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ABSTRACT
Master of Science Thesis

Biosynthesis of multi-material scaffold and its application in controlled bioactive molecules

delivery.
Israa Abdulrahman
Ankara University, Biotechnology Institute
Asst. Prof. Duru Aras Tosun

Implantable polymeric hydrogels have been widely investigated for drug delivery systems.
Collagen and Alginate are one of the most abundant natural polymers, and their
biocompatibility and biodegradability make them a favourable material for implantable
hydrogel fabrication. The addition of degradable polymeric microspheres can improve the
hydrogel drug release behaviour. Poly caprolactone (PCL) have been studied for the use in
drug delivery systems, and they can act as drug delivery vehicles to improve the delivery of
different types of therapeutic agents. In this work, Vascular Endothelial Growth Factor
(VEGF) and Rapamycin loaded PCL microparticles were fabricated by double emulsion
technique, a Col/Alg hydrogels fabricated using 3D printing approach, and. Several tests
including scanning electron microscopy, in vitro releasing, were utilized to characterize the
microspheres. In addition, the physical properties of hydrogels, including mechanical
properties, degradation properties, were investigated. The resulting VEGF-loaded
microspheres had average sizes of 900 2000 nm and the in vitro release test confirms the
sustained stable releasing profile of VEGF over a time of 15 days. On the other hand, the
tensile properties and degradability of hydrogels, were readily tuned by increasing the
concentration of Alginate without changing the concentration of collagen. These results
imply that these implantable hydrogels are suitable candidates for applications in the fields

of drug delivery and organ transplantation.
2023, 74 pages

Keywords: Vascular Endothelial Growth Factor VEGF; Rapamycin; organ transplantation;

tissue engineering; 3D bioprinting.



OZET
Yiksek Lisans Tezi

Coklu materyal igerikli doku iskelelerin Uretimi ve kontrolli materyal saliminin

optimizasyonu
Israa Abdulrahman
Ankara Universitesi, Biyoteknoloji Enstitiisii
Dr. Ogr. Uyesi Duru Aras Tosun

Implant edilebilir polimerik hidrojeller, ilag dagitim sistemleri icin yaygin olarak
arastirilmaktadir. Kolajen ve Aljinat en bol bulunan dogal polimerlerden biridir ve
biyouyumluluklar1 onlar1 implant edilebilir hidrojel Gretimi i¢in uygun bir malzeme haline
getirmektedir. Poli kaprolakton (PCL) ilag dagitim sistemlerinde kullanim i¢in incelenmistir
ve farkli terapotik ajan tiirlerinin dagitimini iyilestirmek i¢in ila¢ dagitim araglari olarak
hareket edebilirler. Bu ¢alismada, VEGF ve Rapamisin yikli PCL mikropartikdlleri, 3D
baski yaklagimi kullanilarak {iretilen bir Col/Alg hidrojel olan cift emiilsiyon teknigi ile
uretilmistir. Mikrokiireleri karakterize etmek i¢in taramali elektron mikroskopisi, in vitro
salinim gibi ¢esitli testler kullanilmistir. Ayrica, mekanik 6zellikler, bozunma 6zellikleri de
dahil olmak tiizere hidrojellerin fiziksel 6zellikleri aragtirllmistir. Elde edilen VEGF yiiklii
mikrokiirelerin in vitro salim testi VEGF'nin 15 giinliik bir siire boyunca siirekli ve kararli
salim profilini dogrulamaktadir. Ote yandan, hidrojellerin gerilme o6zellikleri ve
bozunabilirligi, kolajen konsantrasyonunu degistirmeden Aljinat konsantrasyonunu artirarak
kolayca ayarlanabilmistir. Bu sonuglar, bu implant edilebilir hidrojellerin biyoteknoloji

alanlarindaki uygulamalar i¢in uygun adaylar oldugunu gostermektedir.
2023, 74 sayfa

Anahtar Kelimeler: Vaskiler Endotel Bliylime Faktéri VEGF; Rapamisin, biyomalzeme;
doku miihendisligi; 3D biyobaski.
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1. INTRODUCTION

A biomaterial is a structured, natural, or synthetic substance made up of certain components
that interact with biological systems to improve or change a normal or abnormal function of
living organs or tissue. Biomaterials possess a diverse range of uses, encompassing the fields
of biomedicine, pharmaceuticals, and food manufacture. Biomaterials have been

successfully utilized in the fabrication of clinical implants materials since the 19th century

Q).

The incorporation of biomaterials, cells, and bioactive compounds has been employed within
the medical field to fabricate 3D biomaterial scaffolds, which serve to guide tissue
regeneration and facilitate inclusion within the living system. Biomaterials are widely
recognized for their ability to facilitate the interaction between therapeutic substances and
the body's innate healing mechanisms. The construction of 3D biomaterial scaffolding
involves the use of three unique categories of biomaterials, namely ceramics, polymers, and
metals (2).

To this end, many distinct types of 3D biomaterial scaffolds have been developed, each
constructed from a unique biomaterial and employing a unique manufacturing technique
(Figure 1.1). Biomaterial scaffolds serve as a conducive medium for the regeneration of
tissues and organs, functioning as a structural framework for tissue development. These
scaffolds are commonly packed with cells and occasionally supplemented with bioactive
substances such as growth factors. The cell-seed scaffolds can be cultivated in vitro to
facilitate tissue synthesis, after which they can be transplanted into the affected region.
Alternatively, they can be surgically inserted into the wounded region, leveraging the

organism's inherent mechanisms to trigger tissue or organ repair in vivo (2).
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Figure 1.1. Biomaterial 3D scaffolds fabrication approaches

Until near future, monitoring of the physiological reactions caused by directly transplanted
biomaterial scaffolds remains a challenge, as the reaction is random and lacks deliberate
regulation. In order to precisely regulate biological responses, biomaterial design and
manufacture should be founded on an understanding of the physiology of the targeted organ
or tissue(3). Numerous methodologies are currently under investigation for precisely
medication and/or cell delivery, employing diverse biomaterials as carriers to effectively
elicit a decisive physiological response. To effectively assist normal organ/tissue repair, a
mix of therapeutic agents and/or cells were delivered along with an appropriate carrier
(scaffold) with specified microscale and nanoscale features, a well-adjusted biodegradation
profile, and unique biological markers (4).

Biomaterials intended for medical applications should possess optimal biocompatibility with
the biological system, hence minimizing any potential adverse effects. Additionally, these
biomaterials should exhibit appropriate porosity and possess intricately interconnected
structures to facilitate cellular growth and metabolic processes. Also, it is imperative that the
biodegradability or bio absorbability of the materials align with the regulated breakdown rate
required for practical medicinal purposes. Furthermore, it is imperative that the mechanical
qualities exhibit adequate strength to endure various forms of stress, while simultaneously

possessing a surface composition that facilitates effective cellular adhesion. These objects



should possess the capability to be readily transformed into a diverse range of three-

dimensional forms (4).

Polymer-based biomaterials, such as hydrogels, have been employed in the development of
drug delivery strategies for targeted administration of biomolecules. This strategy aims to
mitigate the adverse effects, such as toxicity, hypertension, edema, and mortality, that are
commonly associated with the systemic administration of therapeutic agents. Hydrogels are
polymeric networks that are cross-linked and exhibit the property of non-dissolvability,
while demonstrating the ability to undergo swelling when exposed to aquatic environments.
These materials provide a milieu that closely mimics the extensively hydrated condition of
native tissues, rendering them very promising contenders for applications in regenerative

medicine and drug delivery (2).

Polymeric biomaterials (i.e., hydrogels) for tissue 3D scaffolds and drug delivery devices
have been developed through the study of several crosslinking methods, including ionic,
physical, and chemical cross-linking. Limiting systemic exposure to a particular medicine
while simultaneously delivering the drug to the intended tissue is how a hydrogel improves
the therapeutic efficacy of pharmaceutical therapies. Hydrogel scaffolds offer several
benefits, including the capacity to modify their physical and mechanical characteristics as
well as their degradability. These scaffolds also serve as a framework for facilitating diverse

physicochemical interactions with encapsulated medicines, thereby regulating their

> Chitosan —— /" N-vinyl-2-
pyrrolidone

T —— Y

4 . \ . N-isopro 1)
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Figure 1.2. Examples of natural and synthetic biomaterials used as pharmaceutical carriers.

dynamics (5).
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Hydrogels exhibit favourable characteristics for 3D bioprinting owing to their high velocity,
which contributes to their biocompatibility and facilitates the maintenance of shape fidelity
following gelation. Nevertheless, hydrogels possess certain limitations, particularly
concerning their mechanical and physical characteristics, hence constraining their suitability
as inks for bioprinting. The integration of microparticles into multi-material hydrogels has
resulted in enhanced printing potential and performance of hydrogel scaffolds. The
fabrication of hydrogels composed of multiple materials have the potential to enhance the
physiomechanical characteristics of hydrogels (6).

The incorporation of microparticles has the potential to enhance the regulated and prolonged
release kinetics of biomolecules, therefore enhancing their efficacy in the sector of drug
delivery. Hydrogels could be used in multifactorial pathological cases (such as spinal cord
damage and organ transplantation) by including microparticles carrying various
pharmaceutical molecules, which can make the hydrogels respond to a varied physiological

stimulation (7).

The design and fabrication of a hydrogel scaffold are contingent upon the exact anatomical
region being targeted, as well as the particular physiological responses being sought. The
current research aimed to design and fabricate a hydrogel specifically tailored for the purpose
of ovarian tissue transplantation, with the objective of enhancing angiogenesis and
preventing the occurrence of burning out syndrome in the ovarian follicle after
transplantation. Vascular endothelial growth factor (VEGF) has been chosen as an enhancer
of angiogenesis, while Rapamycin, an immunosuppressant, has been selected to inhibit the
mechanistic target of the rapamycin (mTOR) signalling pathway which is crucial in the

activation of ovarian follicles.



2. LITERATURE REVIEW
2.1.HYDROGELS AS DRUG DELIVERY SYSTEMS

Hydrogel-based scaffolds possess inherent appeal for the purpose of controlled drug
administration due to their capacity for modifiable qualities during fabrication, as well as
their compatibility with secure implantation, discharge, and decomposition processes.
Hydrogels are defined as highly moist interconnected meshes consisting of natural,
synthetic, or semi-synthetic polymers that are cross-linked through physical or chemical
techniques. This specific type of materials is utilized for targeted drug delivery owing to
their remarkable characteristics, such as enhanced biocompatibility, drug encapsulation
capabilities, precise control over drug release in terms of both spatial and temporal aspects,
as well as adaptability to diverse physicochemical conditions. Moreover, hydrogels possess
the capability to encapsulate and provide medications with diverse characteristics, including

small compounds, amino acids, and nucleic acids(8, 9).

Figure 1.3. 3D network structure of polymer-based hydrogels



The unique physical attributes exhibited by hydrogels received considerable interest due to
their potential utility in the sector of drug delivery. Hydrogel drug delivery systems are
frequently categorized into two distinct groups: natural and synthetic. Hydrogels originating
from natural sources encompass hydrogels formulated utilizing collagen, chitosan, alginate,
fibrin, gelatine, or hyaluronic acid. On the other hand, synthetic hydrogels, such as poly
(ethylene glycol) (PEG) or poly (vinyl alcohol), are commonly utilized in the production of
hydrogel scaffolds (8).

2.2.MECHANISMS OF DRUG RELEASING FROM HYDROGELS

Pharmaceutical agents can be released by two mechanisms: disintegration from the
entrapped particles followed by diffusion through the hydrogel, or the liberation of the
particles from the hydrogel.

Factors that
influence drug
release

Figure 1.4. Factors influencing drug release from drug carrier.
2.2.1. Controlled release through mechanical deformation

The stress-induced deformation of the network framework induces the release of the

encapsulated medication. The deformation of a network of fibers can be accomplished



through a variety of methods, such as mechanical deformation or the utilization of
deformations caused by ultrasonic and electromagnetic fields. In each of these
methodologies, a notable consideration about mechanical deformation pertains to the
progressive deterioration of hydrogels, resulting in eventual mechanical breakdown. The
potential remedy for this issue may lie in the utilization of self-healing hydrogels. An
illustration of this concept is the use of alginate hydrogels that are crosslinked with divalent
cations. These hydrogels possess the ability to regenerate under physiological conditions
after ultrasound destruction. This unique characteristic enables the repetitive and precise

release of tiny molecules, proteins, and condensed oligonucleotides (10).

2.2.2. Controlled release through swelling

A hydrogel's mesh size expands as it swells. Temperature, glucose, ph, light, electric field,
and ionic strength are just a few of the environmental factors that might affect how swelling
behaves. The response time for macroscopic hydrogels is somewhat slow for swelling-
controlled systems because water diffuses slowly. Changes in swelling and drug release are
anticipated to take several minutes for hydrogels that are 1 mm in thickness. In order to
expedite the response time, it is possible to diminish the diffusion length through the
reduction of hydrogel size or the creation of interconnecting macropores inside the hydrogel
structure (11-13).

