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ABSTRACT

USAGE OF HYALURONIC ACID - CHITOSAN COACERVATES FOR
CARTILAGE TISSUE ENGINEERING

Cartilage injuries can lead to severe pain and tissue degeneration. Articular cartilage has
low natural repair capacity that have turned into a leading objective for tissue engineers.
Complex coacervation technique is a promising way of generating 3D scaffolds using
oppositely charged polyelectrolytes that have cell entrapment capacity. Those scaffolds
have potential for usage in cartilage tissue engineering studies to regenerate the damaged

tissues.

In this study biodegradable, viscous scaffolds were generated by complex coacervation
method using hyaluronic acid (HA) and chitosan chloride (CHI-CI) or chitosan
glutamate salt (CHI-G) prepared in NaCl or CaCl, solutions. Optimal conditions for
coacervation was detected by turbidity, optical microscopy, dynamic light scattering
(DLS) and zeta potential techniques and found as the charge ratio of [-]/[+] = 0.31 and
0.48 for HA/CHI-CI and HA/CHI-G, respectively. Coacervate droplets (~700 nm
diameter) were centrifuged and coalesced to form scaffolding material. However,
complexes formed above the identified optimal charge ratios ([-]/[+]) observed to

transform into precipitates instead of coacervates.

Biocompatibility of the scaffolds were observed by MSC seeding and complexation
process was further evaluated by MSC encapsulation studies. All coacervates supported
cell cultivation and proliferation (viability >84%) by providing highly porous

microstructure with consistent degradation profile.

MSC encapsulation studies were very encouraging that those cells were induced to
differentiate into chondrocytes. After chondrogenic induction, cartilage-specific genes
were up-regulated in both HA/CHI-ClI and HA/CHI-G coacervates in addition to
remarkable cartilaginous matrix synthesis. Therefore, coacervates can be used as a

promising scaffolds for cartilage tissue engineering studies.



OZET

HiYALURONIK ASIT - KITOSAN KOASERVATLARININ KIKIRDAK DOKU
MUHENDISLIGI iCiN KULLANIMI

Kikirdak yaralanmalari doku dejenerasyonuna ve ciddi agriya neden olabilir. Dogal tamir
kapasitesi diistik olan artikiiler kikirdak, bu sebeple doku miihendisleri igin dncii bir hedef
haline gelmistir. Kompleks koaservasyon teknigi, karsit yiiklii polielektrolitleri kullanarak
hiicre enkapsiile etme kapasitesine sahip, {i¢ boyutlu doku iskeleleri tiretilmesi i¢in umut
vaad etmektedir. Bu iskelelerinin kullanimi, kikirdak doku miihendisligi ¢alismalarinda

hasar géren dokularin yenilenmesi i¢in 6nemli bir potansiyele sahiptir.

Bu calismada, biyobozunur, viskoz doku iskeleleri, kompleks koaservasyon yontemi ile
NaCl veya CaCl; ¢ozeltileri igerisinde hazirlanan hiyaliironik asit (HA) ve Kitosan kloriir

(KT-K) veya kitosan glutamat tuzu (KT-G) kullanilarak tretilmistir.

Koaservasyon igin optimal kosullar, optik mikroskopi, bulaniklik, dinamik 151k sagilmasi
ve zeta potansiyel teknikleri ile tespit edilmis ve sirasiyla HA/KT-K ve HA/KT-G i¢in 0.31
ve 0.48'lik yiik oran1 ([-]/[+]) olarak bulunmustur. Koaservat damlaciklari (~ 700 nm ¢ap)
santrifiij edilerek doku iskelesi malzemesi olusturmak iizere toplanmistir. Fakat, belirlenen
optimal yiik oranlarinin iizerinde olusturulan komplekslerin, koaservatlar yerine ¢okeltilere

dontistiigii gozlemlenmistir.

Iskelelerinin biyouyumlulugu mezenkimal kok hiicre (MKH) ekilmesiyle gdzlemlenirken,
komplekslesme siireci ise MKH enkapsiilasyonu ile ayrica degerlendirilmistir. Biitiin
koaservatlar, istikrarli bozunma profili ile yiiksek gézenekli mikro-yap1 saglayarak hiicre

biiylimesi ve ¢ogalmasini (canlilik >% 84) desteklemistir.

Cesaret verici enkapsiilasyon sonuglar1 sayesinde, bu hiicreler kondrositlere farklilagmalari
i¢cin uyartlmigtir. Kondrojenik uyarilma sonrasinda, hem HA/KT-K hem de HA/KT-G
koaservatlarinda belirgin kartilagindz matriks sentezine ek olarak kikirdaga 6zellesmis
genlerin ekspresyonu da artmistir. Bu nedenle, koaservatlarin kikirdak doku miihendisligi

calismalarinda gelecek vaad eden doku iskeleleri olarak kullanilabilirlikleri 6ngoriilmistiir.
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1. INTRODUCTION

The human body has an amazing regeneration capacity to maintain the tissues viable and
functional throughout life. Vascularization is the important feature for full regeneration
using delivery of the cells and nutrients. Articular cartilage has very low intrinsic

regenerative capacity because of being avascular and aneural [1].

Chondral and osteochondral injuries of the knee are potentially serious and very common
in our country. The damage can result in severe pain, knee swelling and some restrictions
in mobility. There are several medical and clinical approaches to repair joint function.
Current surgical treatments; arthroscopic debridement, stem cell based repair, tissue
transplantation and prosthesis implantation are not satisfactory especially for the young

patients.

Tissue engineering is a promising approach to overcome the problems and limitations of
the current treatments. It is defined as the application of scientific principles to the
synthesis of living tissues using appropriate cells combined with biodegradable scaffolds

including the stimulation of additional biological factors [2].

In this study, the aim was to determine the effects of novel coacervate encapsulation
system for cartilage regeneration. MSC-encapsulated coacervates were induced to undergo
chondrogenic differentiation to mimic hyaline cartilage. To achieve this goal, complex
coacervation method was used to have a gel-like fluid using chitosan (CHI) and hyaluronic
acid (HA) due to their biocompatibility and structural similarity to glycosaminoglycan
(GAG) found in cartilage. These constructs were examined in in vitro conditions in terms

of tissue regeneration.

1.1  CARTILAGE

Cartilage is a highly-specialized connective tissue. It has a valuable biomechanical
capacity to bear different kinds of loads in many areas of the body, including; joints
between bones, ends of the ribs, in the spine (between the vertebrae), ears, nose and
bronchial tubes.



There are three types of cartilage; hyaline cartilage, elastic cartilage and fibrocartilage
(Figure 1.1). The most abundant type is hyaline cartilage which is present within joints and
designed to withstand and distribute weight with less friction. It is strong as a protector for
bones but softer and flexible as a cushion, especially, at the joints. Articular cartilage is the

mostly injured tissue because of functioning under the loads transmitted across joints.

Elastic cartilage is more flexible than hyaline cartilage due to elastin fiber content. It is
present at the places where the maintenance of a specific shape is important to continue its

function, like outer ear and the larynx [3].

Fibrocartilage is the toughest type of cartilage having type | collagen. It is found in areas
requiring great support or tensile strength, like intervertebral discs and sites where

ligaments and tendons are connected to bones [4].
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Figure 1.1. Schematic illustration of cartilage types; (a) Hyaline cartilage, (b)

Fibrocartilage, (c) Elastic cartilage [5]

1.1.1 Cartilage Extracellular Matrix

Cartilage consists of chondrocytes in an extracellular matrix (ECM) containing collagen,
proteoglycans, and water. In articular cartilage, clear majority of the tissue (65-80%)
weight is composed of water. Chondrocytes are the only cell type found in the cartilage
tissue and have low density (<10%) over the total volume [6, 7]. During maturation,
chondrocytes usually have roundish shape which differs with age and the cartilage zone it
stands [8]. They have a well-developed synthesis mechanism and ensure the production of
collagen type Il, proteoglycans and hyaluronic acid. Ultimately, chondrocytes maintain the

regulation of synthesis and breakdown of the ECM. This regulation is still unclear but it is



thought that cytokines and growth factors have important catabolic and anabolic effects [9,
10].

1.1.1.1 Collagens

Collagen is the most abundant protein found in the ECM of all mammalian connective
tissues. In humans, there are more than 28 different types of collagen and collagen-like
proteins, but type 11 collagen is the predominant collagen type found in articular cartilage
[11]. There are also type 1V, V, VI, IX, X and XI collagens in limited amounts [12]. Type
VI collagen is mostly found in pericellular matrix (the narrow layer encapsulating the
chondrocytes) and thought to be regulating the chondrocyte-ECM interaction [13]. Type X
collagen is found in the calcified zone and present around the hypertrophic chondrocytes
[14].

1.1.1.2 Proteoglycans

Proteoglycans are large macromolecules comprised of a protein core with attached
polysaccharide chains (glycosaminoglycans). Mature articular cartilage contains five types
of glycosaminoglycans; hyaluronan, chondroitin sulfate, dermatan sulfate, heparan sulfate,
and keratan sulfate [15]. Aggrecan is the primary proteoglycan in articular cartilage, which
binds to a hyaluronan core with numerous sulfated glycosaminoglycan side chains (Figure
1.2). Multiple aggrecan molecules bind to hyaluronic acid and are stabilized by a link
protein to form large aggregated proteoglycans. Other small proteoglycans found in
articular cartilage include decorin, biglycan, and fibromodulin that all interact with
collagen in different capacities to stabilize the ECM [16]. Proteoglycans have a negative
charge due to the presence of carboxyl and sulfate groups. Negative charge absorbs water
molecules and promotes resistance to compression due to the increased swelling capacity

[17]. Also, presence of water helps the exchange of nutrients and oxygen (O2).
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Figure 1.2. Molecular organization of hyaline cartilage ECM [18]

1.2 ZONAL ARRANGEMENT OF ARTICULAR CARTILAGE

Articular cartilage can be divided into 4 zones; tangential, transitional, radial and calcified
zones based on the differences in matrix morphology, biochemistry and function [19]. The

structure and composition of each cartilage zone is shown in Figure 1.3 [20].

The tangential zone is around 10% of the cartilage thickness. The collagen in this zone is
oriented parallel to the articular surface. The proteoglycan content is lower and
chondrocytes are flattened and denser than in other zones. In the transitional zone which
has 40% to 60% of the thickness, the collagen is more randomly oriented and chondrocytes
are more spherical. Proteoglycan content reaches its maximum in this zone. The collagen
in the radial zone is perpendicular to the calcified zone and the chondrocytes are lined up
between the collagen bundles. There is a boundary between radial and calcified zone
named tide mark. Below this area proteoglycan content is reduced and chondrocytes
become hypertrophic.
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Figure 1.3. The zonal arrangement of articular cartilage. The image includes the

arrangements of collagen fibers and the morphologies of chondrocytes in each zone [20]

1.2.1 Chondrocytes

Chondrocyte is the unique cell type in articular cartilage tissue and essential for cartilage
formation and functionality. The progenitors of these cells arise in the bone marrow, in a
form of mesenchymal stem cell. They can differentiate into several different types of cell.
When they differentiate into cartilage cells, they first become chondroblasts. They are
flattened cells capable of division. When they embed themselves in the cartilage matrix,
they are called chondrocytes and lie in the matrix lacunae (Figure 1.4). Once they are in
cartilage matrix, they stop proliferation and continue growth by starting to secrete more

cartilage extracellular matrix [21].
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Figure 1.4. Schematic illustration of the development of a mesenchymal cell into a
chondrocyte; (a) Mesenchymal cell, (b) Chondroblast, (c) Lacuna embedded immature

chondrocyte, (d) Lacuna embedded mature chondrocyte [22]

Unlike the other connective tissue types, cartilage is avascular; all nutrients including
oxygen, diffuse through the cartilage matrix to reach the cells. This lack of blood flow
creates a hypoxic environment, with accessible oxygen levels that range from 2% to 6%,

depending on the location and depth [23].

1.3 ARTICULAR CARTILAGE DEFECTS

Articular cartilage damage is one of the most widespread and potentially serious type of
cartilage damage. It has a low natural repair capacity because there is no blood supply and
the limited cellularity of the tissue. As a result, usually knee joint is affected. The damage

can result in severe pain, knee swelling and some restrictions in mobility [24].
There are two main ways that articular cartilage injuries can occur;

1) Traumatic mechanical destruction that occurs with a direct hit, for instance traffic
accident, a fall or a sports injury.

i) Progressive mechanical degeneration (wear and tear) that occurs with the
progressive loss of the normal cartilage structure and continues as an increased

friction on the underlying bone and developing osteoarthritis.

There are several parameters that may influence the injured surface such as intensity and
direction of loading, repetitive injuries, inflammatory conditions of the joint, age and

genetic factors [25].



There is a grading system found by the International Cartilage Repair Society (ICRS) for
determination the damage degree of cartilage. This grade is based on the appearance of the

articular cartilage identified at arthroscopy (Figure 1.5) [26].

Normal

Grade 1 — Nearly normal

Grade 2- Abnormal (<1.5 cm in diameter)

Grade 3- Severely Abnormal (>1.5 cm in diameter)

Grade 4 - Osteochondral

Figure 1.5. The Outerbridge system for grading damage degree of articular cartilage [26]

1.4  TREATMENTS OF ARTICULAR CARTILAGE DEFECTS

To renovate joint function, multiple treatment options exist. Conservative treatments
including medications, physiotherapy, supportive devices and lifestyle changes, take first
place [27]. In more severe cases surgical treatments, including arthroscopic debridement,
stem cell based repair, tissue transplantation, chondrocyte implantation and joint

replacement are required.

Arthroscopic debridement (lavage) is performed to remove unstable cartilage (Figure 1.6
a). It is a palliative approach that limits the rate of degeneration. After that operation,

resurfacing can be performed (Figure 1.6 b) [28].

Abrasion arthroplasty [29], drilling [30] and microfracturing [31] are similar methods after
cleaning the defect, they are simple and fast. Those methods can be used for the treatment
of small defects. In all methods, the underlying bone is stimulated by holes and injured
bone induce the release of multipotent stem cells from the marrow (Figure 1.6 c¢). Those

bone marrow stem cells then begin to stimulate production of a cartilage-like tissue. These



lesions heal with the formation of fibrocartilage rather than the normal characteristics of
hyaline cartilage [32]. Fibrocartilage is not a good replacer since it is not biochemically

and biomechanically like hyaline cartilage [33].

Mosaicplasty is a relatively invasive technique for replacing the degenerated cartilage with
healthy cartilage from the non-weight bearing areas of a joint. This approach generally
used for larger defects and uses autogenous tissue to create a hyaline cartilage surface.
However, removal of too much healthy cartilage could damage the matrix integrity of the
body [34]. As an alternative procedure, allogeneous tissues can be taken from a cadaver in
which tissue should be fresh, sterile and disease free. This procedure is called as allograft

osteochondral transplantation and mostly suitable for the larger defects [35].

Autologous chondrocyte implantation (ACI) was first introduced by Brittberg et al. in
1994 [36]. There are some disadvantages, such as this method forms more like
fibrocartilage than the normal characteristics of hyaline cartilage and it consists of two
operations. First, small piece of articular cartilage is harvested arthroscopically from a non-
weight bearing area of the joint. This biopsy is sent to a laboratory to isolate chondrocytes.
When the cells are expanded in number, they are used in the second operation which is an
open surgery. A piece of periostal patch is cut from a healthy part and sewn over the

defect, then amplified chondrocytes are injected underneath this patch [37] (Figure 1.6 d).

Matrix-induced autologous chondrocyte implantation (MACI) is a fundamental example of
tissue engineering and short-term results are encouraging for further investigations [38].
For MACI, apart of ACI, amplified chondrocytes are seeded onto a matrix such as type

I/111 porcine collagen membrane and implanted into the defect lesion [39] (Figure 1.6 e).
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Figure 1.6. Schematic illustration of the therapeutic techniques used in cartilage repair; (a)
Chondral lesion, (b) Arthroscopic debridement application for cleaning the lesion, ()
Microfracture application to stimulate subchondral bone, (d) ACI application; lesion filled
with chondrocytes, (€) MACI application; chondrocytes seeded on a 3D matrix and then

secured inside lesion [40]

For severely damaged joint or advanced osteoarthritis, articular cartilage can not be
recovered by any of the treatments above discussed. In these cases, total or partial joint
replacements are performed to decrease pain and restore joint’s normal function [41]. In
joint replacement surgeries, the damaged osteochondral tissue is totally or partially
removed and an artificial implant (prosthetic) is replaced in the damaged joint. However,
there are some problems due to the complications including infection, implant loosening or
wear and tear [42]. Beside that implants are not recommended for young and active
patients [43].

