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ABSTRACT

CHARACTERIZATION AND UTILIZATION OF INJECTABLE
HYDROGELS FOR TISSUE ENGINEERING APPLICATIONS

Tissue engineering combines the knowledge of the engineering aspects with life
sciences to improve human health. Recent studies in tissue engineering have focused on
investigating biocompatible scaffold materials and design. Quince seed hydrogel (QSH)
has been used in traditional and modern medicine for skin wound and burn treatments,
synovial lubrication, cough and asthma removal, and oral drug delivery with its
antioxidant potential and biocompatible aspects. This thesis focuses on developing QSH
and evaluating its potential as an injectable hydrogel in treating bone tissue defects as a
totally new tissue scaffold and also as a promising tissue filling material.

For this purpose, QSH scaffold optimization was carried out using various
concentrations of hydrogel and crosslinkers which were glutaraldehyde (GTA) and 1-
Ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) / N-hydroxysuccinimide (NHS).
Morphological and chemical analysis of QSH was done using SEM, FTIR, AFM, and
protein adsorption test. Thus, porosity, swelling ratio, degradation rate and surface
characteristics were evaluated. NIH-3T3 and SaOS-2 cell lines were utilized for 3D cell
culture formation. Afterward, 3D spheroids were analyzed for cell viability and
proliferation by using AlamarBlue and LiveDead assays, and also cell imaging technics.
Results showed that QSH scaffolds did not show any cytotoxic effect on NIH-3T3 and
Sa0S-2 cells. The optimum results were achieved with 2 mg/mL of QSH and 0.03 M
GTA concentrations; where 76.59 um average pore size, 56.8 fold water holding
capacity and at least 80% cell viability was observed. Therefore, it was concluded that
QSH has a high potential to promote tissue engineering applications with its injectable

texture as a filling material.
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OZET

ENJEKTE EDILEBILIR HIDROJELLERIN KARAKTERIZASYONU
VE DOKU MUHENDISLIGI UYGULAMALARINDA KULLANIMI

Doku miihendisligi, insan sagligimi iyilestirmek icin yasam bilimlerinin miihendislik
temelleriyle bir araya getirilmesidir. Bu alanindaki giincel ¢aligmalar, biyouyumlu doku
iskelesi malzemelerinin {iretimi ve gelistirilmesi alanina odaklanmistir. Ayva cekirdegi
hidrojeli (ACH), geleneksel ve modern tipta cilt iistii yara ve yanik tedavileri, eklem
aras1 yiizey kayganlastirmasi, oOksiirilk-astim tedavisi ve antioksidan potansiyeli,
biyouyumlu 6zellikleri sayesinde oral ilag taginimi sistemlerinde kullanilmistir. Bu tez,
ACH’nin gelistirilmesi ve elde edilen jelin kemik dokusu hasarlarinda kullanilmak
izere, enjekte edilebilir hidrojel formunda tamamen yeni bir malzeme ve doku dolgu
materyali olarak kullanim potansiyelinin incelenmesi konusuna odaklanmastir.

Bu amagla, ACH doku iskelesi, cesitli jel ve ¢capraz baglayici (GTA veya EDC/NHS)
konsantrasyonlar1 kullanilarak optimize edilmistir. ACH; SEM, FTIR ve AFM
kullanilarak karakterize edilmis, protein adsorpsiyonu, gézenekliligi, su tutma kapasitesi
ve degradasyon kapasitesi degerlendirilmistir. Ardindan, NIH-3T3 ve SaOS-2 hiicre
hatlar1 istiinde AlamarBlue, LiveDead testi ve hiicre gorlintilleme teknikleri
kullanilarak in vitro canlilik analizleri gerceklestirilmistir. Elde edilen sonuglar, ACH
iskelelerinin NIH-3T3 ve SaOS-2 hiicre hatlan iistiinde herhangi bir sitotoksik etkiye
neden olmadigimi gostermistir. Karakterizasyon ve canlilik analizine bagli olarak
optimum sonuglar 2 mg/mL hidrojel ve 0.03 M GTA c¢apraz baglayict konsantrasyonu
ile elde edilmis olup, 76.59 um ortalama por boyutu, 56.8 kat su tutma kapasitesi ve
inkiibasyon siiresinin genelinde % 80’in {stliinde hiicre canliligi elde edilmistir. Tim
bunlara bagli olarak, ACH'nin, enjekte edilebilir 6zelligi ile kemik dokusu hasarlarinda
dolgu malzemesi olarak kullanilabilme potansiyeli olan, doku miihendisligi

uygulamalarinda biiyiik umut vadeden bir malzeme oldugu sonucuna varilmaistir.
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CHAPTER 1

INTRODUCTION

1.1. Scope of the Thesis

The present study aims to develop a novel, highly porous, and biocompatible natural
biomaterial as a scaffold that can mimic ECM structure for tissue engineering
applications. Here, quince seeds were used as a natural source to obtain polysaccharide-
based natural hydrogel, and the quince seed hydrogel (QSH) was used for 3D cell
culture studies. QSH scaffolds were fabricated through the following steps; (i) gelation,
(ii) lyophilization and (iii) crosslinking with GTA for preformed scaffolds while
injectable hydrogels were fabricated through the (i) gelation, and (7i) crosslinking with
EDC-NHS. Later gelation and crosslinking parameters were optimized. Prior to 3D cell
culture application morphological, chemical, and biocompatibility-related properties
were evaluated. Finally, QSH was utilized as a scaffold to culture either NIH-3T3 or
SaOS-2 cells in 3D microenvironment. Highly porous convenient structure and
biocompatible features of QSH with its cost-effectiveness compared to similar
commercial products makes it a potent scaffold material that can be used in tissue

engineering.

1.2. Tissue Engineering

Tissue engineering focuses on improving the functions of tissues and organs in the body
or repairing them [1]. It aims to eliminate waiting lists for organ transplants by
fabricating organs from the patient's own cells [2]. The three basic components of the
tissue engineering strategy are living cells, biocompatible and biodegradable

biomaterials, and bioactive molecules that control cell behavior. Biocompatible and



biodegradable biomaterials are aimed to inhabit living cells and bioactive molecules to
improve proliferation and cell viability [3]. There are two basic approaches to tissue
engineering described as “top-down” and “bottom-up”[4]. In the traditional top-down
approach, porous scaffolds are created and cells are seeded onto prefabricated scaffolds.
Optimization of the design parameters such as porosity, pore size, material strength, and
biodegradability are important. The material should have suitable porosity to allow
neovascularization while providing sufficient mechanical support.