2.2.3. Controlled release through network degradation

Disruption in polymers can happen either in the backbone or through cross-links and is
commonly caused by hydrolysis or enzyme activity. Hydrogel degradation, sometimes
referred to as erosion, entails the reduction in polymer mass. This process can occur either
concurrently throughout the entire mass of the hydrogel or, more desirably, on the hydrogel's
surface. Mass and surface erosion can be employed as distinct mechanisms for regulating
medication release. Numerous hydrogels experience significant erosion in mass due to the
permeability of their mesh structure, allowing for the passage of water or enzymes that
facilitate the process of degrading (14, 15).
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Figure 1.5. Bioactive molecule releasing mechanisms from hydrogel.
2.3.RELEASE KINETICS

The in vitro assessment of drug release kinetics involves submerging samples of the
hydrogel-drug delivery system in a release medium that largely simulates physiological
circumstances, specifically with regards to pH, temperature, and CO2 concentration. The
drug quantity is measured by taking samples of the supernatants at various times. When the
amount of the drug is known, a cumulative release graph is usually made to show how much
of the drug is released as time passes. Release profiles provide significant insights pertaining
to the Kkinetics of release, the quantity released at different periods, and potential indications

on the underlying release processes (5).

From a theoretical perspective, a diverse array of polymers, medicines, release factors, and
kinetics can be employed to accomplish many forms of controlled release patterns. These
include explosive, biphasic, pulsatile, or sustained release, all of which adhere to zero-order
kinetics. The choice of release strategy has a considerable impact on the characterization of
drug-hydrogel combinations. The detailed rationalization and standardization of tests for

each drug-hydrogel system has significant importance(5).

Ideally, it is recommended to customize these assays according to the specific requirements

of the intended application and afterwards validate them within the context of the real



application. In order to facilitate a more thorough examination of the cumulative curves,
additional tools are required. The aforementioned technologies comprise mathematical
algorithms that can be applied for the analysis of version data. In addition, it is essential to
utilize appropriate statistical analysis methods to determine any significant differences

among the experimental groups and/or variables(5).
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Figure 1.6. Factors affecting in vitro drug release. (A) different stirring rates (B) simulated
gastric fluid for the first two hours and simulated intestinal fluid (SIF) from the second hour.
(C) phosphate buffers at different molarities. (D) PBS.

2.4. ASSESMENT OF IN VITRO AND IN VIVO HYDROGEL RELEASE
KINETICS:

2.4.1. Invitro:

The utilization of in vitro saline release assays holds significant importance in the
comprehension of drug release kinetics and processes within hydrogel drug delivery systems.
Nevertheless, there are several constraints associated with the evaluation of the efficacy of

these systems in relation to certain target cells or tissues. In vitro testing is crucial for
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assessing the appropriateness of the drug delivery strategy. Furthermore, in vitro
experiments provide significant insights into the ideal pharmaceutical dosing range, which

can later be translated to in vivo settings(5).

2.4.2. InVivo:

Animal models play a vital role in understanding how living systems respond to drug
delivery systems. They provide valuable insights before human clinical trials can begin. The
main objective of conducting in vivo research, which mainly involves using mice models, is
to establish a comprehensive biological framework for evaluating the effectiveness of
administering medications and the potential for translating drug delivery systems. The
primary objective of animal preclinical investigations is to evaluate the pharmacodynamics,
performance of drug delivery devices in relation to dosage interval and toxicity, or to
investigate the pharmacokinetics of drug release, encompassing the processes of drug
uptake, distribution, metabolism, and elimination(5).

2.5.HYDROGEL APPLICATIONS IN DRUG DELIVERY AND DIFFERENT
ADMINISTRATION ROUTES

Hydrogels possess the capacity to function as efficacious systems for the delivery of drugs
through several routes of administration, encompassing oral, parenteral, ophthalmic, nasal,

topical, brain delivery, and tissue engineering.

Subcutaneous injction

Topical adminstration

Rectal adminstration

[ ¢ Intraperitoneal adminstration

Jral adminstration

Figure 1.7. Hydrogel drug delivery administration routs.
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2.6.COLLAGEN BASED HYDROGELS:

Connective tissue relies heavily on collagen as their principal protein component.
Furthermore, collagen accounts for more than 30% of the protein in the human body (16).
Because of its high biocompatibility and low immunogenicity, collagen-based hydrogel has
been the subject of extensive research in the fields of bioengineering science. However, its
inadequate mechanical characteristics restrict its applicability. Because collagen is so
important to animals as a structure, it needs to have a lot of important features. These
properties involve being stable at different temperatures, being strong, and being able to
connect with other biomolecules in certain ways (17). Other biomaterials, such as alginate,
chitosan, and hyaluronic acid, are commonly incorporated into collagen to increase its

mechanical characteristics (18).

Collagen, either independently or in conjunction with other substances derived from the
extracellular matrix, assumes a significant role in the physiology and behavioural patterns of
cells originating from connective tissue. Keratinocytes and fibroblasts play crucial roles in
the process of wound healing in the skin. Hence, the utilisation of collagen hydrogels as a
substrate for cellular cultivation enhances cellular adhesion, migration, proliferation, and
differentiation in both physiological and pathological contexts. The interactions between
collagen and cells play a significant role in the processes of wound healing and adult tissue
remodelling. Collagen is known to induce cell differentiation and preserve cell phenotypic,
making these interactions crucial in these biological phenomena.

Figure 1.8. Picture displayed the structure of collagen scaffold.
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2.7.COLLAGEN BASED HYDROGELS AS DRUG DELIVERY SYSTEMS:

Collagen is extensively utilized biopolymers for angiogenesis factor administration. Many
studies tested the in vivo release of VEGF from collagen hydrogels and proved that the ionic
interaction between VEGF and collagen helps preserve VEGF bioactivity and prolonged
release. This is analogous to how growth factors in living tissue are maintained and enhanced
by the ECM through sequestration (19, 20). The primary constraint associated with collagen-
based hydrogels has historically pertained to their inferior mechanical characteristics.

Alvarez and colleagues created collagen-silica tiny materials that transport two antibacterial.
The researchers encased gentamicin and rifamycin in silica nanostructures. These
microscopic particles were then added to collagen hydrogels to test their medication delivery
for severe injuries infection. Collagen networks slow silica nanoparticle dissolution. The
nanocomposite releases gentamicin for over a week and has excellent antibacterial
properties. However, high-concentration silica particles with rifamycin can change collagen
hydrogel architecture. Rifamycin is released and absorbed on positive-charged collagen

fibres. This interaction reduces composite antibacterial efficacy (21).

In a laboratory-based study, the experimental group, comprising a complicated hydrogel,
demonstrated a significant wound healing rate of 98% in rats diagnosed with type Il diabetes
by the fourteenth day, resulting in nearly complete wound repair. Moreover, it is noteworthy
to mention that synthetic collagen demonstrates significant potential as a catalyst for
polymerization processes. Zhang et al. conducted an experimental study in which they
synthesised a hydrogel utilising collagen as the fundamental constituent. The hydrogel
utilised in this study consisted of polymer matrices incorporating pyrogallol and a transition
metal, namely silver. The hydrogel exhibits a remarkable ability for self-catalysis,
eliminating the need for external stimuli and resulting in the formation of a rigid
interconnecting polymer network (IPN). Simultaneously, the hydrogel demonstrated notable
antibacterial properties due to the incorporation of silver ion particles. Furthermore, the

hydrogel composed of collagen demonstrated notable haemostatic properties (22).

In their study, Olivetti et al. developed collagen hydrogels that were subjected to
modification using dodecenylsuccinic anhydride (DDSA). The objective of this modification

was to enhance the transport efficiency of the hydrophobic anti-inflammatory medication
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simvastatin. The study concluded that the modified collagen hydrogels successfully
maintained their fibrous and porous architecture. Furthermore, the hydrogels exhibited
enhanced hydrophobic characteristics and exhibited promise as a vehicle for hydrophobic

pharmaceutical compounds (23).

The wound healing ability is significantly reduced when using hydrogels made solely of
collagen, compared to composite hydrogels that incorporate additional components. The
mechanical properties of collagen-based hydrogels do not meet the desired standards.
Collagen has been employed in the field of skin tissue engineering to enhance the properties
of various natural and synthetic polymers. These polymers include hyaluronic acid (HA),
chitosan, alginate, polyvinyl alcohol (PVA), and polyethylene glycol (PEG). The aim of this
endeavour was to improve the overall effectiveness of these substances for application in the

field of tissue engineering.

Polyvinyl alcohol (PVA) demonstrates exceptional mechanical properties. In the work
conducted by the group Wang, polyvinyl alcohol (PVA) and collagen were employed as
materials to produce hydrogels. The incorporation of polyvinyl alcohol (PVA) into hydrogels
has been seen to result in an augmentation of their tension properties. When comparing pure
collagen hydrogels with combined hydrogels, it was seen that the stress experienced by the
latter increased significantly. Specifically, the stress rose from 40 to 6 kPa under a strain of
33%. The available information suggests that the inclusion of polyvinyl alcohol (PVA) is
vital in bestowing hydrogels with remarkable mechanical characteristics through its
facilitation of the creation of improved network entanglements. Several experiments,
including as permeability tests, scanning electron microscopy (SEM) analysis, and water
retention assessments, have yielded empirical evidence indicating that the microstructure of
mixed hydrogels is solid and typified by tightly interconnected networks. The
aforementioned findings are consistent with the mechanical property outcomes derived from

the corresponding hydrogels (24).

A novel hydrogel composed of collagen and alginate microspheres encapsulating proteins
has been created for potential use in retinal therapies. Bovine serum albumin (BSA) was
utilised as a representative model for drugs. The composite hydrogel exhibited comparable

optical clarity and mechanical rigidity to the placebo hydrogels lacking microspheres. A
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continuous release of Bovine Serum Albumin (BSA) was successfully achieved in a neutral
phosphate buffer saline PBS for a duration of 11 days. The composite hydrogel promoted
human corneal epithelial cell growth and had sufficient mechanical strength and excellent
optical clarity to be used as a therapeutic lens for drug delivery and/or as a corneal substitute

for transplantation to patients with corneal diseases (25).
2.8.ALGINATE BASED HYDROGELS:

Alginate is a naturally occurring organic polysaccharide with anionic properties and
hydrophilic characteristics. It is obtained through the extraction process from specific
bacterial strains and seaweed species. The utilization of alginate as a biomaterial has
numerous benefits, such as its cost-effectiveness, simplicity in its manufacture, and absence
of hazardous properties (26). Alginate-based biomaterials can be manufactured in various
forms, such as hydrogels, foams, sponges, fibres, microspheres, and microcapsules,
employing a wide range of production techniques. Alginate is extensively utilized in the field
of 3D tissue engineering for a diverse range of uses. Such uses include drug delivery, wound

recovery, as well as repair and regeneration of connective tissue (27).

Alginate demonstrates significant amounts of carboxyl groups and negative charges, leading
to compromised mechanical properties and diminished flexibility. The negative impact of
Alginate-based biomaterials on cell contacts limits their potential application in customised
tissue defect therapies. One possible approach to address the constraints is by implementing
modifications to alginate and its derivatives. This can involve the integration of appropriate
materials and components. One possible approach involves the utilisation of crosslinkers,
such as methacrylate and chitosan, for incorporation. The effectiveness of chitosan-based
bionics is limited due to its limited solubility in aqueous solutions. The utilisation of acid
solvents for dissolving chitosan carries the risk of detrimental impacts on cellular structures

and growth hormone activity (27, 28).
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Figure 1.9. Chemical structure and conformation of guluronic acid (G) and mannuronic acid
(M) residue in bacterial alginate

Alginate hydrogels have remarkable properties such as a substantial water content, absence
of harmful effects, pliable texture, compatible with biological systems, and capability for
degradation. These characteristics render them exceptionally well-suited for use as vehicles
for tiny molecular weight medicines and macromolecules, including proteins and DNA,

while also possessing the capacity to maintain or target their administration (29).

The load has the potential to become stationary or enclosed within the tiny spaces of the
alginate hydrogel carriers. Alginate could create two distinct forms of gels, which is
contingent upon the pH of the surrounding environment. The substance exhibits a reduction
in volume under low pH conditions, namely within the stomach environment, and generates
a dense acidic gel with high viscosity. This gel effectively retains the enclosed medications
without releasing them. Upon entering the gastrointestinal system, characterised by an
elevated pH, the alginic acid's dermal-like composition undergoes a transformation into a
fluid-like viscous gel. This conversion leads to the rupture of the polymer system, facilitating
the dissolution and subsequent release of the medicine. Hence, when administering drugs to
the intended tissue, it is crucial to regulate the release of the drug over an extended duration
to mitigate the risk of systemic adverse effects. The release of drugs from the pores of the
hydrogel is facilitated through various mechanisms, such as diffusion-controlled, swell-

controlled, chemically controlled, and environmentally responsible release (30).