1.5 CARTILAGE TISSUE ENGINEERING

Tissue engineering is a promising approach for regeneration of the damaged or no longer

functional tissues by improving the function in the maximum efficiency [44].

Engineering cartilage tissue is a complex procedure that involves the use of biodegradable
scaffolds that are seeded with appropriate cells and grown in an environment including

stimulating factors (Figure 1.7) [2].
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/ A, Cell isolation

C. 3D scaffold

Figure 1.7. Schematic illustration of tissue engineering concept that involves seeding in

vitro expanded cells within 3D scaffolds using suitable bioactive factors

1.5.1 Cell Sources

For selecting the optimal source of cells, two important points should be considered:
performance of the cells and accessibility. Autogenic, allogeneic and xenogeneic (from an
animal) chondrocytes are mostly used in articular cartilage repair and regeneration because
they are the native cells, responsible for the production and maintenance of the cartilage
tissue. However, there are some limitations [45]. Both allogeneic and xenogeneic
chondrocytes have the risk of disease transmission and immune rejection [46]. For large-
scale defects, the autologous chondrocyte number is insufficient. Cell expansion is
required but those cells tend to loss their phenotype (dedifferentiate towards to fibroblastic
cells) with a decreased capacity to secrete extracellular matrix [47]. Autologous
chondrocyte harvesting and injection progress in two invasive surgeries which means pain

and risk. Because of these limitations, alternative cell sources are necessary.

Stem cells are important alternative cell sources for cartilage tissue engineering because
they can be isolated from the patient’s own body. Stem cells can be classified into four
types: totipotent, pluripotent, multipotent and unipotent stem cells (Figure 1.8). Morula
cells are totipotent stem cells. They are derived from the first two divisions of the fertilized
egg, and have the ability to differentiate into any tissue in human body. Embryonic stem
cells (ESCs) are pluripotent stem cells and have the ability to differentiate into any cell
type. However, they can not differentiate into placental cells. There are restrictive ethical
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concerns regarding to their use, since they are harvested from the inner cell mass in a 5-6
day old blastocyst from pre-implantation embryo [48]. Besides that, directing and sorting
the ESCs differentiation to a specific lineage is difficult. It is possible that multiple tissues
can be formed from ESC-differentiation resulting in an undesirable teratoma and
teratocarcinoma formation as shown in knee joints of mice after transplantation of ESCs
[49].

Hematopoietic stem cells (HSCs) and mesenchymal stem cells (MSCs) are both
multipotent (lineage-restricted) stem cells and called as adult stem cells. They have high
proliferation rate and capacity to differentiate into closely related family of cells. For
example, MSCs are able to differentiate into musculoskeletal system such as cartilage,
bone, muscle cells; while hematopoietic stem cells differentiate into only blood cell types,
such as red and white blood cells. Adult mesenchymal stem cells can easily be harvested
from bone marrow, adipose tissue, periosteum, synovial membrane, umbilical cord and
dental sources [50-52]. Adult stem cells are approved as a promising alternative cell source
for use in articular cartilage repair and regeneration strategies because of their ease of
isolation and retaining their multi-lineage potential during expansion [53]. However, the
number and differentiation capacity of the MSCs are restricted with age, when isolated
from elderly patients, almost 200-fold decrease was observed [54]. MSCs are characterized
by their capacity to adhere to tissue culture plastics, their phenotypical characterization
including positive and negative surface antigen markers and their in vitro differentiation

potential into adipocytes, chondrocytes and osteoblasts [55].

Although bone marrow aspiration is painful, within MSCs, bone marrow stromal cells
(BMSCs) are shown to be the most promising cell source for cartilage tissue regeneration
[56]. Different studies have shown the potential of BMSC after seeding on a compatible
scaffold with chondrogenic inducers, these cells undergo chondrogenesis and produce
ECMs mainly composed of aggrecan, collagen type Il and VI [57-59].

Unipotent stem cells have the ability to differentiate along only one lineage but have self-
renewal capabilities. Among the entire stem cells, unipotent stem cells have the lowest
differentiation potential [60].
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Figure 1.8. Schematic illustration of the origins and types of stem cells [61]

Induced pluripotent stem cells (iPSC) have great potential as a cell source for cartilage
tissue engineering. They are somatic cells reprogrammed by the transfer of transcription
factors such as OCT4, SOX2, KLF4, and c-MYC involved in pluripotency [62]. These
cells exhibit the same morphology, high proliferative and differentiation capabilities as
ESCs. iPSCs have the ability to differentiate into a desired cell type under specific culture
conditions, but it is hard to achieve uniformly differentiated cell population. This increases

the risk of tumorigenicity [63].

1.5.2 Stimulating Factors

1.5.2.1 Growth Factors

The role of bioactive factors is essential in articular cartilage development and
maintenance of the cells in differentiated state. Growth factors induce specific
differentiation pathways (by membrane receptors and signalling pathways or directly
transcription control) to maintain chondrocyte proliferation and achieve native hyaline
cartilage ECM synthesis.



13

Transforming growth factor beta (TGF-f), bone morphogenetic protein (BMP), insulin-like
growth factor (IGF) and fibroblast growth factor (FGF) are demonstrated soluble growth

factors that can be used individually or in combination to enhance chondrogenesis [64].

Members of TGF-p family are mostly investigated growth factors for the cartilage tissue
engineering. They have essential roles in cellular processes including proliferation,
differentiation and cell death [65]. TGF-Bs (especially TGF-B1 and 3) were proven by
Grimaud et al. to have capability to induce chondrogenesis of MSCs and also increase the

expression of collagen type Il and aggrecan [66].

BMPs are important in both chondrogenesis [67] and osteogenesis [68]. BMPs (especially
BMP-4, -6, and -7) increase production of collagen type Il and proteoglycan. MSCs after
especially transduced by BMP-4 have acquired a chondrocyte phenotype in vitro [69].

IGFs are important proteins that regulate growth and differentiation. The expression of
IGF-1 is positive in both developing cartilage and mature cartilage. Either with
mesenchymal or chondrocyte cells, IGF-1 promotes proliferation and stimulates the
expression of cartilage specific markers such as proteoglycan and collagen type Il

synthesis in in vitro and in vivo [70].

Fibroblast growth factors (FGFs) are involved in various cellular events, such as
proliferation, differentiation, survival and motility. FGF-2 is the most widely investigated
member of this family in terms of chondrogenesis. Solchaga et al., (2010) demonstrated
that addition of FGF-2 enhanced proliferation of MSCs and differentiated cells preserved

chondrogenic potential longer [71].

It has been already demonstrated that GFs promote chondrogenic differentiation in in vitro
studies [72, 73] while in some animal studies, detrimental effects were also observed [71]
so for further clinical applications especially in human medication, biosafety should be
priority.

1.5.2.2 Mechanical Stimuli

In cartilage tissue engineering, the challenge is to mimic the tissue’s original structure and

function. During daily activities, articular cartilage is usually exposed mechanical forces,



14

including direct compression, hydrostatic pressure, tensile or shear forces. Recently,
importance of the mechanical stimuli application is realised in cartilage tissue engineering
and shown to regulate the expression of extracellular matrix in vivo [74, 75]. For this
reason, bioreactors have been designed both for the adjustment of environmental factors
such as pH, temperature, oxygen supply and application of mechanical loading to cell-
seeded 3D constructs. There are many different types of bioreactors available for cartilage
tissue engineering. Most of them are custom made modified but popular ones are spinner

flask bioreactors, rotating-wall vessel bioreactors and wavy-walled bioreactors.

Spinner flask bioreactor is designed to overcome diffusion limitations and enhances mass
transfer into the cell seeded 3D constructs. System generates a complex flow environment

by mixing the growth medium (Figure 1.9 a) [76].

In the wavy-walled bioreactor, smooth waves are applied to the vessel as shown in the
Figure 1.9 b to enhance mixing at controlled shear stress levels. This system promotes
chondrocyte aggregation and ECM formation [77]. Improved cartilage formation of

porcine cartilage constructs was demonstrated when compared to static culture [78].

Rotating-wall vessel bioreactor is a microgravity environment simulator to stimulate the
growth of tissue-engineered cartilage. There are 2 cylinders with inner and outer rotation at
the same rate independently and cell seeded constructs inside the media are kept stationary
between them (Figure 1.9 ¢) [79].

Figure 1.9. Schematic representation of the bioreactors mostly used in cartilage tissue
engineering (a) Spinner flask bioreactor, (b) Wavy-walled bioreactor, (c) Rotating-wall

vessel bioreactor [80]

There are some issues making the effect of mechanical stimuli on cartilage constructs

complicated. For instance, multiple mechanical loading, custom designed bioreactors and
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limited knowledge about in vivo cell behaviour in response to mechanical stimuli are the
first comings. Ultimately, further research is needed for optimizing the parameters to

control differentiation.

1.5.2.3 Oxygen Level

Due to the absence of vascularization in articular cartilage, chondrocytes receive required
nutrient and oxygen from synovial fluid by diffusion. Nevertheless, in most studies,
prepared cell seeded constructs are cultivated under atmospheric oxygen tensions (21%)
that is much higher than the oxygen tension in native joints. Consequently, there are some
studies tried to mimic the native joint environment. When hypoxia conditions (5%) were
used, results generally showed enhancement of chondrogenesis [81, 82], but not all
hypoxic effects were beneficial. Undistinguished or even suppressed cartilaginous ECM

production was also shown under hypoxic oxygen levels [83].

1.5.3 Scaffolds

For tissue engineering applications, scaffolds play a critical role to mimic 3D environment
of the extracellular matrix. There are important characteristics of ideal tissue engineering
scaffolds: (i) be biocompatible to minimize local tissue response but maximize cell growth
and integration into surrounding tissue; (ii) be biodegradable with non-toxic by-products
and exhibit favourable resorption rate, which can provide structural support for the initial
cell growth and then gradually degrade after new tissue formation; (iii) have suitable
porosity and interconnectivity to allow cell migration and allow exchange of nutrients and
wastes; (iv) guide and frame tissue formation by its architecture and possess appropriate
mechanical properties to support tissue growth under native mechanical loads [84-86].
There is no ideal combination or methodology to achieve the required scaffold. Yet, there
are several biomaterial options exist, the most extensively used natural and synthetic

scaffolds for articular cartilage tissue engineering will be summarized below.
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1.5.3.1 Synthetic Scaffolds

Synthetic polymers are popular due to easy fabrication, controllable biodegradability and
useful range of mechanical properties [87, 88]. Members of poly (a-hydroxy esters) are the
most widely used synthetic biodegradable polymers for cartilage tissue engineering (Figure
1.10). They are poly (glycolic acid) (PGA), poly (lactic acid) (PLA), their copolymer poly
(lactic-co-glycocolic acid) (PLGA), poly (ethylene glycols) (PEG) and poly (e-
caprolactone) (PCL). They have been extensively investigated since they were approved by
the United States Food and Drug Administration (FDA) for clinical use. Hsu et al., (2006)
demonstrated that PLA and PGA polymers increased chondrocyte proliferation and
glycosaminoglycan synthesis [89]. Chondrocytes cultured in nanofibrous PCL scaffolds
maintained their chondrocyte phenotype [90] and MSCs at the same conditions were

successfully differentiated into chondrocytes [91].
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Figure 1.10. Frequently used synthetic biodegradable polymers in cartilage tissue
engineering and their structures [88]

Conversely, some of the synthetic polymers have some disadvantages. They are degraded
by hydrolytic reactions that result in release of high concentrations of acidic by-products.
Release of small particles during degradation can cause inflammation and chondrocyte
death due to the reduction in pH [92].
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1.5.3.2 Natural Scaffolds

Natural polymers are popular scaffolds for cartilage repair and regeneration due to their
biofunctional molecular domains that are specifically recognized by cells and tissues in the
body. They are as well biodegradable and easily available. They enhance cell attachment
and differentiation also they are featured as the first biomaterials used in clinical

applications [93].

Although they are biocompatible, they may exhibit some problems such as variability
differences from batch-to-batch and limited mechanical properties. Considerably, natural
scaffolds mostly used in articular cartilage tissue engineering include carbohydrate-based
materials such as hyaluronic acid, agarose, alginate, chitosan and protein-based materials
such as collagen and fibrin glue.

Collagen is the major protein type in natural ECM of various tissues, including cartilage
and other connective tissues and most common natural polymer type used in cartilage
tissue engineering. Collagen offers low immunogenicity, good biocompatibility with
tuneable mechanical properties [94]. Many studies have shown a combination of collagens
(such as type I and type Il collagens) with chondrocytes or stem cells facilitated cartilage

tissue growth both in vitro and in vivo [95, 96].

Fibrin is a protein, involved in the clotting of blood. It is produced from the fibrinogen
protein by polymerization in the presence of thrombin. Fibrin offers some advantages such
as adhesive properties and producibility from patient’s own blood [97]. Injectable fibrin-
based gels or glues are widely used as a clinical fixative to secure other scaffolds at the

repair site to culture chondrocytes [98].

Hyaluronan (Hyaluronic acid) is a natural polysaccharide and found in the ECM of soft
connective tissues as non-sulphated GAG backbone. This makes HA, an ideal scaffolding
material for cartilage tissue engineering. It is composed of -1,3-N-acetyl-D-glucosamine
and B-1,4-D-glucuronic acid repeating disaccharide units (Figure 1.11) [99]. Hyaluronan is
the form of hyaluronic acid. The carboxyl groups on the glucuronic acid residues are
become negatively charged under physiological conditions (pH and ionic strength) [100].
HA can be obtained by two main methods, by extraction from animal tissues such as
umbilical cord, eyeball and rooster comb or bacterial fermentation using the strains of
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Streptococci [101]. It is biocompatible and biodegradable. Grigolo et al. (2001)
demonstrated that chondrocytes cultured on a modified hyaluronan scaffold (HYAFF 11-
commercially available 3D construct) expressed both collagen type Il and aggrecan, while

collagen type I production was downregulated [102].
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Figure 1.11. Structure of hyaluronic acid polymer [99]

Agarose and alginate are polysaccharides derived from seaweed. They have the ability to
form inert hydrogel, which allows encapsulation when mixed with chondrocytes. For
cartilage tissue engineering, agarose gels are used as a 3D scaffold to differentiate MSCs
into chondrocytes for long term ex vivo culture [103]. Due to poor biodegradability (there
iIs no enzyme degradation system for agarose in mammalian tissues), its use for in vivo

applications is limited [104].

Alginate gels are formed in the presence of cations such as Na* and Ca®" through ionic
bonding. Due to cell encapsulation ability, chondrocytes maintain their spherical shape in
the 3D alginate beads. Besides dedifferentiation of chondrocytes is prevented [105] or with
MSCs, chondrogenic differentiation is promoted [106]. However, the limitation is the slow
degradation rate in in vivo studies of alginate beads.

Chitin, the most abundant second natural biopolymer is extracted from the exoskeleton of
crustaceans (crabs, lobstar, shrimps etc.). Chitosan is derived from linear strand of chitin
by deacetylation, removal of acetyl groups (CH3-CO). This reaction forms randomly
distributed B-(1-4)-linked D-glucosamine groups added to N-acetyl-D-glucosamine
groups. Deacetylation makes chitosan soluble in acidic environments (<pH 6.0) and
rendering the polymer positively charged (-NHz") by protonation of amino groups (Figure
1.12) [107] . In order to be used in biomedical or tissue engineering applications, many
derivatives of chitosan are synthesized, for example chitosan salts are the most widely used
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polymers because they are water soluble at neutral pH [108]. Those chitosan salts also
have the similar favourable characteristics as biocompatibility, biodegradability, low
immunogenicity and anti-microbial property. It is popular in cartilage tissue engineering
because of the structural similarity to GAG found in native articular cartilage ECM [109].
Lahiji et al., (2000) showed that chondrocytes cultured in a chitosan hydrogel maintained

their chondrocyte morphology and produced collagen type 11 [110].
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Figure 1.12. Structures of chitin, chitosan and protonated chitosan polymers [107]

Frequent challenge seen in natural polymers is having poor mechanical strength and
flexibility. Crosslinking or making blend with natural or synthetic polymers can overcome
this problem [111].

