control NP in P1 (C) Chitosan-coated drug-loaded NP
in P1 (D) Chitosan-coated control NP in P1
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Figure 18. Size determination of P2 nanoparticles with Dynamic Light Scattering.
(A) Drug-loaded NP in P2 (B) Control NP in P2 (C) Chitosan-coated drug-loaded

NP in P2 (D) Chitosan-coated control NP in P2
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Figure 19. Size determination of FA conjugated nanoparticles with Dynamic Light

Scattering. (A) FA conjugated NP in P1 (B) FA conjugated NP in P2




Stability Studies
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Figure 20. Stability Test of (A) Control NP in P1 (B) Control Np in P2 (C) Chitosan-
coated control NP in P1 (D) Chitosan-coated control NP in P2
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Figure 21. Stability Test of (A) Drug-loaded NP in P1 (B) Drug-loaded NP in P2 (C)
Chitosan-coated drug-loaded NP in P1 (D) Chitosan-coated drug-loaded NP in P2
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Figure 22. Stability Test of (A) FA conjugated NP in P1 (B) FA conjugated NP in
P2
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Morphological Analysis via SEM Microscopy

Figure 23. Morphological evaluation of P1 nanoparticles with Transmission Electron
Microscopy. (A) Control NP in P1 (B) Drug-loaded NP in P1 (C) Chitosan-coated
control NP in P1 (D) Chitosan-coated drug-loaded NP in P1
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Figure 24. Morphological evaluation of P2 nanoparticles with Transmission Electron
Microscopy. (A) Control NP in P2 (B) Drug-loaded NP in P2 (C) Chitosan-coated
control NP in P2 (D) Chitosan-coated drug-loaded NP in P2
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Figure 25. Micelle formation in Procedure 2

100/nm £, 100nm

Figure 26. Morphological evaluation of FA conjugated nanoparticles with
Transmission Electron Microscopy. (A) FA conjugated nanoparticles with in P1

(B) FA conjugated nanoparticles with in P2
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4.2.Preparation of Nanoparticle-Embedded Hydrogel Scaffolds (HG/CS(AA-
Cur_NPs))

4.2.1. Characterization of Nanoparticle-Embedded Hydrogel Scaffolds

Morphological Analysis

Figure 27. Morphological evaluation of control PNIPAM hydrogel scaffolds with
Scanning Electron Microscopy. (A) dry (B) wet

Figure 28. Morphological evaluation of pNIPAmM hydrogel scaffolds with Scanning
Electron Microscopy. (A) P1-NP incorporated pNIPAM hydrogel scaffold (B) P2-
NP incorporated pNIPAM hydrogel scaffol
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4.2.1.1. Rheological Test of Nanoparticle-Embedded Hydrogel Scaffolds

Degradation evaluation of thermo-responsive pNIPAM hydrogel scaffolds

vt s Vicous o s Phase 3ng e Shen i lnssc modubn Vcous mecubs 1 Prase i s Shes s

it mosun Vicous mods and Phase ngh s Sher s

Figure 29. Degradation evaluation of pNIPAM hydrogel scaffolds with rheometer.
(A) Control pNIPAM hydrogel scaffolds (B) P1-NP incorporated pNIPAM hydrogel
scaffolds (C) P2-NP incorporated pNIPAM hydrogel scaffolds
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Gelation evaluation of thermo-responsive pNIPAM hydrogel
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Figure 30. Gelation evaluation of control hydrogel scaffolds with rheometer. (A) 0.1
Hz (B) 50.5 Hz (C) 100 Hz
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Figure 31. Gelation evaluation of P1 nanoparticles incorporated pNIPAM hydrogel
scaffolds with rheometer. (A) 0.1 Hz (B) 50.5 Hz (C) 100 Hz
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Figure 32. Gelation evaluation of P5 nanoparticles incorporated pNIPAM hydrogel
scaffolds with rheometer. (A) 0.1 Hz (B) 50.5 Hz (C) 100 Hz
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4.2.1.2. Thermo-responsiveness of  Nanoparticle-Embedded  Hydrogel
Scaffolds

Figure 33. Scratch before the injection (A) and after the injection (B) of thermo-

responsive pNIPAM polymer mixture

Drug-loaded P1-NP Control P1-NP Drug-loaded P2-NP Control P2-NP
incorporated hydrogel scaffold incorporated hydrogel scaffold incorporated hydrogel scaffold incorporated hydrogel scaffold

: e
A : s

Figure 34. After the injection of thermo-responsive pNIPAM hydrogel mixture (A)
P1-NP incorporated (B) P2-NP incorporated
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Figure 35. Degradation of pNIPAM hydrogel scaffold into tissue sample
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4.2.1.3. Swelling Capacity of Nanoparticle-Embedded Hydrogel Scaffolds
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Figure 36. Swelling capacity profiles of (A) control hydrogel scaffold (B) P1
nanoparticles incorporated pNIPAM hydrogel scaffold (C) P1 nanoparticles
incorporated pNIPAM hydrogel scaffold
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4.3.Drug Release Profiles of Nanoparticles and Nanoparticle-Embedded
Hydrogel Scaffolds
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Figure 37. Calibration Curve for Curcumin drug molecule drawn by the intensity of

mass peak of molecular ion with m/z ratio as 365.2
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Figure 38. Drug release profiles from nanoparticles prepared by Procedure 1 and

nanoparticle-embedded hydrogels
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Figure 39. Drug release profiles from nanoparticles prepared by Procedure 2 and

nanoparticle-embedded hydrogels
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5. DISCUSSION