The top-down approach allows the utilization of a wide range of materials including
polymers, ceramics, and metals for scaffold fabrication while providing high control
over porosity and mechanical properties. Tissues such as skin, bladder, and cartilage
which are more similar to two-dimensional tissues can be produced via this
approach.[4].

On the other hand, the "Bottom-up" approach follows an opposite methodology than the
top-down approach, where modular single units are used to construct complex tissue
structures. The bottom-up techniques include 3D bioprinting, cell sheeting and cell-
laden microfabrication methods to create tissue from modular units [4]. The bottom-up
method is preferred when the aim is to increase the density and/or the metabolic
properties of cells to form complex tissues,. Hydrogels can be produced in both ways,
and, in this study, the top-down methodology was followed.

Culturing cells in vitro is one of the main steps of tissue engineering studies. Traditional
2D culture methodologies provide opportunities for stem cell differentiation [5], tissue
morphogenesis [6], and cell-microenvironment interactions [7; 8]. However, recent
studies showed that the potential of these methods is limited since the cell behavior
changes when the cells are isolated from their 3D microenvironment and seeded on 2D
culturing surfaces [3]. Abnormalities in cell behavior such as differentiation to tumor
cells may be observed unexpectedly in 2D culturing methods [9]. These challenges have
pushed the researchers to search for new materials that can be used as scaffolds for 3D
culture studies. 3D cultures can mimic in vivo conditions and make it possible to create
multilayered complex tissue structures more successfully [10; 11].

As described in Figure 1.1, the tissue engineering approach mainly comprises three
main components. These are; (i) scaffold to support the cells and provide them with a
surface to adhere to,(ii) a rich cell source suitable to the target tissue, and (iii) the
growth factors that control cell behavior [12]. When selecting scaffolds, attention must

be drawn to two points, which are the biocompatibility and biodegradability of the



material [13-16]. One of the key interests of tissue engineering is maintaining continuity
of the living and functional tissue by preserving the native structure of the tissue and
facilitating the regeneration of the cells. The structure of the scaffold should be porous
enough to allow the diffusion of the substances such as the nutrients and the gases for

the cells within the matrix [13; 15].
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Figure 1.1. Association of three elements of tissue engineering

(Source: Lott et.al., 2013)[4]

1.2.1. Extracellular Matrix

Extracellular matrix (ECM) is a non-cellular component that surrounds the cells. It is a
complex network of water and macromolecules that are fibrous proteins, proteoglycans,
and glycosaminoglycans (GAGs) as described in Figure 1.2 [17]. ECM is rich in fibrous
proteins such as collagen, fibronectin, elastin, and laminin. ECM components have

strong interactions in between and they create a rigid skeleton [18]. Also, cell surface



receptors, such as integrin, act as adhesives between cells and ECM [19; 20]. ECM is a
dynamic system, in which the content and the structure is continuously remodeled. In a
general aspect, ECM gives mechanical support to the cells, contributes to homeostasis,
regulates the cell functions, such as growth and differentiation, harbors growth factors
for the cellular receptors, senses and converts mechanical signals, and facilitates cellular
communication [18; 21; 22]. Moreover, recent studies proved that ECM plays an active

role in wound healing [23].
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Figure 1.2. Extracellular matrix structure in contact with the cell

membrane (Source: Bose, 2018) [5]

As ECM has a key role in regeneration processes, it is quite important also in tissue
engineering studies [24]. The scaffold material should substitute native ECM during
tissue formation while allowing cells to secrete their own ECM, and finally degrade and

leave the environment gradually as the neo-ECM forms [16].



1.3. Biomaterials for Scaffold Fabrication

Biocompatibility and biodegradability are the key factors in biomaterial selection when
designing scaffolds [13-15]. Metals, ceramics, polymers, and their composites are
biomaterials that can be used for scaffold fabrication [16]. However, metals and
ceramics have two main drawbacks; both have limited processability, and are non-
biodegradable except for a few cases such as bio-ceramics [25]. Therefore, polymers are
the most commonly used class of biomaterials for scaffold fabrication, and will be

discussed in detail in the upcoming parts.

1.3.1. Synthetic Polymers

Synthetic polymers are industrially produced substances that are designed and
synthesized according to the need. Their physical and chemical properties can easily be
modified and tailored for the desired application.

Poly(glycolic acid) (PGA), poly(lactic acid) (PLA), and their copolymers;
polycaprolactone (PCL) and polyethylene-glycol (PEG) are the most common synthetic
polymers that are used in tissue engineering [15].

PGA has high porosity that allows cells to attach and proliferate in it, and its
degradation products are resorbed without toxic effects. Yet, it starts to degrade within
the first 1-2 months and degrades completely after around 6 months [26], and this short
period limits its potential for implantation [25; 27].

PLA is a Food and Drug Administration (FDA) approved material and generally
degrades in the body between 1 to 2 years following the implantation [28]. Due to its
low elastic modulus and tensile strength, it is difficult to use by its own, and thus it is
generally blended with other polymers [15; 25]. Both PLA and PGA have weak
mechanical properties which are not suitable for hard tissue engineering studies without
blending[27].

PCL is another synthetic biodegradable polymer. Its physical and mechanical properties
are suitable for hard tissue engineering studies. Since it has a rapid degradation profile,

it is more suitable to blend PCL with other materials [25].



PEG is one of the newest members of synthetic polymers that have good
biocompatibility and high hydrophilicity. It has appropriate hydrophilicity that promotes
protein adsorption, resulting in a high cell attachment profile. Moreover, this high
hydrophilicity minimizes foreign body reaction in situ. As PEG has a high compressive
modulus, it is generally used in blends with other materials, often with the

aforementioned synthetic polymers to achieve better mechanical properties [25; 29].

