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ABSTRACT

GROWTH FACTOR LOADED SILK FIBROIN/PEGDMA HYDROGELS
FOR ARTICULAR CARTILAGE TISSUE ENGINEERING

Fathi Achachelouei, Milad
M.Sc., Department of Biomedical Engineering
Supervisor: Prof. Dr. Aysen Tezcaner
Co-supervisor: Dr. Nihal Engin Vrana

August 2018, 207 pages

The aim of this study was to develop bFGF and TGF-f1 loaded polymeric
nanoparticles (PNPs) and dental pulp stem cells (DPSCs) containing dimethacrylated
poly(ethylene glycol) (PEGDMA)/silk fibroin hydrogels as scaffolds for regeneration
of the cartilage tissue. Poly(lactic-co-glycolic) acid (PLGA) nanoparticles (NPs) were
prepared with double emulsion-solvent evaporation technique. The effect of different
excipients (poly(2-ethyl-2-oxazoline) (PetOx), heparin and Kolliphor P 188) on the
entrapment efficiency of growth factors in NPs and release kinetics from PLGA NPs
in PBS at 37°C was investigated. For preparation of bFGF and TGF-B1 loaded NPs
0.5% and 1.0% (W/V) heparin excipients have been chosen, respectively. bFGF
loaded NPs with 0.5% (W/V) heparin has shown highest cumulative percent release,
encapsulation efficiency and loading capacity of 51.39 + 2.22%, 88.1 + 0.3% and
8.97 + 0.34%, respectively and highest cell viability in monolayer study. TGF-B1
loaded PLGA NPs with 1.0% (W/V) as excipient was chosen due to highest
cumulative percent release, encapsulation efficiency and loading capacity of 13.28 +
0.19%, 99.65 + 0.1%, 9.90 + 0.10%, respectively and cell viability in monolayer
study among all excipient groups. Hydrogels composed of silk fibroin and PEGDMA
(PEGDMA (10, 15 and 20%) at different volume ratios (silk fibroin: PEGDMA, 3:1,
1:1, 1:3)) were prepared by crosslinking fibroin with sonication and PEGDMA with



UV photocrosslinking. Hydrogels with various compressive moduli ranging from
95.70 = 17.82 kPa to 338.05 + 38.24 kPa were obtained through changing both
concentration of PEGDMA and volume ratio of PEGDMA with 8% silk fibroin. 10%
(W/W) NPs addition to hydrogels significantly increased their compressive moduli (p
< 0.05). Weight loss of blend hydrogels with highest silk fibroin content was the
highest among all groups (89.93 + 7.95% in 28 days). Highest cell viability was
observed in PEG10-SF8(1:1) hydrogel group and this hydrogel composition was
chosen for preparing hydrogels containing DPSCs and PLGA NPs. Live/dead assay
has shown almost no dead cells and also elongated cells inside hydrogels containing
both bFGF and TGF-B1 loaded NPs on 7" day. DNA and GAG amounts of hydrogels
containing bFGF and TGF-B1 loaded NPs were significantly higher than hydrogels
without NPs, empty NPs, and TGF-f1 loaded or bFGF loaded NPs (p < 0.05),
showing synergistically effect of dual release of bFGF and TGF-f over proliferation
and chondrogenic differentiation of DPSCs in hydrogels. Overall, we conclude that
PEGI10-SF8(1:1) hydrogel system containing DPSCs and bFGF and TGF-B1 loaded
PLGA NPs hold promise for cartilage tissue engineering.

Keywords: cartilage tissue engineering, hydrogel, silk fibroin, poly(ethylene glycol)
dimethacrylate, nanoparticles, bFGF, TGF-1
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~ BUYUME FAKTORLU YUKLENMIS IPEK FIBROIN/PEGDMA
HIDROJELLERIYLE ARTIKULER KIKIRDAK DOKU MUHENDISLIGI
Fathi Achachelouei, Milad
Y. Lisans, Biyomedikal Miihendisligi Boliimii
Tez Yoneticisi: Prof. Dr. Aysen Tezcaner
Ortak Tez Yoneticisi: Dr. Nihal Engin Vrana
Agustos 2018, 207 sayfa

Bu c¢aligmanin amaci kikirdak doku rejenerasyonu i¢in bFGF ve TGF-B1 yiikli
polimerik nanokiireler ve dental pulpa kok hiicreleri iceren dimetakrilat polietilen
glikol (PEGDMA )/fibroin hidrojel temelli doku iskelesi hazirlamaktir. Poli(laktik-ko-
glikolik) Asit (PLGA) nanokiireler ikili emiilsiyon-¢oziici ugurma teknigi ile
hazirlanmistir. Farkli yardime1 maddelerin (Poli(2-etil-2-oksazolin) (PEtOx), heparin
ve Kolifor P 188) biiylime faktorlerinin PLGA nanokiirelerin i¢ine hapsetme
verimliligi ile PBS ig¢inde, 37°C sicaklikta nanokiirelerden salim kinetiklerinin
tizerindeki etkisi incelenmistir. bFGF nanokiirelerin hazirlanmasi i¢in  %0.5
(kiitle/hacim) heparin ve TGF- B1 nanokiirelerin hazirlanmasi i¢in %1.0 (kiitle/hacim)
heparin yardimci madde olarak se¢ilmistir. %0.5 (kiitle/hacim) heparin i¢ceren bFGF
yiiklii nanokiireler en yiiksek hapsetme verimliligi, yiikleme kapasitesi ve kiimiilatif
%salim (sirastyla %88.1 £ 0.3, %8.97 £ 0.34 ve %51.39 £ 2.22°dir) gostermistir ve bu
kiirelerle hiicre etkilesme calismalarinda en yiiksek hiicre canliligin1 gostermistir.
%1.0 heparin iceren TGF-B1 yiiklii PLGA nanokiireler ise en yliksek hapsetme
verimliligi, ylikleme kapasitesi ve kiimiilatif %salim (sirastyla %99.65 £ 0.1, %9.90 +
0.10 ve %13.28 + 0.19°dur.) ve en yiiksek hiicre canliligin1 gosterdigi i¢in en iyi kiire
grubu olarak se¢ilmistir. Fibroin ve PEGDMA igeren hidrojeller (farkli hacim
oranlarinda PEGDMA (%10, 15 ve 20); fibroin:PEGDMA, 3:1, 1:1, 1:3), fibroinin

sonikasyon ile ¢apraz baglanmasi ve PEGDMA’in UV ile foto-¢caprazlanmasiyla
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hazirlanmistir. 95.70 + 17,82 kPa ile 338.05 + 38.24 kPa arasinda degisen hacim
modiiliine sahip hidrojeller PEGDMA konsantrasyonu ve PEGDMA ile %8’lik
fibroin ¢ozeltisinin hacimsel oranlar1 degistirilerek hazirlanmistir. %10 (kiitle/kiitle)
oraninda nanokiireler hidrojellere eklendiginde, hidrojellerin hacim modiiliinde
anlamli bir artig goriilmustiir (p < 0,05). En yliksek kiitle kaybi, en yiiksek fibroin
iceren ve en az PEGDMA konsantrasyonu ile hazirlanan hidrojellerde goriilmiistiir
(28 glinde %89.93 + 7.95 kiitle kayb1 goriilmiistiir.). En yiiksek hiicre canliligi,
PEG10-SF8(1:1) kompozit grubunda gézlenmistir ve bu grup, dis pulpa kok hiicreleri
ve PLGA nanokiireleri igeren hidrojelleri hazirlamak i¢in secilmistir. Canli/6li
testinde, hem bFGF yiiklii nanokiireleri hem de TGF-B1 yiiklii nanokiireleri igeren
hidrojellerde neredeyse hi¢ 6lii hiicre gézlenmemis ve 7. giinde hiicrelerin yayildigi
gozlenmistir. Hem bFGF yiikli nanokiireleri hem de TGF-B1 yiikli nanokiireleri
iceren hidrojeller iginde DNA ve GAG miktarlarinin, nanokiire icermeyen hidrojeller,
bos nanokiireler iceren hidrojeller ve ayr1 ayr1 bFGF yiiklii nanokiireleri ve TGF-B1
yiiklii nanokiireleri iceren hidrojellerine gore anlamli bir artis oldugu gozlenmistir (p
< 0.05). Bu durum, bFGF ve TGF-B1’in ikili salimmin dis pulpa kok hiicrelerinin
cogalmast ve kondrojenik farklilagmasi tizerinde sinerjistik etkisini gostermektedir.
Sonu¢ olarak, dental pulpa kok hiicrelerini ve bFGF ve TGF-B1 yiikli PLGA
nanokiireleri iceren PEG10-SF8(1:1) hidrojel sistemi, kikirdak doku miihendisliginde

umut vaat etmektedir.

Anahtar Kelimeler: kikirdak doku miihendisligi, hidrojel, ipek fibroin, polietilen
glikol dimetakrilat, nanokiireler, bFGF, TGF-p1
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CHAPTER 1

INTRODUCTION

1.1. Cartilage Tissue

1.1.1. Anatomy and Physiology of Cartilage Tissue

1.1.1.1. Origin of the Cartilage Tissue

The journey of cartilage tissue formation starts from the avian embryo as like as the
other body tissues and organs [1]. In the beginning of the journey the lateral plate and
somatic layers which arise from the splitting of the mesoderm, lead to the formation
of limb tissue and consequently the limb bud. Formation of the limb bud is
orchestrated by at least three distinct mesenchymal progenitor cells. Somatic
mesenchymal cells will provide muscles; vascular endothelial cells, as progenitor
cells will commit blood vessel formation; and lateral plate mesenchymal cells will
contribute to formation of cartilage and bone tissues [2]. Condensation of the
mesenchymal progenitor cells and vanishing of the blood capillary network as a
consequence of condensation provide the basis of the formation of cartilaginous rod
in the core of embryonic limb bud [3] and consequently secretion of type II collagen,
aggrecan and other cartilage specific extracellular matrix (ECM) components. The
formed cartilaginous rod will be replaced by eroding vasculature and then marrow
components in the growth plate and in ectopic endochondral bone formation [4]. At
the proximal and distal ends of the central cartilaginous rods, cartilage will form the

cushioning hyaline cartilage which will construct the surface of the joint. Embryonic
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development with its ever changing signaling pattern give rise to the cartilage with
different morphology and molecular constituents such as in the nose, throat, ear,
distal femur, meniscus and etc., depending on the characteristic of the organ and

tissue [5].

1.1.1.2. Articular Cartilage Tissue

Articular cartilage is a hyaline type cartilage tissue of varying thickness from 2 to 4
um. It is a connective tissue of diarthrodial joints with significant specialization to
provide the lubricated and smooth surface with low frictional coefficient for
facilitating the load transmission on gliding surface of the joints for minimizing the
peak stresses on the subchondral bone which is under continuous harsh mechanical
conditions due to joint movements [6]. Elasticity of articular cartilage also helps it to
undergo deformation and consequent reformation [7]. Articular cartilage does not
bear any nerves, lymphatic vessels and blood vessels which make it more vulnerable
and weak for healing process due to low level of metabolic activities [7]. Dense ECM
of the articular cartilage is composed of sparsely distributed and metabolically active
chondrocytes which are highly specialized for providing milieu suitable for
development, maintenance and repair of the ECM. Depending on the region where
the chondrocytes are settled in articular cartilage, they can show different density,
shape and size, but they only compose 2% of the total volume of articular cartilage
[8]. Chondrocytes can rarely perform cell to cell contacts due to presence of dense
ECM that trap each chondrocyte in a fixed position and prevent its migration within
the articular cartilage milieu. Therefore, each chondrocyte establishes its own
microenvironment for applying its functionality toward homeostasis of cartilage
tissue. The limited direct signal transduction of chondrocytes has been compensated
through other type of simulating factor such as growth factors, hydrostatic pressure,
piezoelectric forces and mechanical forces which could trigger different signals for

gene expression and consequently suitable responses to the environment [9]. Tissue
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fluid of the articular cartilage varies between 65-80% of the total weight of tissue.
The remaining weight consists of mostly collagens and proteoglycans with minor
elements including lipids, phospholipids, glycoproteins and non-collagenous proteins
[10]. Most abundant macromolecule of the ECM is collagen which contributes up to
60% of the dry weight of cartilage. The most abundant form of collagen in the
cartilage is type II collagen, which makes up 90-95% of the total collagen content and
forms fibers and fibrils intertwined with proteoglycan aggregates. Other collagen
types including I, IV, V, VI, IX, and XI are present in the ECM in minor proportions
and they contribute to the stabilization of fibril networks of collagen type II [6].
Second most abundant type of macromolecule present in the articular cartilage is
proteoglycans which are highly glycosylated protein monomers. They consist of one
or more linear glycosaminoglycan (GAG) chains which are covalently linked to the
protein core. Each GAG chain can contain more than 100 monosaccharide units.
Different types of proteoglycan with specific function are present in the articular
cartilage, including aggrecan, biglycan, fibromodulin and decorin [11]. The most
abundant proteoglycan in the articular cartilage is the aggrecan which contains more
than 100 keratin sulfate and chondroitin sulfate chains. The interaction of aggrecan
with hyaluronan provides the formation of large aggregates of proteoglycans which
fill the interfibrillar space of ECM and generate the osmotic pressure required for the

retaining water in articular cartilage tissue [12].

The articular cartilage is composed of different zones as illustrated in Figure 1.1 [6,
13]. The outermost zone is superficial zone which consists of 10-20% of the articular
cartilage thickness. It is in direct contact with synovial fluid and protects the
underlying layers through resisting to shear, compressive and tensile forces.
Collagens of this region are tightly packed and are parallel to the articular cartilage
surface to minimize the friction. High number of flatten and almost inactive
chondrocytes which are aligned parallel to the collagen fibers can be seen in this
zone. The second zone underlying the superficial part is the middle transitional zone
which connects the superficial zone to the deep zone. It covers 40-60% of the total

volume of the articular cartilage which consists of proteoglycans and thicker collagen
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fibrils. Orientation of fibers in this region shows transition from parallel to columnar
compared to the surface of the articular tissue [7]. Chondrocytes possess spherical
morphology with low density in this region. Middle zone provides resistance to the
compressive forces upon the articular cartilage. The deep zone contributes to 30-40%
of the articular cartilage volume. Collagens and chondrocytes in this region are
organized perpendicular to the surface of the tissue. Deep zone provides the highest
resistance to the compressive forces with the high proteoglycan and low water
content. The calcified layer under the deep zone links the cartilage to the bone
through integration of collagen fibers to subchondral bone. Population of

chondrocytes in this region is very low and they are hypertrophic [6].

___—— Articular surface

S s vmmwld |51 STZ(10%20%) { e

e @ - Middle zone
SLe 4 (40%-60%)
®

® @ @

> §°% ==
S %% a'§ ) Deep zone O In
g 3 & BE (30%-40%) | A

Calcified zone —— il
Subchondral bone —tssafaa

Chondrocyte

Tidemark Tidemark

Figure 1. 1. Cross-sectional diagram of healthy articular cartilage: A, cellular

organization in the zones of articular cartilage; B, collagen fiber architecture [13].

1.1.2. Articular Cartilage Tissue Disorders

Healthy articular cartilage provides pain free movement. Degeneration of articular
cartilage due to damages, diseases or age related factors can significantly decrease the

mobility of the person due severe pain during the movement of joints. Different
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mechanisms can damage the articular cartilage especially in the knee joint, as the
most susceptible candidate to undergo damage as a result of load bearing
functionality. Direct trauma (e.g. falling directly on a hard surface), indirect loading,
or torsional loading (e.g. severe twisting of a joint under the load) during high
physical activity can contribute to the damage of the cartilage tissue [14]. Acute
trauma can alter the collagen fibrils network and decrease the concentration of the
proteoglycan in the ECM. Severe trauma damages like formation of gaps, loss of
some segments, and chondral flaps or tears can cause the disruption of the articular
cartilage. Chondrocytes can reform the ECM through synthesizing of the
macromolecules. However, chondrocytes have limited repairing capacity due to
limited population and lack of blood vessels. Therefore, healing process can be
irreversible depending on the extent of damages. In osteochondral injuries, damages
cause hemorrhage and formation of fibrin clot and consequently activation of the
inflammatory responses. Generally, the repaired tissue composes of intermediate
structure of hyaline cartilage and fibrocartilage for these types of injuries [14]. One of
the most common joint diseases is osteoarthritis (OA) which is generally observed in
old adults with an age dependent manner [15]. It causes pain and decrease mobility
due to joint degeneration. OA has multifactorial nature. Obesity, sex, age, mechanical
factors, previous joint injuries and abnormal joint shape can increase the potential
occurrence of the disease [16, 17]. In OA, generally articular cartilage degradation,
subchondral bone thickening, osteophytes formation, synovial inflammation, menisci
degeneration and hypertrophy of the joint capsule could lead to the joint failure

(Figure 1.2).
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Figure 1. 2. Differences in normal and osteoarthritic joints [18].

In OA chondrocytes change from resting state to the activated state through
proliferation and cluster formation and consequently excessive matrix protein and
matrix degradation enzyme are produced [19]. This activation could be a response to
an injury which would remodel the matrix but generally leads to cartilage
calcification. The matrix degrading enzymes which are part of matrix
metalloproteinase (MMP) family degrade aggrecan and consequently collagen type
II. This state is where the regeneration of the articular cartilage cannot be reversed

[18].

1.1.3. Tissue Engineering

Tissue engineering (TE) is a complex, multicomponent discipline that combines
different strategies and knowledge from wide variety of scientific fields to repair or

regenerate new tissues or organs. Targeted organ or tissue should be a malfunctioned



or absent as a result of disease, damage or congenital disorders. In TE through using
of different cell sources and materials as scaffold or carrier for cells alone or with
integration of environmental or chemical simulators, it is possible to mimic the
natural tissue of the body and present a TE constructs for repairing or replacing the
target tissue or organ. The three components namely the cells, biomaterials and
simulating factors can used alone or in combination to each other for construction or
regeneration of the desired tissue and organ [20]. In the last couple of decades TE has
received enormous attention as the number of patients with the urgent requirement for
new tissue and organ transplantation increases enormously each year and the number
of suitable donor is not sufficient to remedy the demanding transplantation. Major
problem faced for transplantation is the immune system response to the new donated
organ which can result with rejection. Therefore, to accomplish a successful
engineered tissue/organ a well-engineered construct with highest biocompatibility can
minimize the side effects [21]. Using the knowledge of molecular biology,
biochemistry and cell biology and combining them with the application of the
engineering principles from material science, chemical engineering and
bioengineering to the living system can lead to a breakthrough for regenerating
various tissues and organs in body without requiring tissue and organ
transplantations. Different biomaterials with optimum physical and chemical
characteristics have been designed or under study by different research groups for
various TE applications. These biomaterials could be designed for long or short term
purposes using different sources like natural, synthetic or hybrid materials. The most
important feature of the biomaterials is the biocompatibility. The design of the
biomaterials as cell carrier is very vital for successful TE applications, and generally
for better interaction of cells with biomaterials, they are combined with integration of
biomacromolecules such as growth and differentiation factors though encapsulation
or immobilization of them within the scaffolds. Changing the surface chemistry of the
material [22] or addition of biomimetic peptide such as integrin-specific such as
glycine-phenylalanine-hydroxyproline-glycine-glutamate-arginine (GFOGER) can

play crucial role over the fate of cells such as adhesion to the substrate [23]. Control



over scaffolds has increased with advances in computational modeling and
micro/nano fabrication techniques such as 3D bioprinting and microfluidic systems
which can manipulate the cells interaction with materials precisely at nano and micro

levels [24, 25].

1.1.4. Cartilage Tissue Engineering

Damage to chondrocytes and ECM in articular cartilage due to mechanical
overloading on the articular surface can lead to joint degeneration and consequently
clinical syndrome of posttraumatic osteoarthritis [26]. Damage to the articular
cartilage and subchondral bone causes stimulation of the chondral and bone repair
mechanism. However, the chondral healing mechanism cannot reproduce the
properties of a healthy and normal articular cartilage like bone healing after bone
damage [27]. Surgeons and scientists are seeking different ways to decrease or
prevent the progression rate of degeneration. Current treatment modalities in use are
arthroplasty [28], mosaicplasty [29], microfracture technique [30] and cell
transplantation [31] to restore the damaged surface of the articular through
stimulation of healing process, but all these techniques with pros and cons cannot
fully result in the desired healthy articular tissue. To overcome the limitations in these
techniques, TE approach has been used for the reconstruction of the articular tissue.
Attempts to repair hyaline cartilage tissue using allogenic chondrocytes have been
reported by Wakitani and colleagues [32]. Vacanti and colleagues performed the
proof of concept for the cartilage tissue in the subcutaneous tissue of nude mouse,
[33]. The image of the ear on the back of the nude mice has provided the public
attention for TE; however, the Vacanti’s primary aim was to show how the material
can be molded to form the desired 3D construct of the targeted tissue and scaffolds
were used in mice with no immune system and maintenance of the scaffold for long
term was not considered [34]. In another early study, Liu and colleagues have tested

autologous chondrocyte engineered cartilage tissue in porcine model through



introducing 8 mm full-thickness defect at articular cartilage tissue at right knee. After
four weeks upon transplantation cartilage was formed on the knee joint of the porcine
model. 24 weeks after implantation the damaged surface of the cartilage was
undistinguishable from the vicinity cartilage tissue with improved morphological and
biochemical properties [35]. While in the control groups the defects were filled with
blood clots causing the formation of uneven joint surface due to healing process by
fibrocartilage and fibrous tissues. In the experimental groups growing cartilage
islands as early as 4™ week resulted in the formation of smooth joint surface at 12"
weeks. In biochemical aspect, GAGs production in the experimental groups was
significantly higher compared to the control group and reached to the 80% of the
native cartilage tissue’s GAG content. Use of allogenic chondrocytes has a risk of
evoking immune rejection, and use of autologous chondrocytes in engineering the
tissue has some limitations in terms of amount of tissue that can be removed from

healthy tissue and donor site morbidity.

1.2. Cell Sources

1.2.1. Cell Sources for Articular Tissue Engineering

Different types of cell source have been applied for repairing the articular cartilage
tissue including stem cells and differentiated cells, each with its own characteristic
advantages and disadvantages. Selection of the appropriate cell type can influence the
design of the scaffold, create the ethical concerns and limit its clinical applications.
As the biochemical, biomechanical and molecular composition of the scaffolds can
play crucial role in the cellular behavior within the matrix, for different materials, cell
response to the substrate could vary depending on the cell type. Therefore prior to
experiments, cells should be chosen in accordance to the matrix feature. For example
in the case of the mature chondrocytes dedifferentiation should be prevented through

using soluble macromolecules or through modifying the stiffness of the matrix [36],
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In the case of stem cells the suitable differentiation simulator such as growth factors
should be provided within the matrix for regeneration of the articular cartilage tissue.
Choosing the cells from embryonic stem cells source can provide better results for TE
applications but ethical issue regarding the use of these cells can limited its usage in

TE field.

1.2.1.1. Chondrocytes

Chondrocytes which are highly specialized cells of the cartilage tissue can be
harvested from human or other species, and cultivated in vitro and used for in vivo
applications. The main challenge faced with chondrocytes is their fast
dedifferentiation during monolayer culture [37]. Dedifferentiated chondrocytes
cannot express the genes for the production of cartilage specific ECM components
such as aggrecan and collagen type II. Therefore, type of the material and its surface
properties can influence the phenotype of the chondrocytes. During dedifferentiation
of the chondrocyte to the fibrocartilage phenotype the round shape of the cells is
replaced with the flat shape. To prevent dedifferentiation and preservation of the
round shape morphology of the chondrocytes, 3D constructs are preferred for
preserving cell morphology and promoting of the chondrogenesis through enhancing
collagen type II production and decreasing collagen type I synthesis [38]. Several
other factors such as bromodeoxyuridine, retinoic acid, and IL-1 can induce the
dedifferentiation through preventing the expression of aggrecan and collagen type II
which lead to modulation of the chondrocyte phenotype to fibroblast-like phenotype
[39].

10



1.2.1.2. Stem Cells

Stem cells are cells with proliferation and differentiation capacity under specific
conditions which can produce cell with specific functions and phenotypes for desired
tissue or organ. As the stem cells have high potential to differentiate, they have been
widely used for TE applications. Stem cells can have different origins such as
embryonic, adult and induced stem cells [40]. Stem cells provide the homeostasis of
the body organs and tissues. Each type of cell in the body has specific full or partial
turnover time which can be as short as 6 weeks for the red blood cells to the 6-8 years
for the whole skeletal systems. Even cardiomyocytes of the heart and the cells in the
brain and spinal cord are replaced with the differentiated stem cells but with very
slow turnover cycles. Therefore, regeneration and repairing mechanisms of the body
can provide the clues regarding the stem cells rules and responsibilities in
establishing the cell population homeostasis in the body [41]. Stem cells have special
proliferation feature which is called self-renewal that preserve the population of the
stem cells through producing identical copies [42]. Special locations which is called
stem cell niche are the places for the production of the stem cells. Stem cells can
differentiate into different more specialized cells through the new regulation in the
gene, mRNA production and consequently protein expression. Differentiation of stem
cells depends on their potency characteristic and can be totipotent, pluripotent,
multipotent, oligopotent, or unipotent [40, 41]. Totipotent stem cells such as the
fertilized oocyte and its first daughter cells have the potency to form the entire
organism. Pluripotent stem cells such as the embryonic stem cells from inner cell
mass of the blastocyst, induced pluripotent stem cells, and germ cell-derived stem
cells can form three germ layers with the exception of the extraembryonic tissues.
Multipotent stem cells can form multiple cell types such as the bone, cartilage and fat.
Oligopotent stem cells can differentiate into two or more lineages and unipotent stem
cells can only differentiated to the single lineage. Differentiation of stem cells in vivo
is governed by different regulatory mechanisms and simulating factors; in contrast,

differentiation of stem cells in vitro is more susceptible to be affected by any
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undesired external stimuli such as cell substrate interaction which cannot be as same
as the natural ECM [43]. Therefore, controlling the desired phenotype of cells in vitro
requires the thorough control over all parameters which can affect the cell fate.
Characterization of stem cells before and after any experiment plays crucial role in
TE to understand the effect of various stimuli over the change in the specific gene
expression which consequently can alter the fate of cells. One of the practical
characterization techniques for stem cells is through evaluating the expression level
of specific marker proteins on the surface of the cells by using antibody based flow
cytometry which would provide the expression level of the genes. For example
positive expression of mesenchymal surface markers; cluster of differentiation (CD)
105, 13, 90 and 73 and negative expression of hematopoietic markers, CD 34 and 45
can indicate the stemness of the MSC [44]. Also, it is possible to directly analyze the
gene expression via reverse transcriptase-polymerase chain reaction (RT-PCR) and
micro-array analysis as a complementary to the flow cytometry which would provide

information from transcription factors and internal enzymes [41].