Within the scope of the research project, a drug delivery system was prepared that has
the potential to allow the therapeutic substances to be administered to a specific part
of the body in a minimally invasive way. For this purpose, a biomaterial-based
platform has been designed that can release the anti-inflammatory drug active
ingredient it contains by injecting it into the damaged tissue after ovarian surgery.
Thanks to this system, it is expected that it will be possible to increase the
concentration of the relevant active substances locally in the application area and to
create a reserve that can release active substance slowly and continuously depending

on time.

Q Curcumin

M\ Chitosan

CaCl, solution

Sodium Alginate

N\ SN A +

pNIPAM

Drug loaded and targetted NP enmbedded
Thermoresponsive Injectable Hydrogel System

Figure 40. Design of the drug-loaded and ovarian cell targeted nanoparticle and its

encapsulation into a thermoresponsive and injectable hydrogel scaffold

Two different procedures (P1 and P2) were followed, which depends on two different

additives to prepare alginate nanoparticles.
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Alginate nanoparticles were prepared through ionic gelation method in Procedure 1,
which was explained at Section 2.2.1. Calcium chloride was used as a cross-linker of
sodium alginate because reduction reaction occurs that provides alginate and calcium
rearrange to form a sphere. Low viscosity sodium alginate was used in order to obtain
smaller nanoparticles because the lower gelatinous sodium alginate can bind calcium

chloride easier when it compares with high viscosity.

Figure 10 shows how size distribution is affected by concentration of sodium alginate
solution, auxiliary additive and filter process. As seen in Figure 10, contrary of
procedure in article (37) , sodium alginate solution was added dropwise into calcium
chloride solution (AinC). Aggregation was observed in previous experiments while
calcium chloride was added into sodium alginate solution. In order to solve this
problem and prevent aggregation, it was preferred to add sodium alginate solution into

calcium chloride solution dropwise.

50 mM and 75 mM CaCl> containing nanoparticle solutions were prepared and
compared size-wise for better understanding of sodium alginate concentration effect
on size distribution for the resultant nanoparticles. Since nanoparticles prepared with
low concentration (50mM) of CaCl> have lower intensity (274.9 nm) as peak 1 when
it is compared with nanoparticles prepared with high concentration of CaCl, (75mM)
(1107.7 nm). So, lower concentration of CaCl> (50 mM) solution was preferred to

crosslink sodium alginate for further experimental steps.

As another auxiliary additive that has been used in literature widely, Poly-I-lysine is a
polycationic agent that has a net positive charge. Since there is a reduction reaction
between alginate and calcium, poly-I-lysine helps matrix formation. In Figure 11,

letter ‘L’ describes nanoparticles prepared with 1-lysine and letter ‘F’ indicates that the
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solution has been filtered. 50 AinC, 50 AinC L and 50 AinC L and F nanoparticles
were prepared to obtain effect of additives and filtration on size distribution.

Contrary to expectations, 50 AinC L nanoparticles have higher intensity (391.6 nm)
with higher polydispersity index (218001) than 50 AinC (274.9 nm) with lower
polydispersity index (9942), while filtration (50 AinC L F) helps to obtain lower
intensity (91.12 nm) with lower polydispersity (376.2). Reason that observation of
higher intensity and higher polydispersity with addition of I-lysine is the imbalance of
ionic charge in the experiment solution. To balance ionic charge during the reaction,

SDS was used as a negatively charged agent.

When Figure 10 and Figure 11 are evaluated together, it can be clearly seen that SDS
addition used to balance ionic charge of reaction helps to decrease polydispersity of
nanoparticles. Besides the benefits of auxiliary additives on size distribution and
polydispersity index, increase in their amounts provides comparably smaller

nanoparticles.

Apart from the effects of chemical structures and charges of polymers and additives
contributed into the nanoparticle formation, there are several other parameters which
may have an impact on the crosslinking and/or self-assembly of polymer chains with
each other like temperature and rotation speed. During the optimization procedures for
the formation of alginate-based nanoparticles in this thesis, different temperatures and
stirring rates were studied and their effect on the size of resultant nanoparticles were

determined by size measurements via DLS.
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As seen in Table 1, two different temperature conditions were investigated additional
to increase in the amount of auxiliary additives. In procedure 1, while 19 to 1 calcium
chloride/ alginate ratio was used as in the reference, it is decided to increase surfactant
amount as 100%. Procedure was run at room temperature (25C) and 40C and it was
shown that higher temperature provides smaller size and better spherical shape.Since
it is known that high speed rpm is more effective to obtain smaller nanoparticles, two

different rpm values as speed were evaluated.

Filtration, centrifugation and washing steps followed the crosslinking step in order to
eliminate aggregates and unbounded molecules and to obtain optimum alginate
nanoparticles that have smaller hydrodynamic diameter.