1.5.4 Scaffold Fabrication Techniques

Scaffold fabrication is an important challenge in tissue engineering for guiding cell growth.
The current popular techniques are solvent casting/particulate leaching, freeze-drying,

electrospinning, 3D printing and phase separation.
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1.5.4.1 Solvent casting/particulate leaching

Solvent casting/particulate leaching is a widely-used technique which is a simple way to
prepare porous scaffolds. It utilizes a solution with polymer that is dissolved in an organic
solvent and particles of a known size. This solution is shaped to produce a scaffold and
after evaporation, polymer with particles stay. This construct is immersed in particle
solving bath to leach away the particles and forming a highly porous foam [112, 113].

Shi et al. produced porous scaffold using salt leaching of PLGA polymer and showed that
this technique has the potential for cartilage regeneration when combined with
chondrocytes [114].

1.5.4.2 Freeze drying

Freeze drying is a well-established method and can be used for preparation of a porous
polymer. This method is utilized by applying two phases for sublimation. In the first phase,
the prepared polymer solution is completely frozen and in the second phase solvent is
removed by application of high vacuum. After sublimation of all ice crystals, highly
porous dry polymer remains [115].

Xia et al. prepared a natural polymer mixture of chitosan-gelatin scaffolds using freeze-
drying method and histology analysis showed collagen type Il and SGAG production after
seeding with pig-derived chondrocytes [116].

1.5.4.3 Electrospinning

Electrospinning technique uses the electric field to produce nanofibers that are similarly
found in ECM [117]. Polymer solutions (natural or synthetic polymers) are placed into the
syringe filter and collected from the target point. By the application of high voltage, the
solvent evaporates and the fibre deposition is accelerated. Those fibres can be laid
randomly or aligned in terms of the purpose [118]. There are crucial parameters that effect

the morphology of the collected fibres which are applied voltage, flow rate of the polymer,
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distance of the syringe to collector, humidity and temperature of the district area [119,
120].

Li et al. used electrospun meshes of PCL scaffolds for the cultivation of human MSCs and
after 21 day of chondrogenic differentiation, results showed in vitro chondrogenesis was

achieved by high PG matrix deposition [91].

1.5.4.4 3D Printing

For producing a better designed 3D constructs, rapid prototyping (RP) and bioprinting are
new and relatively successive techniques in tissue engineering field [121]. There are 3
important steps: imaging, computer assisted design (CAD) and material or cell choice. For
imaging, inoffensive clinical imaging techniques are mostly used, computed tomography
(CT) or magnetic resonance imaging (MRI) is integrated to provide structural and
functional information about the tissue. After this data is computerized, CAD software
takes cross sectional layers and constructs a solid design. After an appropriate cell and
material detection, the information is used for fabrication of desired tissue. Uptill now,
fully functional organ or tissue has not been printed, but some small portions in limited

applications were implemented [122].

Human chondrocyte used PEG hydrogels were bioprinted by Cui et al., those scaffolds

were investigated in terms of viability and neocartilage formation [123].

1.5.4.5 Phase Separation

Polyelectrolytes (PEs) are polymers that contain charged functional groups that make them
named as anions or cations. Due to the ionic interaction capacity, PEs can form
polyelectrolyte complexes [124]. One of the most important complexation named as

coacervation.

Coacervation has been entitled into simple and complex coacervation considering the
polymer number contributing to the system. In simple coacervation only one
macromolecule, whereas in complex coacervation more than one macromolecule is
involved [125, 126].
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1.6 COMPLEX COACERVATION (PHASE SEPARATION)

Coacervation method is based on the phase separation between positively and negatively
charged macromolecules (such as polymers, nucleic acids, proteins) in aqueous solutions.
This separation occurs spontaneously due to electrostatic interactions and gained entropy
by the release of salt ions in solution and results in the formation of a dense macro ion-rich
liquid phase named as coacervate [127]. This process was first observed by Bungenberg de
Jong et al., [126] with natural polymers, gelatin and gum arabic. In coacervation method
either a gel like fluid or a precipitate occurs depending on the parameters such as pH, ionic
strength, temperature, molecular weight and concentrations of the polymers [128]. Priftis et
al. [129] used a model system to provide useful insights and showed that complex

formation was strongly affected by those parameters.

Table 1.1 lists the positively and negatively charged polymers that are mostly used in the

formation of complex coacervates.

Table 1.1 Typical polymers employed in complex coacervation [129]

Polyanions Polycations
Alginate Chitosan
Carrageenan Poly (diaIIyIdime_thyIammonium
chloride)
Carboxymethylcellulose Poly (L-lysine)
Chondroitin sulfate Poly (vinylamine)
Gellan
Hyaluronic acid
Poly (acrylic acid)
Xanthan

Complex coacervation method has gained much interest in the microencapsulation field as
drugs in pharmaceutical industry [130], as flavours in food industry [131], as growth
factors [132] and viable cells [133] in biotechnology. Coacervates are concurrently used

for industrial applications such as encapsulation of paints and liquid inks [134].

Several groups showed that microencapsulation by coacervation of alginate with poly-L-
lysine (PLL) system was useful for the entrapment of Langerhans islets [135, 136] but PLL

had low mechanical stability so cell encapsulated multilayered alginate/silicate system was
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used as an alternative and successfully transplanted into mice. It was found more stable
than alginate/poly-L-lysine system [133]. Further attractive feature was shown with the
coacervation of chitosan and alginate polymers. In this study cells were micro-

encapsulated and system maintained cell viability and phenotype [137].

In another promising coacervation system, encapsulation found to enhance the
effectiveness of growth factors by enabling a sustained release profile and on-site delivery.
Epidermal growth factor (EGF), fibroblast growth factor-2 (FGF-2) and stromal cell-
derived factor (SDF-1a,) were all encapsulated in coacervates for several purposes such as

wound healing [138, 139], vascular graft remodeling [140] and angiogenesis [132].

More recently, promising tissue engineering applications of the coacervates were reported.
For tissue engineering purposes, coacervates could be used as a complete scaffold or
coating material on the grafted scaffolds. Presented coacervates enhanced viability [141],
in vitro proliferation [142] and differentiation potential [143] of the included cell types.
Furthermore, high viscosity of the coacervates made them desirable tissue adhesives to be
used in bone fractures [144-147].

A proper understanding and control of the environmental factors (ionic strength, pH or
temperature) in complex coacervation had enabled tissue engineers to design stimuli-
responsive biomaterials in order to be used at desired places. For instance, changing the pH
and ionic strength modulated the attachment capacity of the coacervates prepared using
poly (allylamine hydrochloride) with pyrophosphate or tripolyphosphate [148]. In another
system, temperature changes manipulated the coacervation of 5-amino-1-penthanol and
trimethylolpropane ethoxylate triacrylate [149], similarly phase separation of poly

(allylamine-co-allylurea) was also altered by temperature increase [150].

There are some other electrostatically driven phase separations such as flocculation,
precipitation, ionic hydrogel and layer by layer assembly which are different than
coacervation. Important aspects of those processes were clarified by Kayitmazer et al.
[151].
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1.6.1 Precipitate

Precipitation corresponds to solid-liquid phase separation instead of liquid-liquid phase
separation as observed in coacervation and the dense phase has crystalline features. It is
comparatively easy to differentiate coacervates from precipitates. Precipitates can be
identified as pieces of white, deformable (miscible) material. Instead of liquid droplets,
solid particles can be observed by optical microscopy. For more obvious distinguishing
between precipitation and coacervation, centrifugation can be applied for visual
observation. Using high charge density polymers, high molecular weight polymers and low
salt concentrations; phase separation becomes liquid-solid (precipitate) because of having
higher complementarity and stronger interactions between polymers [152].

1.6.2 Flocculate

Flocculates are also formed through solid—liquid phase separation when the solid phase
formed is less dense than that of precipitation and first suspended coagulants are formed
and those small complexes become flocs or flakes staying in the solution before
sedimentation. It is not so easy to differentiate coacervates from flocculates, but flocs seem

as densified coacervates, more like solidified gels [153].

1.6.3 Hydrogel

Hydrogels are 3D polymeric structures that can absorb large amounts of water and still
exhibit solid-like mechanical properties due to the presence of a crosslinked network
structure [154]. In coacervate formation, phase separation exists from physical interactions,
not due to the presence of crosslinkers [155]. lonic hydrogels made from polyelectrolyte
networks, require more than 5% weight polymers. Coacervation is suppressed in
concentrated solutions, in these concentrated mixtures, the oppositely charged
macromolecules are in close proximity with each other and the molecular chains may
overlap to become a gel. Coacervation effects occur in low concentrations as low as 0.1%

weight polymers.
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1.6.4 Layer by Layer Assembly

Layer by Layer assembly (LbL) uses self-assembling properties of charged molecules like
polyelectrolytes (PE). This technique is based on the electrostatic attraction between
oppositely charged molecules, which results in stable multilayer structures [156]. For this
purpose, an anionic (or cationic) polyelectrolyte is adsorbed onto a colloidal particle for a
period of time and then rinsed to remove excess amount of the polymer. When a cationic
(or anionic) charged polyelectrolyte is introduced, they adhere to negatively (or positively)
charge the surface of previous PE and this procedure can be cycled for hundred times
until wanted multilayer thickness is achieved. In LbL assembly, only one ionic charge is
free and its opposite charge is fixed on a system but in coacervate both of the ionic charges

are free and tend to become closer to each other (no adherence as in LbL).

The main challenge for engineering articular cartilage tissue is the massive transition of
chondrocytes into fibroblastic cells which form fibrocartilage instead of hyaline cartilage
during in vitro culture process [157]. Eventually, it is possible to encapsulate MSCs or
chondrocytes without dedifferentiation.

For cartilage tissue engineering, polysaccharides as chitosan (CHI) and hyaluronic acid
(HA) are the most sophisticated natural polymers due to their biocompatibility,
biodegradability and structural similarity to glycosaminoglycan (GAG) found in cartilage.
Synthesis of complex coacervate is a novel approach in cartilage tissue engineering by
using electrostatic interaction between the cationic chitosan and anionic hyaluronic acid

with the capability of entrapping cells (Figure 1.13).

Hyaluronic acid Chitosan Cell encapsulated
Anionic polymer Cationic polymer Complex coacervate
+ cells

Figure 1.13. Schematic representation of cell encapsulation by complex coacervation

between a polyanion and a polycation [158]
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1.7 AIM OF THE STUDY

Aim of this study was to develop porous, biodegradable scaffolds using complex
coacervation technique, investigate the stability and characterize the prepared coacervates.
The 3D coacervates were prepared using weak polyelectrolytes chitosan glutamate salt
(CHI-G), chitosan chloride salt (CHI-CI) and sodium hyaluronate (HA) dissolved in NaCl
as monovalent and CaCl, as divalent salts. MSC encapsulation was applied after
characterization for evaluating the potentials of the coacervates for cartilage tissue

engineering purposes.
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2. MATERIALS

2.1

CHEMICALS AND REAGENTS

Dulbecco’s Phosphate Buffer Saline (DPBS) (Gibco, Germany)

Minimum Essential Medium (MEM) Alpha (Gibco, Germany)

High Glucose Dulbecco’s Modified Eagle Medium (Gibco, Germany)
Penicillin-Streptomycin (Gibco, Germany)

Fetal Bovine Serum (FBS) (Gibco, Germany)

Trypsin-EDTA (Sigma-Aldrich Corporation, Germany)

Recombinant Human Transforming Growth Factor (thTGFBl) (R&D Systems,
USA)

PROTASAN Ultrapure Chitosan CL 213, 83% deacetylation degree (DD) (FMC
Biopolymer, Norway)

PROTASAN Ultrapure Chitosan G 213, 83% deacetylation degree (DD) (FMC
Biopolymer, Norway)

Sodium Hyaluronate Pharma Grade 150 (FMC Biopolymer, Norway)

Calcium Chloride (Merck, USA)

Sodium Chloride (Sigma-Aldrich Corporation, Germany)

CellTracker CM-Dil (Invitrogen, Thermo Scientific, USA)

Hydrochloric acid (HCI) (Sigma-Aldrich Corporation, Germany)

Sodium hydroxide (NaOH) (Sigma-Aldrich Corporation, Germany)

Formaldehyde solution 37% by weight (Riedel-de Haén, Germany)

Alexa Fluor® 546 Phalloidin (Invitrogen, Thermo Scientific, USA)
4',6-Diamino-2-phenylindole (DAPI) (Sigma-Aldrich Corporation, Germany)
ProLong® Gold Antifade Mountant (Invitrogen, Thermo Scientific, USA)

Sodium azide (Sigma-Aldrich Corporation, Germany)

ITS Pre-mix tissue culture supplement (Corning, USA)

TritonX-100 (Invitrogen, Thermo Scientific, USA)

Cacodylic acid sodium salt trihydrate (AppliChem, USA)
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Double Distilled Water (Milli-Q) (SARTORIUS AG, Germany)
Live/Dead® Viability/Cytotoxicity Kit *for mammalian cells* (Invitrogen, Thermo
Scientific, USA)
o Ethidium homodimerl
o Calcein-AM
L-Ascorbic acid 2-phosphate (Santa Cruz Biotechnology, Inc., USA)
L-Proline (Sigma-Aldrich Corporation, Germany)
Sodium Pyruvate (Sigma-Aldrich Corporation, Germany)
Gluteraldehyde 25% Aqueous Solution (Sigma-Aldrich Corporation, Germany)
Fresh E.coli (ATCC 10536) and S.aureus (ATCC 6538) cultures
Oxo01d™, Ofloxacin (OFX) antimicrobial susceptibility disks (Invitrogen, Thermo
Scientific, USA)
Nucleospin RNA mini kit (Macherey-Nagel, Germany)
3-mercaptoethanol (Sigma-Aldrich Corporation, Germany)
Sensiscript Reverse Transcription Kit (Qiagen, Germany)
RNase inhibitor (Thermo Scientific, USA)
Oligo dT primer (Thermo Scientific, USA)
Maxima SYBR Green/ROX gPCR master mix (2X) (Thermo Scientific, USA)

ANTIBODIES

FITC anti-rat CD 90 (BD Pharmingen, USA)

FITC anti-rat CD 11a (BD Pharmingen, USA)

PE anti-rat CD 31 (BD Pharmingen, USA)

PE-Cy anti-rat CD 45 (BD Pharmingen, USA)

FITC anti-rat CD 29 (BD Pharmingen, USA)

COL2A1 Antibody (M2139) mouse monoclonal 19G2b (Santa Cruz Biotechnology,
Inc., USA)

Aggrecan Antibody (H-300) rabbit polyclonal 1gG (Santa Cruz Biotechnology,
Inc., USA)



2.3

29

Goat anti-Mouse IgG (H+L) Secondary Antibody, Alexa Fluor® 488 conjugate
(Invitrogen, Thermo Scientific, USA)
Goat anti-Rabbit 1gG (H+L) Secondary Antibody, Alexa Fluor® 647 conjugate
(Invitrogen, Thermo Scientific, USA)

INSTRUMENTS

Inverted microscopy (Nikon Eclipse TC 100, USA)

Laminar flow cabinet (ESCO Labculture Class Il Biohazard Safety Cabinet 2A,
Singapore)

CO: incubator (Thermo Scientific, USA)

Centrifuge (Hettich micro 22R and Sigma 2-5 centrifuge, Germany)
Vortex (Stuart, UK)

pH meter (Hanna, Germany)

ELISA plate reader (Bio-Tek EL x 800, USA)

Lyophilizator (Thermo Savant)

EVO Scanning electron microscope device (Carl Zeiss)

Fluorescent microscope (Vert.Al ZEISS)

Confocal microscope (ZEISS)

FACSCalibur flow cytometer (BD Biosciences, USA)

Nanodrop spectrophotometer (Thermo Scientific, USA)

CFX96 Touch™ sequence detection system (Bio-Rad, USA)
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3.1 PREPARATION OF POLYMER SOLUTIONS AND COACERVATES

3.1.1 Polymer Concentration
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The critical overlap concentrations (c*) for chitosan and hyaluronic acid polymers were

adopted from the literature as given in Table 3.1. Towards those informations, for chitosan
polymers (having 83% DD) with 260 kDa and 345.5 kDa molecular weight (CHI-CI and
CHI-G, respectively), 0.9 mg/mL or 0.09 % (w/v) and for hyaluronic acid with 1,700 kDa

molecular weight (Mw), 0.7 mg/mL or 0.07 % (w/v) concentrations were used.