1.3.2. Natural Polymers

Natural polymers are isolated from animals, plants, or microorganisms. They generally
have good biocompatibility and thus lead to minimal immune rejection. As natural
polymers are already isolated from living organisms, cytotoxicity is not a problem for
this material class [30]. Furthermore, due to their bioactivity, these materials can
stimulate cellular attachment and influence cell fate [29]. The main challenge of
working with the natural biopolymers is their limited processability due to their
sensitivity to harsh conditions, such as high temperature. Other problems include
limitations in obtaining them in the required amounts or the high prices of the raw
materials [25].
Natural polymers can be classified as (i) polysaccharides, (ii) proteins, and (iii)
polynucleotides.
Polysaccharide-based natural polymers are divided into 4 categories by their origins as
[30]:

Higher plant polysaccharides (cellulose, starch, guar gum)

Algal polysaccharides (alginate, carrageenan, agar-agar)

Animal polysaccharides (chitosan, glycosaminoglycans (GAGs), and hyaluronic

acid)

Microorganism polysaccharides (bacterial cellulose, xanthan gum, gellan gum)
Protein-based natural polymers are classified as [27; 29; 31]:

Animal-derived proteins (collagen, gelatin, elastin, silk, keratin, fibrinogen)

Plant-derived proteins (soybean)
Finally, the last class of natural polymers, polynucleotides, has two members which

consist of DNA or RNA [29].



1.3.2.1. Hydrogel Forming Natural Polymers

Hydrogels are one of the most commonly used materials in tissue engineering to mimic
ECM [32]. Among various biomaterials, natural-based hydrogels, such as alginate [33]
and collagen [34; 35] are promising candidates due to their tunable properties. However,
the existing natural-based hydrogels have challenging properties, such as
immunogenicity, poor mechanical strength, limited tissue-specific adhesion and
inadequacy of presenting signaling molecules, which limit their application areas [34;
35]. Moreover, the majority of such materials are not affordable on a commercial scale.
Therefore, there is a need for novel and natural-based hydrogels in biomaterials field.
Alginate is the sodium salt of alginic acid, which is extracted from brown algae or
seaweed. It is a commonly used natural linear copolymer composed of mannuronic acid
(M) and guluronic acid units (G) [36]. Alginate is biocompatible, biodegradable, and
easy to process material, which has low immunogenicity due to its water-solubility and
inherent hydrophilicity [27; 36]. Alginate is used in drug delivery [37], as well as in
bone [38] and cartilage [39] tissue regeneration applications. On the other hand, alginate
degrades slowly, and its cell adhesion capability is limited. Therefore, it results in poor
tissue formation [25].

Collagen is a protein that is present in the ECM naturally and used in various fields,
including tissue engineering [27; 40], medical applications [41], and cosmetics [42-44].
This major protein class has 28 types, and Collagen I, II, III, and IV are the most
common collagen types [27; 45]. Collagen type I is the main component of bone,
tendon, and skin. Cartilage mainly consists of collagen type II, while collagen type III is
found in skin and blood vessels and type IV in basal lamina [46; 47]. Collagen is a
biocompatible and biodegradable material with a porous structure and appropriate
permeability [45]. Its weak mechanical properties make it hard to handle and produce.
Furthermore, its biodegradability is not controllable, and immune response may occur
depending on its origin [48].

Gelatin is a denaturized and partially hydrolyzed derivative of collagen, and it is less
immunogenic than collagen [27; 49]. It is used in a wide range of applications including
pharmaceuticals [50], tissue engineering [51-53], and food industry [27; 50]. Gelatin is
a biocompatible and biodegradable material with a low-cost [27]. As a drawback, it is

generally heterogeneous in terms of fiber size in its final form [54].



Chitosan is an abundant and cost-effective polysaccharide that is isolated from the hard
exoskeletons of crustaceans, such as shrimps and crabs [27]. It can be.used as a drug
delivery agent [30; 55], dietary supplement [30; 56], and tissue engineering scaffold
[57]. Chitosan leads to low foreign body reaction, and has high antibacterial activity,
biodegradability, easy processability, and tunable mechanical properties [27; 58-62]. On
the other hand, due to its poor mechanical strength and low water-solubility, chitosan
has brittle characteristic [27]. To overcome this problem, chitosan is generally used in

composite form with other materials [27].

1.3.2.2. Injectable Hydrogels

Tissue engineering constructs can be fabricated in a pre-defined geometry or in an
injectable form that can be injected into the application site. Compared to scaffolds with
defined geometry, injectable biomaterials fit better into the defect area, are minimally
invasive, and can be used as an adhesive between the host tissue and the preformed
scaffold material [63]. Moreover, while cell incorporation is difficult to achieve in
preformed scaffolds, injectable hydrogels allow homogeneous cell distribution within
the gel matrix [64]. Injectable biomaterials are made from hydrogel-based or ceramic-
based materials to produce scaffolds. They are often used in bone and cartilage tissue
engineering.

The main criteria for injectable hydrogel production are described in Figure 1.3. Briefly,
an injectable hydrogel should lead to minimal or no immune response, degrade
synchronously with neo-tissue formation without creating toxic by-products, fit into the
injected area, and have appropriate mechanical properties for the host tissue, while
allowing ECM secretion and exogenic cell transfer in and out of the matrix [63]. On the
other hand, mechanical weakness is the main challenge of injectable hydrogels [65].
Temperature, ion mediation, self-assembling, enzymatic triggering, Schiff-base
mediation, and shear-thinning-reinforced systems are used for the phase modulation of
injectable hydrogels. These phase modulations are called gelling [66].

Also, injectable hydrogels are used as space fillers in plastic and cosmetic surgery
applications, and as cardiac emboli agents without the aim of cell encapsulation as in

tissue engineering applications.
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1.3.2.3. Quince Seed Hydrogel

Quince (Cydonia oblonga, Rosaceae tamily) is a small plant that is generally 5-8 meters
long, with pink blossom in spring and has bright yellow fruits with a characteristic
aroma. It is native to Turkey and Iran but also can be cultivated even in South Africa
[67]. Different parts of quince, such as its fruits, leaves, pulp, and, seeds have
antimicrobial [68; 69], anti-oxidant[70; 71], and anti-ulcerative [72] properties. Brown
and oval-shaped seeds are found in the middle of the fruit and, have been widely used
on Iranian and Chinese traditional medicine with significant impact. Since most of the
synthetic antioxidants have cytotoxicity [73], quince seed is a promising candidate as a
natural antioxidant source with a high antioxidant capacity [70; 71; 74-76].
Furthermore, quince seeds are rich in phenolic compounds and flavonoids [77; 78].