Alginate nanoparticles were prepared through ionotropic gelation method in Procedure
2. Once again; calcium chloride was used as a cross-linker of sodium alginate because
of reduction reaction. Low viscosity sodium alginate was used in order to obtain

smaller nanoparticles because of the lower gelatin of sodium alginate.

In this procedure, Tween 80 was used as a non-ionic surfactant to provide oily
condition during the reaction in order to help formation of more stable nanoparticles.
Since tween 80 can form micelle by itself; temperature, rotation speed and
concentration of tween 80 bring about by-product during the crosslinking. Since high
speed rotation is required for formation of smaller nanoparticles, high speed rotation
is desired for the crosslink reaction. But at the same time, high speed rotation increases
micelle formation. Therefore, contrary to procedure in the article, lower concentration
(1% v/v) of tween 80 was used instead of higher concentration (2% v/v) in order to
decrease intensity of micelle in nanoparticle mixture (Table 2). As it is expected, the

nanoparticles that formed with 1% (v/v) of tween 80 solution has higher intensity than
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micelle in the mixture when compared with nanoparticles that formed with 2% (v/v)
of tween 80 solution.

Since there are several effects that play a role in preparation of nanoparticles
(temperature, spin rate etc.) optimum temperature and rotation speed were
investigated. Although high rotation speed brings about micelle formation, but it
provides nanoparticles decrement in hydrodynamic diameter and possibility of

aggregation.

Although encapsulation of curcumin was done with similar steps in preparation of
alginate nanoparticles, there was a quiet obvious effect of loading drug in
hydrodynamic diameter. Since curcumin solubility is low in water (0.1 mg/mL) and
reaction solutions were prepared with water, the amount of curcumin was investigated.
While curcumin was added as a liquid phase because of the solubility in EtOH (10
mg/mL) in Procedure 1, curcumin powder was added in Procedure 2 because of the
hydrophobicity that Tween 80 provides. Concentration of curcumin was decided to be
0.1 mg/mL as an optimum condition for both procedures.

Since curcumin is a colorful molecule that has yellowish pigment, color change was

observed in the reaction mixture.

Same procedures (for both P1 and P2) were followed to obtain curcumin-loaded
chitosan-coated alginate nanoparticles. Chitosan is a positively charged polymer
which can surround negatively charged alginate nanoparticles. With the aim of

obtaining smaller nanoparticles as far as possible, different MW of chitosan samples
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(HMW (310-375 kDa)) and (LMW(5-19 kDa)) with different concentration (1%, 0.5%
and 0.1% w/v) and different mixing ratio (1:1, 1:2 and 2:1 (CS:NP)) were investigated.
Since HMW (310-375 kDa) chitosan has longer polymer chains and it is heavier,
chitosan solution stood as bulk and while chitosan polymer chains are covering
alginate nanoparticles they formed thicker layer upon alginate nanoparticles (38).
HMW chitosan with higher concentration (1% and 0.5%) solutions were heavier and
showed viscos structure because of having more polymer chains, again they formed a
thicker layer upon alginate nanoparticles. While alginate nanoparticles were mixing
with chitosan solution in order to form chitosan-coated alginate nanoparticles, thinner
chitosan layer upon alginate nanoparticles was aimed for keeping the size in the
intended size range. In the surface coating step, chitosan had the majority as density in
the mixture with 1:1 and 2:1 (CS:NP) ratio. To provide better coating with thinner
layer upon alginate nanoparticle, lower chitosan density was chosen Therefore, LMW
and lower concentration (0.1% w/v) chitosan solution was used with the 1:2 mixing

ratio to enhance chance of coating almost all alginate nanoparticles in the solution.

Since sodium alginate has negative charge and chitosan has positive charge, it was
expected that surface coating of alginate nanoparticles would make the surface charge
of nanoparticles more positive. Evaluation/elicitation of surface coating via surface
charge alteration was done by zeta potential measurement three times repeated at 25
°C with 100 runs.

Zeta potential measurement of prepared nanoparticles was done with comparison of
blank (without drug) and curcumin-loaded (with drug) and chitosan-coated version of
these nanoparticle sets. For three times repeated measurements distribution peak (mV)
and mean zeta potential (mV) were evaluated. Since mean zeta potential values
indicate the state of nanoparticle surface, distribution peak shows charge distribution
among the nanoparticles. Besides, zeta potential is important to predict stability of the
nanoparticles. It is predicted that if the zeta potential value of a nanoparticle is greater
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than +25 mV or less than -25 mV, the nanoparticle has high degrees of stability.
However, even though nanoparticles have higher zeta potential value, they get

agglomerated and become unstable depending on the preparation materials.

Since alginate is a negatively charged and chitosan is positively charged polymer, it is
expected that chitosan-coated nanoparticles should be positively charged in the final
state. As seen in Figure 12, zeta potential graphs of the nanoparticles prepared with
Procedure 1, control (without drug), and chitosan coated version of control
nanoparticles. Before the coating the alginate nanoparticles with chitosan (on the left
side), although distribution peaks are positive, mean zeta potential of nanoparticles are
negative. After coating nanoparticles with chitosan polymer, it is seen that mean zeta
potential of nanoparticles are positive. It can be said that alginate nanoparticles were
coated with chitosan polymer successfully. Even though the mean zeta potential values
are less than +25 mV, stability of nanoparticles should not be evaluated only with zeta
potential measurement but also with the help of stability experiments. Stability of

nanoparticles will be discussed further.