Table 3.1 Critical overlap concentrations of CHI and HA polymers [3, 159, 160]

Polymer Name Molec(ul:g;\)/velght c* values (mg/mL)
4-5 179.86-271.00
22-30 38.40-55.77
61-79 14.72-20.55
280-300 4.27-6.11
850 1
. . 660 1.4
Hyaluronic Acid 2200 07

3.1.2 pH of Solution

Maximum growth of mammalian cells occurs at pH 7.4 which is the standard cell culturing

pH. Coacervation is favored at pH values lying between the pKa values of the used

polymers (HA and CHI) due to the increasing numbers of charged species (COO™ and
NHz%). HA and CHI are both fully soluble between pH = 2.0 and 6.7. Therefore, the pH of

the polymer solutions was decided as 6.25 and adjusted before introducing complexation

using 1 M HCI or NaOH.
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3.1.3 lonic Strength of Solution

Yan et al., (2009) showed the ionic strength of growth medium (Dulbecco’s Modified
Eagles Medium (DMEM) containing 10% fetal bovine serum (FBS) and 1% penicillin/
streptomycin) as 189 mM [161]. Therefore, complex formation was observed by
coacervation with NaCl or CaCl: salt solutions with an ionic strength of 50 mM, 150 mM
and 300 mM.

lonic strength (1) calculation formula [162]:

I =

N =

n
izt
=1

NaCl - Na* + Cl=  (lonic strength = Molarity) (3.1)
CaCl, — Ca?* + 2CLl™ (lonic strength = 3 X Molarity)

3.1.3.1 Preparation of NaCl and CaCl; Salt Solutions

The amount of salt required for a given ionic strength (Table 3.2) was measured into
ultrapure water (Milli-Q water) from NaCl or CaCl, stock. Prepared salt solutions were

mixed on a magnetic stirrer at RT until completely dissolved.

Table 3.2 Preparation of salt solutions

Molarity lonic Strength Mass Salt
(mM) (mM) (gram)

50 50 0.292 NaCl
150 150 0.876 NaCl
300 300 1.752 NaCl

16.67 50 0.184 CaCl;

50 150 0.554 CaCl,

100 300 1.109 CaCl,
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3.1.4 Coacervate Preparation

CHI (0.09% wi/v) and HA (0.07% w/v) were dissolved separately in NaCl or CaCl;
solutions to have the required ionic strength (1). The complete dissolution of both polymers
was achieved by constant stirring overnight via magnetic stirrer. The pH of each polymer
solution was adjusted to c.a 6.25 and each solution was sterilized by filtering through a
0.45 um pore size filter in a laminar flow hood. HA solution was added drop by drop into
CHI solution at different mixing ratios (charge ratios [-]/[+]) while keeping the mixture
stirred. Those coacervate suspensions were used for the examination of droplet formation,

turbidity, dynamic light scattering (DLS) and zeta potential.

For further in vitro experiments, charge ratio of [-]/[+] = 0.31 and 0.48 for HA/CHI-CI and
HA/CHI-G, respectively (0.4:1 v/iv HA:CHI mixing ratio (see results part for the selection
of this ratio) was applied. The prepared coacervate suspension was centrifuged at 4,000
rom for 23 minutes to facilitate phase separation into the coacervate and dilute
(supernatant) phases. After centrifugation, the supernatant was carefully decanted without
disturbing the coacervate layer.

3.1.4.1 Charge Calculation and Volume to Charge Conversion

Charge ratio was calculated using the HA and CHI polymer characteristics denoted at pH
6.25. It is essential to analyze the phases of the HA/CHI mixtures in terms of charge ratio
of negative to positive groups ([-]/[+]) so that comparable results could be achieved with

the literature. Moreover, charge ratio differs through chitosan chloride and glutamate salt.
Charge ratio calculated from the Tables 3.3 and 3.4:

Table 3.3 Polymer information for the calculation of charge ratio

Polymer Volume | Degree of Polymer. Charge
conc. (ml) ionization repeat unit roup (%o)
(mg/ml) Mw (g/mol) | 97°4P
HA 0.7 (variable) 0.99 401.3 1
CHI-CI 0.9 (constant) 0.52 198.566 0.83
CHI-G 0.9 (constant) 0.52 308.30 0.83
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Table 3.4 VVolume to charge ratio conversion

For CHI-CI | For CHI-G
CHI HA Chaltge Chaltge

Volume | Volume Ratio Ratio
[-J/[+] [-J/[+]

1 0.1 0.077 0.119

1 0.2 0.153 0.238

1 0.3 0.230 0.356

1 0.4 0.306 0.475

1 0.5 0.383 0.594

1 0.6 0.459 0.713

1 0.7 0.536 0.832

1 0.8 0.612 0.950

1 0.9 0.689 1.069

1 1 0.765 1.188

3.2 CHARACTERIZATION OF THE COACERVATE SUSPENSIONS

3.2.1 Optical Microscopy

Optical microscopy was used to confirm the presence of liquid coacervate droplets. The
coacervate suspensions were placed on glass slides to observe the droplets. Optical
micrographs of each type of polyelectrolyte complexes such as precipitates or coacervates
formed were represented with a final ionic strength of 50 mM, 150 mM and 300 mM NacCl
or CaCl; salt solutions. Moreover, different mixing ratios (charge ratio of [-]/[+]) of HA
solution into CHI solutions (v/v) were examined in detail for ionic strength of 300 mM

NaCl or CaCl; salt solutions.

3.2.2 Turbidity

Effect of mixing ratio (charge ratio of [-]/[+]) on the extent of HA/CHI coacervation was
investigated by turbidity measurement. Different mixing ratios of HA solution into CHI
solution (v/v) was measured for I = 300 mM and pH = 6.25. Turbidity was measured using

a plate reader equipped with a UV spectrophotometer (BioTek Instruments, USA) at a
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wavelength of 630 nm at room temperature. None of the polymers absorb light at this
wavelength. Turbidity was measured in absorption units (a.u.) and applied into a 96-well
plate. All samples were referenced against the respective salt solution. All the experiments

were run in triplicate.

3.2.3 Dynamic Light Scattering

Dynamic light scattering (DLS) experiments were performed on a Zetasizer Nano ZS
(Malvern Instruments, UK), which records data at a scattering angle of 173° with a 633 nm
He/Ne laser. All experiments were carried out at 25 °C. Size for the coacervate suspension
was reported as a Z-average hydrodynamic diameter; i.e. intensity weighted mean
hydrodynamic radius (using Stokes-Einstein equation). Size values were reported as
average and standard deviation of three repeated measurements. Cumulants analysis
(“general purposes mode”) was employed for fitting of the correlation curve. Intensity was

recorded as derived count rate, which was the 0.3 % of the measured mean count rate.

3.2.4 Zeta Potential

The zeta potential () measurements were performed on a Zetasizer Nano ZS (Malvern
Instruments, UK). Coacervate suspensions were loaded into folded capillary cells (Malvern
Instruments, UK). Charge values were converted to zeta potential (using Smoluchowski
equation) and reported as average and standard deviation of three repeated measurements.

3.2.5 Visual Inspection

For visual inspection, coacervate suspensions were centrifuged to accelerate the phase
separation for 23 minutes at 4,000 rpm to coalesce the dispersed complexes to a single
phase at the bottom of the falcon tubes.
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3.3 CHARACTERIZATION OF THE COACERVATE SCAFFOLDS

3.3.1 Environmental Scanning Electron Microscopy (ESEM)

After centrifugation of the HA/CHI-CI and HA/CHI-G, charge ratio of [-]/[+] = 0.31 and
0.48, respectively, the phase formation was observed at the bottom of the falcon tubes.
HA/CHI coacervates were collected from the bottom and used as scaffolds. These
coacervates were washed with sodium cacodylate buffer (pH 7.4), incubated with 2.5 %
gluteraldehyde solution at room temperature (RT) for 1.5 hours and then kept at 4 °C until
observation with environmental scanning electron microscopy (ZEISS EVO LS 15,
Germany). ESEM was applied at a voltage of 5 kV and different magnifications. The mean

pore size was estimated using ImageJ software.
3.3.2 Dry Weight Analysis of Coacervates

After centrifugation of the coacervate suspensions, the collected HA/CHI coacervates were
weighed to determine the wet weight. Then the samples were completely dried at 60 °C
(overnight) in the oven and dry weight was recorded to determine the water content of the

coacervates. All experiments were conducted in triplicate.

The degree of water content (% WC) of coacervates was calculated according to the

following equation:
(WW_W )
% WC = [W—Wd] x 100 (3.2)
where W\, is the wet weight of coacervate and Wy is the weight of the coacervate after
dried in the oven.

3.3.3 Degradation Behavior of the Coacervates

Coacervate degradation rates were evaluated by measuring the mass loss for up to 16
weeks. Triplicate samples of HA/CHI-CI and HA/CHI-G coacervates were weighed and

then immersed individually in sealed falcon tubes that were containing PBS solution with
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0.09 % (w/v) of sodium azide that was added to prevent bacterial growth. The coacervates
were incubated at 37 °C, 60 rpm shaking water bath for 1, 7, 14, 30, 60 and 120 days
without refreshing media. At the end of predetermined incubation intervals, scaffolds were
removed from the buffer, rinsed in deionized water to remove salts and weighed. The
buffer left inside the falcon tube was collected for the pH measurements.

The percentage weight loss (% WL) of coacervates was calculated according to the
following equation:

% WL = 100 — [W] x 100 (3.3)

where W; is the initial weight of scaffold and Wy is the weight of the scaffold after

incubation in the PBS-sodium azide solution.
3.3.4 Antimicrobial Activity of the Coacervates

The antibacterial activity of prepared HA/CHI coacervates were examined by agar disk
diffusion assay [163]. A sterile cotton swab was used for spreading the Staphylococcus
aureus (ATCC 6538) and Esheria coli (ATCC 10536) cultures by surface method. After
5 minutes, prepared coacervates (~1 cm in diameter) were placed triplicate on the
inoculated agar surface. The plates were incubated at 37 °C overnight and examined for the
zone of inhibition. Positive (Ofloxacin - OFX) and negative (disk - only wetted by distilled
water) controls were used. G indicates the coacervates prepared by chitosan glutamate
(HA/CHI-G) in NaCl, CI indicates the coacervates prepared by chitosan chloride
(HA/CHI-CI) in NaCl, and CI (CaCly) indicates the coacervates prepared by chitosan
chloride (HA/CHI-CI) in CaCl: salt solutions. All experiments were performed aseptically
(Table 3.5).

Table 3.5 Samples placed on the inoculated agar surfaces

Plate 1 (+) control Cl Cl G

E. coli Plate 2 (=) control Cl G G
Plate 3 (+) control | CI(CaCl,) | CI(CaCl,) | Cl(CaCly)

Plate 4 (4+) control G G Cl

S. aureus Plate 5 (=) control Cl G Cl
Plate 6 (=) control | CI(CaCl,) | CI(CaCl,) | Cl(CaCl,)
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34 ISOLATION AND CULTURE OF MESENCHYMAL STEM CELLS

Rat bone-marrow derived mesenchymal stem cells (rBMSCs) were isolated from six-week-
old male Sprague-Dawley rats. They were sacrificed, femurs and tibias were carefully
cleaned from skin and cut at the ankle bone. The muscle and connective tissue were
removed by scraping and clean bones were put in harvest medium (Dulbecco’s Modified
Eagle Medium (DMEM) high glucose, (4.5 g¢/L) including 1,000 unit/mL
penicillin/streptomycin). Ends of the tibia and femur were cut. Sterile needle was inserted
and bone marrow was flushed with standard growth medium (SGM) (a-MEM — Glutamax
supplemented with 10 % (v/v) Fetal Bovine Serum (FBS) and 100 unit/mL of
penicillin/streptomycin) and collected in a 50-mL falcon tube. The cell suspension was
centrifuged at 1,800 rpm for 5 min. The pellet was dissolved in SGM and incubated in an
incubator at 37 °C, in a humid atmosphere containing 5 % CO>. Non-adherent cells were
removed by washing with PBS (pH = 7.4) and adherent cells were further cultured in
SGM. The media were changed three times a week. The cells were transferred to a new
culture flask when they reached confluency.

Previously isolated and characterized rBMSCs had been cryopreserved for later use. For
that purpose, rBMSCs were washed with PBS twice and detached from the culture flasks
by a 0.25 % trypsin-EDTA solution. Cell suspension was centrifuged at 1,800 rpm for 5
min. Cells were resuspended at 1.0 x 10° cells/mL in freezing medium (FBS:DMSO 20:1
v/v) and they were aliquoted into cryogenic vials. Vials were placed in an isopropanol

freezing container and transferred to —80 °C.

For thawing the cells, cryogenic vials were removed from —80 °C and thawed rapidly. Cell
suspension was transferred to 15 ml falcon tube and 10 ml of medium was added drop by
drop. Diluted cell suspension was centrifuged at 1,800 rpm for 5 min. Supernatant was
discarded and cells were resuspended in prewarmed, fresh standard growth medium (o-
MEM - Glutamax supplemented with 10 % (v/v) FBS and 100 unit/mL of
penicillin/streptomycin). Cells were incubated in an incubator at 37 °C, in a humid
atmosphere containing 5 % CO,. The media were changed three times a week.
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3.4.1 Characterization of MSCs

MSCs were characterized according to the advice of the International Society for Cellular
Therapy (ISCT). Characterization was applied using cell surface markers by flow
cytometry analysis. The cells were stained with different fluorescently labeled monoclonal
antibodies (BD bioscience). In brief, the cells were detached from the culture flasks by a
0.25 % trypsin-EDTA solution and then washed with PBS. For each tube, 3x10° cells (in
100 pLL PBS) were mixed with the fluorescently labeled antibody (FITC anti-rat CD 90, PE
anti-rat CD 31, PE-Cy anti-rat CD 45, FITC anti-rat CD 29, FITC anti-rat CD11a) and
incubated in dark, at room temperature (RT) for 45 minutes. After washing to remove the

excess antibodies, the cells were analyzed by a FACSCalibur flow cytometer.

3.4.2 CM-Dil Staining of MSCs

Stock solution of the CM-Dil dye was prepared in dimethyl sulfoxide (DMSO) at a
concentration of 1 mg/ml. Cells were detached from the culture flasks by a 0.25 % trypsin-
EDTA solution and then labelled with the working solution of CM-Dil fluorescent dye (1

1M concentration for 10° cells).

3.5 COACERVATE SCAFFOLDS WITH CELLS

3.5.1 Cell Seeding

Coacervates were prepared exactly as previously described in part 3.1.4 (referred as blank).
Obtained coacervates (as pellets) were kept inside the falcon tubes for direct cell seeding

on the surface of the coacervates.

After the optimal cell density was reached (100,000 cells/coacervate), cells were
resuspended in fresh standart growth medium by pipeting well to become ready for
seeding. Cell suspensions were added onto the surface of prepared scaffolds and falcon
tubes were incubated at 37 °C, 5 % CO, for overnight. Coacervates were transferred to 24

well plate and incubated at incubator throughout the experiment.
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For controlling the succesfull seeding of the cells on semi-opaque coacervates, CM-Dil
labeled cells were seeded and imaged using fluorescent microscopy at the third day of

incubation.

3.5.2 Cell Encapsulation

Polymer solutions were prepared as previously described in part 3.1.4. After the optimal
cell density was reached (500,000 cells/coacervate), cells were resuspended in HA
solutions by pipeting well to become ready for encapsulation. HA+cell suspension was
added drop by drop on chitosan solutions individually. Mixing ratio of HA:CHI (0.4:1 v/v)
was applied according to previously chosen ratio from characterization data (see result
part). Coacervate suspensions were centrifugated at 4,000 rpm for 23 minutes. Obtained
coacervates (as pellets) were carefully transferred to 24-well plate containing 500 pL

standart growth medium and incubated at 37 °C, 5% CO- throughout the experiment.