Quince seeds rapidly adsorb water and create a gel-like lubricious liquid [73].
Previously, numerous studies have been done on the potential of quince seed extracts or
hydrogels in regenerative medicine applications and biotechnology [71; 75; 79-82].
Quince seed hydrogel (QSH) was evaluated for its use in wound healing as a topical
cream enhancer. In a study conducted on rabbits, 10% QSH addition to eucerin-based

cream resulted in a better healing profile than eucerin base cream [79; 80]. In another



study, 15% QSH addition accelerated wound healing in T-2 toxin-induced dermal
toxicities in rabbits [81]. QSH is also used as a food packaging material due to its
antioxidant properties. There are also follow-up studies to make it antibacterial via the
addition of thyme essential oil [71; 75]. Although there are several studies for QSH,
there have been no study regarding the use of QSH as scaffold materials. Therefore, in
this thesis, fabrication and optimization of QSH scaffolds will be the main focus, and
the use of QSH scaffold as an injectable hydrogel for bone tissue engineering will be

investigated thoroughly.
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CHAPTER 2

MATERIALS AND METHODS

2.1. Materials

Quince fruits obtained from local markets of Western Turkey were used for extraction
and preparation of QSH. GTA (Glutaraldehhyde solution G6257, Sigma Aldrich), HCI1
(Hydrochloric Acid 3071, Sigma Aldrich), Acetone (VWR Life) were used for
crosslinking reaction. Lyophilized BSA powder (Bovine serum albumin A9418, Sigma
Aldrich), Pierce™ BCA protein assay kit (23225, Thermo Scientific), 10X PBS
(Phosphate buffer saline pH 7.4 70011-044, Gibco-Thermo Fischer) and SDS powder
(Sodium dodecyl sulfate, Bioshop) were used for protein adsorption tests. For cell
culture analyses, NIH-3T3 (ATCC® CRL-1658™) and SaOS-2 (ATCC" HTB-85™)
cell lines were used. The cell media consisted of DMEM high glucose (Dulbecco’s
Modified Eagle Medium 41965-039, Gibco), FBS (Fetal bovine serum 10270-106,
Gibco) and Penicillin-Streptomycin (P4333, Sigma-Aldrich). Trypsin EDTA solution
(25200-056, Gibco) was used for detaching the cells. Resazurin sodium salt (R7017,
Sigma Aldrich), MTT salt (3-(4,5-dimethylthiazolyl-2)-2,5-diphenyltetrazolium
bromide, Sigma Aldrich), and Live/Dead cell viability test (CytoCalcein AM and
Propidium Iodide 22789, AAT Bioquest) were used for cell viability analyses. Anti-
collagen Type I-FITC Antibody (FCMAB412F, Milli-Mark) and DAPI (D9542, Sigma-

Aldrich) were used for collagen immunostaining and nucleus staining respectively.
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2.2. Methods

2.2.1. QSH Scaffold Fabrication

Quince fruits were obtained from Western Turkey. Quince seeds were cored out from
the fruit. The fruit impurities were removed and seeds were air-dried for approximately
7 days at room temperature. Excess amounts of seeds were refrigerated at +4°C until
further use.

The seeds were cracked, and brown colored outer shells were dissected from the white
core that does not have gelation ability. Brown outer shells were mixed with ultra-pure
water (UP H,0) to prepare different concentrations (1, 1.5, 2, 3.3, 5, and 10 mg
seed/mL) of QSH. The mixtures were left for incubation for 24 hours at room
temperature. After incubation, the mixture was filtered through cotton gauze cloth to
obtain QSH. Filtered QSH was frozen at -80°C. Finally, QSH samples were lyophilized
for approximately 72 hours.

Quince seed hydrogel extraction and production methods from the literature; hot water-
based [82] and alcohol-based [76; 83] hydrogel extraction methodologies were tested,
and results were compared with the novel technique developed in our laboratories.

As explained in the hot water extraction method that was developed by Ashraf et
al.[82]; whole-grain quince seeds were cleaned and soaked in deionized (DI) water for 6
hours to obtain 200 mg/mL concentration. Then, the mixture was transferred onto a hot
plate for 30 minutes at 50°C and mixed with a magnetic stirrer. The QSH was separated
from the seeds via filtration after the hydrogel reached room temperature. 1:1 and 1:5
volumes of QSH and n-hexane were added to the separation funnels, and QSHs were
washed 3 times with n-hexane. Afterward, QSHs were washed with the same volume of
DI water. After centrifuging the hydrogel at 3030xG for 3x10 minutes, QSHs were
collected from the sediment. QSHs were dried in a vacuum oven at 60°C for 48 h and in
freeze-dryer subsequently.

Alcohol-based extraction methods were performed based on the methodology described
by Wang et al. [76; 83] with small modifications. In the first method [76], whole quince
seeds were air-dried and then ground in a milling machine. The meal obtained from

quince seeds was extracted by hexane method instead of subcritical butane to eliminate
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the oil and then dried for 12 hours at 50°C. The crude polysaccharides obtained from
quince seed meal were extracted via hot water (1:10, w/v) in an oil bath at 80°C under
continuous mixing during 3 hours. When the extraction was accomplished, the water
extract was cooled to 25°C, filtered via polyamide cloth and centrifuged at 2540xG for
10 minutes. The supernatant was precipitated with 95% ethanol and then 3 times rinsed
with 75% ethanol to produce QSH, then lyophilized.

In the second method [83], the seeds were completely dried in 50°C oven and after that,
immersed in ultra-pure water in 60 mg/mL concentration under gentle stirring at room
temperature. The hydrogel was centrifuged, and then two volumes of anhydrous ethanol
was mixed with the supernatant completely. Subsequently, the mixture was centrifuged
(3000x@G, 10 minutes) and the recovered precipitate was dissolved in 3 volumes of

ultra-pure water. Finally, the material was lyophilized.

2.2.1.1. QSH Crosslinking with GTA

Lyophilized QSHs were subsequently crosslinked by immersion method with GTA to
optimize crosslinking parameters. Different concentrations of GTA (0.03, 0.05, 0.1, 0.3
and 0.5 M) were prepared with 0.05 M hydrochloric acid (HCI) in acetone medium.
QSHs were incubated in crosslinking solutions for different time frames; 30 minutes, 1,
2, and 3 hours. The crosslinked QSHs were rinsed with UP H,O to remove the
crosslinking solution residues for 2 minutes, 5 minutes, 1 hour, overnight, and 2 days at
room temperature and 4°C to optimize the best rinsing period that can eliminate all
GTA residues without creating any surface degradation on the hydrogel. Prepared
samples were kept lyophilized to achieve long shelf life if not used right after
production.