1.2.1.2.1. Embryonic Stem Cells

Embryonic stem cells (ESCs) are generally derived from inner cell mass (ICM) of
embryo in the blastocyst stage. Blastocyst is composed of trophectoderm, blastocoel
and ICM [41]. It was first isolated from embryos of 3.5 day old mouse [45]. Human
ESCs are generally obtained from in vitro fertilized eggs in fertility clinics. These
cells will not be used by the donor, but will be used for generating stem cells for the
research applications. Human ESCs are generally derived 5 day old ICM of the
blastocyst and separated from the trophectoderm by immunosurgery or microsurgery
[41]. They can keep their undifferentiated features by culturing in the mitotically-
inactivated fibroblast feeder layers [45] or leukaemia inhibitory factor (LIF) added in
serum containing media [46]. Their unrestricted potential to differentiate to the all

lineages, including the germline, has been termed ‘naive’ pluripotency [47].
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1.2.1.2.2. Adult Stem Cells

Adult stem cells which are also known as somatic stem cells are undifferentiated cells
that reside in different body tissues after development (postnatal) period. They can
replenish tissue cells with their progeny due to tissue damage or turnover and
consequently preserve the tissue homeostasis [48]. They are found in various organs
including bone marrow, umbilical cord blood, mammary gland, peripheral blood,
intestinal, adipose, placenta, lung, brain, hair follicle, dental pulp and etc. Depending
on the tissue different kinds of stem cell can be found; such as hematopoietic,
endothelial and mesenchymal stem cells from bone marrow, olfactory stem cells from
olfactory mucosa and etc. Adult stem cells from each tissue can be isolated and
cultivated in vitro for the differentiation through addition of growth factors or

introducing of genes.

1.2.1.2.2.1. Dental Pulp Stem Cells (DPSCs)

Dentin and pulp as the main constituent of the tooth have originated from dental
papilla during embryonic development [49]. Pulp is a specialized connective tissue
that contains interstitial fluid, lymph and blood vessels and nerves (Figure 1.3).
Dentin covers the pulp and apical root has a well-organized structure similar to the
bone with exceptions of higher degree of mineralization and lack of vascularization
[50]. The lack of remodeling and consequently diminishing of the pulp chamber
occurs as the age increases [S51]. Dental pulp tissue has population of stem cells of

mesenchyme origin.
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Figure 1. 3. Diagram of tooth structure [51].

Mesenchymal stem cells (MSCs) as multipotent stem cells have high potential in TE
due to their therapeutic capacities due to low immunogenicity and no ethical concern
[52]. They are generally identified through the positive expression of mesenchymal
surface markers; cluster of differentiation (CD) 105, 13, 90 and 73 and negative
expression of hematopoietic markers, CD 34 and 45 [44]. Bone marrow has been
known as the main source of the MSCs. As the isolation of bone marrow derived
MSCs (BMMSCs) is an invasive and painful procedure, dental pulp stem cells
(DPSCs) which have the similar therapeutic and characteristic features to BMMSCs
could be used as an alternative source for the MSCs. As the isolation of the MSCs
from dental pulp tissue is a non-invasive procedure, the isolated DPSCs can be
cryopreserved for the long time and revived for the regenerative purposes.
Differentiation of DPSCs to the various cell types such as osteoblasts, odontoblasts,
cardiomyocytes, neuron cells, chondrocytes, adipocytes, corneal epithelial cell,
insulin secreting Beta cells and melanoma cells has been reported in the literature

[44].
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1.3. Growth Factors (GFs)

1.3.1. Importance of Growth Factors in Tissue Engineering

Simulating and mimicking natural tissue for TE applications require deep
understanding of the biological and especially cellular systems during embryonic
development through signal transduction pathways, transcription factor expression
and protein regulation [53]. Among signaling molecules growth factors (GFs) play
critical role in guiding and determining cell fate during development and after.
Therefore, controlling the growth factor delivery to the cells can provide migration,
growth, differentiation and required functionality of cells. GFs are polypeptides
which are soluble in biological milieu and can trigger cascade of cellular responses
after secretion from producer cells [54]. GFs direct cell behavior through binding to
the specific transmembrane receptors of the targeting cells (Figure 1.4). Binding of
GFs to receptors could trigger different cascade of events from cell membrane to the
cell nucleus such as cytoskeleton protein phosphorylation, ion fluxes, adjustment and
alteration in gene expression, protein synthesis and consequently an integrated
biological response to stimuli [55]. Due to short half-lives and slow diffusion, GFs
act locally in ECM and diffuse in short range distance. Efficiency of GFs to provide a
biological response on specific cell type depends on various factors including their
type and diffusion capacity, number of targeting cells, nature of receptor on the
targeting cells and transduction and translation pathways for intracellular signaling
[53]. Same GF can provide different response depending on the receptor or cell type,
as the translation of transduction pathway varies for each receptor and cell type and
consequently different cell fate could occur. ECM also provides an external control
mechanism over the GFs delivery by regulating the spatiotemporal control over
extent of binding of GFs with ECM binding domain to the matrix. As the GFs play
crucial role over the fate of tissue development, various GFs have been utilized for

TE applications for regeneration and therapeutic purposes.
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1.3.1.1. Growth Factors for Articular Cartilage Tissue Engineering

Various growth factors are orchestrating the chondrogenesis during articular cartilage
development, homeostasis in cartilage tissue throughout life time and during healing
process after injury [56]. Effect of various growth factors on proliferation and
differentiation of stem cells, especially MSCs to chondrocytes; synthesis of cartilage
specific ECM components such as proteoglycans, collagen type II and aggrecan; and
down regulation of catabolic effect of cytokines such as MMP and IL-1 has been
investigated [57]. Transforming growth factor-B (TGFs-f) family; bone
morphogenetic proteins (BMPs) family; insulin growth factor 1 (IGF-I); fibroblast
growth factor (FGF) family; platelet-derived growth factor (PDGF) are among the
most widely investigated GFs for articular tissue regeneration [57]. Regeneration of
cartilage tissue requires delivery of combination of growth factors and spatiotemporal
control over them; therefore, independent study of a single GF effect on articular

cartilage cannot provide a proper regeneration and homeostasis. GFs can work
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synergistically to improve the cartilage matrix synthesis or regulate the gene

expression [58].

1.3.1.1.1. Basic Fibroblast Growth Factor (bFGF)

Basic fibroblast growth factor (bFGF), also known as fibroblast growth factor-2
(FGF-2) is a member fibroblast growth factor (FGF) family that can be found bound
in the pericellular matrix, perlecan, which is a heparan sulfate of the cartilage [59].
bFGF has been shown to have inhibitory effect on IL-1 driven aggrecanolysis. This
occurs with mediation of A disintegrin and metalloproteinase with thrombospondin
motifs-5 (ADAMTS-5) which help the protection of cartilage ECM [60]. Monolayer
study conducted with BMMSCs showed that bFGF supplementation enhancing cell

proliferation and proteoglycan synthesis [61].

1.3.1.1.2. Transforming Growth Factor- Beta 1 (TGF-$1)

Transforming Growth Factor- Beta 1 (TGF-B1) is a member of transforming growth
factor superfamily. It has two other isomers; TGF-B2 and TGF-B3, with 71-79%
sequence similarity [62]. TGF-B1 like other TGF- 3 isomers is 25 kDa polypeptide
secreted as an inactive tripartite complex in association with TGF-f1 dimeric pro-
peptide, and a molecule of the latent TGF-B1 binding protein (LTBP) which all
together regulate the place and timing of TGF-B1 action [63]. TGF-B1 requires to be
activated prior to action and various molecules can initiate the activation such as
proteases, thrombospondin-1, integrins av38 and avB6 and reactive oxygen species
[64]. TGF-B1 transfers the signals through the type I and type II membrane bound
heteromeric receptors. Binding of TGF-B1 to the receptors causes the activation and
subsequent translocation of the TGF-B1 specific proteins, Smads, to the nucleus, and

as a result regulating the gene expression specific for cartilage tissue through cell
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proliferation, cell differentiation and ECM metabolism [65]. Therefore, successful
reconstruction and mimicking the developmental cartilage tissue as an inspiring
process for TE applications require the presence of TGF-B1 for activation of its
signaling pathway. Different stem cells have been used for in vifro chondrogenesis
through culturing in TGF-B1 containing medium, but no significant difference has
been observed between different stem cells such as for BMMSCs and adipose-

derived stem cells (ASCs) [66].

1.3.2. Growth Factor Delivery Systems

GFs have been administrated in various delivery forms into the body. Direct
administration of GFs in solution to the blood or local tissue has some disadvantages,
such as minimum effect on the targeting tissue due to loss of bioactivity as a
consequent of degradation, cleaving. The degradation can be resulted from oxidation,
proteolysis and denaturation [67]. Therefore, injection of the growth factor into body,
such as injection into coronary arteries via regular angiography catheters [68],
generally requires high concentration of GFs to remedy the loss of bioactivity in vivo.
High GF concentration generally causes side effects due to high initial concentration
such as tumor formation and due to circulation in body the targeting tissue cannot
sense the GFs properly [69]. Direct injection of the GFs cannot provide any
spatiotemporal control over the regeneration of the targeting tissue. To improve
effectiveness of the delivery mode and minimizing the side effect such as dose
control and providing cost effective approach, various controlled delivery systems
have been developed. Immobilization of growth factors by covalent or non-covalent
binding through diffusion controlled, swelling controlled and chemical/enzymatic
controlled delivery mechanisms have been investigated to determining the rules
govern the release profile of GFs and investigate the most suitable approach [67].
Wide variety of carriers with different geometry such as microspheres [70],

nanospheres [71], hydrogels [72], membranes [73], sponges [74], granules [75] and
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matrices [76] can be used for TE applications. Controlled delivery systems provide
advantages not only for the controlled delivery of the biomolecules for local delivery
and specific period of time, but also for the control over the level or dosage of
therapeutics in body (Figure 1.5) [77, 78]. Choosing the appropriate controlled
delivery system is very important, as the whole system should be biocompatible and
the formulation of the system should not change the pharmaceutical and biological
characteristics of the therapeutics. Depending on the route of the delivery system
such as oral, parenteral, transmucosal, transdermal, pulmonary, subcutaneous
injection, intravenous injections and etc., the choice for the appropriate biomaterials
as carrier of therapeutic can change [77]. As the polymers; synthetic or natural, can
provide limitless choice for regulation of release profile, they have been widely used
for therapeutic delivery systems. Depending on the aim of the therapeutic delivery
system various approaches have been designed for enhancing the effect of therapeutic
on the targeting tissue. These approaches include localized delivery, targeted delivery
(tissue or organ specific), sustained delivery (zero-order release profile), modulated
delivery (nonzero-order release profile), feedback controlled delivery (modulated or
triggered) [79]. In the protein delivery systems, regarding the targeted tissue and
delivery approach, method of delivery, type of materials, excipients, concentration
and amount of protein should be optimized to obtain desired delivery and successful

application achievement.
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Figure 1. 5. Drug concentration levels in the body for different administration

methods [78].

1.4. Nanoparticles

Nanoparticles (NPs) based upon the definition of National Nanotechnology Initiative
(NNI) are structures that in at least one dimension have size ranging from the 1 to 100
nm, but in biomedical field these ranges varies up to several hundred nanometers in
size [80]. NPs or in general nanocarriers with biocompatibility and nontoxicity
features have some advantages over the microparticles [81]. They have relatively
high surface area compared to the microparticles and consequently high uptake of the
NPs can be done by cells [82]. Also, due to their small size and mobility intracellular
targeting is possible by NPs. NPs are better candidate for intravenous delivery
systems as the smallest capillaries in the body have 5-6 pm in diameter which require
significantly smaller particles to prevent forming aggregates in vessels [81]. NPs can
also provide tunable mechanical properties when embedded within the scaffolds [83].
NPs enabled the tissue engineering systems to transfer from classical and simple
approach to complex systems through offering intercellular targeting, spatiotemporal
control within scaffolds, simultaneous screening and therapeutic acting systems,

modulating release profiles of bioactive molecules and biomacromolecules. Different
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source of materials such as ceramic [84], metallic [85], polymeric [86] or composite

[87] can be used for preparation of NPs for TE applications.

1.4.1. Polymeric Nanoparticles

Polymeric nanoparticles (PNPs) can be manufactured with different size, shape
(morphology) and formulation due to versatile and tailor-made properties of wide
range of polymeric materials thanks to their enormous variety and ability to make
blends with each other and with other materials [88, 89] (Figure 1.6). These tailor-
made PNPs can be designed to respond to variety of stimuli such as pH, enzymes,
temperature, light, oxidizing/reducing agents, magnetic field and etc. in the body at
specific or localized tissue which would help targeting of the delivery system [90,
91]. PNPs can be fabricated from various synthetic materials such as polyacrylates,
polyesters, polyamides, polyanhydrides, polyurethanes and etc., or from natural
polysaccharides and proteins such as pullulan, alginate, chitosan, heparin, hyaluronic
acid, albumin, gelatin, silk fibroin, elastin and etc. [92-95]. These materials can be
utilized alone or in composite form to enhance the physical and chemical
characteristics of the delivery systems. PNPs can be manufactured using versatile
shapes and forms (nanocapsules, polymersomes, nanogels, dendrimers, nanospheres
and polymeric micelles) regarding the type of application and suitability of the
desired geometry for the controlled release applications in TE [90, 94, 96].
Characteristics of nanodelivery systems will determine macroscopic behavior of the
NPs in the body fluid. Different methods for preparation of the NPs have been
established such a self-assembly, supercritical fluid (SCF) technology, single or
double emulsion-solvent evaporation, emulsion-solvent diffusion, electrospray,
nanoprecipitation, spontaneous emulsification, salting-out, dialysis and microfluidic

systems [90, 94, 97, 98].
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Figure 1. 6. Different PNPs based on composition, manufacturing process and

structure.

1.4.2. Methods for Preparation of Polymeric Delivery Systems for Growth

Factors

Encapsulation of GFs can prevent them from fast degradation in both in vitro and in
vivo and minimize the effect of enzymes over GFs bioactivity and maximize their
retention at required dosage for desired time interval [99]. Encapsulation of GFs
within the PNPs can decrease the cytotoxicity and inflammatory side effects of high
dosage GF in physiological milieu [100]. The rate of degradation of PNPs,
concentration and loading percentage of GFs, diffusion rate of GFs and size of PNPs

will regulate the kinetic release of GFs from PNPs [101]. The release profile of the
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GFs can be tuned through coating of PNPs, incorporation of them into scaffolds, or

using of various excipients within them.

1.4.2.1. Electrospray Technique

One of the techniques used for encapsulation of therapeutic agents is the electrospray
technique. Particles are produced in this method with a setup similar to conventional
electrospinning device which is composed of tunable high voltage power supply,
electrodes, a syringe pump, collector and a syringe containing polymer solution
[102]. Parameters such type of polymer and solvent, concentration and viscosity of
the polymer solution, voltage, needle gauge diameter, flow rate and tip to collector
distance play crucial rule for successful electrospray experiments [102]. In the
electrospray technique, surface tension of the liquid causes the formation of Taylor
cone as it emerges from the tip of the nozzle and the Taylor cone divides to the
droplets in the micro or nano scale depending on the electric filed produced by the
high voltage power source. As the solvent evaporates, solid particles are formed on
the collector [103]. This technique has some advantages such as capability to scale up
for bulk production while it is cheap and simple for production. It consists of one step
process with rapid production, and parameters can be controlled easily which
minimizes batch to batch variations. High homogeneity and uniform particle size can
also be obtained using this method [104]. Cardoso and colleagues have developed an
electrosprayed lactose spheres with around 700 nm diameters coated with BSA as
model protein with no loss of bioactivity or denaturation by evaluating the
degradation and conformational changes of BSA using sodium dodecylsulphate
polyacrylamide gel electrophoresis (SDS-PAGE) and circular dichroism analysis,
respectively [105].
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1.4.2.2. Emulsion Techniques

Emulsion can be described as colloid of at least two immiscible liquids which of them
contains the dispersion of the other one; therefore, it can be defined as a specific type
of mixture [106]. As the light is scattered off the interphase between the mixture’s
component, emulsion generally appears white or cloudy. Liquids can form different
forms of emulsion such as oil in water and water in oil as single emulsion, or can
form multiple emulsions such as water in oil in water. The emulsions are generally
unstable and they generally require to be stabilized by emulsifier or emulgent which
increases the kinetic stability of a mixture by decreasing interfacial surface tension
between two liquids [107]. Surfactants are one type of emulsifiers which include

detergents [108].

1.4.2.2.1. Single Emulsion-Solvent Evaporation Technique

In the single emulsion-solvent evaporation method hydrophobic bioactive molecules
are dissolved in the organic solvent containing desired polymer (oil phase), and then
dispersed or dissolved solution is added to the aqueous solution containing emulsifier
or stabilizer (water phase). It is then emulsified by using homogenizer or probe
sonicator to form oil-in-water (O/W) emulsion [109]. The organic solvent is
evaporated under reduced pressure or by continuous stirring. Particles which have
been hardened after solvent evaporation can be collected through centrifugation
[110]. However, this method is not applicable for the hydrophilic bioactive agents as
they undergo denaturation or loss of bioactivity when contact with organic phase

during particle preparation.
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1.4.2.2.2. Double Emulsion-Solvent Evaporation Technique

Double emulsion-solvent evaporation method is the modified version of single
emulsion-solvent evaporation method for encapsulation of hydrophilic drugs,
peptides and growth factors [111]. In the double emulsion-solvent evaporation
technique which is also known as water-in-oil-in-water (W/O/W) method, the
aqueous solution containing hydrophilic bioactive agent is emulsified with organic
phase containing polymeric solution to form primary emulsion (W/O) [112]. The
primary emulsion is then added to the second emulsion which consists of an aqueous
solution containing emulsifier or stabilizer under vigorous stirring to form secondary
emulsion (W/O/W) (Figure 1.7). After evaporation of organic solvent, the particles
can be obtained through centrifugation and consequently lyophilization. The particle
size can be influenced by different process parameters such as nature of therapeutic
agent, inner aqueous phase volume and concentration, excipients, organic phase
volume, concentration and type of polymer in organic phase, emulsification device,
outer aqueous phase volume, stabilizer or emulsifier concentration, emulsification

duration and intensity, and etc. [113].
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Figure 1. 7. Principle of double emulsion-solvent evaporation method [113].

The ease of production and mild condition for preparation of microparticles using this
method have provided significant number of literature researches focusing on
microparticles production rather than NPs. Enormous number of studies has been
conducted for the production of particles for encapsulation purposes. Since the
production for microscale delivery system is easier, most of the conducted studies
have been done in that scale. At the nano scale various targeting tissues have been
studied for delivery of various growth factors including the wound healing [114-116],
vascularization [117] and skin regeneration [118]. Depending on the growth factor
type, polymer and preparation, criteria different release and encapsulation results can

be obtained (Table 1.1).
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Table 1. 1. GFs delivery system prepared by double emulsion-solvent evaporation
method. Vascular endothelial growth factor (VEGF), recombinant human epidermal
growth factor (thEGF), platelet-derived growth factor (PDGF), interferon alpha (IFN-
alpha), epidermal growth factor (EGF).

Growth
Polymer Application E.E. and Release (%) | Reference
factor
PLGA 0
VEGF Vascularization 89% release at 4~ day [117]
(50:50)
Diabetic Wound 85.6% E.E, ~ 100%
PLGA rhEGF [114]
Healing release in 24 hours
VEGF
63% VEGEF and 28%
PLGA and )
Wound Healing PDGF-BB burst [115]
(50:50) PDGF-
released from nanofibers
BB
PLGA Antiproliferative | 13.7 + 2.4% initial burst
IFN-a [119]
(50:50) Effect release
PLA-
84.66% for EGF E.E.
Pluronic | EGF and Skin
_ and 60% of EGF release [118]
®10R5— | Curcumin | Regeneration
in 24 hours
PLA
75% E.E., 70-75% of
PLGA
(50:50) VEGF Wound Healing | VEGEF released by day [116]
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1.4.3. Synthetic Polymers for Growth Factor Delivery

Choosing the appropriate carrier biopolymer for establishing GF encapsulated
controlled delivery systems is critical for successful TE application as the whole
manufacturing process, geometry and size of the PNPs depend on the nature of the
biomaterial. Different synthetic polymeric materials such as most widely used
poly(esters) including copolymer of poly(glycolic acid) (PGA) and poly(L-lactide)
(PLA) (PLGA), poly(e-caprolactone) (PCL), poly(anhydrides), poly amino acids, and
etc., have been used for controlled GF delivery applications [53]. Synthetic polymers
can be used in versatile form for the delivery of GFs such as micro/nanoparticles
[120], membrane [121], fiber [122], hydrogel [123] and etc., which could be chosen
depending on desired delivery system required for targeting tissue (Table 1.2).
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Table 1. 2. Synthetic materials for GF delivery systems.
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1.4.3.1. Poly(e-caprolactone) (PCL)

Poly(e-caprolactone) (PCL) is a poly(ester) family member and it can be synthesized
using e-caprolactone monomers through ring opening polymerization by different
polymerization mechanisms including cationic, anionic, coordination and radical

polymerization using various catalysts such as stannous octate (Figure 1.8) [126-128].

Metal Based Compounds
&/ ® ’{ M\w
e-caprolactone
p Orgamc TS Poly(e-caprolactone)

Figure 1. 8. e-caprolactone monomer and polymerized form [128].

Depending on the experiment conditions it is possible to obtain wide range of
molecular weights (MWs) with different polydispersity indeces (PDI) [129]. PCL has
been widely used in TE applications due to its acceptable biocompatibility and its
nontoxic degradation products [130]. It has semicrystalline at room and physiological
temperature [131]. It is biodegradable with slow degradation rate due to less frequent
ester bonds per monomer compared to other well-known poly(esters) such as PLGA
[132]. Copolymers of the PCL with various monomers such as poly(ethylene glycol)
have been used for controlled delivery applications [133]. For example PCL-PEG-
PCL copolymer has been used for the encapsulation of bFGF through emulsion-
solvent evaporation method. Encapsulation efficiency of 61% and 10 days of

sustained release have been observed [134].
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1.4.3.2. Poly(lactic-co-glycolic) Acid (PLGA)

Poly(lactic-co-glycolic) acid (PLGA) is one of the most widely used poly(esters) for
the controlled release applications [135]. PLGA usually synthesized via ring-opening
copolymerization of lactide (LA) and glycolide (GA) monomers (Figure 1.9). LA
could be formed by condensation of two -lactic acids or p-lactic acids or a mixture

of p- and [ -configurations [136].

O O
O
\‘)J\o ’)LO Sn(Oct), [®)
m + n = O
AT e T
O O
Lactide (LA) Glycolide (GA) Poly(lactic-co-glycolic) Acid (PLGA)

Figure 1. 9. Schematic of synthesis of PLGA [136].

PLGA is a biodegradable biopolymer with lactic and glycolic acid as metabolite
monomers resulted from its hydrolysis. These monomers can be metabolized in body
through the Krebs cycle which makes the PLGA nontoxic and biocompatible for TE
applications [137]; however, degradation products of PLGA are acidic products and
they cause a decrease of pH within the vicinity tissue locally [138]. MW of
copolymer, ratio of monomers in the copolymer and functional group of the end-cap
play critical rule in encapsulation and release profile of the bioactive agents [139,
140]. Presence of higher PLA content leads to the lower degradation rate of PLGA;
therefore, by changing the PLGA monomer ratio it is possible to adjust the
degradation ranging from 1-2 weeks up to 48 weeks period [141, 142]. Several
methods have been used for preparation of PLGA based NPs including the
single/double emulsion-solvent evaporation technique as the most common approach.

Bioactive agents loading into the PLGA NPs can be done through the addition of
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them during the manufacturing process or after their production through the
adsorption [135]. As the PLGA has shown a wide range of release profiles, it has
been used for versatile purposes such as vaccine delivery, immune system targeting,
cancer immunotherapy, small hydrophobic drug delivery, inflammatory diseases
targeting, infection treatment, cardiovascular diseases treatment, protein delivery,
nucleic acid delivery and etc. [135]. For example, encapsulation of vascular
endothelial growth factor (VEGF) in to the PLGA NPs and incorporation of the NPs
into the thermosensitive hydrogel in the acellular matrix of porcine bladder has
shown sustained release of VEGF in vitro, and sol-gel transmission of system in vivo

in nude mice model [143].

1.4.3.3. Excipients for Modifying the Release Profile from Particulate Delivery
Systems

Excipients are compounds which do not associate with therapeutic agents or
polymeric matrix in such a way to change their composition or chemical, but can
interact with them to modify the release profile such as the decreasing the burst
release, prolonging the release period, protecting the bioactivity of sensitive
therapeutic agents such as GFs and etc. [144]. Addition of the excipients can increase
the affinity between the bioactive agent and polymer, or change the distribution of the
bioactive agent in the polymer matrix. In all cases release profile will change due to
change in diffusion rate [144]. Different systems have been developed to examine the
effect of versatile excipients on the release profile, release kinetic and bioactivity of
the encapsulated therapeutic agents. Heparin conjugated low MW or star-shaped
PLGA nanosphere in fibrin gel has shown zero order release for 4 weeks compared to
heparin conjugated high MW PLGA and linear PLGA [145]. In another study PEG
with different MW and amount (5-15 wt% PEG of 6 kDa or 35 kDa) were used with
serum albumin (SA) as a micronizing and solubilizing agent and electrosprayed with

PLGA and PCL polymers[146]. High MW PEG has led to a burst release in 3 days
32



from PCL while 6 kDa one has shown burst-free release for 84 days. Poly(2-
oxazoline) (POx) was synthesized for the first time in 1966 but it did not get any
attention until new millennium. POx has narrow MW distribution, excellent
biocompatibility and tunable properties [147]. It is similar to PEG and it shows even
superior stealth behavior, high functionalization possibilities, low dispersity and
responsiveness [148]. Poly(2-methyl-2-oxazoline) (PMeOx) and poly(2-ethyl2-
oxazoline) (PEtOx) have thermo-responsiveness, high stability and low viscosity
features which make these POx as an excellent novel platform for the biomedical and
TE applications [149]. As the PEG has been used for control release of the proteins as
excipient, POx also can be a candidate as excipient for manipulation of the release
profile of GFs. bFGF [150] and TGF-B1 [151] have heparin binding domains.
Therefore, addition of heparin, POx or poloxamers such as Pluronic PF-127 or
Kolliphor P188 can provide a way to modify the interaction between the therapeutic
agents and polymers and as result modify the release profile from the delivery

system.

1.4.4. Mathematical Modelling of GF Release from Polymeric Systems

To determine the release kinetic of the GFs from NPs, different mathematical models
can be utilized for predicting the release profile [152]. For biodegradable polymers
such as PCL and PLGA, release of GF is first under diffusion control from polymeric
matrix and then by matrix erosion through hydrolytic cleavage of polymer chains
[153]. The information obtained from the release kinetic of the GFs can be used to
optimize the release system and understand the release mechanism. These models are
based on the model fitting of experimental release data and the resulted model can
provide some information such as diffusion coefficient. Models for the kinetic study
can be divided to the statistical methods, model dependent methods and model
independent methods [154]. Model dependent methods include zero order, first order,

Higuchi, Korsmeyer-Peppas models, etc. In the zero order model drug release is
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governed with mass transport processes such as polymer swelling and degradation,
water and bioactive molecule diffusion. First order model has been used for
elimination or/and absorption of GFs. Higuchi model is based on the release from a
matrix system with different geometries and matrix characteristics. Korsmeyer—
Peppas model has been derived from Higuchi equation and implies that the fractional
release of drug is exponentially related to release time. This model is valid only for
up to 60% cumulative GF release and the release exponent (n) is strongly matrix

geometry dependent [155]. For the zero order model the formula is as follows:

Qr = kot 6]
Where Q.is the amount of GF released at time t and k, is the rate constant for the
zero order kinetics. For the first order model the formula is

kit
2.303

log C; = log Cy — (2)

Where C; is the amount of unreleased drug at time t, C, is the initial amount of drug
in the polymer matrix, and k, is the rate constant for the first order kinetic model. For

the Higuchi model the formula is

Qr = kyVt 3)
Where Q, is the amount of released drug at time t and ky is the rate constant for

Higuchi model. Korsmeyer—Peppas model has the following formula is

5—; = kyt" “4)

Where Al:l—t is the fraction of drug released at time t, k,, is the rate constant for

[ce]

Korsmeyer-Peppas model and n is the diffusion exponent.
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1.5. Hydrogels

Hydrogels are a class of highly hydrated natural or synthetic polymeric biomaterials
which has at least 30% of water content. They are one of the most suitable candidates
for scaffolds in TE applications due to similarity in mimicking the natural ECM
milieu with their hydrated characteristic [156]. Hydrogels are composed of
hydrophilic polymer chains, which consist of chemically or physically crosslinked
moieties which define the integrity of the structure. With variation in crosslinking
degree or using versatile range of hydrophilic materials it is possible to adjust
degradation degree, mechanical strength, swelling degree and transfer of nutrition,
wastes and soluble factors within the scaffold to simulate the ECM in natural tissues

[157].