Sodium alginate exhibits a distinct chain architecture composed of several carboxyl —-COO-
groups. In aqueous solutions, these entities have a propensity to aggregate, leading to the
adhesive nature of the hydrogel. As a result, sodium alginate has demonstrated its efficacy
as a beneficial pharmaceutical carrier for the therapeutic targeting of mucosal tissues. The
pH sensitivity exhibited by sodium alginate can be attributed to the presence of the
carboxylate (-COO-) group. Under acidic conditions, the carboxylate group (-COO-)

undergoes a transformation into a carboxylic acid group (-COOH). This alteration results in
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an augmentation of the hydrogen bond contact between the carboxyl groups of sodium
alginate molecules. As a result, the molecular chain undergoes a reduction in size or
shrinking (31).

In the domain of guided drug delivery systems, the phenomenon of rapid and excessive
release of drug molecules from alginate-based hydrogels, which are generated by cross-
linking with calcium, is a frequently seen challenge in typical conditions. In recent years,
there has been a notable focus on improving the efficacy of alginate salt-based hydrogels as
vehicles for drug delivery. alginate has the ability to create chemical complexes with a range

of polymers, such as polyvinyl alcohol (PVA), gelatine, methyl cellulose, and collagen (31).
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Figure 1.10. Picture displayed the structure of alginate scaffold.
2.9. THREE-DIMENSION 3D BIOPRINTING

The term "3D printing" encompasses many technologies that utilize automated methods for
dropping materials and fabricate tangible three-dimensional objects. The layer-by-layer
procedure, which is carefully regulated, renders 3D printing the most contemporary and
adaptable technique for fabricating polymer hydrogel scaffolds of the highest standard. In
addition, the utilization of design/computer-aided manufacturing (CAD/CAM) software
allows the creation of diverse configurations, a range of networks, varying pore sizes,

multilayers, and various production procedures.
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The inherent adaptability of this system holds promise for regulating the rates at which drugs
are released. Furthermore, the novel capability of transforming computed tomography
images into computer models has the potential to produce three-dimensional bio scaffolds,
which are essentially scaffolds that possess the intricate structure and diverse composition
characteristic of living tissues and organs. In these instances, a diverse range of active
chemicals, such as growth factors, can be included to augment the desired physiological

reactions.

One of the primary challenges in the field of 3D printing involves the identification of
biocompatible materials that possess the necessary characteristics for the printing process
and fulfil the mechanical strength criteria for scaffolds utilised in tissue engineering.
Hydrogel materials possess the ability to meet specific requirements and demonstrate
considerable promise as biocompatible materials in the field of 3D bioprinting. The
classification of natural bio-inks encompasses protein-based bio-inks, polysaccharide bio-
inks, and bio-inks derived from the extracellular matrix (ECM) of decellularized organs (32,
33).
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Figure 1.11. llustration shows the 3D bioprinting steps.
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Collagen, being one of the most extensively utilized bioinks, has garnered significant
attention within the field of tissue engineering and pharmaceutics fields. Nevertheless, the
excessive stiffness of the collagen-based scaffolds that are formed may impede the migration
of cells, while the adhesive nature of proliferating collagen can lead to blockages in the
printer's nozzle. Multiple approaches have been explored to enhance collagen bioinks, such
as incomplete crosslinking, modification by chemicals, and the incorporation of a

supplementary promoting polymer materials (34, 35).

The use of collagen accompanied by other materials has gained significant popularity in the
field of 3D printing. In order to optimize the quality of printed lines, it is possible to combine
collagen and alginate salts to produce hydrogels that exhibit superior structural and
biological characteristics. The research conducted by Niu et al. employed a bio-ink
composed of sodium alginate, gelatin, and collagen (SA/Gel/C) hydrogel to fabricate a
bionic scaffold for full-thickness skin (36, 37).

The biocompatibility of alginate salts, as a copolymer, is evidenced by their ability to
effectively enhance cell proliferation. Therefore, it is often regarded as an ideal precursor for
applications in the field of 3D bioprinting. The use of alginate derivatives as bioink for the
fabrication of hydrogel scaffolds presents a challenge in maintaining the structural integrity
and form fidelity of the produced hydrogels, mostly due to their insufficient viscosity. The
low viscosity of the formed filaments renders them susceptible to collapse and fusing. When
alginate hydrogels are cross-linked using calcium-based crosslinkers, their mechanical
qualities are weakened, rendering them vulnerable to gravitational collapse. The collapse has
implications not only on the structural integrity of the hydrogels but also on the precision
and faithfulness of their three-dimensional printing. One of the main obstacles encountered
in the use of alginate hydrogels as bioink in the context of 3D bioprinting pertains to their

comparatively limited printing speed (38).
2.10. HYDROGEL CROSSLINKING:
2.10.1. Physical crosslinking:

2.1.1.1 lonic crosslinking
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The synthesis of ionized cross-linked hydrogel scaffolds is founded on a fundamental
principle, involving the incorporation of polymers that can undergo ionization with
compounds possess opposite polarity. The mechanical characteristics of polymer scaffolds,
as well as the molecular mass of the polymers and the degree of cross-linking, can be
effectively controlled by manipulating parameters such as the quantity of polymers or ion

levels.

Alginate derivatives are a well-established class of native macromolecules that possess
numerous advantageous properties, including biocompatibility and non-thrombogenicity. As
a result, it is widely employed across various industries such as cosmetics, healthcare, and
food processing. Alginate is comprised of a significant amount of carboxyl groups, which
have the ability to undergo cross-linking through the introduction of positively charged
donors like calcium chloride (CaCl2). Enhancing the mechanical properties of the alginate
hydrogels can be achieved by augmenting the concentration of Ca2+ ions incorporated
within the network (39-41).

2.10.2. Hydrogen bonding

The use of hydrogen bonding as a crosslinking method for the fabrication of implantable
hydrogels is a promising approach due to its elastic properties and vulnerability to rupture
under high temperatures. Moreover, this methodology confers inherent therapeutic
attributes, thermoplastic behavior, and recyclability to the hydrogels. A limitation commonly
seen in hydrogen bonding crosslinked hydrogels is their restricted repellent to water, as the
presence of water can result in the disruption of the hydrogen bonds between polymer
crosslinks (42, 43).
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Figure 1.12. Hydrogel composed of N-acryloyl glycinamide (NAGA) monomer and
nanoclay was produced by 3D-printing technique towards the construction of load-bearing
tissue engineering scaffolds for bone defect repair (6).

2.10.3. Chemical crosslinking

2.1.1.2 Enzymatic reaction

Enzymatic crosslinking serves as a viable alternative approach for the fabrication of hydrogel
scaffolds, namely in the realm of protein-based gel materials. Enzymes obtained from
various plant and animal sources, such as horseradish peroxidase (HRP), glucose oxidase
(GOx), and laccase, have been utilized to promote the establishment of covalent linkages

inside hydrogels (44).
2.1.1.3 Photo-initiated crosslinking

The application of photo-initiated crosslinking is widely acknowledged as the primary
method for manufacturing injectable and implantable hydrogels. It is imperative to maintain
fine control over the viscosity and crosslinking dynamics of the hydrogel matrix. The
rationale for this design is to ensure that the system is localized to the specific implantation
location, rather than exhibiting diffusion to the adjacent regions. The activation mechanism
in most hydrogel systems involves the utilization of ultraviolet ( UV ) light to induce the

generation of reactive oxygen species or ions (45).
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2.11. PARTICULATE DRUG DELIVERY SYSTEMS

Microspheres are particulate materials characterized by their ability to exhibit free-flowing
properties. These materials consist of biodegradable polymers, which can be either natural
or synthetic. Hence, it is imperative for microspheres to possess a particle size that is less
than 1000pum. The utilization of this approach is of utmost importance in ensuring the
accurate and controlled administration of medicinal substances to their designated target site,
hence ensuring a sustained and predetermined release throughout a specified duration. These
devices facilitate the accurate delivery of tiny quantities of active drugs, while
simultaneously reducing the diffusion of the drug in the vicinity of the targeted organ or
tissue (46).

Particulate drug delivery systems offer pre- and post-application protection for unstable
medications, safeguarding them until they reach their intended site of action. They offer the
capability to modify the drug's in vivo impact, pharmacological profile, delivery within
tissues, and interaction with cells. They offer a controlled release mechanism for the
medication. Some examples of pharmaceutical substances that are commonly used in

medical treatments include growth factors and immunosuppressants

Microparticles drug delivery systems used usually are natural or synthetic polymers.
Different preparation techniques are used to fabricate particulate polymers such as Single

emulsion technique, Double emulsion technique, or Polymerization (46).

2.11.1. Double emulsion technique

This methodology entails the creation of a dual or multiple emulsion with layers of water-
oil-water (w/o/w) or oil-water-oil (o/w/0). These formulations are highly suitable for
pharmaceuticals that demonstrate both water solubility and insolubility, as well as for
peptides, proteins, and vaccines. The technique is applicable to both naturally occurring and

artificially produced polymers.

In brief, with respect to water-in-oil-in-water (w/o/w) emulsion, the aqueous protein solution
is dispersed inside the lipid-soluble organic phase. The protein solution has the potential to
include active constituents. The continuous phase typically comprises a polymer solution

that envelops the protein present in the scattered aqueous phase. Prior to being added to the
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aqueous poly vinyl alcohol (PVA) solution, the emulsion undergoes either homogenization
or sonication. As a result, the phenomenon of double emulsion production takes place.
Subsequently, the emulsion undergoes solvent removal by either solvent evaporation or
solvent extraction techniques. The solvent evaporation method involves either maintaining
the emulsion at lower pressure or utilizing agitation techniques to facilitate the evaporation
of the organic phase. Following this, the emulsion is placed into a substantial volume of
water, so promoting the dispersion of the organic phase. The solid microspheres are acquired
by a filtration procedure, subsequently undergoing a washing step utilizing n-hexane,
acetone, or another suitable organic solvent. The aforementioned phase bears considerable
significance due to its pivotal role in efficiently eliminating any residual oil that might be

present on the surface of the microsphere (46).
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Figure 1.13. Production and characterization microspheres by double emulsion method.

2.12. MULTIPLE MATERIAL HYDROGEL DELIVERY SYSTEM
APPLICATION IN ORGAN TRANSPLANTATION

Organ transplantation has been considered a medical miracle since the last century, as
thousands of people with various end-stage organ failures have been treated (47, 48)
However, Organ transplantation has been associated with all rejection patterns of
organ/tissue transplantation, which have been clarified as a consequence of cell-mediated
and/or antibody-mediated tissue injuries. As a result, transplantation surgeons' have
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dominated various immunological considerations in order to understand the dilemma of

transplant rejection as the primary cause of graft failure (49, 50).

One of the most common causes of organ engraftment rejection is inadequate or absent
angiogenesis. Repair and regeneration require the ability to restore blood flow circulation,

and consequently oxygen and nutrient supply to ischemic or injured organs (51).

Thomas Starzl, stated in his historical record of the first three cases of liver transplantation
that "the provision of a viable and little damaged homograft is certainly the most critical
single component in the determination of success." As a result, the goal of organ
transplantation should be to avoid graft IRI (52).

Complexity pathophysiology of IRI, it is challenging to effectively integrate basic scientific
and creative principles into clinical therapy(53). Recently, various machine perfusion
systems, including hypothermic machine perfusion (HMP), hypothermic oxygenated
perfusion (HOPE), and normothermic machine perfusion (NMP), have been implemented in
medical strategies for enhancing transplant viability. Research has demonstrated their
reliability and applicability. Even though these studies strengthen the field of transplant
restoration, all methods of device blood flow still involve a period of ischemia when the graft

is being retrieved and retransplanted (54).

Numerous therapy methods have been proposed and evaluated to overcome this challenge,
Guo, Zhiyong, and his colleagues created a method of ischemia-free organ transplantation
(IFOT) and evaluated its adequacy in participants who got liver transplants. Unfortunately,

there has been moderate success (55).
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Figure 1.14. Skin graft implantation illustration showing the ability of transplant to initiate
vasculogenesis and angiogenesis between the graft and the recipient bed within 7 days.

One of the most important contributors to organs transplantation failure is the postponed or
lacking vascularization process. It is important for the process of repair and regeneration to
have the capability to restore blood circulation (neoangiogenesis), and with it, oxygenation,

and nutrients able to be delivered to organs that have been injured (56, 57).

Another pattern of transplant rejection is known as pathological injury, and it occurs when
antibodies and/or T cells are responsible for causing the injury in the transplant. To reduce
the risk of rejection reactions following transplantation, it is possible to achieve ideal
matching of major histocompatibility complex (MHC) antigens, to take medications that

inhibit the immune system in general, or to induce a level of acceptance in the recipient (58).

2.12.1. ANGIOGENESIS MEDIATED FACTORS

Angiogenesis is a complex process mediated by a multi-step cascade driven by various
biological factors, nonetheless, VEGF can promote neoangiogenesis on its own. Moreover,
VEGF therapeutic angiogenesis administration into ischemic tissue can enhance blood flow.
As a result, delivering or incorporating VEGF into tissue grafts may minimize/prevent the

damage caused by chronic hypoxia by promoting angiogenesis (59).