Furthermore, filtered non-lyophilized QSHs were subsequently crosslinked with GTA
to optimize the controlled shapeable crosslinking capability of hydrogels in liquid form.
QSHs were crosslinked in 0.03M, 0.1M, 0.5M GTA solutions with 0.05 M hydrochloric
acid (HCI) in acetone medium. Gels were injected into the crosslinking solution in
liquid form without freezing or lyophilization steps. After 30 minutes of incubation in
crosslink solution, gels were rinsed with UP H,O to remove the excess amount of

crosslink solution residues.
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2.2.1.2. QSH Crosslinking with EDC/NHS

Filtered, non-lyophilized QSHs were subsequently crosslinked by EDC/NHS to obtain
injectable hydrogel. 0.4 M EDS and 0.1 M NHS solutions were prepared with UP H,O.
500 puL and 1mL QSHs in varied concentrations (2, 10, 20, 50 mg seed/mL UP H,0)
mixed with EDC and NHS solutions in varied volumes (5, 10, 15, 20, 25, 50, 75, 100,
200, and 300 pL. EDS and NHS). EDC and NHS solutions added to the hydrogels
separately, mixed right after adding. QSHs were incubated up to 4 hours for total

crosslinking.

2.2.2. Characterization of QSH Scaffolds

Characterization of QSH was accomplished via macro imaging, SEM, pore size and
distribution, swelling, degradation, FTIR, AFM and protein adsorption analysis as

explained in detail in this chapter.

2.2.2.1. Macro Imaging and SEM Analysis

Macro imaging and SEM analysis methods were used to fulfill the morphological
characterization of QSH on macro and micro scale. For SEM measurements, the QSH
samples were coated with a gold layer under argon gas. A scanning electron microscope
(FEI QUANTA, 250 FEG) was used for imaging. QSHs were prepared according to
different protocols, as described in chapter 2.2.1. Furthermore, to remove residual GTA,
QSHs were rinsed 3 times in UP H,0O, and samples were oven-dried or lyophilized.
Samples that were crosslinked with EDC/NHS lyophilized directly right after the
production as described in chapter 2.2.1.2. The samples were analyzed using SEM to

obtain optimum production parameters.
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2.2.2.2. Pore Size and Distribution Analyses

2mg/mL QSH samples were kept non crosslinked or crosslinked in low-concentration of
crosslinker (0.03M GTA, lightly crosslink) and high-concentration of crosslinker (0.5 M
GTA, heavily crosslink) included crosslinking solutions for 30 minutes incubation
periods for pore size and distribution analyses. SEM images were processed to
determine average pore size and pore size distribution via ImageJ (NIH) image

processing software and OriginPro (Northampton, MA) data processing software.

2.2.2.3. Swelling Analysis

The water uptake capacity of the QSH samples was analyzed using swelling analysis.
The dry weight (Wp) of the samples were measured prior to wetting. The samples were
then immersed into UP H,O and incubated for varied periods (2, 8, and 48h).
Afterward, the samples were weighed again for wet weight (Wyw) value. Swelling ratio

was calculated using the following equation:

Swelling Ratio =~ =2 x 100 (Eq2.1.) [84; 85]

D
The QSH samples with 2mg/mL concentration were crosslinked in 0.03, 0.05, 0.1, 0.3,

0.5 M GTA-containing crosslinking solutions for 30 minutes incubation period for

swelling analysis.

2.2.2.4. Degradation Analysis

The degradation analysis of QSH samples was performed by incubating the hydrogels
in complete DMEM medium (10% FBS, 1% penicillin/streptomycin (V/V) in DMEM
High Glucose basal medium) at 37°C. Analyses were carried out to evaluate the

material’s own degradation dynamics, the effects of the crosslinking conditions, and the
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sterilization step. QSHs were sterilized via UV irradiation at different periods from the
top and the bottom sides of the material before testing. The samples were evaluated only
for total degradation. The weight loss by the time was not tested to conserve sterility.
The data were analyzed using OriginPro software (Northampton, MA). 2mg/mL QSH
samples, crosslinked in 0.03 and 0.1 M GTA solutions for 30 minutes, and 1 hour

incubation periods, were used for degradation analysis.

2.2.2.5. FTIR Analysis

Fourier Transform Infrared (FTIR) analysis was used for the chemical characterization
of QSHs. The analyses were done in Fourier Transform Infrared Spectroscopy
Attenuated Total Reflection (FTIR-ATR) mode (PerkinElmer, USA). QSH samples that
were crosslinked with GTA were prepared in 2 mg/mL concentration and lyophilized.
Varied crosslinking parameters were investigated to define the effects of GTA on QSH
structure and crosslinking mechanism. Non-crosslinked, lightly crosslinked (0.03M
GTA) and heavily crosslinked (0.5M) QSHs were analyzed from 4000 to 1000 cm™.
Also, for the EDC/NHS crosslinking, QSH samples were prepared in 20 mg/mL seed
concentration and crosslinked with varied concentrations of EDC and NHS solutions.

FTIR data were plotted and analyzed using OriginPro software (Northampton, MA).

2.2.2.6. AFM Analysis

Atomic force microscopy (AFM) was used for the mechanical characterization of QSH.
Surface topography and force-distance profiles of QSHs were obtained using the
FlexAFM System (Nanosurf CoreAFM, Switzerland). Thick, homogeneous, and dried
gels were located on the microscope slide and were measured in the AFM with a beam
shaped cantilever in contact mode (Stad 0.2 LAuD, NanoAndMore GMBH, Germany)
with a nominal spring constant of 0.2 N/nm and tip radius of 7 nm. For each image, 512
lines were acquired at a speed of 2 s per line and 55 nN set point. Root mean square

(RMS) roughness and Young’s Modulus values were determined using the Gwyddion
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Version 2.45 open source SPM data analysis program. A series of 256 force-distance
curves were measured for 50 x 50 um? regions and fit up to 1 pm tip deflections with a
Hertz (sphere) model. QSHs were notched at a rate of about 1 um/s, which is typically
sufficient to investigate elastic characteristics of cells and matrices instead of
viscoelastic characteristics. The analysis was triplicated for each sample and at least

three independent analyses were done for each sample type.