As seen in Figure 13, zeta potential graphs of the nanoparticles prepared with
Procedure 1, drug-loaded and chitosan coated version of drug-loaded nanoparticles.
Before coating the drug-loaded alginate nanoparticles with chitosan (on the left side),
distribution peaks and mean zeta potential of nanoparticles are mostly negative. After
coating nanoparticles with chitosan polymer, it is seen that mean zeta potential of
nanoparticles are positive. It can be said that alginate nanoparticles were coated with

chitosan polymer successfully.

Even though the mean zeta potential values are less than +25 mV, stability of

nanoparticles should not be evaluated only with zeta potential measurement but also
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with the help of stability experiments. Stability of nanoparticles will be discussed
further.

As seen in Figure 14, zeta potential graphs of the nanoparticles prepared with
Procedure 2, control (without drug), and chitosan coated version of control
nanoparticles. Before coating the alginate nanoparticles with chitosan (on the left side),
distribution peaks and mean zeta potential of nanoparticles are highly negative. After
coating nanoparticles with chitosan polymer, it is seen that mean zeta potential of
nanoparticles are still negative but with a lower mV values. Since tween 80 surfactant
was used in this procedure and it contributes negative charges, negative value was
expected but It can be said that alginate nanoparticles were coated with chitosan

polymer successfully.

As seen in Figure 15, zeta potential graphs of the nanoparticles prepared with
Procedure 2, drug-loaded and chitosan coated version of drug-loaded nanoparticles.
Before coating the drug-loaded alginate nanoparticles with chitosan (on the left side),
distribution peaks and mean zeta potential of nanoparticles are mostly negative. After
coating nanoparticles with chitosan polymer, it is seen that mean zeta potential of
nanoparticles are still negative but with a lower mV values. Since tween 80 surfactant
was used in this procedure, it contributes negative charges and curcumin is
hydrophobic drug which ionization mode is negative, negative value was expected but
It can be said that alginate nanoparticles were coated with chitosan polymer

successfully.

Functionalization of curcumin-loaded chitosan-coated nanoparticles’ surface was
made with conjugation reaction of folic acid and chitosan (FA-CS). After dialysis,

functionalized nanoparticles were observed by FT-IR spectroscopy (Figure 16). It is
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clearly seen upon comparison that intensity of the carbonyl peak (1633 cm™) belonging
to carboxylic acid group was decreased after conjugation, whereas that of amide group
(1686 cm™) has increased simultaneously. Also characteristic peaks of chitosan
polymer like —C-O-C- bonds (around 1050 cm™) and O-H &N-H bonds (around 3300
cm™?) can be observed at the spectrum of the conjugates obtained by both P1 and P2.

Before conjugating the folic acid onto the surface of chitosan-coated nanoparticles,

hydrodynamic volume and polydispersity of nanoparticles were examined.

As seen in Figure 17, hydrodynamic volume diagrams of the nanoparticles prepared
with Procedure 1, control (without drug), drug-loaded nanoparticles and chitosan
coated version of these two nanoparticles. On the right side diagrams, while control
nanoparticles were achieved with 249.2 nm size and 0.79 Pd index, coating
nanoparticles with chitosan polymer increased the size to 261.4 nm but decreased the
Pd index to 0.64. On the left side diagrams, while drug-loaded nanoparticles were
achieved with 233.1 nm size and 0.67 Pd index, coating nanoparticles with chitosan
polymer increased the size to 235 nm but decreased the Pd index to 0.28. Besides,
shorter size distribution columns on the results represent but they were neglected

because of the low intensity.

As seen in Figure 18, hydrodynamic volume diagrams of the nanoparticles prepared
with Procedure 2, control (without drug), drug-loaded nanoparticles and chitosan
coated version of these two nanoparticles. On the right side diagrams, while control
nanoparticles were achieved with 145 nm size and 0.32 Pd index, while coating
nanoparticles with chitosan polymer increased the size to 147 nm, also increasing the
Pd index to 0.47. On the left side diagrams, while drug-loaded nanoparticles were

achieved with 97 nm size and 0.23 Pd index, while coating nanoparticles with chitosan
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polymer increase the size to 164 nm, also increase the Pd index to 0.69. Besides, small
size distribution columns (micelle formation) on the results represent but they were

neglected because of the low intensity.

Hydrodynamic volume and polydispersity index of FA conjugated nanoparticles were
measured with DLS. As seen Figure 19, on the left side, you can see the size
distribution diagram of FA conjugated nanoparticles prepared with Procedure 1. FA
conjugated nanoparticles were achieved with 114 nm and 0.39 Pd index, but not a
majority percentage distribution. On the right side, the size distribution diagram of FA
conjugated nanoparticles prepared with Procedure 2 represents. FA conjugated
nanoparticles were achieved with 131.9 nm and 0.10 Pd index, with a majority
percentage distribution. Smaller size and bigger size distribution columns represent

micelle formation and aggregation.