1.5.1. Hydrogel Preparation Techniques

Different methods have been utilized for gel formation which generally depends on
the intrinsic nature of the polymer and the purpose or application of the hydrogel in
TE [158]. In general it is possible to divide hydrogel preparation to the physical and
chemical gels. In the case of physical hydrogels increasing or decreasing temperature
of the polymer solution, crosslinking with cyclic freeze-thaw, lowering the pH,
addition of multivalent ion of opposite charge to a polyelectrolyte solution or mixing
the solutions of a polyanion and a polycation to form a complex coacervate gel are
among widely used methods for the physical crosslinking of the polymer solutions
[158]. In the case of silk fibroin, sonication of the solution also can trigger the
formation of physical crosslinking of B-sheets through alteration in hydrophobic
hydration of the protein chains [159]. In the chemical hydrogels, crosslinking can be
done in the solution or over the solid state of polymer using radiation such as UV,

chemical crosslinking agent such as glutaraldehyde, and using multifunctional
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reactive compounds can provide tools for crosslinking of the polymers appropriate

for different TE applications [158].

1.5.5.1. Photocrosslinking Hydrogels

One of the fast and convenient ways for polymerization of liquid monomer to the
macromer is the photopolymerization method that has been gained sophisticated
attention due to providing the versatile hydrogels with possession to spatiotemporal
control over the -characteristics features of hydrogels [160]. As the
photopolymerization can provide the hydrogels in minimum invasive manner, it has
been used for several purposes such as controlled release of therapeutics [161], islets
microencapsulation [162], blood vessel adhesive [163], bone restoration [164], etc.
Photopolymerization generally works through formation of radicals from
photoinitiator molecules through using energy from light source at specific
wavelength. The schematic preparation of methacrylated gelatin (GeIMA) and its
photocrosslinking reaction, as one of the most popular hydrogels in TE has been
presented in Figure 1.10 [165]. As the free radicals are formed they start to propagate
the polymerization of monomers which contains moieties which can undergo

covalent crosslinking and form the macromolecules [165].
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Figure 1. 10. Synthesis of gelatin methacryloyl (GeIMA) and fabrication of
photocrosslinked GelMA hydrogel [165].

For cell entrapment applications as the radiation and free radicals can damage cellular
compartments such as membranes, DNA or proteins which will lead to cellular death,
using the appropriate light source for minimum time and lowest possible
concentration of photoinitiator is crucial for successful entrapment of cells within the

photocrosslinked hydrogels.

1.5.2. Hydrogels of Natural Polymers

Due to similar structure to the ECM or even being a component of it, various natural
polymers have been utilized as hydrogels for TE applications. Natural proteins (i.e.,

collagen, gelatin, fibrin, silk fibroin) or polysaccharide based hydrogels (chitosan,
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hyaluronic acid, chondroitin sulfate, alginate, agarose, pullulan) have been used in
TE. [166]. Collagen as the most abundant protein and main component of ECM in the
mammalian tissue has gained sophisticated attention [167]. It is composed of three
polypeptide chains which form three-stranded rope through covalent and hydrogen
bonding. 19 different types of collagen are present in the body depending on the
tissue [167]. It can form stable form with hierarchical size scaling through self-
aggregation. It can form hydrogels through chemical crosslinking using crosslinkers
such glutaraldehyde and carbodiimide, physical crosslinking such as lyophilization
and heating, or blending with other polymers such as PLGA by combining porogen
leaching and freeze-drying techniques [168-170]. It can be degraded by
metalloprotease such as collagenase and serine protease [171]. Hydrolysis of the
triple helix of the collagen to single strand causes the production of the gelatin as
collagen derivative [172]. It is cheaper and less immunogenic compared to the
collagen and this polymer retains RGD sequences of collagen during the hydrolysis;
therefore it can support cell adhesion, migration, proliferation and differentiation
[173]. Hyaluronic acid as one of the simplest non-sulfated GAG can be found in the
ECM of the connective tissues especially in the synovial fluid of the joints [171]. It
plays crucial role in the proteoglycan organization, hydration, nutrient diffusion and
cell differentiation. It has good biodegradability, biocompatibility and gel forming
properties and widely used for alone or in composite with other materials such
collagen or alginate to from hydrogels [166, 169, 174]. Chitosan is a linear
polysaccharide derived from the chitin. It has polycationic characteristic and
composed of N-acetylglucosamine and glucosamine molecules witch make it similar
to the natural GAGs in the ECM [175]. Low immunogenicity and biodegradability,
biocompatibility and cationic nature of the chitosan make it one of the preferable
polymer candidates in TE applications. However its unmodified versions are soluble
only in acidic solution but water soluble derivatives can be used for cell growth in the
form of hydrogels [176, 177]. Alginate as another natural polymer is composed of (1—
4)-linked B-D-mannuronic acid and a-L-guluronic acid monomers [178]. It is a linear

polysaccharide which has been used widely in hydrogel formation thanks to its low
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toxicity, being cheap and fast gelation by divalent cations such as Ca®" [179].
Ionically crosslinked alginate degradation is under influence of the divalent ion

exchange in the medium which makes its dissolution uncontrolled [166].

1.5.2.1. Silk Fibroin Hydrogels

Bombyx mori (silkworm) has been used widely for centuries by physicians as suture
material due to its high strength and luster characteristic [180]. In behalf of large
production of the silkworm for the textile industries, this natural polymer has
abundant and cheap sources. Due to it biocompatibility, high compression modulus
and high ultimate tensile strength (740 MPa for silk fibers), silk fibroin has been
widely used for biomedical applications [181]. The raw cocoons cannot be used for
medical applications directly due to presence of adhesive sericin, a globular, low MW
soluble glycoprotein that covers the surface of the fibroin [182]. Therefore, extraction
of sericin which covers 25-30% of the total weight of the silkworm cocoon is
necessary prior to use silk fibroin as it can trigger the immune response in the body
[181]. Silk fibroin is composed of two heavy and light chains with weight average
molecular weight (My,) of 390 and 26 kDa, respectively with disulfide bond linking
them to each other [183]. Silk fibroin with its copolymer nature contains hydrophobic
B-sheet blocks linked by hydrophilic small linker segments. Fibroin is dominated
with glycine, serine and alanine amino acids that form antiparallel B-sheets upon
gelation [183]. Fibroin is a biodegradable polymer with slow degradation rate by
proteases in body due to highly crystalline characteristic but the processing method,
post-processing treatment, B-sheets content and noncrystalline domain organization
can alter the degradation rate [181]. After extraction of fibroin the resulting aqueous
solution generally has a protein concentration ranging from 6-9% and this fibroin
solution can be stored for 1 month at 4°C or can be lyophilized for long term
utilization. However, fibroin can be dissolved in the organic solvents like 1,1,1,3,3,3-

hexafluoro-2-propanol, HFIP after lyophilization [159]. Upon obtaining the aqueous
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solution fibroin can be sterilized using gamma radiation, sterile filtration and
autoclaving each with its own pros and cons. Extracted fibroin can be used in various
forms regarding the applications such as tube, film, micro/nanosphere, fiber, sponge
and hydrogel [180]. Fibroin can be utilized in the form of hydrogels through
vortexing [184, 185], sonication [186], electrical current [187] or lowering the pH of
the aqueous solution [188]; but all four methods result in weak hydrogels which
requires incubation overnight at 37°C for obtaining the stiffer gels. Vortexing the
fibroin solution can induce the physical crosslinking of B-sheets through alteration in
hydrophobic hydration of the protein chains through dehydration of the hydrophobic
segments [189], hence promoting aggregation, but in this method the sol-gel
transition takes very long time and it can last up to 1 day which makes this method
not applicable for cell entrapment applications [185]. To obtain fast sol-gel transition
sonication of aqueous fibroin solution can be done which can decrease the gelation
time to the couple of seconds by adjusting the required gelation time using parameter
such as temperature, sonication time and amplitude, volume and concentration of
fibroin solution. With this method it is possible to encapsulate the cells and bioactive
molecules inside the hydrogels. Formation and collapse of the bubbles occur during
the sonication process due to the mechanical vibration which will result in formation
of cavitation, leading to the extreme local effects such as high pressure, high strain
rates, high temperature, increase of mechanical/shear forces and increase air liquid
interfaces which all together will affect the sol-gel transition of fibroin solution to
occur rapidly [186]. Silk fibroin has been used in variety of TE applications such as
bone[190], cartilage [191-194], nerve [195], vascularization [196], wound dressing
[197], skin regeneration [198], alone or with other biomaterials. Most of the works in
the cartilage TE aimed to both enhance cell viability and production of cartilage

specific ECM components including GAGs and collagen type II (Table 1.3).
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Table 1. 3. Silk fibroin applications in cartilage TE.

Polymer Form Results Reference
Cell viability and infiltration into
Glucosamine/Silk . '
Porous scaffold architecture improved as
Fibroin/Chitosan [191]
Scaffold a result of addition of
Blend ‘
glucosamine
Silk hydrogels reinforced with
Microfiber silk microfibers provided the
Silk Fibroin and mature chondrocytes with a [192]
Hydrogel structural and mechanical
microenvironment.
Cell supportive property of the
Freeze-dried
Silk scaffold in terms of cell
Porous [193]
Fibroin/Chitosan attachment, cell viability, and
Scaffold ‘ ‘
proliferation was confirmed
Chondrocytes secreted more
cartilage-specific ECM and
Poly(l-lactic- Nanofibrous o )
o maintained their phenotype on the [194]
acid)/Silk Fibroin Scaffold
PLLA/SF scaffold compared to
unmodified PLLA scaffold
Construct generated by
Freeze-dried | combining 3D SF/CS scaffold
Silk Fibroin/ .
1 Hibrol Porous with UCB-hMSCs [199]
Chitosan
Scaffold

under dynamic condition using

spinner flask bioreactor

41




1.5.3. Hydrogels of Synthetic Materials

Due to tailor-made characteristic of the synthetic biopolymers in chemical and
physical aspects, cheapness and minimum batch to batch variations, they have been
utilized widely alone or in combination with other natural and synthetic materials.
Synthetic polymers can provide the desired properties in various aspects such as
mechanical, swelling, biodegradation, etc., as their chemical and physical properties
can easily be tuned, altered, enhanced through modifications which can be done in
the monomer and polymer scales [157, 166]. Poly(ethylene oxide) (PEO),
poly(ethylene glycol) (PEG), Poly(lactic-co-glycolic) acid (PLGA), poly(L-lactide)
(PLA), poly(propylene fumarate) (PPF), poly(vinyl alcohol) (PVA), Pluronic F-127,
poly(hydroxy  butyrate) (PHB), poly(methyl  methacrylate) (PMMA),
poly(hydroxyethyl methacrylate) (PHEMA) are among the most widely used
synthetic polymers whether alone, or in combination with other synthetic and natural

polymers [200].

1.5.3.1. Poly(ethylene glycol) Hydrogels

Poly(ethylene glycol) (PEG) is one of the most investigated synthetic polymers. It is
biocompatible and biodegradable and can form hydrogels with variety of
compression modulus through chemical crosslinking [166]. Versatility of chemistry
in PEG macromere synthesis, ease of modification, and biocompatibility have made
PEG as one of the most suitable candidate for investigation of versatile hydrogel
systems in TE applications at preclinical and clinical levels [201, 202]. It is very
critical in designing the PEG hydrogels to provide the extended and local release of
active biomolecules and preserve their bioactivity which is crucial for cell survival,
proliferation and differentiation [201]. Therefore, for designing the hydrogel
containing PEG, as it has bioinert character, moieties such as the integrin binding

peptide Arg-Gly-Asp (RGD) can be added to system to increase survival rate of
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adherent dependent cells [203]. Also, it is possible to copolymerize the monomer
while the crosslinker is inside the solution or with the multifunctional macromer. In
the case of PEG it is possible to crosslink through UV irradiation at 365 nm for
entrapment of cells [204]. To do so, functional group at the end of each chain can be
modified using acrylate or methacrylate itself and their derivatives [205]. Addition of
photoinitiator such as Irgacure D-2959 can trigger the crosslinking through formation
of radicals between different chains and formation of a 3D structure at the end.
Therefore, in the design of any hydrogel system it is important to choose the most
suitable crosslinking method as the mechanical properties, consequence of bioactive
compounds and at the end fate of cells depend on the characteristic features of
hydrogel. Recently, PEG containing acrylate or methacrylate moieties for
photocrosslinked application gained sophisticated attention as it can be used as an ink
for 3D printing applications and cell entrapment. Using poly(ethylene glycol)
diacrylate (PEGDA) for 3D printed neocartilage construction [123], incorporation of
cell-embedded PEGDA into microporous PVA sponges [206], and 3D printed
PEGDA with gelatin methacrylate (GeIMA) and growth factor beta 1 (TGF-B1)
embedded nanospheres fabricated via a core—shell electrospraying [207] are among

the recent studies for cartilage TE applications.

1.5.4. Hydrogel Systems

The native ECM with its versatile functional and structural components in all length
scale can be considered as a composite hydrogel [208]. Mimicking this composite
hydrogel for TE applications is the most promising approach for designing the 3D
scaffolds. Each synthetic and natural biopolymer has their own pros and cons [209].
Synthetic materials can be synthesized at large scale, while it is possible to carefully
control their MW, morphology and molecular composition and modify them for
understanding cell behaviour. It is possible to tune the biodegradation, mechanical

properties, swelling behaviour of the hydrogels through modifying crosslinking
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degree, chemical modification, etc., [209-211] but the most problematic issue
regarding the synthetic polymers is their inert nature which causes a passive
interaction with its environment and consequently no cellular interaction. On the
other hand, natural polymers such as gelatin, collagen and silk fibroin can provide the
chemical and physical clues for the hydrogels. But they can be expensive, present
batch to batch variations, not readily usable and trigger immune response activation
[212]. Their modification can cause loss of the features such as the autoclaving the
silk fibroin causes the shortening of the polymer chain and consequently change in
the mechanical and degradation characteristics of the hydrogels [159]. This polymer
still has a variety of active functional moieties which elicit active cellular responses,
cell triggered remodelling, and biological recognition. Therefore, making hydrogel
from both synthetic and natural polymers can synergistically enhance their
advantageous features to provide a better model for TE applications. In a research for
decreasing the burst release of Baclofen-loaded PLGA microspheres for intrathecal
drug delivery, microspheres which were dispersed in Pluronic PF-127 gels have
shown reduction in burst release by a factor of 10 in cerebrospinal fluid (CSF) and by
a factor of 2 in plasma [213]. Nanocapsules of poly(3-hydroxybutyrate-co-3-
hydroxyvalerate) (PHBV) which is a poly(ester) type biopolymer has been loaded
with bone morphogenetic protein 7 (BMP-7) and BMP-2 has been loaded to PLGA
nanocapsules, and their single, sequential and simultaneous release profile from 3D
chitosan and chitosan-PEO fiber mesh on the BMMSCs has been investigated to
determine highest ALP activity to determine the highest bone morphogenic
differentiation factor [214].

1.6. Application of Growth Factor Delivery Systems in Hydrogels

One of the biggest challenges in TE is to control the fate of the cells. Cells
microenvironment plays a crucial role over the fate of cells. Soluble factors such as

growth factors and cytokines play crucial rule on dictating the cellular behaviour such
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ad proliferation, migration and differentiation [215]. As the half-life of the growth
factors is short for in vivo applications appropriate delivery systems should be chosen
for sustained release of them in milieu of cells at desired concentration and period.
Some examples of controlled delivery approach in hydrogels are given in Table 1.4.
In a study by Wang et al. sequential delivery of the epidermal growth factor (EGF)
followed by erythropoietin (EPO) through the PLGA and poly(sebacic acid) coated
PLGA, respectively in hyaluronan methylcellulose (HAMC) hydrogel was achieved.
Minimum damage compared to other delivery system such as s
intracerebroventricular (ICV) infusion was observed [216]. In another study by the
same group, same hydrogel system has been used to investigate the effect of platelet-
derived growth factor (PDGF-AA) when encapsulated with or without PEG as
excipient in PLGA NPs [217]. Accelerated aggregation of PDGF-AA was observed
in the PEG containing group resulting in reduced activity of GF. In a study by Dyondi
et al. bFGF and BMP7 were loaded to chitosan NPs with a diameter of 297 + 61 nm.
These NPs were encapsulated in an injectable gellan xanthan hydrogel for
differentiation of human fetal osteoblasts [218]. A comparison between single vs.
dual growth factors was made. The group observed higher alkaline phosphatase
activity and calcium deposition in dual growth factors delivery system. Such a system
composed of hydrogels, controlled delivery of GFs and stem cells can provide better
understanding for the formation of new tissue. They also open new horizon for
studying the effect of GFs at cellular level with a system mimicking the natural
tissue. There is limited number of research in literature containing GF loaded NPs
embedded in hydrogel for cartilage TE; however microparticles have been more

frequently used as delivery vehicle for cartilage TE [219-221].

45



Table 1. 4. Hydrogels containing GF loaded NPs for TE applications.

Hydrogel Particle Growth Application Reference
factor
PLGA and
Hyaluronan- .
Poly(sebacic EGF and )
methylcellulose Brain TE [216]
acid) Coated EPO
HAMC
PLGA
HAMC PLGA (PDGF-AA) | Spinal Cord TE [217]
bFGF and
Gellan Xanthan Chitosan Bone TE [218]
BMP-7
Polyion BMP-7 and
Alginate Cartilage TE [222]
Complex TGF-beta2
GelMA and
PLGA TGF-B1 Cartilage TE [71]
PEGDA

1.7. Aim of the Study

In this study, it was aimed to develop an injectable, fibroin-PEGDMA hydrogel
system containing stem cells and bFGF and TGF-B1 loaded PNPs that will provide
the formation of cartilage-like structure at the defect site (Figure 1.11). Silk fibroin
and PEGDMA were chosen as natural and synthetic polymers for hydrogels,
respectively. As stem cell source, human dental pulp stem cells (DPSCs) which are of
mesenchymal origin and have high proliferation and chondrogenic differentiation
capacity were isolated from human dental pulp and used in cell culture studies.
Combination of physical (silk fibroin) and chemical (photocrosslinked PEGDMA)
crosslinking methods were used for hydrogel preparation in which GF loaded NPs

and DPSCs were entrapped. Both PCL and PLGA were chosen for preparing
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polymeric NPs and these polymers are both biocompatible and biodegradable

polymers which can provide different release profile for GFs. NPs were chosen over

MPs as they have relatively high surface area compared to the MPs and consequently

high uptake by the cells. Due to their small size and mobility intracellular uptake of

NPs is also possible. In this study, effect of different excipients (PEtOx, heparin and

Kolliphore P 188) over the release profile of GFs from NPs was evaluated. Hydrogels

with and without NPs were characterized in terms of mechanical properties, swelling

or degradation. Additionally, effect of hydrogel composition on viability of the stem

cells was studied. Group with the highest cell viability was used to study the effect of
GFs release from NPs loaded with bFGF and/or TGF-B1 in hydrogels on

chondrogenic differentiation.
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Figure 1. 11. NPs and DPSCs entrapped hydrogel system for cartilage TE

applications.
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CHAPTER 2

MATERIALS AND METHODS

2.1. Materials

For particle production poly(e-caprolactone) PCL (M,, 14kDa and 70-90 kDa) from
Sigma (Germany), Poly(lactic-co-glycolic) acid (PLGA) 75:25, MW: 7-14 kDa from
Boehringer Ingelheim (Germany) were used. 1,1,1,3,3,3-Hexafluoro-2-propanol
(HFIP) from Aldrich (Germany), Dimethylformamide (DMF) from Sigma-Aldrich
(Germany), dichloromethane (DCM) from Merck (Germany) solvents were used
without further purification. Poly(vinyl alcohol) (PVA) Mowiol® 4-98 from Aldrich
(Germany) was used as surfactant. Nevparin (heparin commercial trade name in
Turkey) from Mustafa Nevzat Ila¢ Sanayi A.S. (Turkey), poly(2-methyl-2-oxazoline)
M, 5000 and 25000 from Aldrich (Germany), Kolliphor P 188 from Sigma

(Germany) were used as excipients in NPs production

For hydrogel preparation silk fibroin from Akman Ipek Company (Bursa, Turkey),
poly(ethylene glycol) (PEG) 4000 from Fluka (U.S.A.) were used as main polymer
for hydrogel synthesis. Lithium bromide (LiBr) from Sigma-Aldrich (Germany) and
sodium carbonate Na,COs from Sigma-Aldrich (Germany) were used for isolation of
fibroin. Methacryloyl chloride from Alfa Aesar (Germany), triethylamine from
Sigma-Aldrich (Germany) and diethyl ether from Sigma-Aldrich (Germany) were
used for the synthesis of PEGDMA. 2-Hydroxy-4'-(2-hydroxyethoxy)-2-
methylpropiophenone (Irgacure D-2959) from Aldrich (Germany) was used as
photoinitiator in hydrogel synthesis. Sodium azide, (Sigma, Germany) and lysozyme

from chicken egg white (Sigma Germany) were used in the degradation studies.

For release study p-Lactoglobulin (bLg) from bovine milk (Sigma Germany) was

used as model protein. bLg Chemiluminescence Immunoassays (CLIA) kit
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(Biomatik, Canada) was used for quantitation of bLg. Basic fibroblast growth factor
(bFGF) from Peprotech (U.S.) and Transforming Growth Factor-p1 (TGF-B1) from
Sigma (Germany) were used as GFs in NPs preparation. TGF-B1 enzyme-linked
immunosorbent assay (ELISA) kit from Biomatik (Canada), bFGF ELISA kit from
Peprotech (U.S.A.) were used for quantitating the GFs

For DPSCs isolation collagenase from clostridium histolyticum, Type I A from
Sigma (Germany) and dispase from Fluka (U.S.A.) were used. CD 90 and CD11b/c
from Biolegend (U.S.) CD 73 and CD 105 from Abcam (U.K.), CD 44, CD 45 and
CD 31 from Cell Signalling (Netherlands) were utilized for characterizing stemness

of isolated DPSCs.

For in vitro studies low glucose Dulbecco's Modified Eagle Medium (DMEM) from
Biowest (France), fetal bovine serum (FBS) from Biowest (France),
penicillin/streptomycin from Biowest (France), Trypan Blue solution from Sigma
(Germany), trypsin/EDTA from Biowest (France) and dimethyl Sulfoxide (DMSO)

from Sigma-Aldrich (Germany) were used for cultivation of DPSCs.

For cell viability studies DMEM medium without phenol red (Biochrom, Germany),
Alamar Blue from Invitrogen (U.S.) and LIVE/DEAD Viability/Cytotoxicity kit from

Invitrogen (U.S) were utilized.

For histology analysis Alcian Blue from Sigma (Germany) and paraformaldehyde

from Sigma-Aldrich (Germany) were used.

For GAG quantification in hydrogels papain from papaya latex from Sigma
(Germany), Chondroitin 6-sulfate sodium salt from shark cartilage, from Sigma
(Germany) 1,9-dimethylmethylene blue (DMMB) from Aldrich (Germany),
Ethylenediaminetetraacetic acid (EDTA) from Sigma (Germany), Cysteine
hydrochloric acid (HCl) from Fluka (U.S) were used. and Hoechst 33258 from
Abcam (U.K.) were used for DNA quantitation.

All other chemicals were also of analytical grade and were used without further

purification.
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2.2. Methods

2.2.1. Preparation of Particles

2.2.1.1. Preparation of PCL Particles with Electrospray Technique

In the preparation of PCL particles, PCL solutions with different concentrations and
solvents were used during optimization studies (Table 2.1). Polymer solutions have
been added to the plastic syringe (Genject 5 ml, 3 pieces) with metal needles and
placed into the syringe pump (New Era Pump Systems NE-1000, USA) and
electrospray system was placed in horizontal position, in front of charged collector.
Pumping rate, tip to collector distance and voltage were optimized as summarized in
Table 2.1. Electrosprayed PCL NPs were collected on the aluminum foils which were
fixed on the surface of the collector. Collected particles on the aluminum foils were
kept in -80°C and then morphology of NPs was examined by SEM, and average size

were analyzed by Image J program.
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Table 2. 1. Experimental conditions for the preparation of PCL particles with
electrospraying method (n=3).

Parameter/ PeL PeL Pumping TTC Voltage
Exp. No MW Conc. | Solvent Rate (cm) V)
(kDa) (%) (ml/h)
1.A. 14 5 HFIP 0.5 15 10
1.B. 14 5 HFIP 1.5 15 10
1.C. 14 5 HFIP 0.5 15 15
2.A 14 10 HFIP 0.5 15 10
3.A 14 5 DMF 0.5 15 10
4.A 14 10 DMF 0.5 15 10
5.A 70-90 5 HFIP 0.5 15 10
6.A 70-90 10 HFIP 0.5 15 10
7.A 70-90 5 DMF 0.5 15 10
8.A 70-90 10 DMF 0.5 15 10
9.A 70-90 8 DMF 0.5 15 10
9.B 70-90 8 DMF 1.5 15 10
9.C 70-90 8 DMF 1.5 15 15
9.D 70-90 8 DMF 0.5 15 15
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2.2.2. Characterization of PCL Particles

2.2.2.1. Morphology of PCL Particles

Morphology of particles was analyzed by Scanning Electron Microscope (SEM) (FEI
Nova Nano SEM 430; USA). To do so, aluminum foils containing particles were
mounted by carbon tape on the pin stubs and then vacuum coated with gold palladium

(25 nm) using SC7640 Sputter Coater (Kent, UK) for SEM analysis.

2.2.2.2. Particle Size Distribution of PCL Particles

The mean particle size and particle size distribution of PCL particles for the best
group were determined out from SEM images by measuring diameter of random 500
particle using Image J analysis software (NIH, U.S.A). The resulting data were used
to sketch the histogram graph for evaluation of size distribution of particles. Equation
5 has been used for determination of SPAN values for particles through cumulative
(% undersize) particle size distribution in histogram which indicates the width of the

particle size distribution [223].