Angiogenesis is important in numerous physiological processes, especially healing process,
tissue regeneration, and the progress of certain diseases. To boost neoangiogenesis,
biomaterials may be employed as scaffolding to enable vascular infiltration for tissue
regeneration, or they can be employed to transport proangiogenic agents and cells in a

regulated manner (60).
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2.12.2. MECHANISTIC TARGET OF RAPAMYCIN

Immunosuppressants are drugs used to hinder the immune system's capabilities to respond
to immunogens. To prevent transplant rejection, these medications are administered to organ
and cell therapy recipients. Such drugs like, antibodies, corticosteroids, and mammalian
target of rapamycin (mTOR) inhibitors Rapamycin was approved as an immunosuppressive
drug for transplant recipients by the U.S. Food and Drug Administration (FDA) and the
European Medicines Agency (EMA) (61, 62).

2.12.3. ANGIOGENIC DRUG DELIVERY

Bioactive molecules have been extensively employed to address the challenges encountered
by drug-delivery strategies aimed at augmenting angiogenesis. The systemic injection
method is the most used technique for administering angiogenic medication in medical
applications (63). Nevertheless, this approach presents several factors to be considered.
Several medicines have a short half-life and elimination occurs relatively fast. Therefore,
systemic administration growth factors in single or multiple dosages are promptly removed
from the body, for instance, elimination half-lives of injected VEGF and bFGF are less than
1 hour (64). As a result, it may be necessary to provide the medicine in a series of large
dosage over a short period of time to keep the drug's concentration and effectiveness within
the target dosing range. This raises questions about the safety of administering these

angiogenic agents systematically (63-65).
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Figure 1.15. Demonstrating the administration of hydrogel-based growth factor via in situ
injection as an effective method for drug delivery and regenerative medicine.

Inordinate doses of angiogenic factors can have adverse consequences on the circulatory
system. For instance, VEGF, a powerful hyperpermeability molecule, can trigger increases
in the vascular permeability of blood vessels (66). In one research, overexpression of VEGF
via virus vector caused sever death among the experimental animals. The animals established
severe edema in their organs as a result of increasing vascular permeability. In another
research, both VEGF and FGF proteins produced hypotension and subsequent death of the
experimental animals for the same reason. To address many of these concerns, biomaterials

may be used for localized, controlled and sustained drug delivery (67).

There is a wide range of approaches for incorporating and releasing growth factors from
polymers composites. Hydrogels, nanostructured scaffolds, and microparticles are all
examples of tissue engineering that can be manufactured using biomaterials. Mechanical
performance is improved by porous nanostructured and hydrogels, yet microparticles are

effectively and easily injectable (68, 69).

2.12.4. RAPAMYCIN DRUG DELIVERY

Rapamycin has been shown to minimize of post transplantation kidney injuries. It has been
revealed that Rapamycin-Loaded microspheres present a successful approach for releasing
rapamycin in a time-dependent manner into the circulation (70, 71).
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3. AIMS AND OBJECTIVES

In numerous cases of organ or tissue transplantations, repeated systemic administration of
angiogenic or immunosuppressant medications is necessary. This is mostly owing to the
high elimination ratio and short half-life of these agents. Nevertheless, the administration of
medications through systemic means has the possibility of encountering significant
consequences, such as the development of edema, toxicity, hypertension, and even mortality.
However, it is imperative to decrease the quantity and frequency of administrations to
enhance the socioeconomic consequences linked to repeated injections and mitigate the side

effects that may arise.

In response to this requirement, we are developing an implantable drug delivery system
(IDDS) consisting of poly (caprolactone) (PCL) microspheres suspended within a collagen/
alginate implantable hydrogel. Prolonged release of drugs with tailored characteristics can
be accomplished by encapsulating drugs (VEGF and Rapamycin) within PCL microspheres.
PCL is a biodegradable and biocompatible copolymer used in many FDA-approved

therapeutic devices.

Herein, the aim of this study is to establish an extrusion 3D printing based composite
collagen-alginate gel scaffolds with multiscale pore structures and containing hydrophobic
VEGF/rapamycin loaded polycaprolactone microspheres. Therefore, administering VEGF
to tissue grafts may reduce the damage caused by immunological reactions by inhibiting
mechanistic target of rapamycin (mTOR) pathway, and prolonged hypoxia by increasing

blood vessel formation rate.
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Figure 1.16. Schematic representation of the research strategy used for this study.

28



4. MATERIALS AND METHODS

4.1. MATERIALS

4.1.1. Chemicals

Polycaprolactone (PCL) (Capa®, 6400 UK), polyvinyl alcohol (PVA) (ALDRICH, MW =
125.000), Dichloromethane (Sigma Aldrich), High purity collagen (AR-GE Merkezi,
Turkiye), Medium Viscosity Sodium Alginate (Sigma-Aldrich), Methyl Cellulose (Vegrano,
Turkiye), CaCl2, Vascular Endothelial Growth Factor VEGF (sigma), Rapamycin (Bioshop,
Canada), Phosphate Buffer Saline (PBS), Penicillin/Streptomycin (Gibco), ELISA
(Elabscience Human VEGF-A Elisa kit), polyvinyl alcohol (PVA) MW 1.5.104 (Fluka,
USA). Lipase (Sigma Aldrich), Distilled water from the Lab, Dulbecco’s Modified Eagle
Medium (DMEM) (Gibco).

4.1.2. Equipment

Ultrasonic homogenizer system (BANDELIN SONOPLUS), magnetic stirrer (IKA RH
digital), centrifuge Thermos scientific SL 8R), various volume automatic pipettes, 0.21 mm
3d bioprinter needle, universal testing machine (SHIMADZU), scanning electron

microscope SEM (LEO 438 VP), spectrophotometer, digital calliper, Analytical balance.

29



4.2. METHODS
4.2.1. Microsphere fabrication

4.2.1.1 Preparation of Polyvinyl alcohol (PVA) solutions

Two concentrations (4% in 8 ml ddH20O, and 0.3% in 200 ml ddH»O) of Polyvinyl alcohol
(PVA) solution prepared. The solutions were heated 120°C and stirred vigorously 450 rpm
for 5 hours until all the PVVA was dissolved in the water.

4.2.1.2. VEGF/Rapamycin-Loaded Polycaprolactone (PCL) Microcapsule

PCL microcapsules were produced using the double emulsion method. Briefly, the first
emulsion (W/O) was formed of 10% w/v PCL + Dichloromethane solution (77.3 mg PCL
+761 pl DCM). (0.5mg Rapamycin in 0.1mL 0.5 ug VEGF) were added, separately, into the
PCL/DCM solution, sonicated at 50 Hz frequency for 1 min. The first emulsion was added
to the solution of polyvinyl alcohol (4% w/v PVA) and again sonicated at 50 Hz frequency.
Afterwards, the (w/o/w) solution added to 50 ml of an aqueous solution of 0.3% PVA (w/v),
and stirred at room temperature, 250 rpm, overnight so as to evaporate the organic solvent
DCM. Next day, Microcapsules collected by centrifugation, and lyophilized after washing
with Tris-HCL. The produced microcapsules were stored at -20°C until the release analysis

of bioactive agents from microcapsules.
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Figure 4.1. Schematic representation of the double emulsion microsphere fabrication used
for this study.

4.2.2. 3D printing of hydrogel scaffold

4.2.2.1. Printing ink preparation

A combination of three distinct polymer biomaterials were used as bioprinting bioinks in this

study: collagen, alginate, methyl cellulose. Four bioink solutions were prepared:

1- Solution (1): Collagen (0.82 mg/mL), Alginate (2% w/v).

2- Solution (2): Collagen (0.82 mg/mL), Alginate (1% wi/v), Methyl Cellulose (4%w/v).
3- Solution (3): Collagen (0.82 mg/mL), Alginate (4% wi/v), Methyl Cellulose (2%w/v).
4- Solution (4): Collagen (0.82 mg/mL), Alginate (4% wi/v), Methyl Cellulose (2%w/v),
Rapamycin (1, 0.5, 0.1 mg)

4.2.2.2. 3D printing

The hydrogel structures were printed using a bioprinter that was controlled by temperature

and pressure. Printing parameters for all solutions were set as shown in table 4.1.

4.2.2.2.1. Collagen-Alginate bioprinting (S1)
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The hydrogel solution was loaded into extrusion cartridges, which were subsequently
attached to the printer's carriage, and extruded through a 0.4 mm needle. The scaffolds were
designed as a rectangle (4*2) cm in size with 3D-Builder software, and then 5 layers of
hydrogel were made. Parameters of the printing process were as follow: (Speed = (6mm/s),
Layer Height = (0.4mm), Pressure = (10psi), Temperature = (14°C)). The samples were then
crosslinked by adding 500 uL of CaCl2 (0.5M) to the printed scaffold (immediately after
printing) 5 minutes.

Figure 4. 2. Photographs during printing and crosslinking of C/ALG scaffolds

4.2.2.2.2. Collagen-Alginate-Methyl cellulose bioprinting (S2, S3 & S4)

The hydrogel solution was loaded into extrusion cartridges, which were subsequently
attached to the printer's carriage, and extruded through a 0.21 mm needle. The scaffolds were
designed as a rectangle (4*2) and (1*1) cm in size with 3D-Builder software, and then 5
layers of hydrogel were made. Parameters of the bioprinting process (Speed = (6mm/s),
Layer Height = (0.21mm), Pressure = (10psi), Temperature = (7°C)). The samples were then
crosslinked by adding 500 pL of CaCl2 (0.5M) to the printed scaffold (immediately after

printing) 5 minutes.

Solution (4) was prepared using the parameters outlined in Table 4.1, with the exception that

it included three distinct concentrations of Rapamycin (1, 0.5, 0.1 mg).
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Table 4.1. Summary of hydrogel 3D printing parameters

Solution (1) Solution (2) Solution (3&4)

Speed (mm/s) 6 6 6
Layer Height 0.21 0.4 0.25
(mm)
Pressure (psi) 10 10 10
Temperature 7 14 14
4
Infill density (%0) 30 30 30

Size (mm) 4*2 4*2 1*1

4.2.3. Characterization of samples

4.2.3.1. PCL Microcapsules morphological properties

Morphological properties were evaluated with a scanning electron microscope, in Ankara
University Faculty of Medicine, Department of Histology-Embryology. PCL samples
collected after lyophilization were placed on double-sided carbon tapes adhered to SEM
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sample holders. The samples, which were attached to the stall, were then kept under vacuum
in the Sputter Coater device for 10 minutes, and immediately after the 20 nm gold plating
application, they were visualized with the LEO 438 VP brand SEM device at 20 kV.

4.2.3.2. Releasing test of VEGF and Rapamycin

For this, microcapsules and hydrogels loaded with bioactive molecules (VEGF &Rapa) were
taken into Eppendorf tubes (5 mg) and 6 culture well plate respectively and incubated in 1
ml of PBS (Phosphate Buffered Saline; pH 7.4) at 37°C. At various times (7, 14, 21, 28 days)
the supernatant was collected, and incubation was continued by adding fresh PBS.
Encapsulation efficiencies and release kinetics of the PCL microcapsules were studied with
ELISA kit for VEGF, and HPLC for rapamycin.

4.2.3.3. ELISA VEGEF releasing

Determination of VEGF in the supernatant was performed using the growth factor ELISA
kit. Briefly, VEGF standards and sample’s supernatants were placed on the microplate
coated with VEGF monoclonal antibody included in the kit for VEGF determination. The
microplate was incubated for 90 minutes for VEGF to bind with the coated antibody on the
plate. Biotinylated Detection solution was added to the wells to bind with the second
antibody, then the microplate was incubated for 60 minutes. Then HRP added to the wells
and incubated for 30 min. The plate was washed 5 times with washing buffer, then substrate
solution was added to the wells and incubated for 15 min. After incubation, colour change
was detected with a microplate reader at a wavelength of 475 nm. Calibration curve and

sample concentrations calculated using excel.
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Figure 4.4. 96-well microplate image of VEGF-A release assa with ELISA kit

4.2.3.4. Rapamycin HPLC releasing test

The analysis was conducted using an analytical Knauer ODS column of dimension 4.6 x 150
mm size of 5 mm. The temperature within the column was established at 55°C. The solvent
system employed a mobile phase consisting of 70% methanol. A volume of 10 ul of
rapamycin was dissolved in 1 ml dichloromethane (DCM), and subsequently administered
into the apparatus. The isocratic flow rate was set at 1 ml/min. rapamycin detected by UV
absorption 278 nm. The detection of rapamycin was achieved through the utilization of UV

absorption at a wavelength of 278 nm.