Obtained nanoparticles for both procedures were analysed for their drug encapsulation
efficiencies. After nanoparticles were purified from their un-encapsulated drug
molecules, their nano and compact sized forms were dispersed with extra PBS/DMF
mixture, the samples were analysed at LC-MS MS instrument for the liberated drug
molecules that were thought to be free in the solution. By using appropriate calibration
curve, amounts of free drug molecules were calculated and compared by the initially
loaded drug amounts. As a result, nanoparticles prepared by P1 were shown to
encapsulate 99.45% of the loaded drug molecules, whereas P2-NPs were shown to

encapsulate only 9.6% of the initial drug loading.

Stability of prepared nanoparticles were evaluated with measurement of size change
depending on 5 days. Nanoparticles were stored at + 4° C and sizes were measured
with DLS everyday. Here you can see the stability graphs of control (without drug)

and chitosan-coated version of control nanoparticles prepared with both P1 and P2
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(Figure 20). Except control nanoparticles prepared with P1, up to day 5 increment on
size of nanoparticle is seen because of the swollen nanoparticles because of the
polymers property. Besides, it was expected that chitosan-coated versions of
nanoparticles are more stable than the non-coated version. However, there is no
significant size change on nanoparticles and it can be said that chitosan-coated control
and drug-loaded nanoparticles are stable up to day 5.

Stability graphs of drug-loaded and chitosan-coated versions of drug-loaded
nanoparticles prepared with both P1 and P2 (Figure 21). For the drug-loaded
nanoparticles, there is no slight change in size, except for chitosan-coated versions on
day 5. This significant change on chitosan-coated versions caused by swelling, as it is
expected. However, it can be said that chitosan-coated control and drug-loaded

nanoparticles are stable up to day 5.

Stability of FA conjugated nanoparticles in P1 and P2 were evaluated with
measurement of size change depends on 15 days. Nanoparticles were stored at + 4° C
and sizes were measured with DLS in certain time intervals. As seen in Figure 22,
stability graphs of FA conjugated nanoparticles prepared with both P1 and P2. While
the nanoparticles prepared with P1 shows no significant size change up to 15 days,
nanoparticles prepared with P2 shows significant size change after day 3, because of
the swelling and aggregation of micelles.

For the morphological analysis of nanoparticles, transmission electron microscopy
was used. TEM images of control(without drug) and drug-loaded alginate
nanoparticles and their chitosan-coated versions were captured (Figure 23). Sphere
shape was observed. On the up-left side, control nanoparticles can be seen in lighter
color and drug-loaded version can be distinguished with a dark color on the right side.
On the down-left side, chitosan-coated control nanoparticles are represented with a
bigger size and again the drug-loaded version can be distinguished with a dark color

and with a cloudy chitosan polymer around the nanoparticle.
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TEM images of control(without drug) and drug-loaded alginate nanoparticles and their
chitosan-coated versions were captured (Figure 24). Sphere shape was observed. On
the up-left side, control nanoparticles can be seen bulky, this aggregation reason might
be repulsive forces because of charges but the drug-loaded version can be
distinguished with apparent dark color on the right side. On the down-right side,
chitosan-coated control nanoparticles are represent with a bigger size and again the
drug-loaded version can be distinguished with a dark color and with a cloudy chitosan
polymer around the nanoparticle. Besides, it can be said that the size of nanoparticles

match up with DLS results via scale.

However, on the right side image represents the micelle formation in Procedure 2
(Figure 25). You can easily see the chitosan covered micelles. Since micelles have a

size between 10-15 nm, chitosan polymers gather them and cover.

For the morphological analysis of FA conjugated nanoparticles, transmission electron
microscopy was used (Figure 26). Spherical shape was observed for both nanoparticles
prepared with P1 and P2. Size of nanoparticles match up with DLS result via scale.

Morphological analysis of hydrogel scaffolds was done with SEM to evaluate porous
structure. In Figure 27, dry and wet control hydrogels were compared to understand
the effect of swelling to porous structure. It is seen that wet hydrogel has a smoother
structure and apparent porous structure than the dry version. In Figure 28, nanoparticle
incorporated hydrogel scaffold structures were evaluated with SEM. Incorporated
nanoparticles can be seen easily, and size determination can be done even if they are
incorporated into hydrogel. On the left side, nanoparticles prepared with P1 and on the
right side nanoparticles prepared with P2.
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Degradation evaluation of prepared hydrogels were investigated with rheometer. 1n
Figure 29, G’ represents elastic modulus and G’ represents viscous modulus. For
control, P1-NP and P2-NP incorporated gels, initial states show gel property although
P1-NP incorporated gel P2-NP incorporated gel show gel property until cross point
where G’ and G’ overlap and as G’” and G’ diverge P1-NP incorporated gel starts to
degradation, as it is expected.

Gelation evaluation of prepared hydrogels were investigated with rheometer according
to reference (39), 0.1 Hz, 100 Hz and 50. Hz, average of these frequencies, were

examined.

In Figure 30, control gel is liquid form at the initial point but after cross point
G’’diverges, means becoming gel. While P1-NP incorporated gel directly became gel

form, P2-NP incorporated gel did not show gelation at 0.1 Hz frequency.

In Figure 31, control gel is liquid form at the initial point but after cross point
G’’diverges, means becoming gel. PI1-NP incorporated gel directly became gel
because of the high frequency and it protected its viscous modulus property. P2-NP
incorporated gel directly became gel and there is no significant degradation at 50.5 Hz

frequency.