2.2.2.7. Protein Adsorption Assay

Protein adsorption assay was used to obtain the absorbed protein amount on the surface
of QSH. 2mg/mL QSHs were crosslinked with 0.03 M GTA and lyophilized in a
cylindrical configuration. Bovine serum albumin (BSA) protein stock solutions were
prepared in varying concentrations (0, 100, 250, 500, 1000, 2000 pg/mL) in PBS. The
QSHs were immersed in BSA solutions for 2 hours at 37°C. Then QSHs were washed 3
times with 1X PBS solution and immersed into 5% (w/v) SDS solution for 1 hour at
37°C. The initial samples were collected from BSA stock solutions, and the final
samples were collected from the supernatants of QSHs that were incubated in BSA
solutions. The SDS samples were collected from the supernatants of QSHs incubated in
SDS. BCA Protein Assay Kit was used to detect the adsorbed protein amount on the
samples. The working reagent was prepared in proportion to 50:1 (Reagent A:B). 200
pL working reagent were added on 25 pL. sample volume for each initial, final, and SDS
samples in 96 well plates and incubated at 37 °C for 30 minutes. Finally, absorbance
was measured at 562 nm using a microplate spectrophotometer (Fisher
Scientific™accuSkan™GO UV/Vis) at room temperature. The standard curve was
prepared with the applied BSA concentrations. Concentrations of adsorbed and

solubilized proteins were quantified via the standard curve.

2.2.3. 3D Cell Culture Studies

Mouse embryonic fibroblast cell line; NIH/3T3 (ATCC® CRL-1658™) and human



osteosarcoma cell line; SaOS-2 (ATCC® HTB-85™) were used for in vitro models to

test the QSH scaffolds.

2.2.3.1. 2D Cell Culture and Maintenance

Mouse embryonic fibroblast cell line (NIH/3T3) and human osteosarcoma cell line
(SaOS-2) were maintained in complete growth medium containing 5% FBS and 1%
Penicillin-Streptomycin solutions in DMEM High Glucose medium. Cells were
incubated in a humidified incubator at 5% CO,, 37°C. Both cell lines were passaged
using trypsin-EDTA solution when they reached 80-90% confluency, generally twice a

week.

2.2.3.2. Cell Viability and Proliferation Analyses

QSHs were prepared for cell culture analyses in 2 mg/mL concentration, left for
gelation for 24 hours, and then filtered. The filtered hydrogels were filled into 24 well
plates in 1300 pL or 48 well plates in 650 pL constant volume. The gels were frozen
into -80°C freezer and lyophilized for 3 days. Dried samples crosslinked in GTA
solution and rinsed 3 times with cold UP H,O (2 minutes, 5 minutes, and overnight) to
eliminate  GTA residues. Minimum (0.03 M) and maximum (0.5 M) GTA
concentrations were selected to observe the toxic effects of GTA on cell viability in
addition to possible self-toxic effects of QSH. Both sides of the crosslinked QSHs were
sterilized under UV light for 15 minutes then transferred to 48 well plates for
conditioning. Conditioning was done for 2 hours into DMEM complete medium that
contains 3% (V/V) Penicillin-Streptomycin and 10% (V/V) FBS solution.

Cell viability and proliferation analyses were done via the AlamarBlue assay for the
NIH-3T3 cells. Low density (1x10°/650 uL QSH) and high density (1x10%650 pL
QSH) of cells were seeded on QSHs, and the cells were cultured for 7 days for cell
number optimization. In the second experimental set, short and long term cellular

behaviors were monitored with the cells cultured for up to 7 and 14 days. Long term
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experiment was done only with the lightly crosslinked QSH samples and low cell
seeding density.

AlamarBlue and MTT assays were done for SaOS-2 cells. In the first assay, low density
(1x10°/650 pL QSH) and high density (1x10°/650 pL QSH) cells were seeded on QSHs
which were crosslinked with 0.03 M GTA. The cells were cultured for 7 days for cell
number optimization. In the second experiment set, 4x10° cells were seeded onto 650
uL QSHs which were crosslinked with 0.03 M GTA and cultured up to 15 days. In the
third experiment set, MTT analysis and AlamarBlue analysis were done in parallel for
method optimization. 5x10° cells were seeded onto QSHs and cultured for 7 days.
Differently from a standard static method, after AlamarBlue reagent addition, these
samples were incubated in a thermo shaker at 37°C and 50 rpm for 3.5 hours.

In all analyses, cells were seeded onto mid-point of gels with a minimum volume of
complete DMEM medium. Fresh complete medium was added onto samples after cell
attachment was done, approximately 3 hours later. The positive control was prepared
with cells and medium. The negative control was prepared with QSH scaffolds and
medium.

Later on, AlamarBlue analysis was done for SaOS-2 cells with EDC/NHS crosslinked
QSH samples. QSH prepared in 20mg/mL seed concentration and filtered after 24 hours
of incubation. EDC and NHS solutions were prepared in 0.4 M and 0.1 M
concentrations respectively. QSH, EDC and NHS solutions were sterilized under UV.
Experiments were done in two different protocols to optimize the experiment setup. In
the first protocol, QSH mixed with the same amount of EDC and NHS solutions in
various proportions. Cells (2x10°/1mL QSH) with minimum amount of DMEM
complete medium were added to the mixture immediately after mixing and mixture
transferred to the well plates. Crosslinking occurred while the cells were in the
hydrogel. Fresh complete medium was added onto samples after crosslinking was
mostly done, approximately 3 hours later. In the second protocol, QSH mixed with the
same amount of EDC and NHS solutions in various proportions and mixture transferred
to the well plates. Plates allowed to incubation for 3 hours to ensure the crosslinking.
Cells (2x10°/1mL QSH) were seeded onto crosslinked hydrogels with fresh complete
medium. The positive control was prepared with cells and medium as 2D control and
with cells, medium and QSH as 3D control. Also, another control group was settled

with cells, EDC/NHS solution and medium to observe effects of EDC/NHS only. The
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negative control was prepared with medium only as 2D control and QSH and medium
as 3D control. All samples were incubated for 48 hours prior to AlamarBlue analysis.

The cell culture medium was changed every second day. Before analyses, fresh
complete DMEM medium containing 0.01% (v/v) resazurin sodium salt were prepared
and the scaffolds were transferred into the new medium, then incubated for 4 hours.
Absorbances were measured at 570 and 600 nm by microplate spectrophotometer
(Fisher Scientific™accuSkan™GO UV/Vis). The scaffold samples were duplicated and
the absorbance measurements were triplicated for each sample. OriginPro software
(Northampton, MA) software was used to analyze the viability results. Eq 2.2. was used
for calculations where A indicates absorbance values of test or positive control samples

and N indicates absorbance values of negative control samples.