4.2.4. Mechanical Testing of C/ALG and C/ALG/MC Scaffolds

The mechanical properties of C/ALG and C/ALG/MC scaffolds were tested with
SHIMADZU material testing device (AGS — X). For uniaxial tensile testing, each scaffold
iIs mounted on the machine's clamps with a 50 N load cell. The original length (LO) and
thickness were measured using digital calliper. Then, the tensile test was started, and the
scaffolds were stretched at a stretching speed of 5 mm/min at room temperature until the
specimen yield point. Finally, the modulus was calculated from the initial linear regions of

the stress-strain curves.
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Figure 4.5. Photographs taken during tensile testing with 50N Heads for printed C-ALG
scaffolds.

4.2.5. Collagen-Alginate-Methyl cellulose hydrogel degradation test

For degradation test, the hydrogels were weighed (WO0) and then were incubated in 1 mL
sterile PBS buffer and lipase enzyme seperatly at 37 °C. At predetermined time scheduled
(1, 3, 7, 14, 21 days) the hydrogels were taken out of solutions and put in 20°C. after taking
all the samples out of solutions, freez drying was conducted and the samples were weighed
(Wt). Three parallel hydrogels were performed to obtain averaged values. The degradation

behavior of the hydrogels was expressed according to the following equation:
Weight loss (%)= (W0 — Wt)/WO0 x 100%

WO = initial weight, Wt = weight after freeze-dry

36



Figure 4.6. Collagen/Alginate/Methyl cellulose degradation test
4.2.6. Hydrogel scaffold’s structure stability test

After 3D printing, all samples were incubated in 0.5 M CaCl2 solution for 10-15 mins at
37°C for polymers cross-linking and then made ready for use. The samples prepared by 3D
printing were incubated in cell culture medium prepared with DMEM Low Glucose + 1%
Penicillin/Streptomycin for 21 days under sterile conditions in order to evaluate the long-
term durability in cell culture medium. Structural integrity assessments of the constructs

were performed observationally on days 7, 14 and 21.
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5. RESULTS

5.1. CHARACTERIZATION OF PCL-MICROCAPSULES MORPHOLOGY AND
PARTICLE SIZE

The morphology of PCL-microcapsules has been characterised through scanning electron
microscopy (SEM) analysis. It was determined that the PCL-microparticles loaded
VEGF/Rapamycin, separately, were spherical in shape and had a homogeneous size
distribution. Similar findings were obtained about the morphology of PCL-microcapsules
loaded VEGF/Rapamycin.

5.2. IN VITRO VEGF/RAPAMYCIN RELEASING KINETICS

To investigate whether PCL microcapsules and hydrogels could prolong release of

VEGF/Rapamycin, several release experiments were performed.

5.2.1. VEGF ELISA Releasing test

Free VEGF concentrations at multiple time points were determined with ELISA. The
accumulative release profiles of gradually and fast groups are shown. VEGF release was

prolonged and more gradual in the slow-release group in comparison with the fast release
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group. VEGF was constantly released for at least 2 weeks at concentrations relevant for
vasculogenesis (The ED50 of VEGF is typically 1-6 ng/ml) (72).
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Figure 5.2. Determination of VEGF release from VEGF-loaded PCL microparticles in free
and encapsulated with 3D-printed C/ALG/MC scaffold.
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Figure 5.3. Calibration curve created for quantitative determination with the ELISA assay.
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5.2.2. Rapamycin HPLC releasing test.

The rapamycin release test for encapsulated microparticles and hydrogels were conducted

separately. No peak detected when analysing with HPLC Fig 5.4.

)

Figure 5. 4. Rapamycin loaded samples HPLC analysis.

et e i ]

5.3. 3D PRINTED SCAFFOLD MECHANICAL PROPERTIES

The mechanical properties of C/ALG and C/ALG/MC scaffolds were characterized by
tensile test. The mean curve of the C/ALG scaffold (Figure 5.5.) showed a peak stress of
0.0136 Mpa and an average Young's modulus of 0.2417 Mpa. The addition of Mythl
Cellulose to the scaffold reduced the Young's modulus to an average of 0.1407 Mpa while
reducing the ultimate tensile strength to 0.0130 Mpa (Figure 5.6.). The mechanical properties
of C/ALG scaffolds are significantly increased when C/AIG is pressed at low temperature
7°C compared to C/ALG/MC which is 14°C.
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Figure 5.5. Stress-strain curve of collagen-alginate-methylcellulose scaffold
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Figure 5.6. Elastic Modulus Measurement of collagen-alginate-methylcellulose scaffold
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5.3. HYDROGELS DEGRADABILITY PROPERTIES

The degradation rate of hydrogels with different alginate concentrations (2% and 4% w/v)
was examined by maintaining hydrogels in sterile PBS and Lipase separately for 21 days Fig
5.9. and Fig 5.10. No obvious hydrogel shrinkage and degradation was observed with
4%Alg, while Shrinkage and degradation of 2% Alg hydrogels was observed.

Wet Col/Alg 2%/ MC Freeze-Drying Col/Alg 4%/MC

PBS Lipase PBS Lipase

DayO

Dayl

Day7

Dayl14

Day21

Figure 5.9. Collagen/2%Alginate/Methyl Cellulose hydrogel before and after soaking in PBS
and Lipase for the period of 21 days.
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Figure 5. 10. Collagen/4%Alginate/Methyl Cellulose hydrogel before and after soaking in
PBS and Lipase for the period of 21 days.

Since the delivery of the bioactive agent from the microspheres depends on the degradation
of the hydrogels, their degradation was investigated in vitro up to 21 days. The PBS and
enzymatic in vitro degradation of Col/2%Alg/MC hydrogel samples were assessed by
measuring the percentage of weight loss from the hydrogels Fig .5.11. Col/2%Alg/MC
hydrogels show gradual degradation in proportion to immersion time. Hydrogels soaked in
PBS showed greater degradation ratio in compare with hydrogels soaked in Lipase. The in
vitro degradation of the Col/2%Alg/MC hydrogels was also followed by scanning electron
microscope (SEM) to check the loss of polymer integrity. It was observed that at the end of
the incubation period, 2% alginate hydrogel structure had completely degraded.
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Figure 5. 11. Degradation ratios of Collagen/2%Alginate/Methyl Cellulose hydrogels after
soaking in PBS and Lipase for the period of 21 days

5.4. HYDROGEL STRUCTURE STABILITY PROPERTIES

The stability of the collagen alginate hydrogels was evaluated in PBS and cell culture
medium to detect their stability for use in cell or tissue culture experiments later. However,
it was found that the printing solution (Col/1%ALG) used in the preliminary study was able
to maintain its 3D structure for only 3-4 days after 3D printing and then started to lose its 3D
structure in cell culture medium as shown in figure 5.11. To overcome this problem, two
ways were followed: Firstly, the concentration of ALG (1% wi/v) used in the preliminary
study was increased to (2&4%wi/v). Secondly, Methyl cellulose (MC), a material with high
viscosity required for 3D printability and gelling at 37°C, was added to the printing solution.

MC was incorporated into the C/ALG structure at a concentration of 4% wi/v. In this way, it
was aimed both to increase the print quality during 3D printing and to maintain the structural
integrity of the 3D structure in long-term culture. The scaffolds obtained after increasing the
ALG concentration to (2&4%) and the addition of MC were found to be stable FBS, and cell

culture medium for more than 21 days as shown in figure 5.11.
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Figure 5. 12. 3D printed hydrogels produced for integrity analysis of Col/ALG (C: 0.82
mg/mL; ALG 1% wi/v).
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Figure 5. 13. 3D printed hydrogels produced for integrity analysis of Col/ALG (C: 0.82
mg/mL; ALG 2% w/v; MC 4% wi/v).
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6. DISCUSSION AND CONCLUSIONS

It is aimed that the tissue scaffold to be produced will be porous in a way to induce
angiogenesis of the organ/tissue graft and have the feature to realize the controlled release
of VEGF/rapamycin. It is planned that the hydrogel 3D scaffold contains poly (caprolactone)
(PCL) microparticles containing active ingredients to produce collagen-based porous tissue
scaffold with 3D printing technique and to provide simultaneous VEGF/rapamycin-

controlled release.
6.1. VEGF/RAPAMYCIN LOADED PCL MICROSPHERES

In this study we have developed VEGF loaded PCL microparticles, this polymer was
selected based on previous work of Karina et al. who achieved a sustained release of VEGF
for 4 weeks (73). The release pattern of the VEGF Microspheres was evaluated through a
comprehensive screening procedure spanning a period of three weeks. The time-based aspect
is significant in the vascularization process after biomaterial implantation, as it plays an
essential role in deciding the pattern of growth factor release in vivo (74). The Enzyme-
Linked Immunosorbent Assay (ELISA) technology was utilised to measure the amount of
Vascular Endothelial Growth Factor (VEGF) released. The acquired data was subsequently
represented graphically as normalised cumulative values of Vascular Endothelial Growth
Factor (VEGF). The comprehensive release of the encapsulated VEGF is represented by the
overall cumulative release observed over a period of 21 days. The microspheres exhibited a
consistent release profile characterised by no significant initial burst release. The chosen
formulations were considered suitable as they effectively demonstrated sustained release for

several weeks, these formulations were suitable for our purposes.

Various procedures have been employed thus far for the fabrication of polymer microspheres
with a diameter less than 1000 mm. The double emulsion technique is considered a good
approach for the encapsulation of pharmaceutical ingredients(75). The methodology utilised
in this study involved the formulation of PCL microspheres loaded with VEGF while
considering the hydrophilic properties of VEGF. The results demonstrated that the
encapsulation of (VEGF) occurs within the inner aqueous phase (w1) of the double emulsion
layers, this step serves to prevent the diffusion of VEGF into the external aqueous phase

(w2). To enhance the biological performance of vascular endothelial growth factor (VEGF),
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a supplementary concentration of 0.3% polyvinyl alcohol (PVA) was utilised. This was done

to facilitate the formation of a protective coating around the VEGF particles.

The addition of a stabiliser to the external aqueous phase is crucial for achieving the desired
formation of well-defined spherical with smooth surface microspheres during the
emulsification process (76), Polyvinyl alcohol (PVA) was selected as a stabilizer for the
purpose of creating the aqueous phase. due to its low toxic effects, favourable solubility in
water, and being accessible in various molecular weights. Additionally, PVA is known for
its biocompatibility and capacity to undergo biodegradation. The major function of the
stabiliser is to inhibit the coagulation of microspheres during the process of emulsification,
hence improving the stability of the primary emulsion and facilitating the encapsulation of

molecules (77).

Scanning electron microscopy (SEM) analysis (figure) was applied to study morphology,
surface state, and size of the microspheres. Spherical and polydisperse particles having a
smooth surface in diameters of length between 900 and 2000 nm were obtained. The

micrographs do not show any pores on microspheres (Figure 5.1).

The rapamycin loaded microspheres, which were fabricated using the aforementioned
technique of double emulsion, exhibited an unfortunate outcome during the analysis of
release kinetics using HPLC. It was observed that no peak was detected. Therefore, we
hypothesised that the insufficient dosage of rapamycin may have been the underlying cause.
We have made the decision to increase the concentration of the dose. However, prior to
implementing this change, it is necessary to determine the optimal dose that will effectively
achieve our intended objective. A study has determined that the administration of 1mg/kg of
rapamycin intravenously could effectively inhibit the mTOR pathway(78). Unfortunately,
the suppression of mMTOR pathway is linked to severe implications, including dyslipidaemia
and hyperglycaemia. These effects arise from the nonspecific biodistribution and high
doses that occurs following the systemic administration of Rapamycin(79). In the current
study, three different doses (0.1, 0.5, and 1 mg) of Rapamycin incorporated into the Col/Alg
printing solution and (1*1) mm rectangle scaffolds were printed. The releasing kinetics of
Rapa from those scaffolds studied by HPLC and the no peak was detected.
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6.2. COLLAGEN/ALGINATE/METHYL CELLULOSE HYDROGEL SCAFFOLDS

Since collagen is the major extracellular matrix (ECM) protein of connective tissue, it was
chosen as the material from which the scaffold to be used as a carrier will be produced,
however collagen bioprinting has mostly been limited to the extrusion 3D printing due to
low viscosity and slow polymerization, the thing led to form weak collagen hydrogels.
However, in one study, a 3D hydrogel scaffold was fabricated from a bioink compromised
of collagen/methy! cellulose and showed greater capacity of high stability and performance
using extrusion-based 3D bioprinters. In this direction, a 3D printed tissue scaffolds with
stable structure were obtained by using collagen/alginate/methyl cellulose bioink and CaCl2
as crosslinker in the preliminary study carried out based on the examples in the literature in
the production of collagen-based tissue scaffolds with 3D printing. Collagen is stiffer and
more resistant to deformation, while sodium alginate hydrogels degrade quickly because of
their high water-absorbing capacity. Hydrogels generated in this way can successfully
achieve locally sustained drug release by retaining therapeutic medicines at target areas for
extended periods of time (80, 81).