In Figure 32, control and P1-NP incorporated gel directly became gel, but P2-NP
incorporated gel protected its elastic property, meaning liquid form. As a result, P1-

NP incorporated gel is more stiff but it needs high frequency for gelation and it protects
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its gel form longer than P2-NP incorporated gel. P2-NP incorporated gel starts gelation
quickly but it degrades at high frequency.

Regarding the construction of hydrogel platform, thermo-responsiveness feature of
nanoparticle incorporated hydrogel samples was examined with a simple injection set-
up that chicken breast piece was used as tissue sample to substitute or mimic a regular
body condition. In Figure 33, thermo-responsive property of control hydrogel scaffold
was investigated with a set up that includes a piece of freshly obtained chicken breast
tissue (4 cm x 4 cm). as it is expected, after injection, the thermo-responsive polymer

mixture immediately showed gelation at 37° C and covered the scar.

In Figure 34, P1-NP and P2-NP incorporated hydrogels were injected into scar on

tissue sample and gelation was observed for both hydrogels, as it is expected.

After injection, tissue sample was stored in thermal shaker at 37 °C for further
observation of the wound closure. In Figure 35, degradation of control hydrogel
scaffold (without NP) was investigated for 24h. after 24h, it was observed that
hydrogel started to degradation.

Swelling test was run for control(without nanoparticle) and nanoparticle prepared with

P1 and P2 incorporated hydrogel scaffold.
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After lyophilization, dry hydrogels were weighted and put into distilled water to let
them swell. At certain time intervals, swollen hydrogels were weighted and noted.

With the data, swelling capacity vs time graphs were plotted.

In Figure 36, graphs represent the weight of hydrogels depend on increased water
content. After time zero, at time 1 interval, hydrogels swelled immediately and then
they reached their maximum swelling capacity quickly, as it is expected. Then,
swelling of hydrogels continued up to 2 days and then started to degrade.

Curcumin release profiles from both nanoparticles and NP-embedded hydrogels were
evaluated (Figure 37). In Figure 38, NP in P1 and P1-NP incorporated hydrogel drug
release profiles was examined. In PBS, there is low release according to acetate buffer,
as it is expected. This means, curcumin releases in inflammatory area instead of blood
stream. As a result, drug-loaded nanoparticles shows controlled and slow release
profile. When nanoparticle incorporated hydrogel release is compared with drug-
loaded nanoparticle release, it was seen that the speed of release 4 times, as it is
expected.

In Figure 39, In PBS, there is low release according to acetate buffer, as it is expected.
This means, curcumin releases in inflammatory area instead of blood stream. As a
result, drug-loaded nanoparticles shows controlled and slow release profile. When
nanoparticle incorporated hydrogel release is compared with drug-loaded nanoparticle
release,curcumin release profile is better in nanoparticles. n gel, curcumin release is
lower than drug-loaded nanoparticle, as it is expected. Drug-loaded nanoparticle gel
release in the acetate buffer line is not smooth, the reason of this might be caused by

measurement error.
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6. CONCLUSION

The drug delivery system designed in this project is aimed to be used in the treatment
of inflammation occurring in the area after ovarian surgery. Functionalized
nanoparticles were confined in a polymeric and injectable hydrogel with a slow
biodegradation rate and heat sensitive, thereby providing slow and continuous release
of the active substance at the target site. Within the scope of the project, nanoparticles
whose core is cross-linked and containing curcumin anti-inflammatory agent that will

provide inflammation treatment will be prepared.

The core of the carrier proposed in this research project was formed by cross-linking
alginate (Na2Alg-CaClz), a natural polymer that is both biocompatible and
biodegradable. In addition to the cross-linked core structure to be trapped, the coating
of this nanocarrier with chitosan natural polymer is helpful for the slow release of the
drug. Later, the surface of the nanocarrier coated with chitosan natural polymer was
functionalized by conjugating the amine groups in the structure of this polymer with
folic acid molecules activated with N-hydroxysuccinimide (NHS). Folic acid
molecules were attached covalently to the surface of the nanoparticles, so that by
binding these drug-loaded nanoparticles to folate receptors, which they see as targets,
their accumulation into the ovarian cells would be facilitated and their uptake into the

cell are expected to be increased.

The drug loaded nanoparticles prepared were confined in a thermosensitive polymer
(pNIPAM), a carrier with a slow biodegradation rate and non-toxic properties.
Hydrogels, with their porous structure and high water holding capacity, are limited to
three-dimensional cell culture, tissue engineering and drug release, but are used in a
wide variety of applications in medical and life science research. pNIPAM polymer,

while it is a solution containing polymer in liquid form at room temperature, it
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solidifies reversibly with heat and provides a porous hydrogel structure. These
pNIPAM chains were crosslinked with a PEG based crosslinker to help the gelation
process at body temperature. This polymeric scaffold design was demonstrated to form
the hydrogel structure mixed with nanoparticles to gel in a very short time when

injected into the tissue wound region at body temperature.
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8. APPENDICES

Appendix 1: Degradation evaluation of thermo-responsive pNIPAM hydrogel scaffolds