For controlling the succesfull encapsulation of the cells inside semi-opaque coacervates,
CM-Dil labeled cells were encapsulated and imaged using fluorescent microscopy at the
third day of incubation.

3.5.3 Scanning Electron Microscopy (SEM)

The morphology of freeze-dried coacervates and interactions between cells and coacervate
scaffolds were observed by SEM analysis. Empty and cell encapsulated coacervates were
washed with sodium cacodylate buffer (pH 7.4). Fixation was achieved by adding 2.5 %
gluteraldehyde solution, then samples were incubated at room temperature for 1.5 hours.
Then, samples were washed with sodium cacodylate buffer and freezed at —80 °C. After
freezing, samples were left for lyophilization overnight and kept at RT until observation.
All samples were coated with 10 nm gold and SEM was applied at 10 kV.

3.5.4 LIVE/DEAD® Cell Viability Assay

Live dead assay reagent was prepared by addition of 4 uM ethidium homodimer-1 (EthD-

1) and 2 uM Calcein-AM in PBS solution. The coacervate samples were washed with PBS
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before incubation with live dead assay reagent. After incubation at room temperature for
30-45 minutes at dark, reagents were removed and washed with PBS. Images were taken
by fluorescent microscope after 1, 7, 14 and 21 days of incubation. To assess cell viability,
3 different zones were processed for calculating the number of green and red spots using
the ImageJ software. The ratio (cell viability percentage) of the number of live cells to the

number of total cells was calculated.

3.5.5 Fluorescent Staining

For analyzing the morphology of the encapsulated or seeded cells, actin filament and
nucleus staining was applied. For actin filaments, Alexa Fluor® 546 Phalloidin which is a
F-actin probe conjugated to red-fluorescent dye (ex/em: 556/573 nm), for nucleus,
DAPI (4',6-diamidino-2-phenylindole) which is ablue fluorescent dye (ex/em: 358/461

nm) that binds to A-T rich regions in DNA were used.

Coacervate samples were washed with PBS and fixed in 3.7 % formaldehyde solution for
30 minutes at room temperature. Samples were washed and permeabilized in 0.1 % Triton
X-100 for 5 minutes at RT. Samples were washed and incubated in 3 % FBS. After
washing the samples, they were incubated in phalloidin solution (1:100 dilution) at RT for
1 hour at dark. Samples were washed to remove unbound phalloidin. Nucleus staining
solution DAPI (1:1000 dilution) was added on the samples and incubated at RT for 15
minutes at dark. Samples were washed, then transferred to prepared slides. ProLong® Gold
Antifade mountant was added on the samples and stored at 4 °C until examination. Images

were taken by confocal microscope after 3 and 21 days of incubation.

3.5.6 In Vitro Chondrogenic Differentiation

Encapsulated bone marrow stem cells inside coacervates were induced to differentiate into

chondrocytes by providing the proper soluble and environmental conditions.

For differentiation purposes, cell encapsulated coacervates were placed in chondrogenic
differentiation medium (CDM) at the 3" day of incubation. CDM was constituted from
DMEM high glucose, (4.5 g/L) supplemented with 100 unit/mL of penicillin/streptomycin,
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1 % ITS + Premix Tissue Culture Supplement (6.25 pg/mL insulin, 6.25 ug/mL
transferrin, 6.25 ng/mL selenous acid, 1.25 mg/mL bovine serum albumin, 5.35 mg/mL
linoleic acid), 1077 M dexamethasone, 50 pg/mL ascorbate-2-phosphate, 40 pug/mL L-
ascorbic acid, 1 % FBS, 2 mM sodium pyruvate and 10 ng/ml transforming growth factor-
beta 1 (TGF-B1). The media were changed three times a week.

3.5.6.1 Immunostaining

For analyzing chondrogenic differentiation of the encapsulated cells inside coacervates,
collagen type Il (COL2A1) and aggrecan (ACAN) with nucleus stainings were applied.
For COL2A1, Alexa Fluor® 488 conjugated goat anti-mouse IgG (H+L) which is a
secondary antibody conjugated to green-fluorescent dye (ex/em: 490/525 nm); for ACAN,
Alexa Fluor® 647 conjugated goat anti-rabbit 1gG (H+L) which is a secondary antibody
conjugated to red-fluorescent dye (ex/em: 650/665 nm); for nucleus, DAPI (4',6-
diamidino-2-phenylindole) which is a blue fluorescent dye (ex/em: 358/461 nm) that binds
to A-T rich regions in DNA were used.

Coacervate samples were washed with PBS and fixed in 3.7 % formaldehyde solution for
30 minutes at RT. Samples were washed and permeabilized in 0.1 % Triton X-100 for 5
minutes at RT. Samples were washed and incubated in 3 % FBS. After washing the
samples, they were incubated in primary antibody solutions (1:500 dilution) at RT for 1
hour. Samples were washed to remove unbound antibodies. Secondary antibody solutions
(5ug/ml) were added on the samples at RT for 1 hour at dark. Samples were washed
extensively with PBS to remove unbound conjugate. Nucleus staining solution DAPI
(1:1000 dilution) was added on the samples and incubated at RT for 15 minutes at dark.
Samples were washed and then transferred to prepared slides. ProLong® Gold Antifade
mountant was added on the samples and stored at 4 °C until examination. Images were

taken by confocal microscope after 7, 14, 21 and 30 days of incubation.
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3.5.6.2 RNA isolation

RNA was isolated from the cells encapsulated inside coacervate samples using RNA
isolation kit (Nucleospin RNA mini kit, Macherey-Nagel, Germany) after 7, 14 and 21
days of incubation.

Cell encapsulated coacervate samples were washed twice with PBS and finely minced
inside the distinctive eppendorf tubes. Lysis buffer containing B-mercaptoethanol (100:1
v/v) was added onto the minced samples and tubes were vortexed. Absolute ethanol was
added and mixed by pipetting. All cell lysates were transferred to new tubes that contain
NucleoSpin® RNA column (~700 uL) and centrifuged at 11,000 g for 30 seconds.
Supernatant was discarded. Membrane Desalting Buffer was added and centrifuged at
11,000 x g for 1 minute. DNase reaction mixture was directly applied onto the center of the
silica membrane of the column and incubated at room temperature for 15 min. Wash buffer
RAW?2 was added and centrifuged at 11,000 g for 30 sec. Supernatant was discarded.
Wash buffer RA3 was added and centrifuged at 11,000 g for 30 sec. Supernatant was
discarded. Again wash buffer RA3 was added and centrifuged at 11,000 g for 2 min.
Purification columns were separately transferred to sterile 1.5 mL RNase-free
microcentrifuge tubes. Nuclease free water was added and centrifuged at 11,000 g for 1
min. to elute RNA. Purification columns were discarded. RNA concentration and purity
was detected with NanoDrop spectrophotometer (Thermo Scientific, USA) by using

nuclease free water as blank.

3.5.6.3 Reverse Transcriptase (RT) Polymerase Chain Reaction

Reverse transcription was carried out to synthesize cDNA from purified RNAs using
Sensiscript Reverse Transcription Kit (Qiagen, Germany). First, RNA samples (~5 uL)
were incubated for 5 min at 65 °C. cDNA was synthesized from ~50 ng of total RNA in a
20 pL reaction volume with 1X RT buffer, 10 u/rxn RNase inhibitor, 1 uM oligo dT
primer, 0.5 mM of each ANTP, and Sensiscript RT. All mixture was prepared on ice and
components were added to tube according to the order in Table 3.6. Reaction was

performed at 37 °C for 1 hour.
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Table 3.6 cDNA reaction mix

Components Volume Final Conc.
RNase free water variable
10X RT Buffer 2 uL 1X
dNTPs (5 mM) 2 uL 0.5mM
Oligo dT Primer (10 pM) 2 ulL 1 uM
RNase Inhibitor (10u/puL) 1 uL 10 u/rxn
RT enzyme 1 uL
RNA Template variable <50 ng

3.5.6.4 Real Time Polymerase Chain Reaction

Real-time PCR analysis was performed by using Maxima SYBR Green/ROX gPCR master
mix (2X) (Thermo Scientific, USA). Reaction mixture was prepared using the components
listed in Table 3.7. The reaction was performed as follows: For initial denaturation (120
sec 94 °C), 40 cycles of denaturation, annealing and extension (30 sec 94 °C, 30 sec 59-61
°C, 30 sec 72 °C) and final extension (10 min 72 °C). GAPDH gene was used as a
housekeeping gene for normalization and iCycler, CFX96 Touch Real Time PCR
Detection System (BIO-RAD, USA) was used as the detection system. Data were
expressed as fold change and analysed via comparative Ct method (AA Ct). The used
primer sequences for the gq-PCR are indicated in Table 3.8. Chondrogenic genes were
collagen type Il (COL2A1), aggrecan (ACAN), SRY-related high-mobility-group box 9
(SOX9) and housekeeping gene was glyceraldehyde-3-phosphate dehydrogenase
(GAPDH). Each sample was studied in duplicate.

Table 3.7 Real-time PCR reaction mix

Components Volume Final Conc.
Nuclease free water variable
Maxima SYBR Green/ROX
gPCR Master Mix (2X)
Primers F+R (10 pM) 1.5 uL 0.3 uM each
Template DNA variable <500 ng

12.5 uL 1X
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Table 3.8 Primer pairs used for real-time PCR

Primers Sequence (5°—3’) ?:r:;aé:,g% T_r:r?guttlf]t
F | ACCACAGTCCATGCCATCAC
GAPDH R | TCCACCACCCTGTTGCTGTA > 4>z
coums [ EACTITRCOTCC |, | o
F | CATTCGCACGGGAGCAGCCA
ACAN R | TGGGGTCCGTGGGCTCACAA ol 133
F | TGGCAGACCAGTACCCGCATCT
SOX9 R | TCTTTCTT GTGCTGCACGCGC %0 139

3.5.7 Statistical Analysis

Analysis of variance (ANOVA) was performed using GraphPad prism software. One-way
ANOVA followed by Tukey post multi-comparison tests for samples with a single variant
and two-way ANOVA followed by Bonferroni post tests for samples with more than one
variable sets were utilized. Statistical significance was noted when p-value was less than
5% confident (0.05) using three biological replicates unless otherwise stated. Mean values

for replicate experiments and standard deviations (STD) were calculated.
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4. RESULTS AND DISCUSSION

41 CHARACTERIZATION OF COACERVATE SUSPENSIONS

4.1.1 Optical Microscopy

Light microscopy was performed for the detection of phase seperation and morphology
of the complex coacervates between HA and CHI biopolymers. Spherical droplets are
distinctive features of coacervate suspension [164-166] and can be visualized by this

technique.

Droplet formation was observed with a final ionic strength (1) of 50 mM, 150 mM and
300 mM NaCl or CaCl; salt solutions at pH 6.25. Three different ionic strengths were

selected to explore the coacervate droplets within the physiological range.

Salt concentration (ionic strength) had a direct influence on phase separation of the
coacervate systems [167, 168]. In Figure 4.1 a,b, the optical microscopy images clearly
showed that coacervate complexes directly clustered into precipitates at ionic strength of
50 mM. However, in Figure 4.1 c,d, coacervate droplets could also be recognized
together with the precipitates (clustered flocs) at ionic strength of 150 mM. A similar
transition phase in which coacervate droplets coexist with precipitates was reported in
the literature for a synthetic polycation/anionic mixed micelle system [169]. From the
Figure 4.1, we can conclude that even in the charge ratio of HA/CHI ([-]/[+]) 0.07, using
small quantities of salt in our system generated irregular shaped or clumped
droplets/flocs instead of coacervate droplets and supressed the phase separation. Our
result is consistent with the literature stating that in the absence or presence of low salt
concentration conditions, immediate precipitates might be observed even in low mixing
ratios [128].

To solve this supression of phase separation, addition of small amount of salt have
shown to enhance coacervation by changing the energy of the system [170, 171], though
a lot more addition of salt also supresses the phase separation and named as salt
screening effect [172, 173].
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Kayitmazer et al. showed the critical salt concentration for phase separation in the
HA/CHI system as a function of polymer concentration and pH [174]. Considering those
findings, we increased the ionic strength to 300 mM where phase separation still
occurred and a more detailed observation was done by modulating the charge ratio of
HA/CHI ([-1/[+D).

.
Figure 4.1. Optical microscopy images of HA:CHI-CI coacervate suspensions at charge
ratio of [-]/[+] = 0.07, at ionic strength of 50 mM in (a) NaCl, (b) CaCl; solution; at ionic

strength of 150 mM in (c) NaCl, (d) CaCl: solution. The scale bars represent 10 pm

For the HA/CHI-CI system, micron sized droplets (diameter) were observed up to [-]/[+]
= 0.31 as seen in Figure 4.2 a-c, prepared in NaCl solution and Figure 4.3 a-c, prepared
in CaCl; solution. At charge ratio of [-]/[+] 0.46 and 0.61 in both solutions (Figure 4.2
d,e and Figure 4.3 d,e), coacervate droplets coexisted with precipitate particles whereas
precipitates were the dominant structures at charge ratio of 0.77 (Figure 4.2 f and Figure
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4.3 7).

For the HA/CHI-G system, coacervation was only analyzed for the samples prepared in
NaCl salt solution, the data observed for HA/CHI-CI system showed that the results
were very similar for the coacervates prepared in NaCl or CaCl; solutions. The
preliminary examination also showed similar results for HA/CHI-G prepared in CaCl>
solution (data not shown). So it was decided to continue for HA/CHI-G system only
with preparations in NaCl solution.

In HA/CHI-G system, coacervation region was extended to charge ratio of [-]/[+] = 0.48
and spherical droplets were observed up to this ratio as seen in Figure 4.4 a-c. At the
charge ratio of [-]/[+] = 0.71, some of coacervate droplets started to accumulate in
clusters (Figure 4.4 d), whereas precipitates appeared as solid flocs with irregular shapes
above [-]/[+] = 0.95 (Figure 4.4 g f).
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Figure 4.2. Optical microscopy images of HA:CHI-CI coacervate suspensions at ionic
strength of 300 mM NacCl solution at a charge ratio of [-]/[+] (a) 0.08, (b) 0.19, (c) 0.31, (d)
0.46, (e) 0.61, (f) 0.77. The scale bars represent 10 um
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Figure 4.3. Optical microscopy images of HA:CHI-CI coacervate suspensions at ionic
strength of 300 mM CaCl: solution at a charge ratio of [-]/[+] (a) 0.08, (b) 0.19, (c) 0.31,
(d) 0.46, (e) 0.61, (f) 0.77. The scale bars represent 10 um
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Figure 4.4. Optical microscopy images of HA:CHI-G coacervate suspensions at ionic
strength of 300 mM NacCl solution at a charge ratio of [-]/[+] (a) 0.12, (b) 0.30, (c) 0.48, (d)
0.71, (e) 0.95, (f) 1.19. The scale bars represent 10 um
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4.1.2 Turbidity

The nature of the charged complexes formed when HA interacted with the CHI was
confirmed by measuring the changes in solution turbidity. This technique is very simple
and used extensively [165, 175]. Different mixing ratios of HA/CHI complex solutions
were prepared in separate cuvettes (Figure 4.5) and the turbidity at 630 nm of those

coacervate solutions were determined after mixing for 10 minutes.

By visual inspection, one-phase turbid solutions were observed up to the charge ratio of ([-
]/[+]) 0.61 for HA/CHI-CI system using NaCl and CaCl, (Figure 4.5 a,b) and 0.71 for
HA/CHI-G system using NaCl solutions (Figure 4.5 c). Whereas precipitates could be
macroscopically observed beyond charge ratio of 0.69 and 0.83, respectively.

The solutions at low mixing ratios had low turbidity with transparent appearance.
Whenever addition of HA was increased, solutions became turbid with whitened
appearance (Figure 4.5 a-c). This increase in measured absorbance could be the result of
increased complexation since the complexes were large enough to scatter light and it was

also shown by Perry et. al. [167].