[0.9]-ad0.1]

d
SPAN = ~105] (5)

where d[0.9], d[0.5] and d[0.1] are cumulative particles diameter in the 90", 50™,

and 10" percentiles, respectively.
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2.2.3. Preparation of Poly(lactic-co-glycolic) Acid (PLGA) NPs with Double

Emulsion-Solvent Evaporation Technique

During optimization studies NPs were prepared without any bioactive agent. PLGA
(75:25, MW: 7-14 kDa) NPs were produced through double emulsion-solvent
evaporation technique as described in literature with some modifications [111].
Briefly, 200 pl of distilled water was added to the 3 ml of dichloromethane (DCM)
containing 100 mg of dissolved PLGA. In the first experiment (A) the mixture was
homogenized at 10000 rpm using mechanical homogenizer (Ultraturrax T-25, IKA,
Germany) for 1 min in the ice bath and the primary emulsion was immediately added
to the 20 ml of 5% poly(vinyl alcohol) (PVA) solution followed by homogenization
in ice bath for 3 min at 20000 rpm. Next, the resulted double emulsion was poured
into 70 ml of 0.5% PVA solution while the emulsion was being stirred (Schott,
Australia) at 1100 rpm at room temperature (RT). Emulsion was stirred for 5 hours to
evaporate the organic solvent. After that, solidified NPs were collected by
centrifugation (Sigma 3-30k, Germany) at 19000 g for 25 min to discard supernatant.
NPs were washed twice with distilled water. After the last wash, the pellet was
resuspended in 1-2 ml of distilled water and poured into 6 well-plate and frozen at -
80°C. After freezing the NPs were freeze-dried for 48 hours and kept at -80°C until
use. In the second experiment (B) the mixture was probe sonicated (Branson SFX250,
USA) at 250 watts of power at 20 kHz, with 10% amplitude for 15 s in the ice bath.
Then, the primary emulsion was poured into the 20 ml of 5% PVA solution and probe
sonicated for 55 s at 250 watts at a power of 20 kHz, with 10% amplitude in an ice
bath. Next, the resulted double emulsion was poured into 70 ml of 0.5% PVA
solution while it was being stirred at 1100 rpm at RT. The remaining procedures were

as same as the experiment A as described above.
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2.2.4. Characterization of PLGA NPs

2.2.4.1. Morphology of PLGA NPs

Morphology of PLGA NPs was analyzed by SEM (FEI Nova Nano SEM 430; USA).
To do so, 2 mg of PLGA NPs was mounted by carbon tape on the pin stubs and then

vacuum coated with gold palladium (25 nm) using SC7640 Sputter Coater (Kent,
UK) for SEM analysis.

2.2.4.2. Particle Size Distribution of PLGA NPs

The mean particle size and particle size distribution of PLGA NPs were determined
out from SEM images by measuring diameter of random 500 particle using Image J

analysis software (NIH, U.S.A). SPAN values were as mentioned in Section 2.2.2.2.

2.2.4.3. B-Lactoglobulin Loaded PLGA NPs

For optimization of release studies B-Lactoglobulin (bLg) from bovine source has
been used due to a widely used model accessible in large quantities and also having
isoelectric point of 5.2 and MW of 18.3 kDa [224, 225] which is close to the values
for bFGF (PI: 9.6 and MW: 24 kDa, 22.5 kDa, 22 kDa, and 18 kDa for its 4 different
isomers) [226,227] and TGF-B1(PI: 9.5 and MW: 25 kDa) [228, 229].
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2.2.4.3.1. Preparation of p-Lactoglobulin Loaded PLGA NPs

PLGA NPs encapsulating bLg were produced through double emulsion-solvent
evaporation technique. Inner aqueous phase of 200 pl of distilled water containing 10
pg of bLg was added to the 3 ml of dichloromethane containing 100 mg of dissolved
PLGA (n=3). The remaining experiment procedures and conditions were same as

described in Section 2.2.3.

2.2.4.3.2. B-Lactoglobulin Encapsulation Efficiency and Loading Capacity

bLg encapsulation efficiency was determined using Bovine bLg Chemiluminescence
Immunoassays (CLIA) kit through indirect method. Briefly, 100 pl of supernatant,
first and second washes (n=3 for each group) were added into wells of CLIA kit and
encapsulation was determined by subtracting the cumulative unentrapped bLg in
supernatant and washes from the initial bLg added during experiment (10 pg) as
shown in the equation 6. The calibration curve was constructed using different
concentrations of bLg (0-1000 ng/ml) as described in manufacturer manual (Figure

A

. _ Weight bLg added—Weight of unentrapped bLg
En lation Efficiency (%) = X1

capsulatio ciency (%) Welght bLg added 00
(6)

Loading capacity of PLGA NPs for bLG was calculated from ratio of weight of

encapsulated bLg (ng) to the weight of PLGA NPs (mg) as defined in the equation 7.

Weight of bLg within PLGA NPs (ug)
weight of recovered PLGA NPs (mg)

bLg Loading Capacity (%) = X 100 (7)
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2.2.4.3.3. p-Lactoglobulin Release Studies

To evaluate the release profile of bLg from PLGA NPs, 10 mg of PLGA NPs were
dispersed into 2 ml of phosphate buffer saline (PBS, 0.01 M and pH 7.4) containing
0.02% sodium azide. The suspensions (n=3) were immersed into a shaking water bath
at 37°C for 3 weeks. At defined time intervals (6 hour, 1, 2, 3, 5, 7, 10, 14 and 21
days), the whole medium was replaced with fresh medium after collecting PLGA NPs
by centrifuging at 19000g for 25 min. Discarded medium was aliquoted and frozen at
-80°C for CLIA analysis. After 21 days all samples were brought to RT and were
applied to CLIA kit according to the manufacturer’s procedure for determining of

amount released.

2.2.4.4. Basic Fibroblast Growth Factor (bFGF) Loaded PLGA NPs

2.2.4.4.1. Preparation of bFGF Loaded PLGA NPs with Different Poly(2-ethyl-2-
oxazoline) (PEtOx)

Basic fibroblast growth factor (bFGF) containing PLGA NPs were prepared with
double emulsion-solvent evaporation technique. Inner aqueous phase of 200 pl of
distilled water containing 10 pg of bFGF was added to the 3 ml of dichloromethane
containing 100 mg PLGA (3.3% weight/volume (W/V)). Poly(2-ethyl-2-oxazoline)
(PEtOx) of different number average molecular weights (M, of 5000 and 25000) with
two different weights (5 and 20 mg) as excipients have been added to the aqueous
phase prior the mixing of the organic and aqueous phase as mentioned in Table 2.2.
The remaining experiment procedures and conditions were same as described in

Section 2.2.3.
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Table 2. 2. Experimental conditions for bFGF loaded PLGA NPs preparation with
PEtOx excipients.

- | - - a e ~= = =
S 12| 5 |2 EE_|ZLgflEui|Eaz
E | 2 2 S |ECm 3 |22 FEE |5 EE
= = g o S E| » | T °l S B E |2 € E
|5 s > E<E|zZ 35|25 E 25 E
g = el = 5 Q = g o & @ = 3 @ g
= © = 8 o= — e
PEtOX 15s- | 55s-
1 10 | (M, 5000) | 200 100 3 5-20 10% 10%
20 mg Amp. Amp
PEtOX 15s- | 55s-
2 10 | (M, 5000) | 200 100 3 5-20 10% 10%
5 mg Amp. Amp
PEtOx
I5s- 55s-
(M,
3 10 200 100 3 5-20 10% 10%
25000)
Amp. Amp
20 mg
PEtOx
15s- 55s-
M,
4 10 200 100 3 5-20 10% 10%
25000)
Amp. Amp.
Smg
I5s- 55s-
5 10 - 200 100 3 5-20 10% 10%
Amp. Amp
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2.2.4.4.2. Preparation of bFGF Loaded PLGA NPs with Heparin and Kolliphor
P 188 Excipients

Nevparin (heparin sodium containing drug commercialized in Turkey) and Kolliphor
P 188 were also used as excipients and added to the aqueous phase with 5 pg of
bFGF (Table 2.3). Heparin was in the liquid form and it was added to the inner
aqueous phase to obtain the total volume of 200 pl. The remaining experiment

procedures and conditions were same as described in Section 2.2.3.
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Table 2. 3. Experimental conditions for bFGF loaded PLGA NPs preparation with
heparin and Kolliphor P 188 excipients.

S| = |22 |8 28 | 3% |3
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=S 2 TlER IR |28 | £+ £
= < A R R
Heparin 55s-
. 155 -10%
1|5 1% 200 100 3 5-20 N 10%
mp.
(80 pl) Amp.
Heparin 55s-
15 -10%
2] s 05% |200| 100 | 3 | 5-20 N 1 10%
mp.
(40 pl) Amp.
Heparin 55s-
15s-10%
315 0.1% 200 100 3 5-20 N 10%
mp.
(8 ul) Amp.
Kolliphor P 55 -
15s-10%
4 | 5 | 1881.0% | 200 100 3 5-20 N 10%
mp.
(0.2 mg) Amp.
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2.2.4.4.3. bFGF Loading Capacity and Encapsulation Efficiency

Encapsulation efficiency of bFGF loaded NPs was determined using enzyme-linked
immunosorbent assay (ELISA) kit using indirect method for all groups (n=3 for each
group) in Tables 2.2 and 2.3 as described in the Section 2.2.4.3.2. Loading capacity
percentage (weight of protein (pg)/weight of polymer (mg)) of PLGA NPs for bFGF

was evaluated as described in Section 2.2.4.3.2.

2.2.4.4.4. bFGF Release Profile from PLGA NPs in PBS

To evaluate the release profile of bFGF from PLGA NPs for all groups in Tables 2.2
and 2.3, 10 mg of PLGA NPs (n=3 for each group) were used as described in Section
2.2433.

2.2.4.4.5. Kinetics of bFGF Release

To evaluate the release mechanism of the bFGF from PLGA NPs, and effect of
different excipients on release of the GF, release data of experiments in Tables 2.2
and 2.3 were analyzed by zero order, first order, Higuchi and Korsmeyer-Peppas

kinetic models [154].

Cumulative percent of bFGF release vs. time plot (zero order), cumulative percent of
bFGF remaining vs. time plot (first order), cumulative percent of bFGF release vs.
square root of time plot (Higuchi) and log cumulative percent of bFGF release vs. log
time plot (Korsmeyer-Peppas) were sketched to determine the best mechanism for

release of bFGF and evaluate its kinetic model.
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2.2.4.5. Transforming Growth Factor-p1 (TGF-p1) Loaded PLGA NPs

2.2.4.5.1. Preparation of TGF-p1 Loaded PLGA NPs with Different Excipients

Transforming Growth Factor-f1 (TGF-B1) containing PLGA NPs were manufactured
through double emulsion-solvent evaporation technique. Inner aqueous phase of 200
ul of distilled water containing 5 pg of TGF-Bl was added to the 3 ml of
dichloromethane containing 100 mg of dissolved PLGA (3.33% W/V). Different
concentrations of heparin and Kolliphor P 188 were used as excipients and added to
the aqueous phase with TGF-B1 as provided in the Table 2.4. As the heparin was in
the liquid form, it was added to the inner aqueous phase to obtain the total volume of
200 pl. The remaining experiment procedures and conditions were same as described

in Section 2.2.3.
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Table 2. 4. Experimental condition for TGF-f1 loaded PLGA (75:25) NPs
preparation with heparin and Kolliphor P 188 excipients.

S S S & &
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= < A % %
Heparin 15s-
o 555-10%
1|5 1% 200 | 100 | 3 5-20 10%
Amp.
(80 pl) Amp.
Heparin 15s -
555-10%
2 |5 0.5% 1 200| 100 | 3 5-20 10%
Amp.
(40 pl) Amp.
Heparin I5s-
o 555-10%
315 0.1% 1200| 100 | 3 5-20 10%
Amp.
(8 ulb) Amp.
Kolliphor
I5s-
4 5 (159 200 | 100 3 5-20 10% 228 -10%
1.0% ] ’ Amp.
Amp.
(0.2 mg)
2.2.4.5.2. TGF-B1 Loading Capacity and Encapsulation Efficiency

TGF-B1 encapsulation efficiency was determined using ELISA kit through indirect
method for all groups (n=3 for each group) given in Table 2.4 as described in the
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Section 2.2.4.3.2. Loading capacity percentage (weight of protein (pg)/weight of
polymer (mg)) of PLGA NPs for TGF-B1 was determined as described in Section
2.2.43.2.

2.2.4.5.3. TGF-p1 Release Profile from PLGA NPs in PBS

To evaluate the release profile of TGF-f1 from PLGA NPs for all groups in Table
2.4, 10 mg of PLGA NPs (n=3 for each group) were used as described in the Section
2.2.4.3.3 and evaluated with ELISA kit for determination of released amounts in PBS

at the specific time points.

2.2.4.5.4. Kinetics of TGF-B1 Release

To evaluate the release mechanism of the TGF-B1 from PLGA NPs, and effect of
different excipients on release of GFs, release data of experiments given in Table 2.4
were analyzed by zero order, first order, Higuchi and Korsmeyer-Peppas kinetic

models as described in Section 2.2.4.4.4 [154].

Cumulative percent of TGF-B1 release vs. time plot (zero order), cumulative percent
of TGF-B1 remaining vs. time plot (first order), cumulative percent of TGF-B1
release vs. square root of time plot (Higuchi) and log cumulative percent of TGF-B1
release vs. log time plot (Korsmeyer-Peppas) were sketched to determine the best

mechanism for release of TGF-B1 and evaluate its kinetic model.
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2.2.4.6. Size and Surface Charge Analysis of Empty and Heparin Containing
PLGA NPs

Size and the surface charge of heparin containing and empty PLGA NPs were
determined by dynamic light scattering (DLS) at 25 °C with a Zetasizer Nano ZSP
system (Malvern Instruments, Worcestershire, UK). NPs were diluted in deionized

water for analysis and each sample was measured three times.

2.3.1. Poly(ethylene glycol) Dimethacrylate-Silk Fibroin (PEGDMA-SF)
Hydrogels

2.3.1.1. Silk Fibroin Isolation and Purification from Silkworm Cocoons and

Gelation

Silk fibroin has been isolated from Bombyx mori cocoons as described in the
protocol published by Rockwood and colleagues with a small modification [180].
Briefly, 5 g of cocoons were cut down to small pieces and boiled in 2 L of distilled
water containing 0.02 M Na,CO; at 100°C for 30 min. After that, fibroins were
washed twice in 2 L of cold distilled water, and then dried at 50°C for 1 day. Fully
dried fibroin was weighted and 10.5 M lithium bromide (LiBr) solution with volume
4 times of the dried fibroin weight was added to the fibroin and kept it in oven for 4 h
at 60°C. After 4 h solution was dialyzed using for 12 kDa MW cut off cellulose
dialysis membrane against distilled water for 3 days and water was changed at
specific time points (2, 6, 12, 24, 36, 48, 60 and 72 h). Dialyzed fibroin was
centrifuged twice at 9000 rpm for 15 min at 4°C to remove the remaining impurities.
Fibroin solution was sterilized by autoclaving at 120°C for 20 min using an autoclave
(ALP CL-40M, Japan). To determine the fibroin solution concentration 1 ml of
fibroin solution (n=3) was added to eppendorf tubes and dried at 70°C for 12h. The
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concentration was measured by weighting the remaining solid fibroin. To understand
the gelation time, and effect of autoclaving on gelation, two sets of experiments (n=3
for each group) with autoclaved and non-autoclaved fibroin solution have been
conducted. The effect of volume of fibroin on gelation time has also been
investigated. After probe sonication of desired fibroin volume tilt test has been
applied every 60 s while fibroin solution was incubated at 37°C. The gelation time for

each solution has been recorded (Table 2.5).

Table 2. 5. Optimization study for gelation of fibroin solutions.

Fibroin Fibroin | Sonication | Sonication
Experiment | Concentration | Autoclaving | Volume Time Amplitude
(WIV) (%) (ml) (s) (%)

1 5 - 1.5 8 10
2 5 - 1.5 10 10
3 5 - 1.5 12 10
4 5 + 1 8 10
5 5 + 1 10 10
6 5 + 1 12 10
7 5 + 1.5 8 10
8 5 + 1.5 10 10
9 5 + 1.5 12 10
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2.3.1.2. Poly(ethylene glycol) Dimethacrylate (PEGDMA) Synthesis and

Characterization

The terminal hydroxyl groups of poly(ethylene glycol) (PEG) were modified with
methacrylate groups using methacryloyl chloride by briefly modifiying the procedure
described by Nuttelman et al. [230]. Briefly, 10 g (2.5 mmol) PEG (Mw: 4000 Da)
was placed in a 250 ml, three necks, round bottom flask and 50 ml DCM was added
to dissolve PEG. 1.05 ml (7.5 mmol) of triethylamine was added to the flask and
argon gas was bubbled through the solution while the flask was capped. The argon
gas was kept passing through the solution until the end of experiment through the gas
inlet and outlet which was provided by syringe needle. Flask was immersed into the
ice bath and 0.732 ml (7.5 mmol) of methacryloyl chloride was added slowly (over
30-45 min) into the flask by using syringe needle. The flask was then stirred for 24 h
at 4°C. Dimethacrylated PEG (PEGDMA) was precipitated in the cold diethyl ether
after minimizing the DCM volume of the solution via rotary evaporator. After
precipitation, it was filtered using filter paper and dried under chemical hood for 1
day. The solid PEGDMA was purified by dialyzing with 1000 Da MW cut off
dialysis membrane for 2 days against distilled water and the distilled water was
changed at specific intervals (2, 6, 12, 24, 36, 48, 60 and 72 h). Purified PEGDMA
was lyophilized for 2 days and then stored at -20°C for further experiments. Proton
nuclear magnetic resonance ('H-NMR) (Bruker AVANCE III 400 MHz, USA)

analysis was used to characterize the dimethacrylation degree of the PEG.

2.3.1.3. PEGDMA-SF Hydrogel Preparation

To prepare hydrogels, silk fibroin (SF) concentration was adjusted to 8%. The SF
solution was aliquoted to the 1.5 ml and poured into the 2 ml eppendorf and was
sonicated with probe sonicator (Branson SFX250, USA) at 250 watts of power at 20
kHz, with 10% amplitude for 17 s at 10% amplitude. Immediately after probe
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sonication SF solution was homogenized with different concentrations of PEGDMA
(10, 15 and 20%) at different volume ratios (SF: PEGDMA, 3:1, 1:1, 1:3) which had
0.05% (W/V) of 2-Hydroxy-4'-(2-hydroxyethoxy)-2-methylpropiophenone (Irgacure
D-2959). This polymer solution was sterilized by passing through the 0.2 um filter
and the solution was added to the custom made Teflon molds with 3 mm diameter
which was placed under 365 nm UV lamp (VL-115, 1x15W, France) from 10 cm
distance for 10 min for crosslinking. The crosslinked hydrogel was incubated for 30
min at 37°C. Afterwards, the prepared hydrogel was separated from the mold and
punched with biopsy punch for further experiments. Hydrogels discs were punched
with a size of 1 cm diameter and 5 mm height for the mechanical, degradation,

swelling tests.

2.3.1.4. Characterization of PEGDMA-SF Hydrogels

2.3.1.4.1. Chemical Characterization of Hydrogels

Fourier Transform Infrared Radiation (FTIR) characterization of the selected
hydrogels was evaluated (Perkin Elmer Spectrum, Frontier, Massachusetts, USA) to
study the change in the functional groups. The spectra were recorded from 400 to
4000 cm™ and at a resolution of 4 cm™. All hydrogels (n=3 for each group) were

lyophilized prior to analysis to remove water molecules.

2.3.1.4.2. Morphological Characterization of Hydrogels

Morphology and microstructure of hydrogels were analyzed by SEM (FEI Nova
Nano SEM 430; USA). To do so, after lyophilization, hydrogel discs with 5 mm

diameter and 3 mm height were prepared (n=3). Hydrogels were attached by carbon
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tape on the pin stubs in 3 ways (intact, with horizontal cut and with vertical cut).
Hydrogels were then vacuum coated with gold palladium (25 nm) using SC7640
Sputter Coater (Kent, UK) prior to SEM analysis.

2.3.1.4.3. Degradation and Swelling Properties of Hydrogels

To evaluate the degradation and swelling characteristics of hydrogels, samples (n=3
for each group with 70-75 mg dry weight for each sample) were first lyophilized to
weigh their dry weights. After weighing they were immersed in 5 ml of PBS solution
(0.01 M, pH 7.4) containing 0.02% sodium azide and were placed in shaking water
bath at 37°C for 1 month. At the defined intervals (0, 1, 7, 14, 21, 28d) hydrogels
were removed from PBS, lyophilized and their weights were measured. At each time
point PBS solution was changed with fresh one. Additionally, the wet weights of
hydrogels were measured prior to lyophilisation to determine the swelling ratio of the

hydrogels.

2.3.1.4.4. Enzymatic Degradation Properties of Hydrogels

To evaluate the degradation of hydrogels in presence of lysozyme enzyme, hydrogel
samples (n=3 for each group with 70-75 mg dry weight for each sample) were first
lyophilized. After drying their dry weights they were immersed in 5 ml of PBS
solution (0.01 M and pH 7.4) containing 0.02% sodium azide and 10 pg/ml lysozyme
and they were then placed in shaking water bath at 37°C for 1 month. Same

procedure was applied as mentioned in Section 2.3.1.4.3.
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2.3.1.4.5. pH Change in PBS and Lysozyme Containing PBS

To evaluate the change in pH of the medium during degradation study, pH of the
medium (n=3 for each group) in PBS group and lysozyme containing group was

measured at specific time points (1, 4, 7, 14, 10, 14, 17, 21, 24 and 28d).

2.3.1.4.6. Compressive Tests of Hydrogels

To evaluate the mechanical properties of hydrogels, unconfined compressive test of
wet hydrogels was performed. To do so, hydrogels of 1 cm diameter and 5 mm height
(n=4 for each group) were punched with a biopsy puncher and placed in PBS until
performing the experiments at RT. All tests were done with 10 N load cell and force
was applied at a rate of 1 mm/min up to 60% of the total height of hydrogels using
bench mechanical device (Univert, CellScale, Canada). After experiments
compressive moduli and strength of the hydrogels were calculated from stress- strain

curves.

2.3.1.4.7. Mechanical Properties of PLGA NPs Loaded Hydrogels

To evaluate the effect of the PLGA NPs on the compressive modulus and strength of
the selected hydrogels, 3 set of experiments (n=4 for each group, each sample 1 cm
diameter and 5 mm height) was (hydrogels, hydrogels + 5% NP and hydrogels + 10%
NP) designed. Empty NPs were added to the hydrogels at different weight
percentages (5 and 10% of the total weight of polymers in the scaffolds). During the
preparation of hydrogels NPs were added to the fibroin solution and homogenized
with probe sonicator for 17 s while fibroin itself was triggered to form hydrogels.

This solution was added to the PEGDMA solution at different ratios which also
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contained 0.05% (W/V) Irgacure D-2959 and hydrogels are prepared as described in
Section 2.3.1.3. Compressive tests of these hydrogels (n=4) were performed as

described in Section 2.3.1.4.6.

2.3.1.4.8. Pore Size Distribution of Hydrogels

Mercury as a non-wetting material can only penetrate into the pore space through
introducing sufficient pressure and the relation between the size of the intruded pore
and the pressure has been obtained by Washburn in the following mathematical

formula [231]:
DP=-4 Ycos 0 (8)

Where D is the pore diameter, y is the surface tension of mercury, P is the applied
pressure and 0 is the contact angle between pore wall and mercury [24]. The pore size
distribution of hydrogels was measured using mercury porosimetry (n=3)
(Quantachrome Corporation, Poremaster 60) at low pressure (50 psi). The contact
angle of the mercury was 140.00°, the surface tension of mercury has been calculated
as 480.00 erg/cm” and for each experiment 1.0000 gram of sample has been used and

the mercury volume has been normalized by sample weight.

2.4.1. In Vitro Studies

2.4.1.1. Dental Pulp Stem Cells (DPSCs)

2.4.1.1.1. Isolation of Dental Pulp Stem Cells (DPSCs)

Dental pulp stem cells (DPSCs) were isolated from teeth obtained from patient

between 18-25 years old which were removed surgically by an oral dentist. The
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experiments were approved by Middle East Technical University Human Researches
Ethics Committee (IAEK) (No: 28620816/451). After removing, tooth was held in
cold low glucose Dulbecco's Modified Eagle Medium (DMEM) with 10% fetal
bovine serum (FBS), 100 U/ml penicillin, and 100 pg/ml streptomycin and
transported to the cell culture laboratory while stored on ice pack. The surface of the
tooth was cleaned to remove remaining blood or gum on the tooth and tooth was
disinfected with 70% alcohol and distilled water. Tooth was held by forceps in a
fixed position and was cut horizontally along cementum-enemal junction using
diamond disc (Marathon 3 - Korea) while supplying the tooth periodically with cold
distilled water. After splitting the tooth, the pulp was removed with forceps. The pulp
was placed in the low glucose DMEM and minced to fragments as small as possible
using scalpel. Then, pulp fragments were added to the sterile solution of 1 ml PBS
containing 3 mg/ml collagenase type I and 4 mg/ml dispase and incubated at 37°C for
60 min. After addition of low glucose medium digested pulp and cells were
centrifuged at 2000 rpm for 5 min. The obtained pellet was resuspended in the low
glucose DMEM and was passed through 70 um sterile filter to remove tissue debris.
Then, cells were cultured in the 25T flask with 5 ml of low glucose DMEM and
incubated in the incubator at 37°C and under humidified 5% CO, environment in a
carbon dioxide incubator (MCO-18AC, Panasonic, Japan). Medium was changed
every 3 days until cells reached 90% confluency. Cells were passaged at 1:3 rato with
0.05% trypsin/l mM EDTA. In passage 3 cells were counted by hemocytometer
using Trypan Blue staining and were frozen at a concentration of 1.0 x 10%/ml in the
freezing medium containing 90% FBS and 10% DMSO. Cells in cryomedia were

kept in liquid nitrogen tank until use for further experiments.

2.4.1.2.1. Characterization of DPSCs with Flow Cytometry

To investigate the stemness characteristic of the DPSCs, cells from 6" passage were

used for characterization using flow cytometer (BD Accuri™ C6 Plus, USA). After
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cells reached to 90% confluency, they were trypsinized using 0.05% trypsin/l mM
EDTA. DPSCs were first fixed in paraformaldehyde at RT, and then cells were
washed with 1 ml FACS buffer (PBS containing 0.1% BSA and 0.001% sodium
azide) at RT with centrifuging at each wash. 1.0 x 10’ cells were added into each
eppendorf with a concentration of 1.0 x 10°ml in 1 ml FACS buffer. Primary
antibodies were added at concentration described for flow cytometry protocol by
manufacturer and incubated at 4°C overnight. Cells were washed twice with FACS
buffer and secondary antibodies were added to the cells at RT, for 1 hour and at
concentration described by manufacturer’s protocol and then washed twice with 1 ml
FACS buffer. After the last wash cells were resuspended in 1.0 x 10%/ml FACS buffer
and immediately examined by flow cytometer. Positive surface markers of CD 105,
CD90, CD73, CD44 and negative surface markers of CD45, CD31 and CDI11b/c
were used (n=3 for each group) to evaluate the mesenchymal characteristic of DPSCs
and rabbit and mouse isotypes were used as reference point for evaluation of the

positive and negative expression of CD markers.

2.4.1.2. In Vitro Cytotoxicity Test of PLGA NPs

To evaluate the cytotoxicity of PLGA NPs, 5 mg and 10 mg empty PLGA NPs were
incubated in 2 ml of low glucose DMEM and incubated at 37°C for 11 days.
Meanwhile passage 5 DPSCs were seeded at 1.0 x 10* cell/cm” in 24 well-plate and
600 pl of low glucose DMEM was added to the wells containing cells and incubated
for 12 hours at 37°C. At predetermined time periods (1, 4, 7, 11 d). PLGA NPs were
collected by centrifuging 2 ml low glucose DMEM and the supernatant was added
onto the wells with DPSCs (n=3 for each group). New fresh media was added onto
NPs. Prior to each medium change, viability of DPSCs was evaluated with Alamar
Blue assay. Briefly, medium of DPSCs was removed and cells were washed with
sterile PBS. Then, 300 pl of 10% (volume/volume (V/V)) Alamar Blue in low
glucose DMEM without phenol red, was added into each well of 24 well-plate and
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incubated for 4 h at 37°C and 5% CO,. Then, Alamar Blue solutions were transferred
to the new well and medium from empty PLGA NPs was added on the cells.
Absorbance value of Alamar Blue solutions were read at 570 and 600 nm using
spectrophotometer device (Spectramax iD3 microplate spectrophotometer, Molecular
Devices, USA). The reduction percentage of Alamar Blue was calculated from

equation 8.