Figure 41. Degredation evaluation of control pNIPAM hydrogel scaffolds with rheometer
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21 P1 Oscillztion Amplituds 5254 40.01 1 10,02 4.68E+03 3.49E+03 4182 003539 03! 2,10E-05 593
2Pl Oscillation Amplituda 5504 40 1 12,61 4.04E+03 2.83E+03 4345 -003716 03 2.64E-05 593
23 P1 Oscillation Amplituda 5754 40 1 15,88 337E+03 233E+03 4623 -0.03996 03 333E-05 593
24 P1 Oscillation Amplituda 600.4 40 1 2001 1.98E+03 L11E+03 5605 -0.03521 03| 4.19E-05 3931
25 P1 Oscillation Amplituds 6254 40 1 21,75 2209 3578 90 -0.03045 03 4,56E-05 5.833
26 P1 Oscillation Amplitudz 6504 4001 1 2052 8,803 0.6672 90 -0.04088 03 430E-05 5.687
27.P1 Oscillation Amplituds 6754 40 1 17.61 4.006 02787 4,898 0.7808 90 -0.04202 03 3.69E-05 5541
28 P1 Oscillation Amplitude 7005 40 1 15,52 3209 0.1833 3204 0.5108 90 004172 03 325E-05 sS44I
29 P1 Oszcillztion Amplitud 7255 40 1 14,06 2242 0.1414 2238 03569 90  -0.04264 03 2.94E-05 5347

Figure 42. Degredation evaluation of P1 incorporated pNIPAM hydrogel scaffolds with rheometer



Point  Sample
Index  Description

1P5
1P3
3P
4P5
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9P
10 P3
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12/P5
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0P
30 P5
31P5
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Oscillztion Amplitude
Oscillation Amplitude
Oscillztion Azplituda
Oscillztion Amplituda
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Oscillation Amplitude
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Oscilztion Amplitude

Time
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o) (ction) (0 ()
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7535
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1504
1754
2004
055

2505

2755
3005
353
3503
3756
4006
4256
450.8
4756
3008
5057
5507
5757
60,7
8257
650.7
6758
700.8
1258
7509
158

Temp

pi} 40.1
5006 4009
7507 4008
1001 40.08
151 4006
1501 4005
1751 4004
2002 4003
252 4004
2502 4004
252 4005
3002 40,03
3252 4003
3303 40
3753 4001
003 00
4253 4001
403 4001
4754 401
5004 4001
5254 4001
5504, 4001
3734 4001
5004 4001
6254 400
6505 4002
6753 40.03
7005 4002
7255 4002
7506  40.02
756 4001

Frequency shear

PRSP PR A RO A R RS RS RIS RN A (RS R S RS RN RS (R A A gy PR U DR PRI i) P i iy

146E03
210E03
41E03
313E03
303E03
484E03
5.30E03
T4E03
915603
00121055
00152076
00196229
00245332
0030821
00303056
00405871
00833080
0080831
0104820
0134474
0173817
0205961
0267476
037715
0503058
0702777
111268
750352
25414
460243
§19178

03168
03989
05021
06321
07938

1261
1,588

2517

Shear modulus Shear modulus Shear modulus
t)(Pa) t)(Pa) t)Pa)

6,70E+03 SOTEX3 438E+03
6,00E+03 477EH3 3,63EH03
§59E+03 517EH03 4,09E+03
639E+03 5.09E+03 JRTEH3
§41EH3 511E+03 387EH3
6,55E+03 5,20E+03 J96EH3
§.88E+03 552E+03 411E403
§.04E+03 5.54E403 418E+03
691EH03 5.50E+03 417E+03
6.58E+03 SEH3 4,00E+03
§.59E+03 5.4E+03 3.99E+03
643E+03 511EH03 I91EH3
§47EH3 53E+03 395E43
649E+03 5.16E+03 393EH3
S40E+03 5.05E+03 393EH3
§39E+03 5.08E+03 3.88E+03
630E+03 498E+03 JR6EH03
621E+03 488E403 3.84E403
§.03EH3 4.70E403 378EH3
S9EH3 4358EH03 3,75EH3
5.17EH3 443E-03 3,60EH3
6.13E+03 4,88E+03 J96EH3
5.84E+03 440E+03 388EX03
530E+03 397EH3 352E+03
5.00E+03 3,68E+03 338EH03
451E+03 322EH3 3,16E+03
359E+03 265E+03

6755 5841

1433 1433

7172 7131

5035 4978

Shear viscosity
(complex

Phase  Normal

component)(Pas) angle(A) force(N)
LOTEX03 4086 001454
9346 3729 001307
L0SE+03 3833 001312
LO2EX3| 3724 001101
LOEX03 3711 841ED3
LMEX3 3717 B82IE03
LIE¥03| 3671, 646E03
110E+03 37 337E3
LIEX3 3715 LTE3
LOSEX03 3745  134E03
L0SEX03| 3732 204E-05
LOEX3| 374 -357E03
L03EX3 3762 417E03
LO3EX03 3731 -530E-03
10E+03 3788 -671E3
LOEX03 3737 -B58E-03
LOOEX3| 3777 0112
%76 3BIR 001243
0309 38R 001268
S421 3034 01532
o176 3983 01639
9748 4023 001835
845 4081 001953
8430 416 002199
7052 4257 002416
T8 4441 002436
3712 4761 000447
1075 6158 001854
2281 883 01857
L4l 2386 01727
02013 8137 V-0.00076