A rapid breakdown of the hydrogel was seen within the 14-day when the content of Alginate
Alg was 2% Fig 5.9. This phenomenon was notably demonstrated through the enhanced
efficiency and swiftness of the hydrolysis degradation of alginate by PBS. The rate of
alginate degradation is influenced by various factors, including the methods employed for
gelation, and the specific crosslinking strategy utilised. Calcium has been frequently
employed in the process of alginate gelation. To improve the printability and extend the
degradation time of the hydrogel, the concentration of alginate was raised to 4%.
Additionally, increasing the concentration of Alg led to increasing the viscosity of the bioink
which make the ink can be extruded smoothly through a nozzle without clogging.

Alginate derivative polymers in reaction with water solutions form hydrogels by divalent
bonding (82). Thereby, mechanical features of the Col/Alg hydrogels can be modifying by
increasing the crosslinker concentration, exposing time (83), and increasing the
concentration of alginate (84). As shown in Fig 5.8. increasing the alginate concentration
from 2% to 4% enhanced the gel structural stability for up to 21 days, which make it potential

for promoting long term angiogenesis after organ transplantation.
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Mechanical tensile testing was conducted directly after printing to prevent hydrogels from
drying, which can significantly affect the mechanical behaviour of hydrogels. The tensile
strength values of various scaffolds were assessed as shown in Figs. 5.5., 5.6., 5.7. and Fig.
5.8. The mean curve of the printed Col/ALG scaffold demonstrated a peak stress of 0,22
Mpa, and a mean Young’s modulus of 0,92 Mpa at a printing temperature of 7°C. Following
the addition of Methyl Cellulose to the Col/ALG scaffold, the Young’s modulus decreased
significantly to a mean of 0,10 Mpa while the ultimate tensile strength decreased to reach
0,014 Mpa at a printing temperature of 14°C.

In order to make sure whether this decrease is due to the addition of Methyl Cellulose or due
to the increasing of the printing temperature, molding for both scaffolds (Col/ALG &
Col/ALG/MC) was performed under room temperature and under same parameters. After
molding, the tensile strength values of the scaffolds were assessed. The mean curve of the
Col/ALG scaffold demonstrated a peak stress of 0,0136 Mpa, and a mean Young’s modulus
of 0,24 Mpa. The results showed that the addition of Methyl Cellulose to the scaffold
decreased the Young’s modulus to a mean of 0,14 Mpa while reducing the ultimate tensile
strength to 0,0130 Mpa. Compared with the printing results, where the mechanical properties
of Col/ALG scaffolds were significantly increased when Col/Alg was printed with low
temperature (7 Celsius) compared to that of Col/ALG/MC, which was 14 Celsius, molding
both hydrogels with the same parameters resulted with approximately similar mechanical
properties for both hydrogels.

Therefore, the mechanical properties of the Col/Alg scaffold are unaffected by the addition
of Methyl Cellulose, but the printability of the hydrogels was affected. We discovered that
Col/Alg/MC hydrogels have superior mechanical properties compared to hydrogels existing
in the literature, but whether or not they can sustain the organ biomechanical stress is still
unknown due to a lack of data about the mechanical properties of the organs of experimental

animals.

According to the findings of Liu and his colleagues, as the alginate concentration in the
hydrogel increases, the hydrogel will have more crosslinking sites, resulting in a diminished
degradation ratio (85). According to the provided information, in the event that the implanted

hydrogel drug delivery system is unable to undergo degradation, it will result in persistent
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tissue damage. An optimal hydrogel scaffold for drug delivery should possess a degradation
rate that is uniform, in conjunction with the concurrent development of new tissue or the
attainment of the desired physiological outcome. The degradation ratios of the hydrogel at

lower levels (2%) are insufficient for effective bioactive molecule delivery.

The in vitro degradation of Col/Alg/MC hydrogels was studied by incubating them in a body
fluid solution (PBS) and enzymatic solution (Lipase) and then monitoring their weight-losses
and analyzing their biodegraded products following different incubation times. The in vitro
PBS degradation rate of hydrogels is greater (70%) than the in vitro Lipase degradation rate
(30%). The explanation for this can be elucidated by observing that the hydrogels immersed
in phosphate-buffered saline (PBS) exhibited substantial swelling over time, whereas no
discernible swelling was detected in the hydrogels immersed in Lipase Fig .5.11. As the
swelling ratio of hydrogels increases, there is a corresponding rise in pore size, allowing for
greater penetration of solution into the hydrogel. As a result of aqueous solution penetration,
the hydrolysis of the hydrogel will be facilitated, which can break more hydrogen bonds in
the hydrogel and lead to greater degradation rate of the hydrogel.

In order to achieve successful utilization in in-vitro cell or tissue culture, hydrogels must
demonstrate structural integrity by offering a mechanically and biochemically tolerant
milieu. In the present investigation, it was observed that the structural stability and
degradation rate of Col/Alg/MC hydrogels exhibited a gradual decline over a span of
multiple weeks when the concentration of Alg was elevated. This extended degradation
period would facilitate a long period for conducting in-vitro testing of the hydrogels Figs
5.9,5.10,5.11, and 5.12.

6.3. LIMITATIONS OF THE STUDY

The most significant limitation of this study that should be considered is the difficulty to
print hydrogels with constant initial weighs and frame. The Rapamycin releasing kinetics
test was impacted by the non-homogeneous distribution of the desired concentration within
the hydrogel which make it below the detection limit. In order to achieve a hydrogel with
consistent weight and frame, it is recommended to employ a 3D printing extrusion technique

that consistently dispenses equal amounts of solution during the process.
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The optimal dosage of Rapamycin to be incorporated into the microspheres or hydrogels, as
well as the subsequent evaluation of their efficacy in experimental animals, is yet to be
determined. Therefore, it is necessary to conduct dosage form experiments in order to
determine the suitable dose of Rapamycin to be used.

6.4. CONCLUSION

Growth factors (GF) utilisation in regenerative medicine and tissue engineering is often
challenging due to their instability and short half-life. The delivery of growth factors with
microcarriers can eliminate these problems. In the present study, we introduced VEGF
loaded PCL microparticles into 3D printed multimaterial hydrogel scaffold. In the hydrogel
scaffold, VEGF-loaded PCL microspheres were incorporated onto 3D-printed
collagen/alginate scaffolds to achieve sustained drug release over several weeks. We used
double emulsion method to fabricate the microspheres to obtain morphological stable
particles. Additional PVA phase used as external stabilizer to prolong the duration of drug
release and increase the encapsulation rate and drug-loading particles. The VEGF - loaded
PCL microspheres exhibited good biodegradability over a relatively moderate period of time,
leading to the release of the drug at effective concentrations.

The hydrogel system fabricated in this study designed as a semisolid containing water-
swollen, chemically crosslinked, hydrophilic, degradable polymer. Like other elastomeric
materials, the mechanical behaviour of the hydrogel in this study is mainly determined by
the architecture of the hybrid polymer network of collagen and alginate. The proliferation
and differentiation fate of cells interacting with scaffolds is significantly by the mechanical
properties of the implanted scaffold. Ideally, scaffolds designed for utilisation as drug
delivery carriers in tissue or organ transplantation should have mechanical properties that
closely emulate those of the host organ. The attributes mentioned above showed that
increasing the concentration of Alg and the crosslinking time can improve the stability and
mechanical features of the printed hydrogels, which make collagen/alginate hydrogels

attractive material systems for the delivery of a large range of therapeutics.
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APPENDIXES
APPENDIX 1: EXTENDED TURKISH SUMMARY OF THE THESIS
Giris

Biyomalzeme, canli organlarin veya dokularin normal veya anormal bir islevini iyilestirmek
veya degistirmek i¢in biyolojik sistemlerle etkilesime giren belirli bilesenlerden olusan
yapilandirilmis, dogal veya sentetik bir maddedir. Biyomalzemelerin, hiicrelerin ve biyoaktif
bilesiklerin bir araya getirilmesi, doku rejenerasyonunu yonlendirmeye ve canli sisteme
dahil olmay1 kolaylagtirmaya hizmet eden 3D biyomalzeme iskeleleri liretmek igin tip
alaninda kullanilmistir. Biyomalzemeler, terap6tik maddeler ile viicudun dogustan gelen
iyilestirme mekanizmalar1 arasindaki etkilesimi kolaylastirma yetenekleriyle yaygin olarak
taninmaktadir. 3D biyomalzeme iskele yapimi, seramik, polimer ve metal olmak (izere ug¢

benzersiz biyomalzeme kategorisinin kullanimini igerir.

Hidrojeller gibi polimer bazli biyomalzemeler, biyomolekiillerin hedeflenen uygulamasi i¢in
ilag dagitim stratejilerinin gelistirilmesinde kullanilmistir. Bu strateji, terapotik ajanlarin
sistemik uygulamasiyla yaygin olarak iligkilendirilen toksisite, hipertansiyon, édem ve
mortalite gibi olumsuz etkileri azaltmay1 amaclamaktadir. Hidrojeller ¢apraz bagl polimerik
aglardir ve su ortamina maruz kaldiklarinda sisme kabiliyeti gosterirken ¢oziinmeme 6zelligi

sergilerler.

Kolajen ve aljinat gibi hidrojeller, biyouyumluluklarina katkida bulunan ve jellesmenin
ardindan sekil dogrulugunun korunmasini kolaylastiran yiiksek hizlar1 nedeniyle 3D
biyobaski i¢in uygun ozellikler sergiler. Bununla birlikte, hidrojeller, 6zellikle mekanik ve
fiziksel 6zellikleriyle ilgili baz1 sinirlamalara sahiptir, bu nedenle biyobaski i¢in miirekkep
olarak uygunluklarmi kisitlamaktadir. Mikropartikiillerin ¢ok malzemeli hidrojellere
entegrasyonu, hidrojel iskelelerin baski potansiyelinin ve performansinin artmasiyla
sonuclanmistir. Coklu malzemelerden olusan hidrojellerin iiretimi, hidrojellerin

fizyomekanik 6zelliklerini gelistirme potansiyeline sahiptir.

Bir hidrojel iskelenin tasarimi ve {iretimi, hedeflenen anatomik bolgenin yani sira aranan
belirli fizyolojik tepkilere de baglidir. Bu calisma, anjiyogenezi artirmak ve

transplantasyondan sonra yumurtalik folikiiliinde yanma sendromunun ortaya ¢ikmasini
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onlemek amaciyla yumurtalik dokusu transplantasyonu i¢in 6zel olarak tasarlanmis bir
hidrojel gelistirmeyi amaglamistir. Vaskiiler endotelyal biiytime faktori (VEGF)
anjiyogenezi arttirict olarak secilirken, bir immiinosupresan olan Rapamisin, yumurtalik
folikdllerinin aktivasyonunda ¢ok dnemli olan rapamisin (mTOR) sinyal yolunun mekanik

hedefini inhibe etmek icin se¢ilmistir.

Hidrojel bazli iskeleler, iiretim sirasinda degistirilebilir nitelikleri ve glivenli implantasyon,
bosaltma ve ayristirma siiregleriyle uyumluluklari nedeniyle kontrollii ilag uygulamasi
amaciyla dogal bir ¢ekicilige sahiptir. Hidrojeller, fiziksel veya kimyasal tekniklerle ¢capraz
baglanmis dogal, sentetik veya yar1 sentetik polimerlerden olusan yiiksek nemli birbirine

bagl aglar olarak tanimlanir.

Polivinil alkoliin (PVA) hidrojellere dahil edilmesinin, gerilim 6zelliklerinin artmasina
neden oldugu gorilmistir. Saf kolajen hidrojelleri kombine hidrojellerle
karsilastirildiginda, ikincisinin maruz kaldigi gerilimin énemli dl¢lide arttigr goriilmiistiir.
Mevcut bilgiler, polivinil alkolin (PVA) dahil edilmesinin, gelismis ag dolasikliklarinin
olusturulmasini kolaylastirarak hidrojellere dikkate deger mekanik 6zellikler kazandirmada

hayati 6neme sahip oldugunu gostermektedir.

Aljinat, anyonik 6zelliklere ve hidrofilik 6zelliklere sahip, dogal olarak olusan organik bir
polisakkarittir. Belirli bakteri suslarindan ve deniz yosunu tiirlerinden ekstraksiyon islemi
ile elde edilir. Aljinatin biyomalzeme olarak kullanilmasinin, maliyet etkinligi, tiretimindeki
basitlik ve tehlikeli 6zelliklerinin olmamas1 gibi ¢ok sayida faydasi vardir. Aljinat bazlh
biyomalzemeler, ¢ok gesitli tiretim teknikleri kullanilarak hidrojeller, kopiikler, siingerler,
lifler, mikrokiireler ve mikrokapsiiller gibi ¢esitli formlarda iiretilebilir. Aljinat, 3D doku
miihendisligi alaninda ¢ok cesitli kullanimlar i¢in yaygin olarak kullanilmaktadir. Bu
kullanimlar arasinda ilag dagitimi, yara iyilesmesi ve bag dokusunun onarimi ve

rejenerasyonu yer almaktadir.