(Ep600 X As79)—(Ep570 X Aggo)
(ER570 X Cg00)—(ER600 X Cs7¢)

% Reduction of Alamar Blue = x 100 ()

Where Eo 00 is the molar coefficient of oxidized Alamar Blue at 600 nm: (117216),
Eo 570 1s the molar coefficient of oxidized Alamar Blue at 570 nm: (80586), Agoo 1s
the absorbance value of sample at 600 nm, Asy is the absorbance value of sample at
570 nm, Eg oo 1s the molar coefficient of reduced Alamar Blue at 600 nm: (14652),
ER 570 1s the molar coefficient of reduced Alamar Blue at 570 nm: (155677), Cegoo is
the absorbance value of control group at 600 nm, Csy is the absorbance value of

control group at 570 nm.

2.4.1.3. Effect of bFGF on Proliferation of DPSCs

2.4.1.3.1. Dose-Dependent Effect of bFGF

To evaluate the most suitable concentration of bFGF for DPSCs proliferation,
different concentrations of bFGF (5, 10, 20, 50 and 100 ng/ml) were added into the
low glucose DMEM and added to DPSCs at passage 5 (n=3 for each group) which
were seeded at 1.0 x 10* cell/cm” in 24 well-plate. The medium was changed at
specific time points (1, 4, 7, 11 d) with fresh low glucose DMEM containing the
specified concentration of bFGF. Alamar Blue assay was applied as mentioned in the

Section 2.4.1.2 to evaluate the proliferation of DPSCs.
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2.4.1.3.2. Effect of bFGF Released from PLGA NPs

To evaluate the effect of bFGF release from PLGA NPs on the viability of DPSCs, 5
mg NPs prepared with different excipients (n=3 for each group) were incubated at 2
ml of low glucose DMEM and incubated at 37°C for 11 days. The same procedure in
the Section 2.4.1.2 was applied to evaluate the proliferation of DPSCs using Alamar

Blue assay.

2.4.1.4. Effect TGF-1 on Proliferation of DPSCs

2.4.1.4.1. Dose-Dependent Effect of TGF-$1

To evaluate the most suitable concentration of TGF-B1 for DPSCs proliferation,
different concentrations of TGF-B1 (5, 10, 20, 50 and 100 ng/ml) were added into the
low glucose DMEM media of DPSCs (n=3 for each group) which were seeded at 1.0
x 10" cell/cm? in 24 well-plate. The medium was changed at specific time points (1,
4,7, 11 d) with fresh low glucose DMEM containing the specified concentration of
bFGF. Alamar Blue assay was applied as mentioned in the Section 2.4.1.2 to evaluate

the proliferation of DPSCs.

2.4.1.4.2. Effect of TGF-p1 Released from PLGA NPs

To evaluate the effect of TGF-B1 release from PLGA NPs on the viability of DPSCs,
5 mg of TGF-B1 loaded NPs with different excipients (n=3 for each group) were
incubated in 2 ml of low glucose DMEM and incubated at 37°C for 11 days. The
same procedure described in the Section 2.4.1.2 was applied to evaluate the

proliferation of DPSCs using Alamar Blue assay.
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2.4.1.5. Viability of DPSCs in Hydrogels

Hydrogels containing cells were prepared as described in the Section 2.3.1.3 with
some modifications. Prior to probe sonication of the fibroin, DPSCs at passage 5
were trypsinized and centrifuged. The pellet was resuspended in low glucose DMEM
with 10% fetal bovine serum (FBS), 100 U/ml penicillin, and 100 pg/ml streptomycin
without phenol red. 0.05% Irgacure D-9259 was added to the PEGDMA in low
glucose DMEM without phenol red and passed through the 0.2 pum sterile filter. Then,
DPSCs cells with final concentration of 3.0 x 10°/ml (with consideration of fibroin
volume) were added to the PEGDMA solution. After formation of hydrogels as
described in Section 2.3.1.3 they were punched with 5 mm biopsy punch and were
placed in 48 well-plate containing 500 pl of low glucose DMEM. The medium was
changed every 3 days. At defined time points (1, 4, 7, 14 d), viability of DPSCs was
valuated using Alamar Blue assay. 500 pl of 10% (V/V) Alamar Blue in low glucose
DMEM without phenol red, was added into each well of 24 well-plate and incubated
for 6 h at 37°C in a carbon dioxide incubator (MCO-18AC, Panasonic, Japan).
Reduction percentage of Alamar Blue was calculated for all groups as described in

Section 2.4.1.2.

2.4.1.5.1. Live/Dead Assay of DPSCs in Hydrogels

To evaluate the effect of NPs on the proliferation and differentiation of DPSCs into
chondrocytes, hydrogel groups with the highest cell viability (PEG10,%:SF8%- 1:1)
were chosen (Figure 3.28). bFGF loaded NPs with 0.5% heparin and TGF-1 loaded
NPs with 1.0% heparin as excipient were chosen because highest cell viability was
observed in monolayer study at these NP concentrations. 5 different experimental
groups were used: empty hydrogel, hydrogel with 2.5mg/ml empty NPs, hydrogel
with 2.5 mg/ml bFGF NPs, hydrogel with 2.5 mg/ml TGF-B1 NPs, and hydrogel with
2.5 mg/ml bFGF NPs + 2.5 mg/ml TGF-B1 NPs; and named as control, empty, bFGF,
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TGF-B1 and bFGF + TGF-B1 group respectively. After preparation of hydrogels, they
were punched with 4 mm diameter punch and placed in 24 well-plate and 600 pl of
low glucose DMEM was added over each hydrogel. Hydrogels were incubated at
37°C and under humidified 5% CO, environment in a carbon dioxide incubator
(MCO-18AC, Panasonic, Japan). At specific time points (1, 7, 14 and 21d)
LIVE/DEAD Viability/Cytotoxicity kit was used as instructed by manufacturer for all
groups to observe the viability of DPSCs in hydrogels with confocal laser scanning

microscopy (CLSM) (Leica DM2500, Germany).

2.4.1.5.2. Viability of Entrapped DPSCs in Hydrogel Containing PLGA NPs

Viability of DPSCs in hydrogel groups prepared as described in Section 2.4.1.5.2 was
measured using Alamar Blue assay after incubation in 600 pl of low glucose DMEM
at 37°C and under humidified 5% CO, environment in a carbon dioxide incubator
(MCO-18AC, Panasonic, Japan) for different periods of time (1, 4, 7, 14 and 21 d) at
37°C in a carbon dioxide incubator. Reduction percentage of Alamar Blue by the

cells was calculated for all groups as described in Section 2.4.1.2.

2.4.1.6. Biochemical Analysis

2.4.1.6.1. DNA Quantification in Hydrogels

2.4.1.6.1.1. Optimization Study with L.929 Cells

To optimize the protocol for DNA quantification in hydrogels, two sets of
experiments were designed as follow. In the first set L929 cells were encapsulated at

different concentrations (0, 2.5 x 10%, 5.0 x 10, 1.0 x 10°, 2.0 x 10°, 4.0 x 10°, 1.0 x
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10°, 2.0 x 10° 4.0 x 10° and 6.0 x 10° cells/ml) inside two different hydrogel
composition (PEG10-SF8: (1:1) and SF6) and punched with biopsy puncher. In the
second set rather than entrapment, cells were added to the 5 mm punched hydrogels
at a concentration as same as the entrapped cells. Cells were encapsulated and empty
hydrogels were prepared as described in the Section 2.4.1.5.1. Each hydrogel
containing entrapped or added cells was added to 2 ml sterile eppendorf. 1 ml of
papain digestion solution (1mg/ml papain in 0.1 M Phosphate Buffer (PB) containing
5 mM L-Cysteine HCI and 5 mM Ethylenediaminetetraacetic acid (EDTA)) was
added to each eppendorf. The hydrogels were incubated at 60°C for 16 h and then
media were centrifuged at 15000 g for 20 min at RT. The supernatants obtained for
each cell concentration were used for constructing the calibration curve for DNA
quantification. 100 pl of each supernatant was added to 900 pl of (Tris-NACL-EDT)
TNE buffer and was mixed with 1 ml 200 ng/ml Hoechst 33258 dye in TNE buffer.
The solution was poured into 2 ml cuvette and FSU values were read with
spectroflourometer (Turner Biosystems Modulus Fluorometer 9200-000, U.S.) and

calibration curves were constructed for both models (Figure D.1).

2.4.1.6.1.2. DNA Quantification in DPSCs Entrapped Hydrogels

To determine DNA contents of DPSCs that were entrapped in the hydrogel groups as
given Section 2.4.1.5.2 and cultured for different incubation periods, FSU values of
samples were firstly measured by spectrofluorometer at predefined timer intervals (1,
7, 14 and 21). Calibration curve (Figure D.1) was used to determine DNA amounts of

cells entrapped in PEG10-SF8(1:1) group as described in Section 2.4.1.6.1.1.

2.4.1.6.1.3. Total Sulfated Glycosaminoglycan Determination in Hydrogels
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To determine the GAG content of the hydrogels prepared in Section 2.4.1.5.2.,
supernatant obtained for DNA quantification (Section 2.4.1.6.1.2) was used. GAG
content was measured by 1,9-dimethylmethylene blue (DMMB) spectrophotometric
assay by measuring absorbance at 525 nm [232]. Standard calibration curve was
constructed with chondroitin sulfate (Figure F.1). Chondroitin sulfate standards (0-15
pg/ml) were prepared in the supernatant from the empty hydrogel to provide the
calibration curve for determination of GAG content produced by DPSCs. This
calibration curve was used to determine the amount of GAG deposited by the cells in
the hydrogel. To determine the GAG content, total GAG content was normalized to
amount of DNA (pg/ng) obtained in the Section 3.3.8.1.1. The amount of DNA
content has been taken as 7.0 pg/cell [233].

2.4.1.7. Histology Analysis

2.4.1.7.1. Alcian Blue Staining for Sulfated Proteoglycans in Hydrogels

For histological analysis of DPSCs entrapped hydrogels with or without NPs (Section
2.4.1.5.2), were performed after incubation of different periods of time (1, 7, 14, 21
d) in low glucose DMEM at 37°C under humidified 5% CO, environment in a carbon
dioxide incubator (MCO-18AC, Panasonic, Japan). At these specific time points
hydrogels were placed in PBS for 10 min. They were then fixed in 4%
paraformaldehyde solution for 30 min. After fixation hydrogels were added to a
series of 15 and 30% sucrose solution each for 45 min at RT while shaking the
solution. Half of medium of the hydrogels was replaced with tissue freezing medium
and hydrogels were shaken for 45 min. Afterwards, hydrogels were placed in pure
tissue freezing medium and frozen over methanol which was in dry ice. The frozen
hydrogels were kept at -80°C freezer overnight. The frozen hydrogels were sectioned

by cryomicrotome (Leica CM1510 S, Germany) with 15 um thickness and placed
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over Superfrost™ Plus slides (ThermoFisher, U.S.). Sections over the slides were
deparaffinised by hydrating in PBS for 10 minutes. They were stained for
proteoglycans deposited in hydrogels by incubating in Alcian Blue solution (1 g
Alcian Blue in 100 ml 3% acetic acid solution, pH 2.5) for 30 minutes. Slides were
then washed twice in the tap water and then rinsed in the distilled water. Sections
were counter stained with nuclear fast red solution (0.1 g Nuclear fast red,
Aluminium sulphate 5 g, distilled water 100 ml) and then washed in tap water for 1
minute. Sections were dehydrated in the alcohol by incubating in alcohol with
increasing alcohol concentration (from 70% to absolute one), each for 30 seconds.
The sections were cleared in the xylene and mounted for preserving and imaging
[234]. Images from different regions of the sections were examined using phase

contrast microscope (Nikon, Eclipse TS 100, Japan) and photographed.

2.5. Statistical Analysis

All tests conducted were performed at least in triplicates. One-way analysis of
variance (ANOVA) with Tukey’s Comparison Test (SPSS-22 Software, SPPS Inc.,
USA); was used to compare groups for significant differences. Pairwise comparisons

were performed made at a level of significance of p < 0.05.
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CHAPTER 3

RESULTS AND DISCUSSIONS

3.1. Preparation of NPs

PCL and PLGA which are FDA approved polymers with acceptable biocompatibility
have been chosen as the main polymers for delivery of growth factors [235]. In vitro
degradation of PCL and PLGA is slow and fast, respectively [236]. Providing
delivery systems based on these two polymeric materials can provide two release

profile system with various release kinetics.

3.1.1. Preparation of PCL Particles with Electrospray Technique

Solvent type, MW of polymer and its concentration; electrospray conditions such as
voltage, flow rate and tip to collector distance play critical role in particles
morphology and size which are crucial parameter for successful electrospray
experiment [237]. Any non-optimized parameter can lead to formation of fiber or
even prevent evaporation of solvent which generally leads to formation of film rather
than particles. Optimization study was conducted for electrospraying PCL by
changing several parameters such as MW of the polymer, pumping rate,
concentration of polymer, etc. (Table 2.1). When PCL of MW 14 kDa was used,
independent of solvent type (HFIP or DMF) solvent did not evaporate completely
(Table 3.1). Black dots occurred on the aluminum foil due to presence of solvent.
When HFIP was used as solvent for PCL (Mw: 70-90 kDa) continuous fibers were

injected through the needle rather than formation of particles. So, the solvent was
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changed from HFIP to DMF and neither fiber formation nor solvent evaporation

problems occurred.
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Table 3. 1. Optimization results for electrospraying PCL for NPs preparation (n=3).

Paramet | PCL | PCL Pumping
TTC | Voltage
er/ Exp. | MW | Conc. | Solvent Rate Observation
(cm) | (kV)
No (kDa) | (%) (ml/h)
Incomplete
1.A. 14 5 HFIP 0.5 15 10 Solvent
evaporation
Incomplete
1.B. 14 5 HFIP 1.5 15 10 Solvent
evaporation
Incomplete
1.C. 14 5 HFIP 0.5 15 15 solvent
evaporation
Incomplete
evaporation
Incomplete
3.A 14 5 DMF 0.5 15 10 Solvent
evaporation
Incomplete
4.A 14 10 DMF 0.5 15 10 Solvent
evaporation
5A | 70-90 | 5 HFIP 0.5 15 10 Fiber
formation
6.A 7090 | 10 | HFIP 0.5 15 10 Fiber
formation
7A | 7090 | 5 DMF 0.5 15 10 Particle
formation
8.A 70-90 10 DMF 0.5 15 10 Particle
formation
9.A 70-90 | 8 DMF 0.5 15 10 Particle
formation
9.B 70-90 8 DMF 1.5 15 10 Particle
formation
9.C 70-90 | 8 DMF 1.5 15 15 Particle
formation
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3.1.2. Characterization of PCL Particles

3.1.2.1. Morphology of PCL Particles

To evaluate the surface morphology of electrosprayed PCL particles SEM analysis
was conducted. No distinct particles were observed for PCL (Mw: 14 kDa) group. In
the group 1.A, it was observed that particles were fused to each other due to presence
of solvent. Either increasing the pumping rate from 0.5 to 1.5 ml/h (Figure 3.1- 1.B)
or increasing the voltage from 10 to 15 kV (Figure 3.1- 1.C) did not result in
complete solvent evaporation. Increasing the concentration of PCL in HFIP from 5 to
10% (Figure 3.1- 2A) made no significant change in solvent evaporation rate and
formation of distinct particles. Using 5 (Figure 3.1- 3.A) and 10% (Figure 3.1- 4.A)
concentration in DMF for PCL (Myw: 14 kDa) rather than HFIP did not provide
particles with clear and recognizable morphology; however, in comparison to
particles produced with HFIP, particles with DMF had shown better spherical
character (Figure 3.1- 7.A, 8.A, 9.A, B, C and D). Electrospraying PCL (70-90 kDa)
resulted in both fibers and particles (Figure 3.1- 8.A, 9.A, B, C and D). In the groups
in which HFIP has been used as the solvent, independent of the concentration of the
PCL; always fibers have been obtained (Figure 3.1- 5.A and 3.1- 6.A). When the
solvent has been changed to DMF round shaped spherical particles were obtained. In
5% concentration group spherical particles of micrometer size with homogenous size
distribution were obtained with trace amount of fibers (Figure 3.1- 7.A). However,
when the polymer concentration was increased to 10% (Figure 3.1- 8.A) size
homogeneity of the particles disappeared and PCL fibers were also observed besides
particles. As the concentration of polymer solution increases it becomes sufficient to
reach the chain entanglement density, then jet of polymer will tend to form
electrospun fiber rather than electrosprayed particles [238]. To evaluate whether an
intermediate concentration will decrease the size of particles to nanoscale, 4 different

experiments with 8% PCL solution have been conducted. At 0.5 ml/h pumping rate
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(Figure 3.1- 9.A) particles were formed with heterogeneous size distribution and
small amount of fibers were also formed. This result can verify the effect of the
concentration in the fiber formation of electrosprayed PCL. In the 5% PCL group,
trace amount of fibers was observed. It was also observed that increasing the polymer
concentration to 8 and then 10% fiber formation increased. By increasing the
pumping rate from 0.5 to 1.5 ml/h (Figure 3.1- 9.B) amount of fibers formed again
decreased, but still major part of the particles was in micron scale. It is known that
when polymer volume fraction in a droplet at the Rayleigh limit (@ray) is greater than
critical entanglement polymer volume fraction (@.n), then stable particles can be
formed. As flow rate decreases the ¢, value can be greater than ¢r., which would
lead formation of offspring droplets with thin charged fiber from primary droplets
[103, 239]. When 1.5 ml/h pumping rate was used, as the voltage increased from 10
to 15 kV (Figure 3.1- 9.C) heterogeneity of the particles and PCL fibers increased.
Also, some of the PCL particles were fused to each other. At 15 kV, pumping rate
was decreased from 1.5 to 0.5 ml/h (Figure 3.1- 9.D) and a result of this experiment
more fibers were observed; however, the homogeneity of the particles increased
compared to experiment 9.C. Increasing the voltage while decreasing the feeding rate

has resulted in smaller particles due to fiber formation [103].
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Figure 3. 1. SEM images of PCL particles prepared with electrospraying (Table 2.1).
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Figure 3. 1 - Continued. SEM images of PCL particles prepared with
electrospraying (Table 2.1).
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Figure 3. 1 - Continued. SEM images of PCL particles prepared with
electrospraying (Table 2.1).

3.1.2.2. Particle Size Distribution of PCL Particles

Particle size distribution of two best groups with ideal homogeneous spherical
morphology and minimum PCL fibers (7.A and 9.B) were obtained through
measuring diameter of 400 random particles using Image J program. Histogram of the
experiment 7.A (Figure 3.2) has shown that the diameter of particles ranged from
811.32 to 3192.73 nm. 95% of the particles were within the range of 1600 to 2800 nm
with the average diameter of 2308.10 + 306.90 nm and SPAN value of 0.32.
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Figure 3. 2. Histogram of particle size distribution of electrosprayed PCL particles
for group 7.A (n=3).

Particle size distribution of group 9.B (Figure 3.3) has wider distribution with SPAN
value of 0.92 which indicated that the heterogeneity in particle size increased
compared to group 7.A. Diameter of particles changed between 514.10 and 3782.64
nm but still, around 80% of the particles were in micron scale. The average diameter
size of particles has been calculated as 2085.87 + 751.88 nm. The increase in polymer
concentration (5 to 8%) and flow rate (0.5 to 1.5 ml/h) resulted in wider particle size
distribution as indicator of more heterogeneity. As the particle size did not fulfill the

desired nanoscale level, only PLGA NPs were used for further studies.

89



120 - - 120%

98 100% )

100 100% 3¢
2

80 80% S
o s
5 2
% 60 60% &
= 2z
= =
40 40% =2
g

=

20 20% ©

0%

Particle Size (nm)

Figure 3. 3. Histogram of particle size distribution of electrosprayed PCL particles
for group 9.B (n=3).

3.1.3. Preparation of PLGA NPs with Double Emulsion-Solvent Evaporation

Technique

PLGA NPs were prepared by double emulsion-solvent evaporation method [111]
with some modifications and using either with probe sonicator or mechanical stirrer.
Morphology of NPs was examined by SEM. The optimization study was conducted
by changing parameters like PLGA concentration and volume of oil phase, aqueous
inner phase volume, surfactant type, concentration and volume in aqueous outer
phase, first and second emulsion device, duration and intensity/rpm and change in the

morphology of NPs has been evaluated by SEM images.
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3.1.4. Characterization of PLGA NPs

3.1.4.1. Morphology of PLGA NPs

SEM analysis results of the empty NPs are presented in Figure 3.4. As it can be
evaluated from the images NPs prepared by both techniques have round, spherical
shape, while sticking to each other, but these NPs were separated in the aqueous
medium. Probe sonication decreased the size of NPs compared to mechanical
homogenization. Mechanical stirrer generally has been used for preparation of MPs,
but it is possible to reduce the size to sub-micron or even nano level, but it requires
longer stirring period and the heterogeneity of the particles is unavoidable [240]. In
the case of sonication, quick production and collapse of the gas bubbles due to
acoustic phenomenon increase the temperature and pressure within the cavities which
leads to localized hot spots [241]. Microstreaming which is caused by oscillation of
enormous number of resonant bubbles prior to collapse provides stirring effect;
therefore, duration and intensity of the sonication are the major factors controlling

homogeneity of the size of NPs [242].
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Figure 3. 4. SEM analysis of PLGA NPs produced using mechanical homogenizer
(A) and probe sonicator (B). For each group 2 images from 2 different experiments

have been visualized.

3.1.4.2. Particle Size Distribution of PLGA NPs

Particle size distribution of NPs prepared using mechanical homogenization (A) and
probe sonication (B) has been obtained from SEM images by measuring diameter of

500 random particles using Image J program. Histogram of particle size distribution
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of NPs prepared using the mechanical homogenizer (A) (Figure 3.5) has shown that
the 90% of the particles had diameter less than 1000 nm. Particles diameter ranged
from 156.77 to 2081.97 nm with the average diameter of 602.93 £+ 330.11 nm and
SPAN value of 1.41.
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Figure 3. 5. Particle size distribution of PLGA NPs prepared using mechanical

homogenizer.

Histogram of NPs produced by probe sonication (B) revealed that 91% of the
particles had a diameter less than 400 nm (Figure 3.6). Particle diameter ranged
between 87.54 and 917.93 nm with the average diameter of 246.07 £ 119.29 nm and
SPAN value of 1.16. Utilization of probe sonication decreased the particle size below
micron level with almost 99% of them below 700 nm. Span value of particle size
distribution in the probe sonication technique also decreased indicating homogeneity
of the NPs was improved. NPs are advantageous since they can be distributed more

homogeneously inside the scaffold during crosslinking and also higher number of
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particles can be added for same equivalent amount of MPs [243]; therefore, for the

further experiments, probe sonication method was used for preparation of NPs.
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Figure 3. 6. Particle size distribution of PLGA NPs prepared by probe sonication.

3.1.5. p-Lactoglobulin Loaded PLGA NPs as Model Protein

Optimization studies of NPs for encapsulation and release profile requires numerous
trial experiments. As the growth factors are expensive, working with an appropriate
model protein can significantly decrease the cost of experiments. TGF-f1 has an
isoelectric point of 9.5 and MW of 25 kDa [228, 229] and bFGF has an isoelectric
point of 9.6 and MW of 24 kDa, 22.5 kDa, 22 kDa, and 18 kDa for its 4 different
isomers [226, 227]. Bovine serum albumin (BSA) has been widely used as the model
protein, but due to its high MW (66.46 kDa) and low isoelectric point (pH 4.7) other
alternative cheap proteins have been investigated [244, 245]. B-lactoglobulin (B-Lg)
from bovine source with an isoelectric point of 5.2 and MW of 18.3 kDa [224, 225]
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has been chosen as model protein due to being cheap, having MW close to both GFs
and higher isoelectric point compared to BSA, to investigate the encapsulation

efficiency and release profiles of GFs during optimization studies.

3.1.5.1. B-Lactoglobulin Encapsulation Efficiency and Loading Capacity

B-Lg loaded PLGA NPs were prepared with double emulsion-solvent evaporation
method (n=3) using 10 pg of the protein during preparation step. To determine the
encapsulation efficiency and loading capacity of the NPs calibration curve was
constructed using standard provided by the CLIA kit has been constructed (Figure
A.1). In all groups encapsulation efficiency of NPs was found as 99.40 + 0.10%.
Loading capacity (weight of protein (ug)/weight of polymer (mg)) of PLGA NPs was
calculated as 19.80 + 0.12% which was very close to the theoretical loading capacity
that was 20.00%. The reason for such a low theoretical value could be due to small
amount of B-Lg (10 pg) that has been used for the experiments. GFs are generally
acting on targeted tissue at ng/ml level [246]. Therefore, for providing a local
concentration at this level through release, researchers start with an initial protein
amount to be encapsulated at microgram amount in around 100 mg of PLGA to be

able to control the nanogram level release with small amount of prepared NPs.

3.1.5.2. In Vitro B-Lactoglobulin Release Profile

During release studies the release media had been frozen for the 21 days along with
the supernatants obtained during NPs preparation, at the end of this period bLg
amounts in all release samples and supernatant obtained during NPs preparation to
study release profile and encapsulation efficiency determination, respectively;
therefore, same calibration curve (Figure A.1) has been used for these measurements.

Interestingly, all the release samples independent of incubation time have shown
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almost zero (around 1-5 ng in 21-day period, less than 0.01% cumulative release)
protein concentration when their relative light unit was read by spectrophotometer.
Relative light unit value similar to the blank could be resulted from 2 different
reasons. First, it is possible that the protein has denatured and lost its 3D structure
which has made its binding to the antibody in the CLIA kit impossible. Second,
protein could have amino acid sequences in epitope region different than antibody
adsorbed on the surface of the well-plate provided by manufacturing company. To
verify which hypothesis is correct, bLg with concentrations similar to standard in the
CLIA kit were added to the wells of kit without applying any experiments on it and
same procedure for reading the relative light value has been conducted to compare
the value obtained from standard from the CLIA kit and standard established through
our bLg sample. At the end of experiment all of the relative light values obtained
from different concentration of bLg had shown almost zero values, indicating that the
protein cannot bind to the antibody on the surface of the wells. Protein has been
provided from bovine source and the CLIA kit also had bovine source antibody
coated on the well. Also, there could be one more possibility which is the protein

itself is not working and denatured in the past.