First

normal

stress Absolute Harmonic

differenc Torque position( distortion(

ePs)  Gapmm)(Nm) rad)
05 L10E07 5841 10,86
05 284E-07 3841 1648
05 333EL7 5841 §971
05 419E-07 5841 2855
05| 527E07] 5841 1,687
05 §8EL07 5941 piz}
05 835ELDT 5941 4751
05 LOSEL06 5941 1444
05! 132E-06] 5,941 07755
05 LO7E06] 5941 08187
05 210E-06 5941 04726
05 264E06 5941 1,702
05 333E06 5941 07636
05 419E-06 5941 03635
05| 5.07E-060 5,941 0.721
05 6,64E-06' 5,941 06969
.5 836E06 5941 03792
05 LOSE05| 5941 0392
05 132E05| 5841 05226
05 L67E05 5841 04863
05 210E05| 5541 05283
05 264E05 5841 08638
05 333E05 5942 05678
05 419E05 5842 07124
5 S2TEDS| 5942 05435
05 664E-05 5942 1219
05| B36E-05| 5942 2206
05 106E-04 5946 1438
05 B87E-05| 05831 3,059

.05 TOSED5 07642 185

05 1653E05| | 07929 1283

Figure 43. Degradation evaluation of P2 incorporated pNIPAM hydrogel scaffolds with rheometer
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Appendix 2: Swelling capacity profiles of control hydrogel scaffold, P1 nanoparticles
incorporated pNIPAM hydrogel scaffold, P2 nanoparticles incorporated pNIPAM
hydrogel scaffold

Table 3. Swelling capacity profiles of control hydrogel scaffold

C-3 (mg) C-2mg) C-1mg) Time interval Time (sec)

24,7 25,5 30,6 t0 0
74 52,7 48 tl 30
60,9 42,3 43,6 t2 60
53,6 37,7 44.4 t3 90
46,2 37,4 45,4 t4 150
45,1 37 43,2 t5 210
45,9 37,1 42 t6 270
43,7 353 43 t7 390
44,1 35 39,5 t8 510
45,6 34,7 38,3 t9 630
44,6 34 37,3 t10 930
45,5 33,7 36,3 t11 1530
46,3 32,6 37,7 t12 2430
45,7 33,9 37,2 t13 4230
44,3 32,8 36,2 t14 7830
43,7 32,9 36,4 t15 11430
43,1 32 33,1 t16 15030
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45,8 34,8 38,7 t17 101430
41,9 33,9 29,6 t19 187830
39,7 31,9 26,5 t20 274230
39,7 32,4 25,6 t21 11430
39,6 31,1 25,3 t22 15030
38,3 30,5 24,7 t23 101430
33,3 30,2 24,9 t24 274230
30,3 30,5 24,3 t25 360630

Table 4. Swelling capacity profiles of P1 nanoparticles incorporated pNIPAM
hydrogel scaffold

b P1-2 mg)|P1-1 mg)| Time interval |Time (sec)
(mg)
22,4 27 29 t0 0
42,7 51,6 77,9 tl 30
36,8 448 62,4 t2 60
32 44,7 57,8 t3 90
30,4 44,2 52,4 t4 150
28,4 44,3 48,8 t5 210
28 42,9 46,9 t6 270
24,8 42,5 47,1 t7 390
25,5 42,1 44 4 t8 510
23,4 42 46 t9 630
22,7 40,6 46 t10 930
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23
20,9
22,1
21,5
18,9
20,3
20,70
18,7
20,1
17,7
16,9
16

14,9

41,6
40,1
42,3
37
36
41,7
39,2
335
32,8
30
28,6
27,9

21,7

44,3
41
41,7
38,3
37,6
41,5
40,3
33,6
31,5
28,2
25
25,3

18,2

t11
t12
t13
t14
t16
t17
t18
t19
t20
t21
t22
t23

t24

1530
2430
4230
7830
11430
15030
101430
187830
274230
11430
15030
101430

274230
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Table 5. Swelling capacity profiles of P2 nanoparticles incorporated pNIPAM
hydrogel scaffold

Pe-s Pee Pe-d Time interval | Time (sec)
(mg) | (mg) | (mg)
27,2 29,8 25,2 t0 0
50,6 95,9 39,6 t1 30
69,3 87 47,9 t2 60
59,8 87,1 48,3 t3 90
56 82,7 41 t4 150
51,8 82,2 37,2 t5 210
52,9 80,9 35,3 t6 270
50,5 78,8 34,9 t7 390
51,3 80,6 32,2 t8 510
45,7 80,6 34,2 t9 630
46,1 79,4 32,6 t10 930
45,9 83,7 35,3 t11 1530
45,5 79,2 31,2 t12 2430
48,3 69,5 29,9 t13 4230
44,5 56,9 30,6 t14 7830
46,7 52,3 30,6 t15 11430
40,7 47,5 28,4 t16 15030
37,6 35,1 27,1 t17 101430
36,1 38,2 26,6 t18 187830
33,6 36,4 27,9 t19 274230
31 30,4 26,4 t20 11430
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28

26,5

26,9
25,8

24,9

23,6

t21

t22

15030
101430
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