All samples resembled the same behaviour as showing a peak in turbidity and dropped by
the excess addition amounts of HA solution. Maximum turbidity for coacervate
complexes in the system of HA/CHI-CI was observed at the charge ratio of [-]/[+] = 0.61
for both NaCl and CaCl salts (Figure 4.6 a,b); however, the turbidity maxima at charge
ratio of [-]/[+] = 0.71 was detected for HA/CHI-G system (Figure 4.6 ¢) which aggrees
with the visual photographs.

In the literature, same behaviour was also observed for the turbidity measurements of
lactoferrin/casein [176] and lactoferrin/p-lactoglobulin [177, 178] system. In those studies,
starting with low mixing ratios, low turbidity was measured and this low turbidity was
increased by the addition of lactoferrin to the system. Finally, excess addition resulted in

very low turbidity again.



0.61

0.69

0.77

Figure 4.5. Visual turbidity of mixtures at I of 300 mM (a) HA/CHI-CI in NaCl, (b)
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HAJ/CHI-CI in CaCly, (c) HA/CHI-G in NaCl salt solution. The charge ratios [-]/[+] are

given above each cuvette
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strength. (a) Filled circle: HA/CHI-CI in NaCl salt, (b) Filled square: HA/CHI-CI in CaCl»
salt, (c) Filled triangle: HA/CHI-G in NaCl salt

4.1.3 Dynamic Light Scattering (DLS)

For DLS measurements, HA/CHI coacervate complexes were measured as a function of

HA/CHI charge ratio. Scattering intensity at 173° and the Z-average hydrodynamic

diameter (dn - nm) graphics were depicted in Figure 4.7 and Figure 4.8, respectively.

In addition to turbidity which is also a scattering measurement, DLS at 173° angle

scattering

intensity graphic was explored. Scattering

intensity technique uses

backscattering detection [179] and more sensitive than turbidity about distinguishing

coacervate droplets and precipitate particles. Turbidity does not respond to the conditions
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where coacervate droplets coexist with the precipitate particles in solution [169]; it only

drops where visible separation is observed (Figure 4.5).

In our study, maximum intensity (measured at 173° through DLS) for coacervate
complexes in the system of HA/CHI-CI was observed at the charge ratio of [-]/[+] = 0.31
for both NaCl and CaCl; salts (Figure 4.7 a,b); however, the maxima reached at charge
ratio of [-]/[+] = 0.48 for HA/CHI-G system (Figure 4.7 c¢) which is also consistent with
the results of light microscopy.
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Figure 4.7. Scattering intensity as a function of HA to CHI charge ratio [-]/[+], at 300 mM
ionic strength. (a) Filled circle: HA/CHI-CI in NaCl salt, (b) Filled square: HA/CHI-CI in
CaCl; salt, (c) Filled triangle: HA/CHI-G in NaCl salt

The Z-average hydrodynamic diameter (dn) is constant at 609 + 19 nm and 668 + 63 nm
between [-]/[+] of 0.08 and 0.31 for the HA/CHI-CI coacervates prepared in NaCl and
CaCl, (Figure 4.8 a,b), respectively. For the HA/CHI-G system, dn was detected constant
and measured as 708 + 18 nm between [-]/[+] of 0.12 and 0.48 (Figure 4.8 c). As
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mentioned before, while size stayed constant up to [-]/[+] = 0.31 and 0.48, turbidity and
intensity increased. It could be because of the increased number of scattering objects found
in coacervate suspensions. Furthermore, in the literature, the light scattering intensity of
the coacervation of alginate and silk fibroin was found proportional to the size and the
number of the complexes formed [180].

The particles measured with a dy of 609, 668 and 708 nm (calculated amounts given
above) was attributed to coacervate droplets which would coalesce to form the coacervate
phase upon centrifugation. Moreover, in the excess addition of HA (charge ratios of [-]/[+]
> 0.54 for HA/CHI-CI and [-]/[+] > 0.83 HA/CHI-G system), a sharp increase was
measured in dn values (up to 8,891 + 1,650 nm for HA/CHI-CI in NaCl, 7,470 + 1,712
nm for HA/CHI-CI in CaCl; and 10,834 + 2,867 nm for HA/CHI-G in NaCl solutions) of
the HA/CHI complexes suggested formation of precipitate particles (Pdl > 0.5).
Furthermore, those increased dn values that were mostly demonstrating huge error bars
also well agrees with the study about coacervation of gelatin—dextran conjugate and tea
polyphenol [181] by showing heterogeneous population of particles such as droplets,
flocculates and aggregates. In brief, measured particles grew in size due to the

aggregation of the flocculates.

We can also conclude that the size of coacervate droplets was not established by only one
biopolymer since d+ of each biopolymer solution as 130 = 24 nm for CHI-CI, 70 + 3 for
CHI-G and 73 + 13 nm for HA.

The measured dn value of the coacervation of HA and CHI in our study was also supported
by the literature. Kayitmazer et al. reported a dy value of ~ 650 nm at ionic strength of 300
mM NaCl at pH 3.0 using HA/CHI system [174].
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Figure 4.8. Z-average (hydrodynamic) diameter as a function of HA to CHI charge ratio [-
]/[+], at 300 mM ionic strength. (a) Filled circle: HA/CHI-CI in NaCl salt, (b) Filled
square: HA/CHI-CI in CaCl; salt, (c) Filled triangle: HA/CHI-G in NaCl salt

4.1.4 Zeta Potential

For zeta potential ({-potential), HA/CHI coacervate complexes were measured as a

function of charge ratio ([-]/[+]) and results are depicted in Figure 4.9.

HA and CHI polymers have either negatively or positively charged surfaces due to the
charged COO™ and NHs" groups. In the HA/CHI coacervation system, excess amine or
carboxylic acid groups make the charge positive or negative, respectively. The amino
groups of chitosan are protonated below the pKa around pH 6.7 [174], which confers a
cationic character to the chitosan. In our study, after the zeta potential measurements of the
agueous chitosan solutions, positive charged values were observed, 11.5 £ 0.9 mV for
CHI-Cl in NaCl, 14.6 = 1 mV for CHI-CI in CaClz and 15.8 = 0.29 mV for CHI-G in NaCl
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solutions due to the presence of multiple amine groups that were ionized at this pH (6.25).

Coacervation requires charge neutral complexes whose net charge must be almost zero.
Nevertheless, in our system, the zeta potential exhibited a slow downward trend as HA
solution was added, but at the points in which coacervates were formed, the values were
still much higher than zero, 7.23 + 1.39 mV for HA/CHI-CI in NaCl, 6.32 + 0.08 for
HA/CHI-CI in CaCly, 6.19 £+ 0.67 mV for HA/CHI-G in NaCl solutions (Figure 4.9 a-c).
Moreover, as expected, the zeta potential turned into negative values (—11.6 + 0.3 mV for
HA/CHI-CI in NaCl, —10.36 £ 0.3 mV for HA/CHI-CI in CaCl;, —8.50 + 0.36 mV for
HAJ/CHI-G in NaCl solutions), due to the incorporation of an increasing number of HA
chains having excessive amount of carboxyl groups in the coacervation system. Charge
reversal only occured at [-]/[+] bigger than 0.69 and 1.07 for HA/CHI-CI (both in NaCl
and CaClz) and HA/CHI-G, respectively, where precipitate particles dominated the

mixture.

Although the charge stoichiometry is accepted as a critical parameter that characterises
coacervation [165, 182] in our HA/CHI system, instead of coacervation droplets,
precipitate formation was observed around stoichiometric (1:1) charge ratios. Zhang and
Shklovskii had introduced non-stoichiometric coacervation [183] which also matches well
with our system (Figure 4.9) and literature [174, 184]. Kayitmazer et al. already reported
detailed explanations to non-stoichiometric coacervation of HA/CHI system [174] and we
also attributed the non-stoichiometric coacervation to the intracomplex disproportionation
(segregation of charges). According to these studies, the coacervate droplets detected in
DLS may have a charge-neutral core with a tail where excess cationic charges are located

as a tadpole phase, resulting in coacervation.
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Figure 4.9. Zeta potential as a function of HA to CHI charge ratio [-]/[+], at 300 mM ionic
strength. (a) Filled circle: HA/CHI-CI in NaCl salt, (b) Filled square: HA/CHI-CI in CaCl>
salt, (c) Filled triangle: HA/CHI-G in NaCl salt

4.1.5 Visual Inspection

Those natural polymers, CHI and HA have an advantageous properties for tissue

engineering applications [185-188], due to their biodegradability and excellent
biocompatibility.

Optimum coacervation was detected at charge ratios of [-]/[+] = 0.31 (HA/CHI-CI
system) and [-]/[+] = 0.48 (HA/CHI-G system). At that ratios, coacervate suspensions

displayed the highest yield with better droplet morphology and good size distribution at
ionic strength of 300 mM and pH 6.25.
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Those liquid coacevate droplets coalescence very slowly under the influence of gravity.
Therefore, centrifugation is required for speeding up the coacervate formation rate.
Centrifugation is an easy technique that is often used for collecting coacervate layers
[168, 189, 190]. A polymer rich phase which is semi-opaque in appearance and a dilute
solution phase can be distinctly visualized after centrifugation (Figure 4.10). The reason
why the coacervate phase did not appear totally transparent might be due to the level of

protein content inside the biopolymers.

Moreover, the centrifuged suspensions confirmed the formation of immisible coacervate
layer which was qualified as scaffolding material and all coacervates presented liquid-
like and highly viscous (viscoelastic) behaviour (Figure 4.10 b) as identified in the
literature [172, 174, 175, 191]

Figure 4.10. Visual appearance of coacervates after centrifugation at a charge ratio of (a,b)
[-1/[+] = 0.31 HA/CHI-CI and (c,d) [-]/[+] = 0.48 HA/CHI-G suspensions



60

4.1.6 Environmental Scanning Electron Microscopy (ESEM)

Microstructure of HA/CHI coacervates were examined by environmental scanning electron
microscopy. This technique allows to examine the pore structure of the coacervates in a

saturated water vapor environment which enables imaging with minimal drying.

Pore size detection and the network morphology are very important measurements for
understanding the behaviour/attitude of biomaterials such as cell growth support and host
tissue correlation [192].

In this study, ESEM imaging was applied 72 hours later from HA/CHI coacervate
preparation. Presence of porous structure was observed for all HA/CHI coacervates. They
had randomly oriented pores ranging in size from 5-500 pm and mean pore sizes of 26 pm
and 19 um for coacervates prepared in CaCl, (Figure 4.11) and NaCl solutions (Figure
4.12), respectively, as calculated from ImageJ analysis.

Coacervates prepared in CaCl, exhibited slightly larger pores when compared to the ones
prepared in NaCl salt solution. We can conclude that this difference could be due to the
presence of calcium ions (Ca*?) that has larger hydration number (number of water
molecules per ion) than that of sodium ions (Na*) [193]. As a result water content was
relatively high in coacervates prepared in CaCl> solution (see part 4.1.7) and pores might
have swelled in the more hydrated network.

High porosity and interconnected network are required for adequate gas exchange,
transport of nutrients and removal of cellular wastes during incubation period [194]. Our
HA/CHI coacervates exhibited porous characteristics and provided suitable environment

with desirable properties for both cell encapsulation and cultivation.
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Figure 4.11. Environmental scanning electron microscopy images of (a,b) HA/CHI-CI

coacervates at 3" day of incubation prepared with 300 mM CaCl,

Figure 4.12. Environmental scanning electron microscopy images of (a,b) HA/CHI-CI

coacervates at 3" day of incubation prepared with 300 mM NaCl

4.1.7 Dry Weight Analysis of Coacervates

Dry weight analysis was carried out to determine the water content inside the individual
HAJ/CHI coacervates. Coacervates are viscous, dense liquid phases and they incorporate
high water content [129]. The water content inside the biomaterials denotes the water
retaining capacity which is highly related with the in vivo resorption of the scaffold by
body fluid [195]. The water content inside the coacervates was determined by weighing

after centrifugation and drying them in the oven.
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Water content in the HA/CHI-CI coacervates prepared in CaCl, and NaCl solutions was
found 94 £ 0.1 % and 92 + 0.4 %, respectively. HA/CHI-G coacervate was found 94 + 0.2
%. The relatively higher water content for HA/CHI-CI coacervates in CaCl, solution was
expected because of the larger hydration number for Ca*? than Na*, as mentioned in ESEM
results. When comparing the coacervates prepared in NaCl salt solution, the difference
may come from the counterions found on the chitosan polymers. There was a weak
dependence on salt concentration that was shown to increase the water content in poly
(acrylic acid) (PAA)/poly (N,N-dimethylaminoethyl methacrylate) system [175]. This salt
dependence could be due to the number of ions found in the system. Consequently,
glutamate as counterion contains more ions than that of chloride, so it might be responsible

for the more hydrated environment of the HA/CHI-G coacervates.

In the literature, water contents of the various types of coacervates have been reported
generally between 65-85%, water content was found in the system of BSA/poly
(diallyldimethylammonium chloride) as 73% [196], gelatin/PAA as up to 80% [197] and
pectin/ B-lactoglobulin as up to 85% [198].

4.1.8 Degradation Behavior of the Coacervate Scaffolds

Biodegradable scaffolds have became favourable candidates for most of the tissue
engineering applications. However, time and rate of biodegradation are very important
factors for successful tissue regeneration. Degradation products should be biocompatible

and provide suitable environment for the newly grown/formed tissue [199].

Figure 4.13 a,b shows the degradation ratio of HA/CHI-CI and HA/CHI-G coacervates
after different time points. Coacervates degraded fast during the first week. Total weights
of 63.2 £ 0.9 % wt and 624 + 1.5 % wt were lost for HA/CHI-CI and HA/CHI-G
coacervates, respectively. This quick degradation can be attributed to the leaching of
constituents from the scaffold network. The degradation rate slowed down in the next 2
weeks and weight remained constant at 34.6 + 2.4 % wt for HA/CHI-CI, 29.9 + 2.6 % wt

for HA/CHI-G coacervates by conserving structural integrity until the end of 16 weeks.
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It is a promising result that the durability of HA/CHI coacervates could allow new ECM
development, mostly degrading by surface erosion to reach 16 weeks, although fast

degrading profile was observed in the early time points.

It was shown that after 2 weeks of degradation, as a synthetic polymer blend of
poly(propylene fumarate) with poly(DL-lactic-co-glycolic acid) scaffold decreased the
buffer pH, meaning that released by-products of the scaffolds were acidic [200]. Unlike
synthetic polymer originated scaffolds, natural polymer originated ones like in our study
did not lead to acidic by-products after degradation [201].

Figure 4.13 c,d shows the change of pH value of HA/CHI-CI and HA/CHI-G coacervates
during 16 weeks in situ incubation. During the first day of degradation, the pH value of the
buffer decreased from 7.44 to 7.12 + 0.03 and 7.11 + 0.04 for HA/CHI-CI and HA/CHI-G
coacervates, respectively. This might be explained by the ongoing exchange of the ions at
the initial days between buffer (pH of 7.44) and coacervates (preparation pH of 6.25).
After 30 days of incubation, the equilibrium pH ~7.0 was established. During the next 8
weeks, the pH value fluctuated in a mild and stable range for the HA/CHI-CI, from 6.88 +
0.06 to 7.04 + 0.06; HA/CHI-G from 7.0 + 0.08 to 7.16 + 0.03.

Both HA/CHI coacervates had steady degradation rate and their pH was in physiological
range, which made them favourable to the further in vitro applications. Nevertheless, those

pH measurements only represent in situ results and may change in in vivo conditions.
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Figure 4.13. In situ degradation behavior of (a,c) HA/CHI-CI and (b,d) HA/CHI-G
coacervates in phosphate-buffered saline containing sodium azide (pH 7.5) at different
incubation time intervals (up to 120 days). (a,b) shows the weight loss percentages of the
coacervates and (c,d) shows the pH changes of the buffer. Values are reported as mean +
SD (n=3)

4.1.9 Antimicrobial Activity

Although our aim was to fabricate a scaffold for the purposes of cartilage tissue
engineering, we were curious about the antimicrobial properties of the prepared
coacervates. In the literature, plenty of reports have shown that chitosan has antimicrobial
activity against a great number of bacteria, fungi and yeast [202-204]. The antimicrobial
properties of chitosan can be variable due to its characteristics [205, 206], such as
molecular weight, degree of acetylation or physical features [202, 207], such as
hybridization with other polymers, pH and ionic strength. This activity is assigned to the
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cationic nature of the chitosan thus it can interact and disturb the negatively charged cell

membrane of the microorganisms [208].