3.1.6. Preparation of bFGF Loaded PLGA NPs with Different Excipients

3.1.6.1. bFGF Encapsulation Efficiency and Loading Capacity of PLGA NPs

bFGF has proliferative effect on MSCs, therefore it can play critical role in expansion
of MSCs when the issues namely source of the cells being limited or chance of
differentiation of these cells during passaging are considered [61, 247]. bFGF was
used at two different periods for investigating of the effect of excipients on its release
profile. As the amount of bFGF loaded was different in the two set of experiments,
encapsulation efficiency and loading capacity have been calculated separately for

each set of experiment. In the first set as described in the Table 3.2, PEtOx of
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different MWs and their different amounts have been utilized to study the effect of
poly(2-ethyl-2-oxazoline) (PEtOx) on release behavior. POx has been shown to have
superior stealth capacity similar to the PEG, tunable hydrophilic characteristic which
could be used for the manipulation of the release of therapeutics agents [248]. It has
been reported that using PEG with different MW and different amount in
electrospraying of BSA can play crucial rule in encapsulation efficiency and release
profile of protein from MPs [146]. Increasing the amount of PEG and decreasing its
MW can decrease the burst release of the BSA and therefore, provide a sustained
release [146]. So, it could be possible to manipulate the release profile of GFs by
changing the MW of PEtOx and amount added. In the second set kolliphor P 188 and
different concentrations of Nevparin (heparin drug manufactured in Turkey) have
been utilized as excipients for investigation of release profile of bFGF and
preservation of its bioactivity. Kolliphor P 188 is a poloxamer type of triblock
copolymer which acts as surfactant and poloxamers has been used as excipient to
investigate the interaction between polymer and therapeutic agent [249]. As the bFGF
[150] and TGF-B1 [151] have heparin binding domain, using heparin as the excipient
can extend their bioactivity and sustain their release in vitro. The encapsulation
efficiency and loading capacity of each set have been calculated using the calibration

curve (Figure B.1) constructed with ELISA kit standard.

The encapsulation efficiency has been found to be over 98.7% for all the groups
containing the PEtOx independent of its M, and amount used during encapsulation
(Table 3.2). Statistical analysis has shown that the first 3 groups (PEtOx with M,:
5000, 20 mg, M;: 5000, 5 mg and M, : 25000, 20 mg) have significantly different
encapsulation efficiency compared to two other groups (M, : 25000, 5 mg and no
excipient) (p < 0.05). All loading capacity (weight of protein (ng)/weight of polymer
(mg)) values for all groups were similar (p > 0.05). The control group containing free
bFGF has also shown the same encapsulation efficiency. Also, in all groups loading
capacity has been calculated to be around 19.78 + 0.14 to 19.90 + 0.08% which was
almost equal to theoretical loading capacity (20.00%). Such high encapsulation

efficiency for each group indicated the reasoning which was arisen from [-
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lactoglobulin experiments. So, to ensure that the bFGF has kept its bioactivity,
without performing any experiment, bFGF was prepared through series of dilution in
the range of concentration similar to ELISA kit standard. In the experiment almost
same absorbance (O.D.) values compared to standard of ELISA kit have been
obtained which eliminated the possibility of denatured bFGF prior to experiments.
Therefore, to become sure the bFGF did not denature during NPs preparation,

different excipients rather than PEtOx were used.

Table 3. 2. Encapsulation efficiency and loading capacity of bFGF loaded NPs
prepared with PEtOx excipients (n=3).

bFGF PEtOx as Encapsulation Loading
Experiment
(ng) Excipient Efficiency (%) Capacity (%)
1 10 M,: 5000, 20 mg 99.42 + 0.10 ¢ 19.88 +0.11
2 10 M,: 5000, 5 mg 99.83 +0.11"%¢ 19.90 £ 0.08
3 10 M, : 25000, 20 mg | 99.90 + 0.09%%¢ 19.89 +0.09
4 10 M, : 25000, 5 mg | 98.71+0.11 P4 19.78 +0.14
5 10 - 98.72 £ 0.12 ™% 19.78 +0.15

a be dand e gratistical significant differences between encapsulations efficiency of
experiment 1, 2, 3, 4 and 5 with respect to other groups (p < 0.05). No significant

difference was observed for the loading capacity among all groups.
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Kolliphor P 188 and different concentrations of heparin have been used as an
alternative for the PEtOx. The encapsulation efficiency and loading capacity have
been calculated and provided in Table 3.3. At first sight, it seems that the
encapsulation efficiency of the bFGF has shown to be concentration dependent and as
the heparin concentration decreased from 1 to 0.1%, encapsulation efficiency
increased from 80.12 + 0.41% to 91.72 + 0.20%. In the Kolliphor P 188 group an
encapsulation efficiency of 94.70 + 0.21% has also been observed. Encapsulation
efficiency in 4 groups was significantly different from each other (p < 0.05). Loading
capacity (weight of protein (ng)/weight of polymer (mg)) in heparin bearing groups
has increased from 8.11 + 0.21 to 9.04 + 0.22% as the concentration of heparin
decreased. In the Kolliphor P 188 group loading capacity was 9.31 + 0.14%. In all 4
groups loading capacity was around 80-90% of the theoretical loading capacity of
PLGA NPs (10.00%) for bFGF. Loading capacity of the 1.0% heparin group was
significantly different from the other groups (p < 0.05). Comparison of the results
obtained from the two sets of experiments indicated that in all groups whether during
the experiment the bFGF has lost its bioactivity due to interaction with organic
solvent or probe sonication procedure or they have been encapsulated with high
encapsulation efficiency that there is no non-entrapped bFGF to be able to detect by
ELISA kit. Heparin as a GAG is part of ECM of the tissues and bears bFGF binding
motif which protects its bioactivity in the body. Comparing the results obtained from
PEtOx group with heparin bearing ones suggest that whether PEtOx are protecting
bFGF better than heparin, or they cause the denaturation of the bFGF which result in
very low O.D. values from supernatant and washes as the denatured bFGF cannot be
detected by ELISA kit analysis; and as a result, deceiving high encapsulation
efficiency values are obtained with PEtOx groups. To answer this question release

profile of both groups was compared in Section 3.1.6.2.
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Table 3. 3. Encapsulation efficiency and loading capacity of bFGF loaded NPs
prepared with heparin and Kolliphor P 188 excipients (n=3).

Encapsulation
FGF Excipi
Experiment bFG xciplent Efficiency Loading Capacity (%)
(ng) (W/V)
(%)
1.0% Heparin
1 5 80.12 + 0.41 8.11+0.21%Pcd
(80 uh)
0.5% Heparin
2 5 88.14+0.33 8.97 + 0.34*P
(40 pl)
0.1% Heparin
3 5 91.72 +0.20 9.04 + 0.22*¢
8 )
1.0% Kolliphor P q
4 5 94.70 + 0.21 9.31+0.14*
188

Encapsulation efficiency of all groups was significantly different from each other (p <
0.05). ® ¢ and & geatistical significant differences between experiments 1, 2, 3 and 4,

with respect to other groups (p < 0.05).

3.1.6.2. bFGF Release Profile from PLGA NPs

As observed from our previous experiments in which bFGF bioactivity decreased
after freezing in a time dependent manner, for every 1 or 2 time points, one
calibration curve has been constructed (Figure B.2.) and release samples were used
without freezing them. The release profile of the two set of experiments are given in

Figures 3.7 and 3.8.

As it can be seen from the Figure 3.7, cumulative release results for bFGF loaded

PLGA NPs with different PEtOx have shown that very low amount of GF release

100



occurred. At the end of the 1* day a minimum of 23.80 + 1.54 ng and a maximum of
85.89 £ 1.32 ng have been observed for 5Smg PEtOx 25000 M, and 20 mg PEtOx
5000 M, groups, respectively. The release profile has shown a burst release at the end
of 1*" day and low bFGF release until the 11" day. After 11" day no release of bFGF
has been detected in any of the groups. Cumulative release percentage also has shown
that at the end of 11 days of release, a minimum of 2.08% and a maximum of 5.67%
has been released for the group 5 mg PEtOx 25000 M,, and 20 mg PEtOx 5000 M,,
respectively. Release percentages of all groups at first 6 hours were significantly
different than the release observed at the end of 25 days in the particular group (p <
0.05). Such low amount of release in PEtOx groups verify the hypothesis that the
PEtOx cannot protect bioactivity of the bFGF in NP manufacturing procedure; and as
a result, most of the bFGF have been denatured during the experiment and therefore a

deceiving high encapsulation efficiency and low release profile have been observed.
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Figure 3. 7. Cumulative amount released (A) and cumulative release percentage (B)
of bFGF from PLGA NP containing PEtOx excipients and control group (bFGF with
no excipient) (n=3). At first 6 hours and at the end of 25 days, release of all groups

was significantly different from each other (p < 0.05).

In the groups in which heparin and Kolliphor P 188 have been used as excipient
during of PLGA NPs production, high amount of release has been observed (Figure
3.8). At the end of the 1% day a minimum of 135.34 + 4.21 ng and a maximum of
356.60 + 4.54 ng have been observed for 0.1% Kolliphor P 188 and 0.5% heparin

groups, respectively. The release profile has shown a burst release at the end of 1%
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day and low bFGF release until the 17™ day for all groups. Release of bFGF has been
detected in the 0.5% and 1.0% heparin groups at the 25" day but at picogram level.
Cumulative release percentage has also shown that at the end of 25 days of release, a
minimum of 18.32% and a maximum of 51.39% have been released from 0.1%
Kolliphor P 188 and 0.5% heparin groups, respectively. In comparison between
different concentrations of heparin, interestingly 0.5% has shown higher cumulative
release (51.39%) than 1.0% heparin (33.02%), while cumulative release has
decreased in 0.1% heparin (22.03%). At first 6 hours and cumulatively at the end of
25 days, release observed in all groups was significantly different from each other (p
< 0.05). Zhu et al., has studied the effect of excipients in bFGF loaded PLGA
millicylinder. When they added heparin to their system cumulative release increased
from 1.9 + 1.3% to 71 + 5% [250] but concentration dependent effect of heparin was
not reported in this study. bFGF has high affinity to the heparin and upon binding
heparin protects bFGF from denaturation and protease degradation [251].
Functionalization of NPs with heparin has been reported in the literature and effect
of concentration of heparin has been reported for bFGF loaded heparin-functionalized
chitosan (CS)/poly(y-glutamic acid) (y-PGA) NPs (heparin-CS/y-PGA NPs) [252].
Increasing the concentration of heparin from 0.1 mg/ml to 1.0 mg/ml has not changed
the cumulative release (more than 80% of loaded bFGF was released within 24 h) at
pH 7.4 but provided more sustained release in 24 hours. Binding of bFGF and heparin
has been reported to be mediated by ionic interaction between both 2-O-sulfate
groups and N-sulfate groups of heparin molecules and certain lysine (Lys+) and
arginine (Argt+) cations in proteins and peptides [253]. Therefore, increasing the
concentration of the heparin as an excipient from 0.1% to 1.0 (W/V) can cause the
formation of clusters of bFGF that will lead to much stronger binding force.
Consequently, increasing the concentration will increase the protective effect of
heparin over bFGF but formation of cluster will also limit complete release of the

bFGF from PLGA NPs.
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Figure 3. 8. Cumulative amount released (A) and cumulative release percentage (B)
of bFGF from PLGA NPs containing heparin and Kolliphor P 188 excipients (n=3).,
release observed at first 6 hours and cumulatively released at the end of 25™ day n all

groups was significantly different from each other (p < 0.05).

3.1.6.3. Kinetics of bFGF Release from PLGA NPs

To evaluate the kinetic of bFGF release from PLGA NPs, the data obtained from
release studies by ELISA kit has been used. Four different release models of zero
order, first order, Higuchi and Korsmeyer-Peppas have been investigated to obtain

the best fit model representing the release profile (Table 3.4 and Table 3.5) [154].
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From graph of each experiment, rate constants (Ko K; Ky and Kp), n value and
coefficients of determination (R?) have been calculated. The best predicting kinetic
behaviour model for all of the groups based on the R* values was Korsmeyer-Peppas
model. As the n value for all PEtOx groups (Table 3.4) was less than 0.43 release has
been following Fickian diffusion for all groups but for the heparin and Kolliphor P
188 groups (Table 3.5) n value was over the 0.43 which showed that the release
kinetic was through anomalous transport in which both diffusion and polymeric

matrix and surface erosion of PLGA govern the release mechanism [155].

Table 3. 4. In vitro release kinetic parameters for bFGF containing PLGA NPs with
PEtOx excipients.

S mg 20 mg S mg

20 mg bFGF
PEtOx | PEtOx | PEtOx
Experiment PEtOx with no
5000 25000 25000
5000 M,, Excipient
M, M, M,

Zero order | Ko 0.002 0.003 0.002 0.002 0.004

R’ 0.330 0.373 0.350 0.534 0.465

First order | K, -1x10° | -1x10° | -22x10° | -8x10° | -2x107

R’ 0.332 0.376 0.352 0.535 0.469

Higuchi Knx 0.002 0.001 0.001 0.001 0.002

R’ 0.481 0.631 0.526 0.746 0.6617

Korsmeyer-
Kp 0.100 0.257 0.125 0.275 0.203
Peppas

n 0.412 0.202 0.376 0.361 0.202

R’ 0.751 0.711 0.763 0.829 0.813
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Table 3. 5. In vitro release kinetic parameters for bFGF containing PLGA NPs with
heparin and kolliphor P 188 excipients.

Kolliphor
Heparin Heparin Heparin
Experiment P 188
1.0% 0.5% 0.1%

1.0%
Zero order Ko 0.015 0.014 0.005 0.011
R’ 0.206 0.381 0.364 0.257

First order K -8x107 -1x10" | -3x10° | -5x107
R’ 0.216 0.410 0.370 0.267
Higuchi Ky 0.010 0.013 0.005 0.006
R’ 0.469 0.407 0.378 0.532

Korsmeyer-
P Kp 0.156 0.06 0.049 0.236
eppas

n 1.151 1.56 1.22 0.704
R’ 0.571 0.778 0.764 0.601

3.1.7. Preparation of TGF-p1 Loaded PLGA NPs with Different Excipients

As the bFGF experiments with PEtOx excipients did not result in an acceptable
release profile, in the TGF-B1 experiments only the second set of excipients (heparin

and Kolliphor P 188) has been utilized.
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3.1.7.1. TGF-$1 Encapsulation Efficiency and Loading Capacity of PLGA NPs

The encapsulation efficiency and loading capacity of TGF-f1 with different
excipients has been calculated using the calibration curve (Figure C.1) obtained from
the standard provided in the ELISA kit. The encapsulation efficiency and loading
capacity of the TGF-B1 encapsulated PLGA NPs with heparin and Kolliphor P 188
excipients have been calculated (Table 3.6). The encapsulation efficiency in all
groups was over 98.50 £ 0.21%. Encapsulation efficiency of the 1.0% Kolliphor P
188 group was significantly lower than other groups. The loading capacity (weight of
protein (pg)/weight of polymer (mg)) in all groups was over 9.88% which was very
close to the theoretical loading capacity (10.00%). Due to high encapsulation
efficiency obtained for TGF-B1, similar to bFGF results, release profile of the GF

from NPs was conducted for verifying such high entrapment efficiency.
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Table 3. 6. Encapsulation efficiency and loading capacity of TGF-B1 loaded NPs
prepared with heparin and Kolliphor P 188 excipients (n=3).

. Encapsulation
TGF-p1 Excipient ) Loading Capacity
Experiment Efficiency %)
(ng) (WIV) o
(%)
1.0% Heparin
1 5 99.65+0.11 9.90+0.10
(80 pl)
0.5% Heparin
2 5 99.64 +0.10 9.91 +0.09
(40 pl)
0.1% Heparin
3 5 99.66 + (.12 9.90 +0.09
(8 ul)
1.0% Kolliphor P
4 5 188 98.50 +0.21* 9.88 £0.11

Encapsulation efficiency in all groups has statistically significant differences between
each other (p < 0.05). * denotes significant difference of experiment 4 from other
groups (p < 0.05). No significant difference was observed for loading capacities of

groups.

3.1.7.2. TGF-B1 Release Profile in PBS

Cumulative release percent and amount of TGF-B1 released from PLGA NPs
containing heparin and Kolliphor P 188 excipients are shown in Figure 3.9. At first 6
hours heparin 1.0% and 0.5% groups were significantly different from other two

groups (p < 0.05). Both heparin 0.1% and Kolliphor P 188 groups had significant
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difference from other groups (p < 0.05). At the end of 25th day, release of all groups
has statistically significant difference from each other (p < 0.05). The lowest release
has been observed in the Kolliphor P 188 and 0.1% heparin groups with 2.20 and
1.60% release after 2 days and no change in released amounts was observed after 2
days for these 2 groups which can be an indication of the TGF-B1 denaturation during
the encapsulation procedure. In the other two experiment groups involving heparin
excipient, as the concentration of heparin increased higher burst release and
consequently higher cumulative release have been observed. For the 0.5% and 1.0%
heparin groups 11.96 and 13.28% cumulative release have been observed,
respectively, which indicates that there is a heparin concentration dependent release
of TGF-B1 from PLGA NPs. The release of the TGF-B1 can be considered as
diffusion controlled release as the whole TGF-B1 in the medium is due to the initial
burst release. The release of TGF-B1 from the PLGA NP can be maximized by
increasing the concentration of the heparin, but as heparin itself is in the solution
form, there is a limitation to increase its concentration in the inner aqueous phase.
The amounts of TGF-B1 released for heparin 1.0% and 0.5% were 75.21 £+ 2.10 ng
and 80.11 + 2.94 ng at the end of 1* day and it increased to 110.21 £ 0.12 ng and
99.32 + 0.10 ng respectively at the end of 3™ day, respectively. The required amount
of TGF-B1 for differentiation of MSC has been reported to be ideal at 10 ng/ml for
2.5 x 10° cell in monolayer [254]. By considering the final aim of the study which
will include the entrapment of NPs in hydrogel, it can be deduced that hydrogel itself
could modulate the TGF-B1 release and amount of released TGF-f1 can be decreased
or increased by changing the initial amount of NPs entrapped into the hydrogel.
Heparin has affinity to bind to TGF-B1 and it appeared to bind directly to TGF-B1
and to prevent the association of TGF-B1 with a2-macroglobulin (¢2-M) [151]. Most
of the works reported in literature belongs to heparinization of carrier particles for
TGF super family such as TGF-B1 encapsulated PLGA NPs [255], TGF-B3
encapsulated MPs [256], or complex formation between the polymers (Pluronic

F68/heparin) and TGF-B2 for immobilization of GF [222]. Therefore, using different
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concentration of heparin as excipient for controlling the release profile of TGF-B1

will be reported for the first time.
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Figure 3. 9. Cumulative amount released (A) and cumulative release percentage (B)
of TGF-B1 from PLGA NPs containing heparin and Kolliphor P 188 excipients (n=3).
At first 6 hours heparin 1.0% and 0.5% groups were significantly different from other
two groups (p < 0.05). Both heparin 0.1% and Kolliphor P 188 were significantly
different than other groups (p < 0.05). At the end of 25 day, release observed in all
groups was significantly different from each other (p < 0.05).
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3.1.7.3. Kinetics of TGF-$1 Release from PLGA NPs

Release kinetic parameters of the TGF-f1 groups were calculated and presented in
Table 3.7. Again similar to the bFGF results, the best model for predicting the kinetic
behavior of released TGF-B1 based on the best fitting values for R* is for the
Korsmeyer-Peppas model. For all 4 groups highest R? value was obtained from
Korsmeyer-Peppas model and n value for all groups except for 0.1% heparin have
value more than 0.43 which indicates that the release mechanism is through
anomalous transport in which both diffusion and polymeric matrix and surface
erosion of PLGA govern the release profile. For the 0.1% heparin group since n value
was less than 0.43, the release mechanism is governed by only Fickian diffusion

[155].

Table 3. 7. In vitro release kinetic parameters for TGF-B1 containing PLGA NPs.

Experiment Heparin Heparin | Heparin Kolliphor P
1.0% 0.5% 0.1% 188 1.0%
Zero order Ko 0.008 0.006 0.0005 0.001
R’ 0.253 0.224 0.260 0.274
Firstorder | K; | -4x10° | -3x10° | -2x107 -5x10”
R’ 0.255 0.226 0.260 0.274
Higuchi Ky 0.003 0.002 0.0002 0.0003
R’ 0.398 0.361 0.406 0.422
Korsmeyer-
Peppas Kp 0.227 0.176 0.064 0.257
n 0.590 0.666 0.189 0.406
R’ 0.671 0.634 0.707 0.709
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3.1.8. Zeta Potential and Zeta Size Analysis of PLGA NPs

To evaluate the size of PLGA NPs and compare the size distribution with SEM image
analysis, 2 mg (n=3) of empty PLGA NPs was dispersed in 1 ml of distilled water
and analysed by Zetasizer Nano ZSP system (Malvern Instruments, Worcestershire,
UK). The average diameter of PLGA NPs prepared by probe sonicator was 274.34 +
42.56 nm which was close to the size obtained by SEM image analysis 246.07 +
119.29 nm (Figure 3.10). To evaluate the surface charge of the empty PLGA NPs,
zeta potential analysis has been conducted by dynamic light scattering (DLS) at 25 °C
with a Zetasizer Nano ZSP system (Malvern Instruments, Worcestershire, UK).
Average zeta potential value of -27.10 = 8.40 mV has been obtained. Zeta potential
expresses the potential difference between the dispersion medium and the stationary
layer of fluid attached to the dispersed particle [257]. Physicochemical properties,
such as particle size, shape and surface charge, play a key role in the cellular uptake
of NPs [258]. The attachment of NPs to cell membrane is mainly affected by the
surface charge of the particles. Patil et al. reported that NPs with ZP of -43 mV have
the highest cellular uptake compared with other formulations with less negative
charge and/or positive surface charge [258]. NPs show a high affinity for cellular
membrane mainly due to electrostatic interactions. As the produced PLGA NPs have

high negative surface charge it would be possible to have them uptaken by the cells.
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Figure 3. 10. Representative zeta size (A) and zeta potential (B) analysis results of

empty PLGA NPs (n=3).

3.2. Poly(ethylene glycol) Dimethacrylate-Silk Fibroin (PEGDMA-SF) Hydrogel

3.2.1. Silk Fibroin Isolation and Purification from Silkworm Cocoons

Silk fibroin isolation from cocoons has been done as described by Rockwood et al. At
the end of isolation fibroin solution with a concentration ranging from 8 to 9.5(W/V)
has been obtained [159]. As it was almost impossible to pass the fibroin solution from

0.22 micrometer filter at high concentration, autoclaving at 120°C for 20 min has
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been chosen as sterilization method for cell culture experiments. After autoclaving
the color of fibroin solution changed from clear and pale yellow solution to white and
opaque solution. Autoclaving procedure has shortened gelation time of the fibroin
solution. The change in gelation time was calculated by applying tilt test for both
autoclaved and non-autoclaved fibroin solution as summarized in the Table 3.8. For
non-autoclaved fibroin solution as the sonication duration was prolonged from 8 to 12
s, gelation time decreased from 44.1 = 3.2 to 30.3 £ 2.1 min. In comparison to the
non-autoclaved fibroin, autoclaved ones had shorter gelation time. Gelation time for
autoclaved fibroin got shortened to 18.2 + 2.1 from 30.3 £ 2.1 min that was observed
for non-autoclaved ones. Also, gelation time was volume dependent and as the
volume of fibroin solution was decreased from 1.5 to 1 ml gelation time decreased.
For 12 s sonication time gelation time decreased from 18.2 + 2.1 to 4.0 £ 1.1 by
decreasing the volume. In literature it has been stated that the autoclaving of the silk
fibroin can affect silk fibroin protein integrity through shortening of the polymer
chain; therefore, sonication time and consequently gelation time could be changed

after autoclaving [180].
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Table 3. 8. Gelation time for non-autoclaved fibroin solution (n=3).
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1 5 non-autoclaved 1.5 8 10 44.1+3.2
2 5 non-autoclaved 1.5 10 10 342+23
3 5 non-autoclaved 1.5 12 10 30.3+2.1
4 5 autoclaved 1 8 10 10.4+2.1
5 5 autoclaved 1 10 10 52+1.3
6 5 autoclaved 1 12 10 40+1.1
7 5 autoclaved 1.5 8 10 404+ 4.6
8 5 autoclaved 1.5 10 10 36.2+34
9 5 autoclaved 1.5 12 10 182+2.1

3.2.2. Chemical Characterization of Poly(ethylene glycol) Dimethacrylate
(PEGDMA)

Dimethacrylation of PEG has been done according to the procedure reported by
Burdick et al. with some modifications [203]. Dimethacrylation of the PEG has been
done through reaction of methacryloyl chloride with hydroxyl group of the PEG in

the presence of triethylamine as a mild base (Figure 3.11). Purification of the

115



PEGDMA with dialysis for 3 days using a membrane with 1000 Da MW cut off has
led to 30 — 50% PEGDMA loss.

o
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©

Dimethacrylated PEG (PEGDMA)

Figure 3. 11. Dimethacrylation of PEG procedure for synthesis of PEGDMA

After dialysis, aqueous solution of PEGDMA has been frozen and lyophilized for 2
days to obtain powder PEGDMA. Then 'H-NMR analysis of PEGDMA has been
conducted to determine the degree of methacrylation (Figure 3.12). To do so, ratio of
integral value for ethylene protons in the repeating unit of PEGDMA (a) to the
protons at the vinyl group (b) has been calculated. As a result, ratio value of 2.95 has
been obtained from integral values, which corresponds to the 73.7% degree of
methacrylation. The obtained degree of polymerization was close to the aimed degree

of methacrylation which was 75% to have hydrogels with moderate stiffness.
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Figure 3. 12. '"H-NMR spectrum of PEGDMA.

3.2.3. PEGDMA-SF Hydrogel Preparation

3.2.3.1. PEGDMA-SF Hydrogel Characterization

3.2.3.1.1. Compressive Modulus and Strength of Hydrogels

Compressive moduli of hydrogels were calculated from the stress-strain curve of each
group (Figure 3.13 A). Hydrogels were punched with 1 cm diameter and 5 mm height
and unconfined compressive test was conducted using 10 N load cell at a rate of 1
mm/min up to 60% of the total height of hydrogels. Compressive modulus of pure
PEGDMA hydrogels decreased from 337.38 + 19.30 to 57.08 + 14.94 kPa as the
polymer concentration was lowered from 20 to 10%, respectively. Halving the
concentration of pure silk fibroin from 8 to 4% has decreased its compressive

modulus from 353.45 + 31.20 to 161.53 + 39.43 kPa. In the blend hydrogel groups as
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the concentration of PEGDMA increased from 10 to 20% compressive modulus of
the hydrogels has increased almost for all SF to PEGDMA ratios; but in comparison
between 10 and 15% no significant change has been observed. Within one
concentration (e.g. PEG10-SF8) there was no specific trend in the modulus values of
hydrogels as the ratio of PEGDMA to fibroin was changed. Statistical analysis (p <
0.05) has shown that PEG20 (337.28 + 19.30 kPa) has significantly higher
compressive modulus compared to the PEG15 (126.3 £+ 26.71 kPa) and PEG10 (57.8
+ 14.94 kPa) groups. A similar study on the mechanical properties of PEGDMA with
4600 weight average molecular weight (M,,) has reported 50, 190 and 270 kPa
equilibrium moduli obtained from unconfined compressive tests for 10, 15 and 20%
PEGDMA hydrogel [259, 260]. Difference in the value for 15 and 20% PEGDMA
groups can be due to different degree of crosslinking and difference in MW of PEG
monomer which could change the crosslinking density and consequently mechanical
properties of hydrogels. The compressive modulus values obtained for pure SF
groups have shown no statistical difference. For the SF4 group the compressive
modulus has been obtained as 161.53 + 39.43 kPa which was similar to the literature
[261]. But for the SF8 group, lower compressive modulus value (353.45 + 31.20 kPa)
was obtained compared to literature [261] which can be due to autoclaving the
samples in our study compared to non-autoclaved samples in the literature. In blend
hydrogels no specific trend can be observed. In the blend group changing the ratio of
the PEGDMA to the Silk fibroin has not shown any specific change in the mechanical
properties of the hydrogels. For the PEG10-SF8 hydrogels decreasing the ratio of the
silk fibroin from (3:1) and (1:1) to the (1:3) significantly decreased the compressive
modulus. But for the PEG15-SF8 and PEG20-SF8 hydrogels no specific trend was
observed. Also compressive strength of hydrogels was calculated at a rate of 1
mm/min up to 60% of the total height of hydrogels (Figure 3.13 B). Compressive
strength for pure PEGDMA groups has been decreased significantly from 12.01 +
1.31 MPa for PEG20 group to 2.04 + 0.24 MPa for PEGI0O group. Highest
compressive strength has been observed for SF8 group 21.86 + 2.16 MPa and as

concentration halved (SF4 group) the compressive strength has significantly
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decreased to 2.16 + 0.33 MPa. Among blend hydrogels, As the concentration of the
PEG increases from 10 to 20, there is significant increase in the compressive strength
of the hydrogels. Also, with exception of PEG15-SF8 group, as the ratio of PEG to
SF changes from (1:3) to (3:1) there is a significant decrease in the compressive

strength of the hydrogels.
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Figure 3. 13. Compressive moduli (A) and strength (B) of hydrogels (n=4).