"3D baski" terimi, malzemeleri diisiirmek ve somut ii¢c boyutlu nesneler iiretmek igin
otomatik yontemler kullanan bir¢cok teknolojiyi kapsar. Dikkatli bir sekilde diizenlenen
katman katman prosediir, 3D baskiy1 en yliksek standartta polimer hidrojel iskeleleri tiretmek
icin en c¢agdas ve uyarlanabilir teknik haline getirmektedir. Buna ek olarak,

tasarim/bilgisayar destekli tretim (CAD/CAM) yaziliminin kullanilmasi, c¢esitli
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konfigiirasyonlarin, bir dizi agin, degisen gdzenek boyutlarinin, ¢coklu katmanlarin ve gesitli

iiretim prosediirlerinin olusturulmasina olanak tanir.

Organ naklinin basarisiz olmasindaki en onemli etkenlerden biri ertelenmis veya eksik
vaskiilarizasyon siirecidir. Onarim ve rejenerasyon siireci icin kan dolagiminin
(neoanjiyogenezin) ve bununla birlikte oksijenasyonun ve besin maddelerinin yaralanmis
organlara ulastirilabilmesinin yeniden saglanabilmesi 6nemlidir. Anjiyogenez, 6zellikle
iyilesme siireci, doku rejenerasyonu ve bazi hastaliklarin ilerlemesi gibi ¢ok sayida fizyolojik
sliregte onemlidir. Neoanjiyogenezi artirmak i¢in biyomalzemeler, doku rejenerasyonu igin
vaskiiler infiltrasyonu saglamak {izere iskele olarak kullanilabilir veya proanjiyojenik

ajanlar1 ve hiicreleri diizenlenmis bir sekilde tasimak i¢in kullanilabilirler.

Biyoaktif molekiiller, anjiyogenezi artirmayr amaclayan ila¢ dagitim stratejilerinin
karsilasgtig1 zorluklarin {istesinden gelmek icin kapsamli bir sekilde kullanilmaktadir.
Sistemik enjeksiyon yontemi, tibbi uygulamalarda anjiyojenik ilaglarin uygulanmasi i¢in en
cok kullanilan tekniktir. Bununla birlikte, bu yaklasim dikkate alinmasi gereken cesitli
faktorler sunmaktadir. Bir¢ok ilacin yar1t Oomri kisadir ve eliminasyon nispeten hizli
gerceklesir. Bu nedenle, tek veya ¢oklu dozajlarda sistemik uygulama biiylime faktorleri
viicuttan derhal uzaklastirilir, 6rnegin, enjekte edilen VEGF ve bFGF'nin eliminasyon yar1

Omurleri 1 saatten azdir.
Amag ve hedefler:

Bircok organ veya doku nakli, uygulanan ilaglarin nispeten yiiksek klirens orani ve kisa yar1
omrii nedeniyle anjiyojenik veya immiinosupresanlarin sistemik uygulamalar yoluyla tekrar
tekrar uygulanmasini gerektirir. Bununla birlikte, sistemik olarak uygulanan ilaglarla iliskili
o0dem, toksisite, hipertansiyon ve 6liim gibi potansiyel olarak ciddi komplikasyonlar vardir.
Bununla birlikte, tekrarlayan enjeksiyonlarla iliskili sosyoekonomik etkiyi iyilestirmek ve
iliskili potansiyel komplikasyon riskini azaltmak i¢in uygulama sayisim1 ve sikligim

azaltmaya ihtiyag¢ vardir.

Bu ihtiyac1 karsilamak i¢in, kolajen/aljinat implante edilebilir hidrojel iginde siispanse
edilmis poli (kaprolakton) (PCL) mikrokurelerden olusan bir implante edilebilir ila¢ dagitim
sistemi (IDDS) gelistiriyoruz. ilaglarin (VEGF ve Rapamisin) PCL mikrokireleri icinde
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kapsiillenmesi ile 6zel karakteristiklere sahip ilaglarin siirekli salinimi saglanabilir. PCL,
FDA onayli bircok terapotik cihazda kullanilan biyolojik olarak pargalanabilir ve
biyouyumlu bir kopolimerdir.

Bu calismanin amaci, ¢ok Olcekli gdzenek yapilarina sahip ve hidrofobik VEGF/rapamisin
yiiklii polikaprolakton mikrokiireler i¢eren ekstriizyon 3D bask1 tabanli kompozit kolajen-
aljinat jel iskeleler olusturmaktir. Bu nedenle, doku greftlerine VEGF uygulanmasi,
rapamisinin mekanik hedef (mTOR) yolagini inhibe ederek immiinolojik reaksiyonlarin

neden oldugu hasari ve kan damari olusum oranini artirarak uzun siireli hipoksiyi azaltabilir.
Metotlar:

PCL mikropartikiiller ¢ift emiilsiyon yontemi kullanilarak iiretilmistir. Kisaca, metilen
klortr iginde ¢ozulen PCL c¢Ozeltisinin igine biyoaktif ajanlar (0.1mL iginde 0.5 mg
Rapamisin ve 0.5 ug VEGF-A) ilave edilerek emiilsiyon 1 dk boyunca 50 Hz frekansta
sonikasyona (Bandelin electronic GmbH) tabi tutulmustur. Ik emiilsiyon polivinil alkol (%4
w/v  PVA) cozeltisinin igerisine eklenmistir ve ayni Ozelliklerde sonikasyona tabi
tutulmustur. Cift emiilsiyonda organik c¢oziiciilerin uzaklagsmas: ve PCL kapsullerin
homojenlestirilmesi i¢in %0.3 w/v PVA ¢ozeltisi icerine ilave edildikten sonra 24 saat
karigtiricida birakilmistir. 24 saat sonrasi santrifiij ile toplanan mikrokapsuller, Tris-HCL ile
yikandiktan sonra liyofilize edilmistir. Biyoaktif ajanlarin mikrokapsiillerden salim analizine

kadar, tiretilen yapilar -20°C’de saklanmaistir.

Mikrokapsullarin morfolojik 6zellikleri Ankara Universitesi Tip Fakiiltesi Histoloji-
Embriyoloji Anabilim Dali biinyesinde bulunan taramali elektron mikroskobuyla (Scanning
Electrone Microscope; SEM) degerlendirilmistir. Liyofilize edildikten sonra toplanan PCL
ornekler SEM ornek tutuculari (stab) lizerine yapistirilan ¢ift tarafli karbon bantlar tizerine
konulmustur. Staba tutturulan 6rnekler daha sonra Sputter Coater cihazinda 10 dakika vakum
altinda tutulmus, 20 nm altin kaplama uygulamasinin hemen ardindan ise 20 kV’da LEO

438 VP marka SEM cihaz ile goriintiilenmistir.

PCL mikrokapsiillerden salim kinetigi tayini VEGF ve rapamisin yiiklii mikropartikiiller ile
ayr1 ayr1 ve olast sinerjistik etkileri belirlemek icin bir arada gergeklestirilmistir. VEGF ve

rapamisin ile yiiklenen mikrokapsiiller ependorf tiiplerine alinmis (5 mg) ve 1 mL PBS
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(Phosphate Buffered Saline; pH 7.4) igerisinde 37°C'de inkiibe edilmistir. Cesitli zamanlarda
(7, 14, 21, 28 giin) 6rnekler santrifiijlenerek siipernatan toplanmis ve yerine taze PBS
eklenmesi ile inkiibasyon devam ettirilmistir. Silipernatanda VEGF tayini, biiylime
faktoriiniin ELISA kiti kullanilarak gergeklestirilmistir (Elabscience Human VEGF-A Elisa
kit). Kisaca, VEGF tayini i¢in, kitte bulunan VEGF monoklonal antikoru ile kaplanmis
mikroplakaya VEGF standartlar1 ve siipernatan ornekleri yerlestirilmistir. Siipernatanda
bulunan VEGF’in plakadaki kapli antikor ile baglanmasi i¢in mikroplaka 90 dk inkiibe
edilmistir. Ikinci antikorun baglanmasi icin kuyucuklara Biotinylated Detection ¢ozeltisi
eklenerek mikroplaka 60 dk inkiibe edilmistir. Yikamayla baglanmayan enzim-bagl
antikorun ayrilmasinin ardindan HRP konjugatinin baglanmasi i¢in 30 dk inkiibasyon
gerceklestirilmistir. Yikamayla baglanmayan HRP konjugat ayrilmasinin ardindan substrat
¢ozeltisi kuyucuklara eklenmis ve 15 dk siireyle inkiibe edilmistir. inkiibasyon sonrasi

mikroplaka okuyucu ile 475 nm dalga boyunda renk degisimi kaydedilmistir.

Hidrojel iskeleleri ti¢c boyutlu (3B) baski ile elde edilmistir. Kollajen tip I/aljinat ve yapiya
uzun siireli stabilitenin saglanmast amaciyla eklenen metil selillozdan elde edilen
biyomiirekkebin kullanimi ile 3B baski gergeklestirilmistir. 3B baskilarin elde edilmesinde
Ankara Universitesi Biyomedikal Miihendisligi Boliimii’nde mevcut 3B AXO biyoyazici
cihazi kullanilmistir. Uretim sirasindaki baslangic baski parametreleri su sekildedir: Kollajen
(0.82 mg/mL), Aljinat (1% w/v), CaCl2 (3% v/v), Basing: 0.6 bar, Hiz: 2.5 mm/s, Katman
kalinligi: 170 um, Nozzle: 0.34 G, Baski sicakligi: 25°C.

Kollajen, Aljinat ve Mythl Seliilloz olmak iizere uc farkli soliisyon hazirlandi. Tozlardan
olusan uc karigim ayr1 ayrt 10 mL distile suda karistirilarak 250 rpm hizinda bir gece

bekletildi.

C06zum 1: Kollajen (0,82 mg/mL), Aljinat (%2 wi/v)

C0zum 2: Kolajen (0,82 mg/mL), Aljinat (%2 w/v), Mythl Seltloz (%4 wi/v)
C06zum 3: Kolajen (0,82 mg/mL), Aljinat (%4 wi/v), Mythl Seltloz (%4 wi/v)

Co6zim 4: Kolajen (0,82 mg/mL), Aljinat (%4 w/v), Mythl Seluloz (%4 w/v), Rapamycin
(0.1, 0.5, 1 mg)
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Hidrojel kompozit yapilarini yazdirmak igin bir 3D Bioprinter sistemi (Axo C2, Axolotl
Biosystems) kullanildi. Hidrojel karisimi, bir igneden ekstriizyon i¢in 3D yazicinin baski
tastyicisina yerlestirilmis bir ekstriizyon kartusuna yerlestirildi. Iskeleler 3D-Builder
yazilimi ile dikdortgen seklinde tasarlanmis ve ardindan 5 kat baski yapilmistir. Bundan
sonra numuneler, 5 dakika boyunca basili yap1 iskelesi lizerine 500 uL CaCI2 (0.5M)
eklenerek CaCl2 ile ¢apraz baglandi.

C/ALG ve C/ALG/MC iskelelerinin mekanik 6zellikleri SHIMADZU malzeme test cihazi
(AGS — X)) ile test edilmistir. Hidrojel numunelerin orijinal uzunluk (LO0) ve kalinlik dl¢iildii.
Daha sonra ¢cekme testine gecildi ve iskeleler oda sicakliginda numune kopma noktasina
gelene kadar 5 mm/dk germe hizinda gerildi. Son olarak, modiil, gerilim-gerinim egrilerinin

baslangigtaki dogrusal bolgelerinden hesaplandi.
Bulgular:

Kollajen dokusunun major ekstraseliiler matriks (ECM) proteini olmasi nedeniyle bir tasiyici
olarak kullanilacak doku iskelesinin iiretilecegi malzeme olarak secilmistir. Uretilecek doku
iskelesinin doku anjiogenezini indiikleyecek sekilde gozenekli yapida ve ayrica
VEGF/rapamisin’in kontrollii salimini gerceklestirecek 6zellikte olmasi hedeflenmistir.
Kollajen temelli gozenekli doku iskelesinin 3B baski teknigi ile iiretimi ve es zamanli
VEGF/rapamisin  kontrollii salimmm saglanmast i¢in etken maddeleri iceren

poli(kaprolakton) (PCL) mikropartikiilleri icermesi planlanmistir.

Cift emulsiyon yontemiyle elde edilen mikropartikiillerin kiiresel yapida oldugu ve homojen
boyut dagilimina sahip oldugu belirlenmistir. PCL-mikrokapsiillerin morfolojisi taramali
elektron mikroskobu (SEM) analizi ile karakterize edilmistir. VEGF/Rapamisin yUkli PCL-
mikropartikiillerinin ayr1 ayr kiiresel sekilli oldugu ve homojen bir boyut dagilimina sahip
oldugu belirlenmistir. VEGF/Rapamisin yiiklii PCL-mikrokapsiillerin morfolojisi hakkinda

da benzer bulgular elde edilmistir.