Zone of inhibition around the contacted area of the coacervates and control disks were
shown in the Figure 4.14. Ofloxacin antibiotic which is a well-known and frequently used
antimicrobial agent was used as positive control. It is active against both gram positive and
gram negative bacteria [209]. Very clear inhibition zones were observed around ofloxacin
disks in both Esheria coli and Staphylococcus aureus bacteria (Figure 4.14). It means that
used bacteria were not resistant to antimicrobial agents. The gram-positive bacteria, S.
aureus was more susceptible when compared to the gram-negative bacteria E. coli for
assessing the local inhibition area visually on coacervates prepared using NaCl salt.
However, no considerable difference was noted due to the small area of inhibition among
the HA/CHI-CI and HA/CHI-G coacervates for S. aureus bacteria. Almost no inhibition
zone was observed for the coacervates prepared using CaCl; salt, this might be the reason
of using divalent calcium ion. Low antimicrobial activity of the coacervates could be due
to the moderate polycationic nature, almost neutral and the low chitosan concentrations
(0.09 %wt.) which were utilized at physiological pH and ionic strength while preparing the

coacervates.
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Figure 4.14. Bacterial growth inhibition of disc diffusion method. Coacervates were
incubated at 37 °C for 24 h on agar plates cultured with Esheria coli (left panel a,b,c) and
Staphylococcus aureus (right panel d,e,f); G indicates HA/CHI-G in NaCl, Cl indicates
HA/CHI-CI in NaCl, CI (CaCly) indicates HA/CHI-CI in CaCl> solution, (+) indicates the
positive control (Ofloxacin disk) and (-) indicates the negative control (empty disk)
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42 CHARACTERIZATION OF BONE MARROW STEM CELLS

MSC utilization becoming more and more popular due to the capacity of the differentiation
towards a needed cell type. The advantage of using MSCs in cartilage tissue engineering
was extensively shown for the cells isolated from multiple sources such as bone marrow
[210], adipose tissue [211], teeth [212], umbilical cord [213] etc.

In accordance with the standards of the ISCT, identified CD markers should be positive
(CD29, CD44, CD73, CD90, CD105, CD146, CD166 and STRO-1) and negative (CD11a,
CD2, CD31, CD34, CD45, CD117 and HLA-DR) for the cells to be approved as

mesenchymal stem cells [55].

Flow cytometry was performed on confluent P2 and P3 cells that were isolated from rat
bone marrow. The quantitative expressions (percentage) of CD29, CD31, CD45, CD90 and
CD11a were calculated. Data are presented as the mean + SDs obtained from the
percentage of each CD marker and representative flow histogram are shown in Figure 4.15.
It was found that CD29 (99.7 + 0.16 %) and CD90 (99.82 + 0.20 %), mesenchymal stem
cell markers were positive in expression, while CD31 (2.18 + 0.18 %), CD45 (1.27 + 0.11
%) and CD11a (1.36 + 0.15 %), hematopoietic stem cell markers were negative (Table
4.1). Expressions of cell surface markers showed that isolated cells from bone marrow had
properties of mesenchymal stem cells and consistent with the literature [214, 215].
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Figure 4.15. Flow cytometry histogram or rBMSC labeled with (a) CD11a, (b) CD 31, (c)
CD45, (d) CD29 and (e) CD90. Positive gated cell fractions were indicated on histograms

Table 4.1 Positivity (%) of the CD markers

Antibody Conjugate Positivity %
CD11a (-) FITC 1.36 £ 0.15
CD45 (-) PE-Cy 1.27+£0.11
CD29 (+) FITC 99.7 £0.16
CD90 (+) FITC 99.82 +£0.20
CD31 (-) PE 2.18+0.18

43  CELL CONTAINING COACERVATES

There are two strategies that cells can be involved in the tissue engineering system. In the
first one, after formation of the scaffolds, cells can be seeded on them. This is very
common and easy due to the post processing availability such as lyophilization, removal of
the toxic molecules, sterilization etc. to the prepared scaffold before seeding. In the second
one, cells can be encapsulated while preparing the scaffold. This is a very competitive way
because of the selection of convenient materials and mild processing conditions. However,

cell encapsulation has been a very promising way that it takes place in tissue engineering
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applications for various type of tissues. Typically hydrogels are used for encapsulation of
the cells from natural polymers such as chitosan [216], hyaluronic acid [217], fibrin [218],
collagen and alginate [219]. In our system, we generated coacervates using both chitosan

and hyaluronic acid biopolymers to apply cell seeding and cell encapsulation strategies.

4.3.1 Bright Field and Fluorescent Microscopy

Complex coacervation of HA and CHI biopolymers established semi-opaque scaffolds.

Figure 4.16 shows bright field microscopy images of cell encapsulated coacervates.

Figure 4.16. Brigth field microscopy images of MSC encapsulated in (a) HA/CHI-Cl in
CaClz (b) HA/CHI-CI in NaCl and (c) HA/CHI-G prepared in NaCl solutions after 1 day of
incubation. The scale bars represent 500 pm
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In order to control the successive cell seeding or cell encapsulation and evaluate the cell
distribution by microscopy, fluorescently pre-labelled cells by CM-Dil dye were used.
CM-Dil dye is retained in living cells through several generations and transferred to
daughter cells; therefore, useful for long-term labelling [220]. CM-Dil labeled cells seeded
on the coacervates or encapsulated inside the coacervates were detected using fluorescence
microscope (Figure 4.17). Spread and well distributed cells were observed for encapsulated
samples (500,000 cells/coacervate, Figure 4.17 a-c). Less number of cells (100,000
cells/coacervate) were seeded on the coacervates to prevent cell leakage and those cells

remained mostly around the center of the coacervate surface (Figure 4.17 d-f).
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Cell Encapsulation Cell Seeding

Figure 4.17. Fluorescent microscopy of CM-Dil-labeled MSCs at first day of incubation
for coacervates HA/CHI-Cl and HA/CHI-G prepared using NaCl and CaCl; solutions. Left

panel (a-c) shows encapsulated cells, right panel (d-f) shows seeded cells. The scale bars

HA/CHI-CI (NaCl) HA/CHI-CI (CaCl,)

HA/CHI-G (NacCl)

represent 500 um
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4.3.2 Scanning Electron Microscopy (SEM)

In addition to the ESEM observations, microstructure of the coacervates and their
interactions with cells were also observed by SEM analysis after lyophilization. Both
empty (blank) and cell-encapsulated coacervates were evaluated through SEM. Figure 4.18
represents the SEM images of empty coacervates while Figure 4.19 represents the SEM

images of cell-encapsulated coacervates.

SEM micrographs showed that pores of the freeze-dried coacervates were much smaller
than the native (wet) ones. Which is likely related to the collapse of the pores and structure

shrinkage after water removal by lyophilization.

Coacervates prepared using CaCl, resulted in smaller pore sizes than that of the ones
prepared using NaCl salt solution. The pores of the coacervates prepared using CaCl; salt
solution were observed around 5-10 pm in diameter (Figure 4.18 a,b), while for the ones
prepared using NaCl salt solution, the pore diameters were distributed between the range of
10-30 um for both HA/CHI-CI (Figure 4.18 c,d) and HA/CHI-G coacervates (Figure 4.18
e,f). This could be attributed to the more hydrated behaviour of the coacervates prepared

using CaCl; salt solution.
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HAJ/CHI-CI (CaCly,)

HA/CHI-CI (NaCl)

HA/CHI-G (NaCl)

Figure 4.18. Scanning electron microscopy images of HA/CHI-CI coacervates prepared in
(a,b) CaCly, (c,d) NaCl and (e,f) HA/CHI-G coacervate prepared in NaCl solutions,
original magnifications were: (a,c,e) 3.00 Kx; (b,d,e) 1.00 Kx

In a recent review, the cell encapsulated scaffolds having pore sizes larger than 10 um
were shown to allow adequate gas exchange, nutrient transportation and removal of
cellular wastes in addition to maintaining viability of those cells [221]. There were minor
differences in pore sizes among the coacervates; therefore, all coacervates had highly
porous and interconnected network structure that would support cell survival. It should be
noted that it was hard to distinguish cells from polymer networks in SEM images so arrows
were used to indicate cells in the Figure 4.19. We can conclude that, the cells were well
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embedded within the coacervates, maintained their structural integrity and showed spread
morphology after 3 days of incubation. Furthermore, the degradation profiles (see part
4.1.8) could enhance the migration and proliferation of the cells inside the cocervates for

the increased cultivation time points.

20 ym EHT =10.00kV Signal A = SE1 Date :16 Mar 2017

F——1 wo=s85mm Mag= 300KX Time :1130235

EHT = 10.00 KV Signal A = SE1 ZEISS
i WD= 70mm Mag= 1.00KX

EHT = 10,008V Sigoal A= SE1. Date 13 Nov 2015 ZEISA]
WO= 75mm Mag= 100KX

Figure 4.19. Scanning electron microscopy images of cell encapsulated HA/CHI-CI
coacervates prepared in (a) CaCly, (b) NaCl and (c) HA/CHI-G coacervate prepared in
NaCl solutions after 3 days of incubation, original magnifications were: (a) 3.00 Kx; (b,c)
1.00 Kx. Arrows indicate cells

4.3.3 LIVE/DEAD Cell Viability Assay

To assess the HA/CHI coacervates as a cell feasible system, the rBMSCs were first labeled
with CM-Dil dye and successive seeding or encapsulation was shown in part 4.3.1. This
time isolated cells directly without pre-labeling seeded or encapsulated and examined
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whether the polymers (or by-products) or encapsulation process affected the viability and

morphology of the cells throughout the incubation time.

To qualitatively visualize the living and dead cells, live/dead assay staining was applied to
rBMSCs seeded or encapsulated in the coacervates over three weeks of culture period. In
addition to viability, this staining was also used for visualizing the cellular shape and
membrane integrity [222]. This assay incorporates the fluorescent dyes calcein-AM and
ethidium homodimer-1 (EthD-1). Live cells were distinguished from dead cells by
measuring plasma membrane integrity and intracellular esterase activity. By using this
assay, cells within the coacervates were imaged as in green color (alive) or red color
(dead).

To quantitatively estimate the living and dead cells, 3 different zones were processed after
calculating the number of green and red spots using the ImageJ software. The ratio (cell-

viability percentage) of the number of live cells to the number of total cells was calculated.

4.3.3.1 Cell Seeded Coacervates

Live dead assay was first applied to rBMSCs that were seeded on the prepared coacervates
to control their attachment and survival. Assay was applied on the incubation days of 1, 7,
14 and 21 to the HA/CHI-G (Figure 4.20 a-d), HA/CHI-CI (Figure 4.20 e-h) coacervates
prepared in NaCl and HA/CHI-CI coacervate prepared in CaCl, (Figure 4.20 i-l) salt

solutions.

Live dead staining studies showed that after 24 hour, seeded cells were highly alive with
round morphology. Cell viabilities were around 86 + 3.4 %, 87 = 5.5 % and 89 + 4.9 %
(Figure 4.22 a) for coacervates HA/CHI-CI (NaCl), HA/CHI-G (NaCl) and HA/CHI-CI
(CaCly), respectively. Seeded cells exhibited a normal cellular morhology and maintained a
survival level above 88 % after 3 weeks of incubation (Figure 4.20). We can conclude that
both considering the live cell percentage and qualitative images, coacervates did not
contain any toxic or harmful by-products and supported cell adhesion and spreading at the

following time points that the cells could highly survive on those coacervates.
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HA/CHI-G (NaCl) HAJ/CHI-CI (NaCl) HA/CHI-CI (CaCly)

Figure 4.20. Images of rBMSCs seeded coacervates after LIVE/DEAD assay analysis. It
represents the cell viability on coacervates prepared using (a-d) HA/CHI-G in NaCl, (e-h)
HA/CHI-CI in NaCl and (i-1) HA/CHI-CI in CaCl; solutions, after (a,e,i) Day 1; (b,f,j) Day
7; (c,0,k) Day 14 and (d,h,l) Day 21. Living cells were stained by calcium-AM (green), and

dead cells were stained by ethidium homodimer (red). The scale bars represent 200 pum
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4.3.3.2 Cell Encapsulated Coacervates

This time, live dead assay was applied to rBMSCs that were encapsulated inside the
coacervates to control their survival after coacervation process and conditions. Stained
rBMSCs inside coacervates were shown in Figure 4.21 as HA/CHI-CI coacervates
prepared in CaCl> salt solution (Figure 4.21 a-d) and NaCl salt solution (Figure 4.21 e-h),
HAJ/CHI-G coacervates prepared in NaCl salt solution (Figure 4.21 i-1) for up to 21 days of

incubation.

Figure 4.21 a,e,i show stained rBMSCs in coacervates after one day post-encapsulation.
Overwhelming majority of the rBMSCs survived after the coacervation process. Cell
viabilities were around 90 + 2.7 %, 93 + 0.8 % and 86 = 0.9 % (Figure 4.22 b) for
coacervates HA/CHI-CI (CaCl,), HA/CHI-CI (NaCl) and HA/CHI-G (NaCl), respectively.
Significant difference (p < 0.05) was only observed between the coacervates prepared in
NaCl for the first day. We can say that the encapsulation process did not affect the cells
and cells could remain alive in those conditions such as pH and | of the preparation

solution in addition to centrifugation time.

Based on stainings at different time points, rBMSCs, which initially had a rounded
morphology, started to extend their ECM after 7 days of incubation as shown in Figure
4.21 b,f,j. Few dead cells appeared after 14 days of incubation; however, the number of
cells observed alive were clearly much higher (>84 %). Moreover, cell viability observed
in HA/CHI-CI both in NaCl (p < 0.05) and CaCl; salts (p < 0.01) were found significantly
higher than that of HA/CHI-G coacervate. After 21 days of incubation (Figure 4.21 d,h,l),
cells perceptibly exhibited a more fibroblast-like morphology when compared to earlier
time points, while still showing good cell viability levels (=88 %) with hardly any
detectable cell death. It can be concluded from those results that coacervates enabled
encapsulation of rBMSCs efficiently without decreasing the viability and encapsulated
cells easily accessed to nutrient and oxygen through the porous HA/CHI coacervate

microstructure.

These results show that coacervation system could provide a favourable microenvironment
to support the cultivation and proliferation of rBMSCs using HA and CHI polymers for in

vitro cultures.
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Figure 4.21. Images of rBMSCs encapsulated coacervates after LIVE/DEAD assay
analysis. It represents the cell viability inside HA/CHI-CI coacervates prepared using (a-d)
CaCl; and (e-h) NaCl, HA/CHI-G coacervates prepared using (i-1) NaCl solutions, after
(a,e,i) Day 1; (b,f,j) Day 7; (c,9,k) Day 14 and (d,h,l) Day 21. Living cells were stained by
calcium-AM (green), and dead cells were stained by ethidium homodimer (red). The scale

bars represent 200 um
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Figure 4.22. The graphs show the mean values + standard deviations for live cells from 3
different zones for each experimental group, (a) Cell seeded, (b) Cell encapsulated

coacervates. **p < 0.01 and *p < 0.05 showed statistically significant differences

4.3.4 Immunofluorescence Staining to Analyze Cell Morphology

In cell homeostasis, cytoskeleton organization has a fundamental role such as showing an
apoptotic or proliferative signs [222]. It is a convenient way to control cellular

morphologies in addition to live dead stainings.

Immunofluorescence stainings were used to study cytoskeleton organization of the cells,
i.e. DAPI stained the nucleus in blue while the Alexa fluor 568 phalloidin stained the actin
filaments in red color. Cellular structure and spreading were demonstrated by confocal
microscopy after phalloidin and DAPI stainings.