* Statistically significant differences between members of each group (p < 0.05).
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3.2.3.1.2. Effect of PLGA NPs on Compressive Modulus of Hydrogels

To evaluate the effect of NPs on mechanical properties of hydrogels, empty PLGA
NPs were added to the hydrogels during preparation by homogenizing by probe
sonicator prior to the gelation to make homogenous distributed NPs within the
matrix. Hydrogels were punched with 1 cm diameter and 5 mm height and
unconfined compressive test was conducted using 10 N load cell at a rate of 1
mm/min up to 60% of the total height of hydrogels and their compressive modulus
were calculated (Figure 3.14 A). PLGA NPs were added at two different amounts of
5 and 10% of the dry weight of total polymer amount. Hydrogels without NPs were
used as control groups rather than using the compressive modulus data given in
Section 3.2.3.1.1. Obtained results showed that for pure PEGDMA groups (10 and
15%) addition of the NPs increased their compressive moduli from 55.47 +£12.91 kPa
and 134.50 £ 11.61 kPa for PEG10 and PEG15 groups to 197.33 + 19.85 kPa and
197.10 + 28.92 kPa respectively. For SF8 group addition of the NPs decreased
compressive modulus from 344.87 + 13.50% to 260.50 + 1.77% kPa, which can be
due to preventing of B-sheet formation in fibroin due to NPs within the fibroin matrix.
Addition of hydroxyapatite NPs to the silk fibroin hydrogel has been reported to
decrease the maximum compressive load and has been linked to the lack of
interaction between silk fibroin and NPs [262]. For the four blend hydrogel groups,
addition of NPs resulted in increase of compressive modulus of hydrogels. In the
PEG10-SF8(1:3) group, a significant increase in the compressive modulus was
observed with NPs addition. However, a significant difference was not observed
between 5 and 10% NPs incorporated hydrogel groups. For the PEG10 groups when
the ratio of PEG to SF was 3:1, addition of NPs resulted in a significant increase in
compressive modulus of the hydrogels, which could be due to the higher contribution
of PEG compared to silk fibroin. On the other hand, as the ratio of the silk fibroin
was increased for PEGI10-SF8(1:1) and (1:3) no significant increase in the
compressive modulus was observed. This could be due to a decrease in formation of

strong B-sheet with the incorporation of NPs. Also, compressive strength of hydrogels
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was calculated from unconfined compressive test which conducted using 10 N load
cell at a rate of 1 mm/min up to 60% of the total height of hydrogels (Figure 3.14 B).
Addition of NPs did not affect the compressive strength of PEG10 group, but there
was significant decrease in compressive strength of the PEG15 (from 11.68 + 1.23 to
6.38 = 0.40 MPa) group as 10% NP has been added to the hydrogels. For SF8 group
addition of 5 and 10% NPs significantly decreased the compressive strength. Among
the blend hydrogels, for PEG10-SF8 groups with different ratio, there was no
significant difference between compressive strength of the hydrogels. But as the
concentration of the PEG was increased to 15% (PEG15-SF8 (1:3) group) significant
increase in the compressive strength of the hydrogels were observed as the 5 and 10%

NPs were added to the hydrogels.
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Figure 3. 14. Effect of PLGA NPs on the compressive modulus (A) and strength (B)
of hydrogels (n=4).

* Statistically significant differences between members of each group (p < 0.05).
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3.2.3.1.3. Degradation Rate and Swelling Properties of Hydrogels

Swelling ratio (Figure 3.15) and degradation rate (Figure 3.16) of hydrogels have
been evaluated through immersing the hydrogels into PBS at 37°C and measuring
their wet and dry weight at specific time points, respectively. Both mechanical forces
created by shaking and hydrolysis were expected to act on hydrogels’ degradation in
saline and affect the swelling ratio of hydrogels. The swelling ratio of pure PEGDMA
and pure fibroin groups increased as their concentration was decreased and such a
behavior has been reported in literature that higher concentration can lead to the
tighter structure which leads to decrease in mesh size of polymeric network and
consequently lower uptake capacity [263]. As the concentration of the crosslinked
PEGDMA was increased, the water uptake ability for the PEGDMA has decreased. In
blend hydrogels as the ratio of fibroin to PEGDMA has increased (from 3:1 to 1:3),
the swelling ratio decreased. Swelling ratio of all groups increased at the end of 28
days when compared to day zero. This increase in the swelling ratio can be due to the
degradation of PEGDMA or fibroin within the hydrogel matrix, which would lead to
more water uptake. The swelling ratio of pure PEGDMA groups at the end of 28 days
was statistically higher (p < 0.05) than its value on day zero. For SF8 group no
statistical difference was observed between days 0 and 28. On the other hand
statistical difference for SF4 group was observed between day 0 and day 14. For the
blend hydrogels, swelling ratio at day zero was statistically higher than observed on

28™ day with an exception of PEG15-SF8(1:3) group.
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Figure 3. 15. Swelling ratio of hydrogels in PBS at 37°C (n=3).

o Statistically significant differences between swelling at day zero and other days (p <

0.05).

124



PEGDMA groups lost less than 20% of their initial weights at the end of 28 days
which might be due to chemical crosslinking nature of hydrogels and also poly
(ether) back bone of the PEGDMA being resistant to hydrolytically degradation
[264]. 4% fibroin hydrogels lost 97.93 + 2.12% of their initial weights at the end of 2
weeks incubation whereas 8% fibroin hydrogels lost 73.81 + 8.28% of their initial
weights at the end of 28 days. It has been reported in the literature that degradation
behavior of silk fibroin was related to not only crystal content but also hydrophilic
interaction and then crystal-noncrystal alternate nanostructures. First, hydrophilic
blocks of silk fibroin were degraded. Then, hydrophobic crystal blocks that were
formerly surrounded and immobilized by hydrophilic blocks became free particles
and moved into solution [265]. Therefore fast degradation of SF4 group can be due to
lower content of the both hydrophilic blocks and hydrophobic crystal blocks
compared to SF8 group. In blend hydrogels higher PEGDMA concentration has
decreased the degradation rate. At the end of 28 days, highest weight loss was
observed for PEG10-SF8-(1:3) and PEG15-SF8(1:3) groups with 89.93 + 7.95% and
80.567 = 9.25%, respectively. The weight loss observed at days 1 and 28 of pure
PEGDMA, all PEG20-SF8 and PEG15-SF8(1:1) groups was not statistically different
from each other. Weight loss values of pure silk fibroin groups and other blend
hydrogels were found significantly different (p < 0.05) from each other at days 1 and
28.
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Figure 3. 16. Weight loss of hydrogels in PBS at 37°C (n=3).

o Statistically significant differences between day zero and other days (p < 0.05).
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3.2.3.1.4. Enzymatic Degradation Properties of Hydrogels

To evaluate the enzymatic degradation of the hydrogels, they were incubated at 37°C
in PBS containing 10 pg/ml lysozyme enzyme, which is the similar concentration in
the synovial fluid of unhealthy articular tissue such as osteoarthritis [266]. Weight
loss of hydrogels incubated in 10 pg/ml lysozyme solution was not statistically
different than observed in PBS (Figure 3.17). So, to further investigate the role of
enzymatic degradation over the hydrogels higher concentration of lysozyme (1
mg/ml) was used. Similarly, no significant difference was observed. The degradation
rate results of all pure PEGDMA, all PEG20-SF8 and PEG15-SF8 (3:1) at days 1 and
28 was not statistically different. For pure silk fibroin groups and other blend groups
such statistical difference was not observed between hydrogels significantly different

from each other at the 1 and 28" days (p < 0.05).
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Figure 3. 17. Weight loss of hydrogels in PBS containing 10 pg/ml lysozyme at 37°C
(n=3).

o significant difference between day zero result and other days (p < 0.05).

128



3.2.3.1.5. pH Change

pH change which is crucial for the cell viability was monitored during the
degradation studies, conducted in PBS (Table 3.9) and lysozyme containing PBS
(Table 3.10). As it can be seen pH measured for both set of experiments has not fallen

below pH 7 and has shown steady pH during 28 days.

Table 3. 9. pH change of hydrogels in the PBS (n=3).

Incubation
Time (d) 1 4 7 10 14 17 21 24 28
PEG20 729+ | 733+ | 725+ | 723+ | 720+ | 720+ | 726+ | 727+ | 730+
0.01 0.02 0.02 0.01 0.01 0.05 0.03 0.02 0.02
PEGI5 730+ | 733+ | 724+ | 723+ | 722+ | 725+ | 728+ | 726+ | 732+
0.02 0.02 0.04 0.02 0.03 0.04 0.01 0.01 0.01
PEG10 731+ | 732+ | 725+ | 727+ | 726+ | 724+ | 734+ | 732+ | 736+
0.01 0.02 0.03 0.01 0.02 0.01 0.02 0.01 0.01
SF8 731+ | 7.194+ | 7.09+ | 7.17+ | 7.12+£ | 7.18+ | 725+ | 726+ | 7.26+
0.01 0.02 0.02 0.01 0.02 0.01 0.02 0.02 0.02
SF4 732+ | 713+ | 7.02+ | 7.18+ | 7.15+ | 7.18 %

0.01 0.01 0.02 0.01 0.01 0.01

PEG20- 735+ | 722+ | 712+ | 721+ | 711+ | 723+ | 729+ | 729+ | 727+
SF8(3:1) 0.02 0.01 0.02 0.01 0.03 0.01 0.01 0.01 0.02

PEG20- 733+ | 725+ | 716+ | 720+ | 7.12+ | 720+ | 730+ | 7.30+ | 731+
SF8(1:1) 0.01 0.04 0.09 0.02 0.01 0.02 0.01 0.01 0.02

PEG20- 730+ | 714+ | 7.05+ | 7.19+ | 714+ | 721« | 728+ | 727+ | 7.24+
SF8(1:3) 0.01 0.03 0.04 0.02 0.04 0.02 0.01 0.02 0.02

PEG15- 730+ | 713+ | 7.02+ | 715+ | 715+ | 718+ | 725+ | 7.26+ | 7.24+
SF8(3:1) 0.01 0.01 0.01 0.02 0.03 0.01 0.01 0.02 0.01

PEG15- 730+ | 7.16+ | 7.05+ | 7.16+ | 7.12+ | 721+ | 728+ | 727+ | 720+
SF8(1:1) 0.01 0.03 0.02 0.02 0.02 0.01 0.01 0.01 0.01

PEG15- 731+ | 715+ | 7.02+ | 7.19+ | 714+ | 721« | 728+ | 727+ | 7.21+
SF8(1:3) 0.01 0.02 0.02 0.02 0.01 0.01 0.01 0.01 0.01

PEG10- 731+ | 719+ | 708+ | 7.19+ | 712+ | 7.16+ | 725+ | 726+ | 7.24+
SF8(3:1) 0.01 0.04 0.03 0.02 0.01 0.01 0.01 0.01 0.02

PEG10- 731+ | 718+ | 7.07+ | 7.17+ | 713+ | 7.02+ | 726+ | 725+ | 7.24+
SF8(1:1) 0.01 0.01 0.02 0.04 0.02 0.02 0.01 0.01 0.01

PEG10- 732+ | 713+ | 7.02+ | 708+ | 711+ | 716+ | 726+ | 727+ | 73+
SF8(1:3) 0.01 0.01 0.01 0.01 0.02 0.01 0.03 0.02 0.03
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Table 3. 10. pH change of hydrogels in the lysozyme containing PBS (n=3).

Incubation 1 4 7 10 14 17 21 24 28
Time (d)
PEG20 | 733E | 732+ [ 724% [ 722% [ 723% | 722% | 727 | 725% | 731+
001 | 001 | 002 | 001 | 001 | 002 | 001 | 001 | 0.01
PEGLS 730+ | 732+ | 724+ | 723+ | 723+ | 724+ | 725+ | 725+ | 726+
002 | 001 | 001 | 001 | 001 | 001 | 002 | 001 | 0.03
PEGLO | 733 | 732% | 726% [ 724% [ 727% | 723% | 730 | 731+ | 733+
001 | 001 | 001 | 001 | 001 | 003 | 001 | 002 | 001
SFS 731% | 709+ | 7.07< | 718+ | 718+ | 716+ | 727+ | 726= | 725+
001 | 002 | 002 | 001 | 003 | 001 | 001 | 002 | 0.01
SF4 734+ | 708+ | 7.07% | 719+ | 7.2+ | 7.7+

0.01 0.03 0.03 0.01 0.01 0.01

PEG20- 732+ | 7.19+£ | 7.08+ | 718+ | 721+ | 720+ | 727+ | 727+ | 725+
SF8(3:1) 0.02 0.03 0.04 0.03 0.01 0.02 0.01 0.03 0.02

PEG20- 733+ | 721+ | 710+ | 720+ | 720+ | 7.19+ | 730+ | 730+ | 7.26+
SF8(1:1) 0.01 0.02 0.03 0.02 0.02 0.01 0.02 0.01 0.02

PEG20- 732+ | 718+ | 7.06+ | 7.19+ | 721+ | 719+ | 727+ | 728+ | 7.24+
SF8(1:3) 0.01 0.03 0.05 0.01 0.02 0.01 0.01 0.01 0.03

PEG15- 732+ | 715+ | 7.02+ | 7.16+ | 716+ | 717+ | 723+ | 723+ | 721+
SF8(3:1) 0.01 0.01 0.02 0.02 0.03 0.02 0.02 0.01 0.01

PEG15- 730+ | 718+ | 7.07+ | 7.13+ | 717 | 7.18+ | 725+ | 7.25+ | 720+
SF8(1:1) 0.01 0.02 0.03 0.01 0.01 0.03 0.01 0.01 0.01

PEGI15- 730+ | 718+ | 7.04+ | 7.15+ | 720+ | 7.18+ | 7.24+ | 725+ | 7.21+
SF8(1:3) 0.01 0.02 0.01 0.01 0.03 0.01 0.01 0.01 0.01

PEGI10- 730+ | 721+ | 7.09+ | 7.18+ | 720+ | 7.16+ | 721+ | 7.23+ | 725+
SF8(3:1) 0.02 0.02 0.02 0.01 0.02 0.01 0.04 0.02 0.01

PEG10- 730+ | 720+ | 7.08%+ | 7.18+ | 721+ | 721+ | 725+ | 7.26+ | 7.24+
SF8(1:1) 0.01 0.03 0.01 0.01 0.01 0.01 0.02 0.01 0.02

PEGI10- 730+ | 712+ | 7.02+ | 717+ | 715+ | 719+ | 728+ | 727+ | 7.25+
SF8(1:3) 0.02 0.01 0.01 0.04 0.01 0.01 0.01 0.01 0.01

3.2.3.1.6. Chemical Characterization of Hydrogels

FTIR analysis has been performed to provide supportive information regarding the
hydrogel formation and change in the composition of the hydrogels. In Figure 3.18

(A) FTIR spectrum of PEGDMA powder prior to gelation was compared with the
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spectra of the two 10 and 15% PEGDMA hydrogels. As it can be seen from the graph
peak at 2875 cm™ is a characteristic peak from symmetric methylene stretching,
which is not involved in photopolymerization [267]. The three peaks at 841, 1147 and
1636 cm™ are characteristic for the dimethacrylate groups (C—H, C=C and C-O)
[268] which significantly decreased after photopolymerization. In Figure 3.18 (B)
FTIR spectra of pure silk fibroin 8% group and blend hydrogels are given for
determining successfulness of hydrogel preparation. For the first pure silk group three
characteristic peaks at 1231, 1515 and 1623 cm™ which belong to the amide I (CO
stretching), amide II (NH deformation and CN stretching) and amide III (CN
stretching and NH deformation) are seen [269]. A broad peak at 3280 cm™ which is a
characteristic peak for OH and NH groups can be seen in all of the groups containing
silk fibroin and can be used for the comparison with PEGDMA peak at 2873 cm’', as
both peaks will not change after gelation. For the PEG15-SF8(1:3) and PEGI10-
SF8(1:3) same intensity can be observed but as the PEG portion in blend hydrogels of
PEGI10-SF8(1:1) and (3:1) increases , intensity of the peak for silk fibroin at 3280
cm”  decreased and peak for PEGDMA at 2873 cm’' increased. Therefore; FTIR
analysis can be used to evaluate the composition of the hydrogels and change in the
composition can be correlated to the disappearance and appearance of material

characteristic peaks.
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Figure 3. 18. FTIR spectra of PEGDMA before and after gelation (A) and pure silk
fibroin hydrogels and its blend hydrogels with PEGDMA (B).

132



3.2.3.1.7. Morphological Characterization of Hydrogels

SEM analysis of the hydrogels was performed after lyophilisation of the selected
hydrogels to study porosity, pore size and morphology. To do so, after preparation of
hydrogels 3 different images from each scaffold have been taken; intact surface (A),
horizontal cross section (B) and vertical cross section (C) (Figure 3.19). For PEG15 (1)
and PEG10 (2) high pore size was observed in the vertical cross section. But in the
horizontal cross section analysis pore size has been decreased. The smallest pore size has
been observed in the pure 8% fibroin (SF8) hydrogels (3) in both horizontal and vertical
cross section, which indicated its interconnected pore structure within the hydrogel. For
PEG15 and SF8 hydrogels, the intact surface showed no porosity which could be due to
manufacturing process with formation of one thin layer over the hydrogel. The same
problem has not been observed with PEG10 group. In the blend groups, PEG15-SF8(1:3)
group (4) again showed no porosity in its intact surface but has small porosity in both
horizontal and vertical cross section images. In the other 3 groups (PEG10-SF8(3:1),
(1:1) and (1:3); (5), (6) and (7), respectively) as the ratio of the fibroin has been increased
from 1:3 to 3:1 the pore size decreased in both horizontal and vertical cross section
images. In this group in the intact surface random small pores can be seen which could be

formed in the lyophilisation process.
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Figure 3. 19. SEM images of intact (A) horizontal cross section (B) and vertical cross

section (C) of hydrogels (n=3). PEG15 (1) and PEG10 (2).
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Figure 3. 19 — Continued. SEM images of intact (A) horizontal cross section (B) and
vertical cross section (C) of hydrogels (n=3). SF8 (3), PEG15-SF8(3:1) (4).
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Figure 3. 19 — Continued. SEM images of intact (A) horizontal cross section (B) and

vertical cross section (C) of hydrogels (n=3). PEG10-SF8(3:1) (5), PEG10-SF8(1:1)
(6).
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Figure 3. 19 — Continued. SEM images of intact (A) horizontal cross section (B) and
vertical cross section (C) of hydrogels (n=3). PEG10-SF8(1:3) (7).

3.2.3.1.8. Pore Size Distribution of Hydrogels

Pores size distribution of the hydrogels was analysed at low pressure after
lyophilisation of the samples. Pore size plays critical role in attachment and
migration, morphology and gene expression of the cells [270-273]. Large pore size
can also provide better flow for nutrient and waste throughout the scaffolds [274,
275]. Therefore, understanding the pore size distribution within the hydrogel can

provide information regarding the cellular behaviour and an insight to modify or

137



manipulate the hydrogels by changing composition of material or production
techniques. The pore size distribution of hydrogels was measured using mercury
porosimetry (n=3) at low pressure (50 psi) (Figure E.1). For PEG15 (1) and PEG10 (2)
pore size distribution has shown a shift toward bigger pore sizes as the concentration was
lowered. But for both groups the main pores had a wider distribution ranging from 20-50
um in diameter. For the SF8 (3) pore size distribution ranged between 4 and 200 pum in
diameter and mainly close to 200 um. For the blend hydrogel PEG15-SF8(1:3) (4) pore
size ranged between 4 and 200 pum in diameter For PEG10-SF8(3:1) (5) and PEG10-
SF8(1:1) (6) groups as the silk content was increased the pore size distribution has shifted
towards larger pore size while in the last group PEG10-SF8(1:3) (7) pore size has broader
distribution from 4 to 200 pm in diameter. Pore size in the (PEG10-SF8(3:1), (1:1)
groups ranged from 40 to 400 um. MSCs prefer large pore size (e.g., 300 um) which
significantly stimulate higher cell proliferation, chondrogenic gene expression,
cartilage-like matrix deposition [276]; therefore, this hydrogel composition can be a

good candidate for cartilage TE applications.

3.3. In Vitro Studies

3.3.1. Isolation of Dental Pulp Stem Cells (DPSCs)

Isolation of DPSCs has been done successfully for most of the trials, as in some of
the teeth; cells could not grow sufficiently [277]. Those that reached confluency has
been passaged and cryopreserved for in vitro experiments. Phase contrast images of
DPSCs after their first day of isolation and after 90% confluency are given in Figure
3. 20. A. As DPSCs show high plasticity, accessibility and multipotent differentiation
capacity, they can be used as reliable stem source for TE applications [278].
Morphology of isolated DPSCs as illustrated in Figure 3. 20. takes different forms as
endothelial-like, spindle-like and or epithelial-like; but after subculturing (passage 6)
cells gain fibroblastic-like morphology (Figure 3.20. B) [278, 279].
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Figure 3. 20. Phase contrast images of human DPSCs 1* day after isolation (A), cells
(6™ passage) at confluency (B). Scale bar is 100 um for all images.

3.3.2. Characterization of DPSCs with Flow Cytometry

For inducing tissue regeneration, high concentration of MSCs should be entrapped
(e.g. 2.0 x 10"/ml) [280]. For TE applications initial seeding densities reported in
literature range from 1.0 x 107 to 1.3 x 10® cells/ml [281]. Likewise, it has been
reported that a cell density of ~1.0 x 10’ MSCs/ml increased the expression of
cartilage matrix-associated genes compared to lower densities [282]. As the DPSCs
isolated from tooth have small population; therefore, to increase cell number,
passaging the cells to high number is inevitable. Therefore, isolated DPSCs have been
cultured until the passage 6 and then through using surface markers their stemness
characteristics were evaluated. To do so, negative markers (CD 11 b/c, 45 and 31)

and positive markers (CD 105, 44, 90 and 73) were used. Representative graphs for
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each CD marker are shown in Figure 3.21. CD 45 with 50.65 + 1.34%, CD 11b/c
with 0.60 + 0.08% and CD 31 with 0.50 + 0.14 % was measured for negative CD
markers present on the surface of DPSCs. CD 90 with 72.07 + 0.05%, CD 105 with
97.80 £ 1.27%, CD 44 with 48.45 + 2.90% and CD 73 with 18.25 + 5.44% were
measured for positive CD markers on the surface of the DPSCs. Increase in the
presence of negative CD marker like CD 45 and decrease in the positive markers such
as CD 73 and 44 have shown that DPSCs have lost their mesenchymal characteristics
to some extent. Also, it has been observed that cell confluency at high passages
requires the longer incubation time (at least 2 weeks) which could be due to influence
of the differentiation of DPSCs. By addition of bFGF at 10 ng/ml concentration to
DMEM low glucose medium of DPSCs, rapid confluency of DPSCs (4 day) and

more homogenous cell morphology has been observed.
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Figure 3. 21. Flow cytometry analysis of DPSCs using positive and negative CD

markers (n=3).
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3.3.3. In Vitro Cytotoxicity Study of PLGA NPs

To evaluate the cytotoxicity effect of PLGA NPs on the viability of DPSCs elution
test from extract of the empty NPs has been carried out. To do so 5 and 10 mg of
empty NPs were incubated in low glucose DMEM at 37°C and at predefined time
intervals the media were centrifuged and the supernatant was added to the seeded
DPSCs. As it can be seen from Figure 3.22, as the amount of empty NP has increased
up to 10 mg for each time point statistically cell viability has not changed
significantly for all groups compared to control group which indicates that PLGA
NPs presence has no cytotoxic effect on cells. In consideration of the whole period,
cell viability has significantly increased from 1* day to the 1" day for all groups (p
< 0.05). Therefore, PLGA NPs can be used safely and without any safety concern in
accordance with the results published in the literature [283, 284].
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Figure 3. 22. Cytotoxic effect of different amounts of PLGA NPs on DPSCs in low
glucose DMEM at 37°C (n=3).

o Statistically significant differences between 1* day of cultivation compared to other
days. Each group is separated by different color (p < 0.05). No statistical difference

was observed among 3 experimental groups on the same day (p > 0.05).
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3.3.4. Dose-Dependent Effect of bFGF on DPSCs

As the bFGF is crucial for maintaining the adult stem cells in the undifferentiated
state and increasing their proliferation and self-renewal capacity, delivery of bFGF at
most suitable concentration is significant issue for maximizing the efficacy of MSCs.
Different concentrations of bFGF in the cultivation media can induce different
cellular responses. It has been reported that bFGF within a concentration range of 5—
20 ng/mL supported proliferation of human bone marrow MSC, whereas
concentrations higher than 40 ng/mL had no effect on cell growth [285]. Due to
variation in effective dose of bFGF depending on the cell line, optimum
concentration of bFGF suitable for cell growth should be examined. Accordingly, the
delivery system can be modified to deliver optimum amount of the GF [286]. Dose-
dependent effect of bFGF on DPSCs was investigated using Alamar Blue assay
(Figure 3.23). Cell viability in control group on the 1% and 4" days was not
significantly different from other groups (p >0.05), but at 7" day with the, cell
viability in all groups except 5 ng/ml group was significantly higher than viability
observed in the control group. Cell viability in 5 ng/ml peaked at 11™ day and came
to the same level of the higher dose groups. Since no significant difference in cell
viability between the 10, 20, 50 and 100 ng/ml groups was observed and they have
shown similar cell viability in the 4™, 7" and 11™ days using lower concentration of
bFGF can be cost effective and minimize any possible side effects such as

suppression of GAG production [287].
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Figure 3. 23. Viability of DPSCs treated with different concentrations of bFGF in
low glucose DMEM at 37°C. DPSCs were seeded on tissue culture polystyrene
(TCPS) was used as control group (n=3).

o Statistically significant differences between 1* day of cultivation compared to other
days. Each group is separated by different color (p < 0.05). == Statistically significant

differences between control group and experimental groups at the same day (p <
0.05).