PCL mikrokapsullerinin  ve hidrojellerinin VEGF/Rapamisin ~ salinimin1  uzatip
uzatamayacagini arastirmak icin cesitli salinim deneyleri gerceklestirilmistir. Coklu zaman
noktalarindaki serbest VEGF konsantrasyonlar1 ELISA ile belirlenmistir. Kademeli ve hizli

gruplarin birikimli salim profilleri gosterilmistir. VEGF salinim1 yavag salinan grupta hizli

66



salinan gruba kiyasla daha uzun siireli ve daha kademeli olmustur. VEGF en az 2 hafta
boyunca siirekli olarak ilgili konsantrasyonlarda salinmistir (vaskilogenez (VEGF'nin
EDS50'si tipik olarak 1-6 ng/ml'dir).

Kolajen aljinat hidrojellerin stabilitesi ilk olarak PBS ve hiicre kiiltirii ortaminda
degerlendirilerek ileride her iki hiicre kiiltlirii deneyinde de kullanilmak iizere stabiliteleri
tespit edilmistir. Ancak 6n ¢alismada kullanilan baski soliisyonunun (C/1%ALG) 3D
baskidan sonra sadece 3-4 giin boyunca 3D yapisim1 koruyabildigi ve sonrasinda hiicre
kiiltiirti ortaminda 3D yapisint kaybetmeye basladigi goriilmiistiir. Bu sorunun {iistesinden
gelmek igin iki yol izlenmistir: Ilk olarak, &n calismada kullanilan ALG (%1 wiv)
konsantrasyonu (%2w/v)'ye yiikseltildi. Ikinci olarak, 3D basilabilirlik ve 37°C'de jellesme
icin gerekli yiiksek viskoziteye sahip bir malzeme olan Metil seliiloz (MC) baski ¢ozeltisine

eklenmistir.

MC, C/ALG yapisina %4 w/v konsantrasyonunda dahil edildi. Bu sayede hem 3D baski
sirasinda baski kalitesinin artirilmasi hem de 37°C'de MC'nin hidrojel yapisindan dolay:
uzun siireli kiiltirde 3D yapinin yapisal biitiinliigliniin korunmast amaglanmistir. ALG
konsantrasyonunun %?2'ye ¢ikarilmasi ve MC ilavesinden sonra elde edilen iskelelerin hem

FBS hem de hiicre kiiltiirli ortaminda 21 giinden fazla stabil kaldig1 goriilmiistiir.

Cesitli iskelelerin gerilme mukavemeti degerlendirildi. C/ALG iskelesinin ortalama egrisi,
7°C'lik bir baski sicakliginda 0,22 Mpa'lik bir tepe gerilimi ve 0,92Mpa'lik bir ortalama
Young modiilii gosterdi. C/ALG yap1 iskelesine Mythl Seliiloz eklenmesinin ardindan,
Young modiilii 6nemli 6lclide azalarak ortalama 0,1012 Mpa'ya diiserken, nihai gerilme

mukavemeti 14°C'lik bir baski sicakliginda 0,014 Mpa'ya diistii.

Biyoaktif ajanin mikrokiirelerden verilmesi hidrojellerin bozunmasina bagli oldugundan,
bozunmalari in vitro olarak arastirilmistir. Farkli aljinat konsantrasyonlarina (%2 ve %4 w/v)
sahip hidrojellerin bozunma hizi, hidrojellerin 21 giin boyunca steril PBS ve Lipaz i¢inde
ayr1 ayri tutulmasiyla incelenmistir. 4'lik aljinat hidrojellerinin kuru agirligi, PBS ve
Lipaz'da 21 giin boyunca 6nemli bir kiitle kayb1 gostermezken, %?2'lik aljinat iceren

hidrojeller 21 ve 14 giin sonra tamamen bozunmustur.

Tartisma
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3D baski teknigi ile kolajen bazli gozenekli doku iskelesi iiretmek ve es zamanh
VEGF/rapamisin kontrollii salinim saglamak i¢in aktif bilesenler igceren poli (kaprolakton)
(PCL) mikropartikiilleri igermesi planlanmaktadir. Bu c¢alismada VEGF yiikli PCL
mikropartikiilleri gelistirdik, bu polimer VEGFnin 4 hafta boyunca siirekli salinimini

saglayan Karina ve arkadaglarinin 6nceki ¢calismasina dayanarak seg¢ilmistir.

VEGF Mikrokiirelerinin salinim modeli, ii¢ haftalik bir siireyi kapsayan kapsamli bir tarama
prosediirii ile degerlendirilmistir. Salinan Vaskiiler Endotelyal Biiyiime Faktorii (VEGF)
miktarin1  8lgmek icin Enzim Baglantili Immiinosorbent Testi (ELISA) teknolojisi
kullanilmistir. Elde edilen veriler daha sonra Vaskiiler Endotelyal Biiylime Faktoriiniin
(VEGF) normalize edilmis kiimiilatif degerleri olarak grafiksel olarak gosterilmistir.
Kapsiillenmis VEGF'nin kapsamli salimi, 21 giinliik bir siire boyunca gozlemlenen genel
kiimiilatif salim ile temsil edilmektedir. Mikrokiireler, minimal bir ilk patlama salimi ile
karakterize edilen tutarli bir salim profili sergilemistir. Secilen formiilasyonlar, birkag hafta
boyunca etkili bir sekilde siirekli salinim gosterdikleri icin uygun kabul edilmistir, bu

formiilasyonlar amaglarimiz i¢in uygundur.

Bu c¢alismada kullanilan metodoloji, VEGF'nin hidrofilik 6zelliklerini g6z 6ninde
bulundurarak, VEGF yikli ve VEGF icermeyen PCL mikrokurelerinin formulasyonunu
icermektedir. Vaskuler endotelyal buyime faktérunin (VEGF) enkapsilasyonu, cift
emiilsiyon tabakalarinin i¢ sulu fazi (w1l) iginde gergeklesir, bu adim VEGF'nin dis sulu faza
(w2) diflazyonunu o6nlemeye yarar. Vaskiler endotelyal biyime faktorinin (VEGF)
biyolojik performansini arttirmak igin %0,3 polivinil alkol (PVA) ilave konsantrasyonu
kullanilmistir. Bu, VEGF partikiillerinin etrafinda koruyucu bir kaplama olusumunu

kolaylastirmak i¢in yapilmistir.

Dis sulu faza bir stabilizatoriin eklenmesi, emiilsifikasyon igslemi sirasinda iyi tanimlanmig
kiiresel mikrokiirelerin istenen olusumunu saglamak i¢in ¢ok Snemlidir, Polivinil alkol
(PVA), dlsiik toksik etkileri, suda elverisli ¢oziiniirligii ve ¢esitli molekiiler agirliklarda
erisilebilir olmast nedeniyle sulu fazin olusturulmasi amaciyla bir stabilizatér olarak
secilmistir. Ayrica, PVA biyouyumlulugu ve biyolojik bozunmaya ugrama kapasitesi ile

bilinmektedir. Stabilizatoriin ana islevi, emiilsifikasyon islemi sirasinda mikrokiirelerin
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koagiilasyonunu engellemek, dolayisiyla birincil emiilsiyonun stabilitesini artirmak ve

molekiillerin kapsiillenmesini kolaylastirmaktir.

Kolajen, bag dokusunun baslica hiicre dis1 matris (ECM) proteini oldugundan, tasiyici olarak
kullanilacak iskelenin iiretilecegi malzeme olarak secilmistir, ancak kolajen biyo-baski,
diisiik viskozite ve yavas polimerizasyon nedeniyle ¢ogunlukla ekstriizyon baski ile sinirli
kalmistir, bu da zayif kolajen hidrojellerin olugsmasina neden olmustur. Bununla birlikte, bir
calismada, kolajen/metil seliilozdan olusan bir biyomiirekkepten bir 3D hidrojel iskelesi
iiretilmis ve ekstriizyon tabanli 3D biyoyazicilar kullanilarak daha yiliksek stabilite ve
performans kapasitesi gostermistir. Bu dogrultuda 3D baski ile kolajen bazli doku iskelesi
iretiminde literatiirdeki Orneklerden yola c¢ikilarak gerceklestirilen o6n ¢aligmada
kolajen/aljinat/metil seliiloz biyoink ve ¢apraz baglayici olarak CaCl2 kullanilarak stabil
yapiya sahip 3D baskili doku iskeleleri elde edildi. Kolajen daha sert ve deformasyona karsi
daha direncli iken, sodyum aljinat hidrojeller yiiksek su emme kapasiteleri nedeniyle ¢abuk
bozunmaktadir. Bu sekilde iiretilen hidrojeller, terapédtik ilaglar1 hedef bolgelerde uzun

stireler boyunca tutarak yerel olarak siirekli ilag salinimini basariyla saglayabilir.

Aljinat (Alg) igerigi %2 oldugunda 14 giin i¢inde hidrojelin hizl1 ve tamamen pargalandigi
goriilmiistiir. Bu olgu, lipaz enzimi tarafindan aljinatin enzimatik bozunmasinin artan
etkinligi ve ¢abuklugu ile belirgin bir sekilde gosterilmistir. Aljinatin bozunma hizi, jellesme
icin kullanilan yontemler, aljinat konsantrasyonu ve kullanilan spesifik capraz baglama
stratejisi de dahil olmak tlizere ¢esitli faktorlerden etkilenmektedir. Aljinat jellesme siirecinde
kalsiyum siklikla kullanilmaktadir. Yazdirilabilirligi iyilestirmek ve hidrojelin bozunma
sliresini uzatmak i¢in aljinat konsantrasyonu %#4'e yiikseltilmistir. Sonug olarak, hidrojellerin

21 gundn tzerinde uzun bir kullanim 6mri sergiledigi gozlemlenmistir.

Aljinat tiirevi polimerler su ¢ozeltileriyle reaksiyona girerek iki degerlikli baglanma yoluyla
hidrojeller olusturur. Boylece, Col/Alg hidrojellerinin mekanik 6zellikleri ¢capraz baglayici
konsantrasyonu, maruz birakma siiresi ve aljinat konsantrasyonunun artirilmastyla
degistirilebilir. Aljinat konsantrasyonunun %2'den %4'e ¢ikarilmasi jelin yapisal stabilitesini
21 giine kadar artirmistir, bu da organ naklinden sonra uzun vadeli anjiyogenezi tesvik etme

potansiyelini artirmaktadir.
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Mekanik ¢ekme testi, hidrojellerin mekanik davranigin1 6nemli dlgiide etkileyebilecek olan
hidrojellerin kurumasii onlemek i¢in baskidan hemen sonra gergeklestirilmistir. Cesitli
iskelelerin gerilme mukavemeti degerleri Sekil (5.4.), (5.5.), (5.6.) ve Sekil (5.7.)'de
gosterildigi gibi degerlendirilmistir. Basilan C/ALG iskelesinin ortalama egrisi, 7°C bask1
sicakliginda 0,22 Mpa'lik bir tepe gerilimi ve 0,92 Mpa'lik bir ortalama Young modiilii
gostermistir. C/ALG iskelesine Mythl Seliiloz eklenmesinin ardindan, Young modiilii
onemli Ol¢iide azalarak ortalama 0,10 Mpa'ya diiserken, nihai gerilme mukavemeti 14°C

baski sicakliginda 0,014 Mpa'ya ulagsmistir.
Sonug

Rejeneratif tip ve doku miihendisliginde biiyime faktorlerinin (GF) kullanimi,
istikrarsizliklar1 ve kisa yar1 omiirleri nedeniyle genellikle zordur. Biiyliime faktorlerinin
mikro tagtyicilarla verilmesi bu sorunlar1 ortadan kaldirabilir. Bu ¢alismada, VEGF yiiklii
PCL mikropartikiillerini 3D baskili ¢ok malzemeli hidrojel iskeleye ekledik. Hidrojel
iskelede, VEGF yiiklii PCL mikrokiireleri, birka¢ hafta boyunca siirekli ila¢ salinimi elde
etmek i¢in 3D baskili kolajen/aljinat iskelelere dahil edildi. Morfolojik olarak stabil
partikiiller elde etmek amaciyla mikrokiireleri iiretmek igin ¢ift emiilsiyon yontemi
kullandik. Ilave PVA fazi, ilag salinim siiresini uzatmak ve kapsiilleme oranimi ve ilag yiiklii
partikiilleri artirmak i¢in harici stabilizatér olarak kullanilmigtir. VEGF yiikli PCL
mikrokiireleri nispeten 1limli bir siire boyunca 1yi bir biyolojik bozunabilirlik sergilemis ve

ilacin etkili konsantrasyonlarda salinmasina yol agmustir.

Bu calismada iiretilen hidrojel sistemi, su ile sismis, kimyasal olarak capraz baglanmis,
hidrofilik polimer igeren yar1 kati olarak tasarlanmistir. Diger kauguk benzeri malzemeler
gibi, bu caligmadaki hidrojelin mekanik davranisi da esas olarak kolajen ve aljinattan olusan
hibrit polimer agmin mimarisi tarafindan belirlenmektedir. Iskelelerle etkilesime giren
hiicrelerin ¢ogalmasi ve farklilagsma kaderi biiyiik 6lgiide iskelenin mekanik 6zelliklerine
bagldir. ideal olarak, doku veya organ nakli ile ilag dagitim araci olarak kullanilacak

iskeleler.
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