Possessing cell adhesion moieties are important features of scaffolds. They provide
attachment and spreading for the cells. RGD (arginine-glycine-aspartic acid) is the most
commonly incorporated cell adhesion motif [223] but HA and CHI polymers are lack of
RGD sequences. However, HA polymer is included in our coacervates and it interacts with
CD44 and RHAMM cell surface receptors that is advantageous for cell attachment,
proliferation and differentiation [224] by activation of the various signalling pathways
[225-227].
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4.3.4.1 Cell Seeded Coacervates

Figure 4.23 shows the confocal microscopy images of cell seeded coacervates after 3 days
of incubation. After cell seeding process on the tissue culture plates, rBMSCs exhibited
spread morphology; however, after 3 days later of seeding on the coacervates, rBMSCs
showed predominantly rounded morphology (Figure 4.23 a-c) and only small amount of
the cells started to extend their filopodia. Nevertheless, our observations were consistent
with the reports about the seeded MSCs [228, 229] on the soft (gel-like) scaffolds thus

producing smaller and less focal adhesions than that of those on harder scaffolds [230].

Figure 4.23. Phalloidin/DAPI stainings of rBMSCs seeded on HA/CHI-CI coacervates
prepared with (a) CaCly, (b) NaCl salt solutions, (c) HA/CHI-G coacervate prepared with

NaCl salt solution after 3 days of incubation. The scale bars represent 20 um for images
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4.3.4.2 Cell Encapsulated Coacervates

Confocal microscopy images of cells encapsulated inside the coacervates are shown in
Figure 4.24 a-c (after 3 days of incubation) and Figure 4.24 d-f (after 21 days of

incubation). Cellular morphologies were recorded at lower and higher magnifications.

Following the encapsulation process, cells preserved their spherical morphology up to 72
hours of incubation for all coacervate samples without visible cellular protrusions (Figure
4.24 a-c). Unless stimulated by special inducers like growth factors etc., cells gained a
well-spread, natural MSC morphology with distinguishable F-actin filaments under normal
circumstances after 21 days of incubation (Figure 4.24 d-f). Nevertheless, when culturing
the cell encapsulated coacervates in chondrogenic differentiation media, normally observed
well-spread morphology was affected and turned into be more rounded and larger

appearance (see below part 4.3.5.1).

Moreover, after 21 days of biodegradation, the coacervate matrix established available
spaces for supporting cell spreading by filopodia growth and extension inside the scaffolds.
Multi-dimensional growth of the cellular network and cell to cell interaction as observed
from Figure 4.25 would be a desirable property for the growing/healing tissue integration
[231]. Distinctive differences among the coacervate samples could not be observed even

from the images with higher magnification as shown in Figure 4.25.
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HA/CHI-CI (CaCl,)

HA/CHI-G (NaCl)

HA/CHI-CI (NaCl)

Figure 4.24. Images of encapsulated rBMSCs stained with phalloidin/DAPI representing
the cell morphology inside HA/CHI-CI coacervates prepared with (a,d) CaClz, (b,e) NaCl,
(c,f) HA/CHI-G coacervates prepared with NaCl solutions after (a-c) 3 days, (d-f) 21 days

of incubation (10x magnification). The scale bars represent 10 um
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Figure 4.25. Images of encapsulated rBMSCs stained with phalloidin/DAPI representing
the cell morphology inside HA/CHI-CI coacervates prepared with (a) CaCly, (b) NaCl, (c)
HAJ/CHI-G coacervate prepared with NaCl solutions after 21 days of incubation (40x

magnification). The scale bars represent 5 um

Both cell seeding and encapsulation studies were promising due to the high cell survival
and good cellular morphology results for the various tissue engineering applications but
our aim was to investigate the chondrogenic differentiation capacity of the prepared
coacervates, so differentiation experiments were continued with cell encapsulation
strategy. Spherical morphology of the encapsulated cells has been shown to be more easily

maintained and chondrogenic differentiation could be promoted by this attitude [232].

Also, we decided to reduce the experimental groups due to having similar results by
omitting coacervates prepared in CaCl, salt solution. HA/CHI-CI and HA/CHI-G
coacervates prepared in NaCl salt solution were used for further chondrogenic

differentiation experiments.
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4.3.5 In Vitro Chondrogenic Differentiation

MSC chondrogenesis inside HA/CHI coacervates was promoted with a chondrogenic
differentiation media formulation that includes TGF-B1 [233] and dexamethasone [234].
Those components have already shown to induce chondrogenesis using different cell types

or scaffolds for tissue engineering applications [235, 236].

In literature, chondrogenic differentiation is characterized in four stages, (i) cell
commitment takes place in 0-48 hours, (ii) those committed cells start proliferation
between 1-10 days, (iii) chondrogenic differentiation of the committed cells are observed
by cartilage-specific gene expressions between 7-28 days and (iv) differentiated cells start

cartilage-specific matrix production between 10-42 days [237].

Chondrogenic differentiation is qualified by the production of cartilage-specific markers,
such as collagen type 11 (COL2AL1), aggrecan (ACAN) and sulfated glycosaminoglycans
(SGAG). Furthermore, SOX9 is considered to be the main chondrogenic transcription
factor that promotes BMSCs to synthesize collagen type Il and aggrecan [238, 239] during

limb bud development.

In our study, prepared coacervate samples were examined for the expression of
chondrogenic markers by real-time polymerase chain reaction (SOX9, COL2Al and
ACAN) and immunofluorescence staining (COL2A1 and ACAN).

4.3.5.1 Immunofluorescence Staining

Cartilage matrix is mainly constituted from collagen and proteoglycans. Collagen type Il is
the most abundant protein and aggrecan is the primary proteoglycan found in articular
cartilage [18]. Those proteins are the major contributors and essential for the maintenance
of a healthy ECM [240]. Immunofluorescence was used for the qualitative evaluation of
chondrogenic differentiation and matrix synthesis was detected by the presence of collagen

type 1l and aggrecan after 7, 14, 21 and 30 days of induction.

All coacervates were stained for antibodies against aggrecan (red), collagen type Il (green)
and cell nuclei (blue) (Figure 4.26 and Figure 4.27). Collagen type 1l immunofluorescence
was observed strongly even after 7 days of induction in both HA/CHI-CI and HA/CHI-G
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coacervates (Figure 4.26 a,b); however, only low level of aggrecan staining was observed
after 7 days of induction. Increased quantity of ECM proteins was detected after especially
14 days of chondrogenic induction by the more intense immunofluorescence stainings
(Figure 4.26 c,d). Both coacervates were positive for COL2A1 signal but ACAN
production was still very slight. Furthermore, aggrecan staining in HA/CHI-G coacervates
was also greater than that of in HA/CHI-CI coacervates. After 21 days of induction, stained
rBMSCs resembled the typical lacunae embedded chondrocytes that were large and round
in phenotype (Figure 4.27 a-d). Collagen type Il and aggrecan proteins were mainly
distributed within ECM surrounding the cells and accumulated mostly in the pericellular
region. In general immunofluorescence staining results indicated that, rBMSCs
encapsulated in HA/CHI-G coacervates were observed to have more chondrogenic
potential than that of HA/CHI-CI coacervates.
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Figure 4.26. Collagen type 11, aggrecan and cell nuclei immunostaining images of rBMSCs
encapsulated in (a,c) HA/CHI-CI and (b,d) HA/CHI-G coacervates after chondrogenic
induction of (a,b) 7 days and (c,d) 14 days. All images were taken at magnification of 40x
and scale bars represent 20 um. COL2A1 (green), ACAN (red) and cell nuclei (blue)
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Figure 4.27. Collagen type 11, aggrecan and cell nuclei immunostaining images of rBMSCs
encapsulated in (a,c) HA/CHI-CI and (b,d) HA/CHI-G coacervates after chondrogenic
induction of (a,b) 21 days and (c,d) 30 days. All images were taken at magnification of 40x
and scale bars represent 20 pum. COL2A1 (green), ACAN (red) and cell nuclei (blue)

4.3.5.2 Gene Expression Profiles

In addition to immunofluorescence staining, chondrogenic gene expressions (SOX9,
COL2Al1 and ACAN) were quantitatively determined by g-PCR from the rBMSCs
encapsulated coacervates (HA/CHI-CI and HA/CHI-G) cultured under chondrogenic
differentiation media (14 and 21 days of incubation) and growth media (21 days of

incubation).
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Gene expression profiles of rBMSCs encapsulated inside both HA/CHI-CI and HA/CHI-G
coacervates showed an increase in all chondrogenic genes over 2 weeks of cultivation with
differentiation media (Figure 4.28 a-c). After 21 days of chondrogenic induction,
expression levels from rBMSCs encapsulated inside HA/CHI-CI coacervates were up-
regulated for COL2A1 (1.7 fold, p<0.01), ACAN (1.1 fold) and down-regulated for SOX9
(0.7 fold) when compared to the values for day 14. If the same data was compared for
HAJ/CHI-G coacervates, all gene expressions were up-regulated for 21 days of induction,
as COL2A1 (1.2 fold), ACAN (1.4 fold) and SOX9 (1.1 fold).

Expression levels from rBMSCs encapsulated inside HA/CHI-G coacervates were higher
than HA/CHI-CI coacervates at all time points. In more detail, after 14 days of
chondrogenic induction of HA/CHI-G coacervates, expression of COL2A1 (1.9 fold;
p<0.01), ACAN (1.7 fold; p<0.05), SOX9 (1.1 fold) and after 21 days of induction
similarly, COL2A1 (1.3 fold; p<0.05), ACAN (2.1 fold; p<0.01), SOX9 (1.7 fold) were
higher, respectively when compared to HA/CHI-Cl coacervates. Furthermore, the
enhancement of mMRNA expressions of the cartilage-specific markers during the
chondrogenic induction in HA/CHI-G coacervate was consistent with the results of
immunofluorescence staining. This can be interpreted as the potential chondrogenic effect
of HA/CHI-G coacervate on rBMSC differentiation.

SOX9 is a regulatory transcription factor and its expression starts at early stages and
continues in all stages of chondrogenesis. In literature, TGF-p has been shown to increase
SOX9 expression and consequently chondrogenic differentiation potential [241]. It
activates the cartilage specific gene expressions, especially COL2AL. After that activation,

chondrogenic cells begin to express ACAN, collagen types IX and XI.

In our study we did not control the early SOX9 expression levels. After 14 days of
induction, high level of SOX9 expression was observed but one week later, expression
levels were down-regulated. In another study, our findings were in agreement with their

results as highest SOX9 expression level was shown at 14 days of incubation [242].

Interestingly, all of the coacervates (HA/CHI-CI and HA/CHI-G) with (+) and without (-)
induction exhibited chondrogenic differentiation after 3 weeks of culture (Figure 4.28 d);
however, the results of g-PCR showed that the expression levels of COL2A1, ACAN and
SOX9 in both coacervates with induction (HA/CHI-CI (+) and HA/CHI-G (+)) were
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significantly higher than those of without induction (HA/CHI-CI (-) and HA/CHI-G (-))
(Figure 4.28 d). In HA/CHI-CI coacervates with (+) induction, levels of COL2AL,
aggrecan and SOX9, were significantly higher as 2 (p<0.001), 1.5 (p<0.01) and 4.7
(p<0.001) fold, respectively than that of same coacervate without (-) induction. Likewise,
from HA/CHI-G coacervates with (+) induction, levels of COL2A1, aggrecan and SOX9,
were significantly higher as 1.7 (p<0.001), 2.4 (p<0.001) and 5.8 (p<0.001) fold,
respectively than that of same coacervate without (-) induction. It can be speculated that
rBMSC encapsulation in HA/CHI coacervates (without induction) had an influence on cell
commitment but differentiation media including TGF-B1 had an additional positive effect
on differentiation of the stem cells. It was also reported that Methacrylated HA scaffolds
slightly promoted differentiation of encapsulated MSCs to chondrocytes under incubation
of growth media [243].

Our gquantitative data of cartilaginous gene expressions agreed with the immunostaining
results, indicating that both rBMSC encapsulated coacervates had chondrogenesis
capability but a better potential was observed for the HA/CHI-G coacervates than that of
HA/CHI-CI ones.



90

b

— T SOX9
5 3
% g2 T '
1) L]
=] =i
= = 15- :
B 3
= =
] E 10 1
3 3
s 5 ‘
8 -
s S 0-
- = Y »
) 5] N En

(TS
w 06\ 0-53

c _

T ACAN z

a

% 25 . T 2

o (C]

2 20- =

3 3

= 154

2] 3 \
@

£ o S S
=

3 S

B HA/CH-CI(-)
B HA/CH-CI(+)
HA/CH-G (-)
BB HA/CH-G (4)

Figure 4.28. Analysis of gene expression levels for the coacervates after cultured in
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only cell control and GAPDH was used for housekeeping gene. *** p < 0.001, ** p < 0.01
and * p < 0.05 showed statistically significant differences
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5. CONCLUSION

Complex coacervation of oppositely charged biopolymers have become very promising
for establishing biodegradable and moldable scaffolds in physiological conditions.
Preparation and characterization of the coacervate based scaffolds containing HA and CHI
polymers were investigated in this study. In the second part, those scaffolds were used as a
cell compatible system and encapsulated rBMSCs in coacervates were further investigated

for their chondrogenic differentiation potential.

For characterization purpose, prepared coacervate suspensions were first optimized to find
the regions of phase separation and the transition points from coacervation to precipitation.
DLS and light microscopy results showed that coacervate suspensions had spherical
droplet morphology and good size distributions at the charge ratio of [-]/[+] = 0.31 for
HAJ/CHI-CI and 0.48 for HA/CHI-G system, respectively. Furthermore, to be used as a
scaffold, centrifugation was applied to the HA/CHI suspensions and coacervate layers were
achieved in both systems. Those scaffolds demonstrated highly porous and viscoelastic

nature, consequently advantageous matrix for tissue engineering purposes.

The presented coacervation method also provided an effective protocol to produce
scaffolds with cell encapsulation capacity. HA/CHI coacervates were formed under very
narrow range of pH (6.25) and ionic strength (300 mM) to be used as a cell available and
biocompatible system. rBMSCs were both seeded and encapsulated in HA/CHI-CI or
HA/CHI-G coacervates and those coacervates highly promoted cell viability and spread

morphology.

This rBMSC encapsulated coacervate systems which contain HA and CHI polymers that
show structural similarity to GAG showed remarkable potential for cartilage tissue
engineering. This potential was also demonstrated by up-regulation of the cartilage-
specific genes (COL2Al1, SOX9 and ACAN) in both HA/CHI-CI and HA/CHI-G
coacervates. Moreover, cartilaginous matrix synthesis was concurrently shown by intense
immunostaining results. Slightly better chondrogenic potential was found for HA/CHI-G
than that of HA/CHI-CI coacervate. Those positive results made coacervates encouraging

candidates for further tissue engineering studies.
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6. FUTURE PROSPECTS

The hypothesis of this thesis was to create a novel scaffold using HA and CHI
biopolymers by complex coacervation technique and show the potential of this system
in vitro through chondrogenic differentiation. The research outlined in this thesis
represents promising results but further work should be required to understand cartilage

regeneration in more detail.

The mechanical properties of the coacervates were not directly controlled but due to the
viscosity of the materials used, strength and durability of the generated scaffolds should be
improved. To better mimic the native cartilage tissue, instead of static culture, especially
bioreactors with dynamic culture can be included. Consequently, this may also improve the

physical and mechanical properties of the coacervates.

In cartilage tissue engineering, MSCs are promising cell sources but their differentiation
potential effects the healing tissue. Due to the avascular nature of the native cartilage
tissue, culturing MSC embedded coacervates under hypoxia conditions might enhance
their chondrogenic potential. Furthermore, hypertrophy or dedifferentiation can be
examined by the target gene markers (collagen type X or I, respectively). Moreover,
changing cell source with co-cultures of MSCs with chondrocytes might improve the
chondrogenesis.

To observe the actual potential of those cell embedded coacervates, long-term cartilage
repair should be generated for the investigation of the newly formed tissue using in vivo

animal models.

Generated coacervates are challenging scaffolds to investigate since the positive charge of
the chitosan polymer and cell embedding make RNA, DNA and protein isolation very
difficult or the isolated amount very low. Acidic pH of the used buffers may disrupt the
coacervates before imaging and prevent the application of most of the differentiation
studies. Therefore, more sophisticated techniques such as mass spectrometry, silver
staining, ELISA assay or western blot can be involved to evaluate the chondrogenesis in
more detail.
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