3.3.5. Effect of bFGF Released from PLGA NPs on DPSCs

To examine whether excipient like PEtOx might conceal the epitope region of bFGF
and prevent its interaction with antibody in ELISA kit, which could falsify the
obtained released values; cell viability was measured by Alamar Blue assay after
treating cells with eluates obtained from the NPs incubated in low glucose DMEM at
37°C. After centrifuging the release medium (low glucose DMEM) containing PLGA
NP with different excipients (PEtOx, heparin and Kolliphor P 188), supernatant of
each group has been added over the seeded cells in 24 well-plate, and cell viability
has been measured at predefined times (Figure 3.24). Viability of DPSCs in all

groups were significantly higher than observed for control group at 4™ and 7™, but in
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1™ day except for the 0.5% heparin excipient group, cell viability in all groups was
similar to observed in the control group. Heparin 0.5% group has shown significant
difference in cell viability compared to experimental groups at 4™ day; however this
difference was not significant at 7" and 11™ days. As described in release studies of
bFGF from PLGA NPs heparin has high affinity to bind to the bFGF; Therefore,
increasing the concentration of the heparin as an excipient from 0.1% to 0.5 (W/V)
can cause the formation of clusters of bFGF that will lead to much stronger binding
force [253] and consequently, which would protect the bFGF from degradation and as
a result cell viability would be increased compared to 0.1% heparin bearing group.
But as the concentration increased to 1.0%, release of growth factor might have
decreased due to high interaction and much more cluster formation between bFGF
and heparin which might have led to the plateau value that prevent the higher cellular
attribution of bFGF. bFGF effect is desired to be as fast as possible in the first days,
heparin 0.5% group can be an acceptable candidate for formulation of bFGF
containing PLGA NPs. In PEtOx groups which had shown low release profile
(Cumulative release of ~ 3-6%) (Figure 3.7), cell viability was similar to the heparin
and kolliphor P 188 groups. But to understand the exact reason for such high cell
viability, interaction of PEtOx with bFGF and DPSCs viability in the direct presence
of PEtOx can be investigated.
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Figure 3. 24. Effect of bFGF released from PLGA NPs prepared with different
excipients in low glucose DMEM at 37°C on DPSCs viability. DPSCs were seeded
on TCPS was used as control group (n=3).

o Statistically significant differences between 1* day of cultivation compared to other
days. Each group is separated by different color (p <0.05). == Statistically significant

differences between control group and experimental groups at the same day (p <
0.05).

3.3.6. Dose-Dependent Effect of TGF-$1 on DPSCs

To investigate the effect of TGF-B1 concentration on viability of DPSCs, same
procedure followed for bFGF was followed. Different concentrations have been
added to the low glucose DMEM medium and the cell viability was measured using
Alamar Blue assay (Figure 3.25). It has been reported that presence of TGF-B1 plays
a key regulatory role in chondrocyte proliferation [288]. In another study dose-
dependent proliferative effect of TGF-B1 on bone marrow MSCs has been reported
with a highest viability at 10 ng/ml [289]. At 4 day there was no significant

difference in cell viability between 10, 20 and 50 ng/ml groups. However, cell
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viability in these groups was significantly higher than observed in 5 ng/ml and
control groups at days 4 and 7. No significant difference was observed in cell
viability between 10, 20, 50 and 100 ng/ml concentration groups at the end of 11"
day. At day 11 cell viability in 10, 20 and 50 ng/ml groups was indifferent than
observed in 100 ng/ml group. Therefore, if daily release from NPs is 10 ng/ml which
was reported as the dose for highest viability [289] it would be sufficient for
proliferation and differentiation purposes and the risk of tumor formation due to high

concentration of TGF-B1 through specially prometastatic effects [290] would be

minimized.
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Figure 3. 25. Viability of DPSCs treated with different concentrations of TGF-B1 in
low glucose DMEM at 37°C. DPSCs were seeded on TCPS was used as control
group (n=3).

¢ Statistically significant differences between 1* day of cultivation compared to other
days. Each group is separated by different color (p < 0.05). == Statistically significant

differences between control group and experimental groups at the same day (p <
0.05).
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3.3.7. Effect of TGF-$1 Released from PLGA NPs on DPSCs

To evaluate the effect of TGF-B1 released from heparin and Kolliphor P 188
excipients bearing PLGA NPs, after centrifugation of NPs, released medium
(supernatant) from each group has been added over DPSCs seeded in 24 wells at an
initial seeding density of 1.0 x 10* cells and cell viability was measured via Alamar
Blue assay at predefined time intervals (Figure 3.26). Cell viability measured for
heparin 1.0% group was always higher than other groups where this difference was
significant for days 7 and 11. A time dependent increase in cell viability was
observed for this group indicating that TGF-B1 has proliferative effect on DPSCs.
When this group was compared with only control group, cell viability in heparin
1.0% group was significantly higher for all time points. Therefore, using 1.0% can
increase cell proliferation and most probably will lead the DPSCs to the chondrogenic

differentiation consequently.
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Figure 3. 26. Effect of TGF-B1 released from PLGA NPs in low glucose DMEM at
37°C on viability of DPSCs. DPSCs were seeded on TCPS was used as control group
(n=3).

¢ Statistically significant differences between 1* day of cultivation compared to other
days. Each group is separated by different color (p < 0.05). = Statistically significant

differences between control group and experimental groups at the same day (p <
0.05).

3.3.8. Cell Viability in Hydrogels

3.3.8.1. Viability of Entrapped DPSCs in Hydrogels

To determine the hydrogel composition suitable for entrapping DPSCs cell viability
in different hydrogel groups after different incubation periods was investigated using
Alamar Blue assay (Figure 3.27) No significant difference in cell viability was
observed in pure PEGDMA hydrogels of different concentrations. Cell viability in
SF4 group was significantly higher than cell viability compared to cell viability
observed in SF8 hydrogels at the end of 1% week, but at 14™ day there was no
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significant difference between these two groups. For PEG20-SF8 and PEG15-SF8
groups, there was no significant difference in cell viability between the different
ratios of each group at the particular time point. For the PEG10-SF8 group, cell
viability was significantly higher for (1:1) ratio at 4™ day compared to other two
ratios. Cell viability has reached to its maximum level for PEG10-SF8 hydrogels
compared to other blend groups at 7t day. Within the PEG10-SF8 group cell viability
in (1:1) ratio group was significantly higher than in PEG10-SF8 (3:1) and (1:3) ratio
groups. Based on cell viability results PEG10-SF8(1:1) hydrogels were chosen for
further studies.
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Figure 3. 27. Viability of DPSCs entrapped in hydrogels in low glucose DMEM at
37°C for 14 days (n=3).
o Statistically significant differences between 1* day of cultivation compared to other

days (p < 0.05).
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3.3.8.2. Live/Dead Assay of DPSCs in Hydrogels

To understand the cell behavior inside the hydrogels and determine the quality of
entrapment live/dead assay has been done to visualize DPSCs (5.0 x 10° /ml) within
the PEG10-SF8(1:1) hydrogel. bFGF and TGF-B1 loaded PLGA NPs with 0.5% and
1.0% heparin excipient, respectively has been chosen for entrapment studies. In an in
vitro study, it has been reported that in a codelivery system of a dextran/gelatin
hydrogel with TGF-f3-loaded PLGA NPs, NPs could stably release active TGF-£33
for long term. The chondrogenic inductive properties of this novel hydrogel were
validated by inducing MSCs into discogenesis cells in situ during the period of 28
days [291]. As the direct contact of PLGA NPs can influence the cellular behavior,
hydrogels without NPs and hydrogels containing empty NPs (2.5 mg/ml) were used
as two control groups (Figure 3.28 A and B). In the experimental groups the effect of
bFGF (Figure 3.28. C) and TGF-B1 (Figure 3.28 D) released from NPs in hydrogels
alone and synergistically (Figure 3.28 E) on cell viability was evaluated. The
confocal image analysis showed that cell density almost remained same until the 1%
week in the control groups with and without PLGA NPs but it slightly increased at
2" and 3™ weeks. For the bFGF loaded NPs containing group the cell number
significantly increased at the end of 70 day and cell number remained the same until
the end of 3™ week. Additionally, cells kept their spherical morphology (Figure 3.28.
7-C). For the TGF-B1 group cell number increased at 1* week and cells had elongated
morphology (Figure 3.28. 7-D) within the hydrogels; however some dead cells can be
seen in the image. The last group involved release of bFGF NPs and TGF-B1 NPs
from hydrogels which resulted in synergistic effect of GFs where, increase in cell
population and elongated cells in the hydrogels can be observed from the 1* week
and fewer dead cell can be observed compared to alone TGF-B1 containing group
(Figure 3.28. 7-E). Cell morphology and viability remained almost constant for rest
of the experiment period (Figure 3.28. 14™ and 21% d).
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Figure 3. 28. Live/Dead assay atl* day for assessing cell viability within the PEG-
SF8 (1:1) hydrogels after incubation in low glucose DMEM at 37°C in a carbon
dioxide incubator. Without NPs (A), Empty NPs (B), bFGF NPs(C), TGF-B1 NPs (D)
and bFGF NPs + TGF-f1 NPs (E). Green stained (calcein-AM) cells are live cells,
red stained (ethidium homodimer-1) cells are dead cells. Dead cells have been shown

by red arrows.
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Figure 3. 28 — Continued. Live/Dead assay at 7t day for assessing cell viability
within the PEG-SF8(1:1) hydrogels after incubation in low glucose DMEM at 37°C
in a carbon dioxide incubator. Without NPs (A), Empty NPs (B), bFGF NPs(C),
TGF-B1 NPs (D) and bFGF NPs + TGF-B1 NPs (E). Green stained (calcein-AM)
cells are live cells, red stained (ethidium homodimer-1) cells are dead cells. Dead

cells have been shown by red arrows.
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Figure 3. 28 — Continued. Live/Dead assay at 140 day for assessing cell viability
within the PEG-SF8(1:1) hydrogels after incubation in low glucose DMEM at 37°C
in a carbon dioxide incubator. Without NPs (A), Empty NPs (B), bFGF NPs(C),
TGF-B1 NPs (D) and bFGF NPs + TGF-B1 NPs (E). Green stained (calcein-AM)
cells are live cells, red stained (ethidium homodimer-1) cells are dead cells. Dead

cells have been shown by red arrows.
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Figure 3. 28 — Continued. Live/Dead assay at 14" day for assessing cell viability
within the PEG-SF8(1:1) hydrogels after incubation in low glucose DMEM at 37°C
in a carbon dioxide incubator. Without NPs (A), Empty NPs (B), bFGF NPs(C),
TGF-B1 NPs (D) and bFGF NPs + TGF-B1 NPs (E). Green stained (calcein-AM)
cells are live cells, red stained (ethidium homodimer-1) cells are dead cells. Dead

cells have been shown by red arrows.
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3.3.8.3. Viability of Entrapped DPSCs in Hydrogel Containing NPs

Cell viability of hydrogels prepared in Section 2.4.1.5.3 has been evaluated by
Alamar Blue assay at predefined time points (Figure 3.29). No significant difference
in cell viability was observed among groups, which indicate that there is no cytotoxic
effect regarding the NPs. Cell viability of the 3 GF loaded NPs containing groups,
was indifferent of empty NPs bearing control group at 1% day. At 4™ day no
significant difference in cell viability was observed among groups. But at 7" day cell
viability significantly increased for 3 GF bearing groups compared to empty NPs and
without NPs groups, however no significant difference was observed among these 3
groups. At 14™ day cell viability significantly increased for the groups containing
both bFGF and TGF-B1 loaded NPs which indicates their synergistic effect on
viability of DPSCs. In the other two groups containing GF loaded GFs of one type;
cell viability was higher than observed in empty NPs and without NPs groups at 14"
day. At 21% day cell viability in hydrogels containing bFGF and TGF-B1 loaded NPs
remained constant at highest level, but viability of cells in the other two groups
bearing bFGF and TGF-1 loaded NPs alone was similar to observed in hydrogels
containing bFGF and TGF-1 loaded NPs. Results showed that delivery of these GFs
in the hydrogel system can be used for both increasing the cell population and

viability of the cells.
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Figure 3. 29. Viability of DPSCs entrapped in hydrogels containing NPs after
incubation in low glucose DMEM at 37°C for different periods of time. For without
NPs, Empty NPs, bFGF NPs and TGF-B1 groups 2.5 mg/ml NP have been used. For
bFGF + TGF-B1 group 2.5 mg/ml NPs from each GF were utilized (n=3).

o Statistically significant differences between 1* day of cultivation compared to other
days (p < 0.05). == Statistically significant differences between control group and

experimental groups at the same day (p < 0.05).

3.3.9. Biochemical Analysis

3.3.9.1 Quantification of DNA Contents of Hydrogels

3.3.9.1.1. Optimization of DNA Quantification Protocol Using 1.929 Cells

To determine DNA content of 1929 cells in hydrogels, known number of cells and
empty hydrogel scaffolds were placed in papain solution for digestion. After

digestion step DNA amounts of known number of cells were used to construct
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calibration curve for DNA amount (Figure D.1- 1.B and 2.B). Since there is a
possibility that all DNA content cannot be completely released from the hydrogel;
known number of cells were entrapped into the hydrogels and DNA amounts
measured after digestion step were used for constructing the calibration curve. At the
same time another calibration curve was constructed using DNA amounts measured
for known number of cells added over the hydrogels to make a comparison between
the two methods for DNA determination (Figure D.1- 1.A and 2.A). Two different
hydrogels were chosen for this purpose, 6% pure fibroin and PEGI10-SF8(1:1)
groups. Significant difference in DNA amounts was observed when the cells were
seeded over the scaffold (Figure D.1 - 1.B for fibroin and D.1 - 2.B for the PEG10-
SF8(1:1)) when compared with the results obtained from the cells were entrapped
inside the hydrogels. The papain digestion seemed to not fully able to digest
hydrogels; therefore, there was always an underestimation of DNA content. By
comparison of an arbitrary FSU value with two reading method, it is possible to
understand the significant difference between them. For instance, quantification 5000
FSU unit for fibroin hydrogel entrapped with cells based on the entrapped cells
equation (Figure D.1.A) would correspond to 2.43 x 10° cells; but based on the
equation for cell added over scaffold (Figure D.1.B) this amount will be correspond
to 429 x 10° cells. Also, difference between the blank SFU values between 2
hydrogel can be due to contribution of DNA from cocoon in silk fibroin, which has

led to higher FSU value for pure SF6 compared to the PEG10-SF8(1:1) hydrogel.

3.3.9.1.2. DNA Content in Hydrogels Containing DPSCs and NPs

DNA contents of DPSCs containing hydrogels that were incubated for different
periods of time in low glucose DMEM measured using Hoechst dye (Figure 3.30).
No significant difference in DNA contents was observed among groups on 1% day.
DNA contents of hydrogel groups containing GF loaded NPs were significantly

higher than observed in other groups after 7" day. Increase in DNA contents of
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hydrogels with NPs loaded GF increased until 70 day and remained same after 70
day. In correlation between data obtained from DNA content and Alamar Blue assay
for cell viability, DNA content and cell viability for empty NPs and without NPs
groups had similar trend and remained at same level through the 21 days. For the
other 3 GF containing groups higher DNA content matched with higher cell viability
in Alamar blue assay. At 14" day cells in hydrogels containing bFGF + TGF-$1
loaded NPs was significantly higher than the viability observed in the two other GF
bearing hydrogels, but DNA content data has shown similar number of cells for 3 GF
loaded NPs containing hydrogels. This can be due to the higher cellular activity and
viability of cells due to synergistically effect of bFGF and TGF-f1.
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1 7 14 21
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Figure 3. 30. DNA contents of DPSCs containing hydrogels with NPs after
incubation of for different periods of time at 37°C in a carbon dioxide incubator. For
without NPs, Empty NPs, bFGF NPs and TGF-1 groups 2.5 mg/ml NPs have been
used for preparing hydrogel samples. For the bFGF + TGF-B1 group 2.5 mg/ml NPs

from each GF were utilized (n=3).

o Statistically significant differences between 1* day of cultivation compared to other
days (p < 0.05). == Statistically significant differences between control group and

experimental groups at the same day (p < 0.05).
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3.3.9.1.3. GAG Content in Hydrogels Containing DPSCs and NPs

GAG contents of DPSCs containing hydrogels that were incubated for different
periods of time in low glucose DMEM were measured using DMMB assay (Figure
3.31). Total GAG content was normalized with DNA amount (ug/ng). As it can be
seen from the graph, GAG content of hydrogels without NPs and empty NPs groups
remained constant during 21 days of incubation. For the bFGF NPs containing group,
GAG production significantly increased from 2.35 + 0.17 (ug/ng) for the 1% day to
the 10.12 + 0.42 (ug/ng) for the 21% day (p < 0.05). For the TGF-B1 bearing groups
increase in GAG production was significant from day 1 (4.00 = 0.75 (ug/ng)) to day
21 (72.95 = 2.71 (ug/ng)). bFGF + TGF-B1 NPs bearing group showed the most
significant increase in production of GAG from 4.81 + 1.08 (ug/ng) at 1* day to the
110.35 £ 3.66 (ug/ng) at the end of 21* day of cultivation. At the end of 21 days,
GAG content of hydrogels containing bFGF + TGF-1 NPs was significantly higher
than observed in other groups. Additionally, GAG content of hydrogels containing
TGF-B1 NPs was significantly higher than hydrogels with empty NPs and bFGF NPs
as well as hydrogels without NPs. Results showed that that synergistic effect of both
GFs provided higher GAG production and therefore, better cartilage specific ECM
deposition. In a study reported by McCall et al., covalently tethered TGF-f1 in
PEGDA hydrogels were used for entrapment of human MSCs and GAG/DNA
content up to 70.20+5.60 (ug/ng) was reported which was similar to our result
obtained for hydrogels with TGF-1 NPs [292].
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Figure 3. 31. GAG contents of DPSCs containing hydrogels with NPs after
incubation of for different periods of time at 37°C in a carbon dioxide incubator. For
without NPs, Empty NPs, bFGF NPs and TGF-B1 groups 2.5 mg/ml NPs have been
used for preparing hydrogel samples. For the bFGF + TGF-B1 group 2.5 mg/ml NPs

from each GF were utilized (n=3).

o Statistically significant differences between 1* day of cultivation compared to other
days (p < 0.05).==Statistically significant differences between control group and

experimental groups at the same day (p < 0.05).

3.3.10. Histology Analysis

3.3.10.1. Alcian Blue Staining for Sulfated Proteoglycans in Hydrogels

To understand the sulfated proteoglycans production which are specific ECM
components of cartilage tissue, Alcian Blue staining has been performed over the
hydrogels sections. Hydrogels without NPs and hydrogels containing empty NPs (2.5
mg/ml) were used as two control groups (Figure 3.32 A and B). In the experimental

groups the effect of bFGF (Figure 3.32 C) and TGF-B1 (Figure 3.32 D) released from
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NPs in hydrogels alone and synergistically (Figure 3.32 E) on cell viability was
evaluated. To do so, as described in section 2.4.1.7.1 hydrogels were sectioned at 15
um thickness using cryomicrotome and stained with Alcian Blue dye which has high
affinity toward sulfated proteoglycans and counterstained with nuclear fast red which
stains nuclei of cells (pink to red) and cytoplasm (pale pink). The Alcian Blue as
tetravalent cationic dye with copper ion inside its hydrophobic core interacts with
sulfated GAGs with high specificity by ionic interactions [293]. As it can be seen
from the images of the 1* day, there is almost no GAG synthesis in the without NPs
and hydrogels containing empty NPs and bFGF containing NPs groups (Figure 3.32
A, B and C), but very pale blue color can be seen for TGF-B1 containing and TGF-B1
+ bFGF containing groups (Figure 3.32 D and E). At 7" day control and bFGF groups
still have shown almost no GAG synthesis while the production of GAG can be
observed in groups containing the TGF-f1 due to intense blue color in vicinity of
cells. The intensity of blue color for the TGF-f1 + bFGF group is more compared to
the only TGF-B1 at 7™ day and it has even increased more in the 14™ and 21 days.
At 14™ and 21* days small amount of GAG production has been observed in control

and bFGF containing groups.
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Figure 3. 32. Alcian Blue staining at 1% day for assessing sulfated proteoglycans
synthesis within the PEG-SF8(1:1) hydrogels after incubation in low glucose DMEM
at 37°C in a carbon dioxide incubator. Without NPs (A), Empty NPs (B), bFGF
NPs(C), TGF-B1 NPs (D) and bFGF NPs + TGF-B1 NPs (E). Intensity of blue color
shows strongly acidic sulfated proteoglycans production; nuclear fast red has

counterstained nuclei of DPSCs (pink to red) and cytoplasm (pale pink).
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Figure 3. 32 — Continued. Alcian Blue staining at 7" day for assessing sulfated
proteoglycans synthesis within the PEG-SF8(1:1) hydrogels after incubation in low
glucose DMEM at 37°C in a carbon dioxide incubator. Without NPs (A), Empty NPs
(B), bFGF NPs(C), TGF-B1 NPs (D) and bFGF NPs + TGF-f1 NPs (E). Intensity of
blue color shows strongly acidic sulfated proteoglycans production; nuclear fast red

has counterstained nuclei of DPSCs (pink to red) and cytoplasm (pale pink).
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Figure 3. 32 — Continued. Alcian Blue staining at 14" day for assessing sulfated
proteoglycans synthesis within the PEG-SF8(1:1) hydrogels after incubation in low
glucose DMEM at 37°C in a carbon dioxide incubator. Without NPs (A), Empty NPs
(B), bFGF NPs(C), TGF-B1 NPs (D) and bFGF NPs + TGF-f1 NPs (E). Intensity of
blue color shows strongly acidic sulfated proteoglycans production; nuclear fast red

has counterstained nuclei of DPSCs (pink to red) and cytoplasm (pale pink).
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Figure 3. 32 — Continued. Alcian Blue staining at 21% day for assessing sulfated
proteoglycans synthesis within the PEG-SF8(1:1) hydrogels after incubation in low
glucose DMEM at 37°C in a carbon dioxide incubator. Without NPs (A), Empty NPs
(B), bFGF NPs(C), TGF-1 NPs (D) and bFGF NPs + TGF-B1 NPs (E). Intensity of
blue color shows strongly acidic sulfated proteoglycans production; nuclear fast red

has counterstained nuclei of DPSCs (pink to red) and cytoplasm (pale pink).
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CHAPTER 4

CONCLUSION

Degeneration of articular cartilage due to damages, diseases or age related factors can
significantly decrease the mobility of the person due severe pain during the
movement of joints. To overcome the classical approach for healing degenerated
cartilage tissue such as arthroplasty, mosaicplasty, microfracture technique and cell
transplantation; cartilage TE can provide alternative tool to repair or regenerate

cartilage tissue.

Hydrogel systems with combination of synthetic and natural polymers can provide

versatile tool to manipulate and mimic the extracellular features of natural ECM.

In this study, hydrogels composed of silk fibroin and PEGDMA with different
volume ratios and concentrations (PEGDMA (10, 15 and 20%) at different volume
ratios (silk fibroin: PEGDMA, 3:1, 1:1, 1:3)) were prepared by crosslinking fibroin
with sonication and PEGDMA with UV photocrosslinking for the first time. Through
changing the composition of hydrogels, with either changing concentration of
PEGDMA or changing the volume ratio of the PEGDMA to the silk fibroin it was
possible to manipulate the characteristic features of the hydrogel such as compressive
modulus and biodegradation to obtain desired features for specific TE applications.
As in native ECM, controlled release of two key growth factors namely FGF and
TGF-B1 from PLGA NPs in hydrogels resulted in a synergistic effect over the
proliferation and chondrogenic differentiation of the DPSCs with cartilage specific
ECM production which was superior than the results obtained in hydrogels without
NPs, empty NPs and NPs loaded with only one type of GF. Additionally, NPs
addition to hydrogels improved the mechanical properties of the hydrogels. As a
conclusion, using of both bFGF and TGF-B1 loaded GFs in a hydrogel system can
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provide better ECM component production; and consequently, provide better
regeneration of cartilage tissue. We suggest that using PEG10-SF8(1:1) blend
hydrogel with entrapped DPSCs, bFGF loaded PLGA NPs with 0.5% (W/V) heparin
and TGF-B1 loaded PLGA NPs with 1.0% (W/V) heparin would be suitable for
cartilage TE applications.

In vivo experiments and cartilage specific gene expression level are planned for the
future studies. Meanwhile, as the PEtOx excipient loaded PLGA NPs groups have
shown similar cell viability to the other excipients while they had very low release
profile; to better understand the effect of PEtOx on the bioactivity of the GFs,
bioactivity of TGF-B1 with PEtOx excipient loaded PLGA NPs will be studied. A
similar hydrogel composition will be used to investigate its potential for inducing

proliferation and chondrogenic differentiation of DPSCs.
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APPENDIX A

CALIBRATION CURVE OF B-LACTOGLOBULIN
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Figure A. 1. Calibration curve of B-lactoglobulin.
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APPENDIX B

CALIBRATION CURVES OF bFGF
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Figure B. 1. Calibration curve of bFGF.

199



05 4 09 4
LBl 6 hand 1t day Rl 2" day
0.4 07 -
0.35 06 y = 0.0002x +0.1149
03 R? =0.9987
Q: 0.25 y = 0.000094x + 0.078974 0 05
g R?=0.998136 © o4
0.2 4
0.15 - 03
01 0.2
0.05 | 0.1
0+ | - ' 0 : :
0 1000 2000 3000 4000 5000 0 1000 2000 3000 4000 5000
concentration (pg/mL) concentration (pg/mL)

0.7 - 0.7 4
rd
h
o6 3rd day os 7t day
0.5 0.5 =
=0.0001x+0.1018 ¥ 0'0,001“0‘1155
R? = 0.9941 R*=0.999
.04 : . 04
] a
(=]
03 © 0.3 -
02 - 0.2
01 0.1
0 T 0 ' T
(1] 1000 2000 3000 4000 5000 ] 1000 2000 3000 4000 5000
concentration (pg/mL) concentration (pg/mL)
08 0.7
th
07 11t day 06 17t day
0.6 0s
0.5 B
. V‘“'Ozo_m”o'ngs . 04 ¥=0.0001x + 0.1058
g oa Ri=09912 g R =09972
03
03
0.2
%]
01 0.1 4
[ T o T
(4] 1000 2000 3000 4000 5000 (1] 1000 2000 3000 4000 5000
concentration (pg/mL) concentration (pg/mlL)

0.8

LAl 25" day

0.6

y =0.0001x+0.2274
R?=0.9783

0.5

0.D.

0.4
0.3
024

0.1

0 1000 2000 3000 4000 5000
concentration (pg/mL)

Figure B. 2. Calibration curves constructed using bFGF standardof ELISA kit for

determination of bFGF amount from released at different incubation periods.
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APPENDIX C

CALIBRATION CURVE OF TGF-$1
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Figure C. 1. Calibration curve of TGF-f1.
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APPENDIX D

CALIBRATION CURVES CONSTRUCTED FOR DNA CONTENT
DETERMINATION
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Figure D. 1. Calibration curves constructed for L929 cells in 6% fibroin hydrogel (1)
and PEG10-SF8(1:1) (2) through entrapment of cells inside hydrogels (A) or adding
cells over hydrogels (B) (n=3).
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APPENDIX E

PORE SIZE DISTRIBUTION OF HYDROGELS

Figure E. 1. Pore size distribution of the hydrogels. PEG15 (1),PEG10 (2) and SF8
3)
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Figure E. 1 — Continued. Pore size distribution of the hydrogels. PEG15-SF8(1:3)
(4), PEG10-SF8(3:1) (5), PEG10-SF8(1:1) (6) and PEG10-SF8(1:3) (7).
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APPENDIX F

CALIBRATION CURVES CONSTRUCTED FOR GAG CONTENT
DETERMINATION
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Figure F. 1. Calibration curve constructed for GAG content determination in

hydrogels (n=3).
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