(02xA1)—(01xA2)
(R1XN2)—(R2XN1)

Cell Proliferation, % = x 100 (Eq2.2))

Table 2.1. The molar extinction coefficients for AlamarBlue analysis

Wavelength (nm) | Reduced state (R) | Oxidized state (O)

570 (1) 155677 80586

600 (2) 14652 117216

2.2.3.3. Live/Dead Analysis

The Live/Dead assay was used to determine cell spreading on the scaffold and analyze
possible toxic effects of GTA and EDC/NHS on cells. QSH scaffolds were prepared in
the same method with cell viability and proliferation analyses samples as described in
section 2.2.3.2.

For the NIH-3T3 cells, low density (1x10°) and high density (1x10°) cells were seeded
on 650 uLL QSH scaffolds and cultured for 14 days to observe short-term and long-term
cellular behaviors. Both low-crosslinked (0.03 M GTA) and high-crosslinked (0.5 M
GTA) QSHs were analyzed to investigate the potentially toxic effects of GTA. For
Sa0S-2 cells, 4x10° cells were seeded onto 650 puL QSHs, which were crosslinked with
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0.03 M GTA and cultured up to 9 weeks.

In all analyses, cells were seeded onto the mid-point of the gels with a minimum
volume of complete DMEM medium. Fresh complete medium was added onto the
samples after cell attachment was accomplished, approximately 3 hours later. The
positive control was prepared using only cells and medium. The negative control was
prepared with QSH scaffolds and medium. The cell culture medium was changed every
second day.

Following to GTA crosslinked QSH experiments, Live-Dead assay was done for SaOS-
2 cells with EDC/NHS crosslinked QSH samples. Samples were prepared in the same
protocol as described in chapter 2.2.3.2. All samples were incubated for 48 hours prior
to the Live/Dead assay.

Before the analyses, freshly prepared complete DMEM medium containing an equal
volume of CytoCalcein and Propidium lodide were mixed in Live/Dead assay buffer
solution applied to the QSH scaffolds on the experiment days and protected from light.
After 30 minutes of incubation, samples were observed via the fluorescent microscope

(Zeiss Observer Z1).

2.2.3.4. Cellular Imaging

Spreading of cells and cellular spheroids on scaffolds were observed by SEM analysis
and fluorescence imaging. NIH-3T3 cells were cultured for long-term (60 days) on QSH
scaffolds to observe spheroid formations. For SEM analysis, scaffolds were rinsed 3
times with 1X PBS to get rid of unwanted residues and culture medium, then fixated in
4% paraformaldehyde (PFA) solution. Later on fixation, secondary rinsing was done
with 1X PBS for 3 times and DI water for 2 times to eliminate PFA residues. Scaffolds
were gold-coated under vacuum and argon gas prior to analysis and then, were analyzed
by SEM (FEI QUANTA, 250 FEG).

Additionally, ECM formation and structural integrity in the NIH-3T3 cells were
confirmed via DAPI and Collagen staining. Anti-collagen Type-I FITC antibody and
DAPI staining reagents were used for fluorescence staining. The QSH scaffolds were
fixated with the same protocol as cellular SEM analysis. The fixated scaffolds were

rinsed with 1X PBS and transferred into either anti-collagen Type-I FITC antibody (1:5
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(V:V)) or DAPI (1:1000(V:V)) solutions in PBS separately. Incubation of scaffolds was
done at 4 °C, overnight for anti-collagen Type-I FITC solution; and at RT, 10 minutes
for DAPI solution, both protected from light. The scaffolds were gently rinsed in 1X
PBS solution after the incubation period and observed under a fluorescent microscope

(Zeiss Observer Z1).
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CHAPTER 3

RESULTS AND DISCUSSION

3.1. Optimization of QSH Scaffold Fabrication

In this thesis, a new method for quince seed hydrogel production was developed. The
production pathway is summarized in Figure 3.1. Quince seeds were dissected from the
fruit, the dried outer brown seed shells were mixed with UP H,O in certain
concentrations and left for 24 hours incubation at room temperature. After the
incubation period, the hydrogel was filtered with cotton gauze and filled into
polystyrene cylindrical containers and frozen overnight. Afterward, hydrogels were
lyophilized and crosslinked with GTA to obtain preformed scaffolds or directly
crosslinked with EDC/NHS without lyophilization for injectable hydrogel production. If
the preformed scaffolds were not used right after production, they were lyophilized
again to increase the shelf life after rinsing of the material to eliminate GTA residues.
As described in Figure 3.2, with this protocol (Figure 3.2a), better hydrogel is produced
in terms of viscosity, transparency and biocompatibility through uncomplicated and
rapid process when compared with the previously reported methods in Figure 3.2b,c and
d. Besides, Figure 3.3 and Figure 3.4 demonstrate that, there is no structural difference
in micro-level and chemical composition compared to previously reported methods [76;
82; 83]. In addition to all, no toxic solvent was used in the gelation step and general use
of toxic solvents was minimized making the protocol more biocompatible and eco-
friendly.

In gelation optimization, 2 mg/mL seed concentration in UP H,O gave the most
appropriate results regarding the texture, stiffness, and porosity of the material. Lower
concentrations (1 and 1.5 mg /mL) could not give a proper structure after the
lyophilization, and material tended to degrade and collapse rapidly upon air contact.
Higher QSH concentrations (3.3, 5, and 10 mg /mL) produced too firm texture while
having a proper porosity, as seen in Figure 3.3.a-b. In the crosslinking step with GTA,

30 minutes of incubation period in 0.03 M GTA solution created a strong, adequately
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Quince seeds

Quince Gelation

\

-8 a Quince seed hydrogel (QSH)
production pathway

Condition in water and
cell culture medium

Filtration

Quince seed hydrogel
(QSH)

Crosslinked QSH

Freeze-dried QSH

Figure 3.1. The experimental production and design steps of the QSH
scaffold; the quince fruits were collected, the seeds cored
out from the fruits, gelation was achieved in water after
24hours. The gels were filtered, lyophilized, crosslinked
and given their final form with conditioning in water and

cell culture medium respectively

crosslinked structure. As the crosslinker concentration increases, the material becomes
brittle which is not a desirable property for hydrogel scaffolds [86-88]. Subsequently,

QSHs were rinsed with UP H,O to remove GTA properly. In this step, rinsing with cold
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water helped to preserve the final crosslinked form of hydrogel, while hot or warm
water caused disruption and QSHs were dissolved in water rapidly. The most consistent
results were obtained from rinsing of the QSHs 3 times with cold UP H,O (2 minutes, 5

minutes, and overnight) to eliminate undesired GTA residues in the scaffold. Longer or
more repeated rinsing steps did not provide higher viability and extra washing steps
resulted in undesirable consequences like early degradation of the material due to over-
rinsing. Crosslinked hydrogels had a more durable and stable structure, and their
mechanical properties improved, parallel to the studies that were used chemical

crosslinking in the literature[89].

Figure 3.2 QSH production method comparison macro images of a) our
method 2 mg/mL concentration, b) Ashraf et al. (2018)
method, ¢) Wang et al. (2017) method, and d) Wang et al.
(2018) method

The QSH preparation method developed in this study was compared with previously
published methods in the literature. The hot water-based method from Ashraf et. al. [82]
and alcohol-based methods from Wang et. al. [76; 83] were reproduced for comparison.

As seen in Figure 3.2., our method created easy-to-use hydrogels very rapidly that have
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optimum fluidity and transparency without any impurities. Compared to methods of
Wang et. al. both 2017 and 2018, sticky paste or crystal-like materials were obtained
that are not suitable for tissue engineering applications due to material form and

mechanical properties.

Figure 3.3. QSH production method comparison SEM images of our
novel method a) 2 mg/mL b) 10mg/mL c) 20 mg/mL and
d) 50mg/mL seed concentration, e) oven-dried Ashraf et al.
method f) lyophilized Ashraf et al. method g), Wang et
al.,2017 method h) Wang et al.,2018 method
(scale bar 500 um)
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SEM images of all scaffolds obtained from each method were given in Figure 3.3.

Firstly, the material obtained from Ashraf et. al. method was prepared via oven-drying

as described in the reference paper. However, the results were quite different from our

method as given in Figure 3.2(a,b). Desired porosity cannot be gained via oven-drying

in the Ashraf et. al. method thus lyophilization also applied to these samples. From the

SEM images (Figure 3.3), it was concluded that all the remaining methods other than

Ashraf et. al. provide similar results with our methodology in terms of porosity and
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Figure 3.4. FTIR spectrum of Wang et al. (2017) method, Wang et al.
(2018) method, Ashraf et al. (2018) method in lyophilized
and oven-dried forms, our novel method in 2 mg/mL seed

concentration
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overall microstructure.

Afterward, FTIR analysis was done for all scaffolds obtained from each method as
given in the Figure 3.4. The main peaks that are determinant for QSH were obtained for
all samples. The presence of broad band around 3360 cm™ shows the —OH stretching
(3800-3100 cm™) and peak around 2920 cm™ is referred to CH (3100-2700 cm™). Peak
around 1600 cm™ is characteristic for carbonyl group (C=0) (1620-1420 cm™) which
indicates uronic acid in structure [90; 91]. And the last characteristic peak in the
structure for QSH indicates glycosidic linkage in the polysaccharide which is detected
as a sharp peak around 1040 cm™

(1200-1000 cm™) [90]. Also, these peaks are evidence of the polysaccharide structure
of the QSH [92].

Our method produced a hydrogel that has similar properties to those of the samples in
the literature through the most straightforward production procedure with relatively
short production time also an eco-friendly and organic solvent-free process.

Based on the GTA crosslinking analysis of non lyophilized 2mg/mL concentrated QSH
samples, crosslinking did not occur in standard 30 minutes crosslinking time frame.
Thus crosslinking period prolonged to overnight. Even though the hydrogels were
seemed to be crosslinked right after application of the GTA solution, they were
degraded during standard rinsing steps. Thus, crosslinking incubation was prolonged to

24 hours and the washing step was shortened to 5 minutes. Fluidic and injectable

Figure 3.5 Directly crosslinked QSH samples without lyophilization
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hydrogels were obtained under these parameters which were durable as shown in Figure
3.5. To dry the samples, evaporator and freeze-dryer were used. The gels that were dried
in evaporator created a thin brittle film on the bottom of the vial that was not possible to
process. When the lyophilization method was used, scaffold structures were obtained
which were suitable for tissue engineering applications.

Although crosslinked hydrogel structures were obtained between 0.03 M and 0.5 M
GTA concentrations, the porous structure could not be achieved in the direct hydrogel
crosslinking method without lyophilization as shown in Figure 3.6. Therefore, in the
following parts of this study, lyophilization was applied prior to GTA crosslinking

procedure.

Figure 3.6 SEM images of QSH samples crosslinked via directly
crosslinking method with a) 0.03 M, b) 0.1 M and c) 0.5
M GTA solutions

Parallel to the GTA crosslinking, EDC/NHS crosslinking mechanism was also
evaluated as described in Figure 3.7. Quince seeds which were gelled into UP H,O in
varying concentrations (2, 10, 20, 50 mg/mL) were filtered and crosslinked with
EDS/NHS directly, without lyophilization step. As shown in Figure 3.8, previously used
concentration, 2 mg/mL, was not worked for EDC/NHS crosslinking, material saved its
flow character even after long crosslinking incubation periods. 10 mg/mL samples only
showed viscous flow as a result of partial crosslinking for moderate EDC/NHS
concentrations. 20 mg/mL samples got partial crosslink in the first 90 mins and after 3
hours, hydrogels got a proper crosslink. 50 mg/mL samples achieved the fastest
crosslink in low hydrogel volumes but in long term, there is no significant difference

between 20 mg/mL and 50 mg/mL QSH concentrations in terms of crosslinking ability.
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Quince Gelation

Injectable quince
seed hydrogel (QSH)
production pathway

Filtration

Quince seed hydrogel

EDC/NHS crosslinked QSH (QSH)

Injection

Figure 3.7 The experimental production and design steps of the
injectable QSH scaffold; quince fruits were collected, the
seeds cored out from the fruits, gelation was achieved in
water after 24hours. Then the gels were filtered,
crosslinked via EDC/NHS and injected into desired area to

reach its final form
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3.2. Characterization of QSH

3.2.1. Structural and Morphological Analysis

Macro and micro structural morphology of QSH were investigated by macro imaging
and SEM. As shown in Figure 3.9, QSH has an interconnected and porous structure.
Porosity is a significant parameter for scaffold design in tissue engineering studies due

to the space needed for cell adhesion, proliferation, tissue growth and vascularization.
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Figure 3.9. Morphological characterization of QSH scaffolds. Macro
images of QSH for a) non-crosslinked, d) lightly
crosslinked and, g) heavily crosslinked scaffolds, SEM
images of porous QSHs for b) non-crosslinked, e) lightly
crosslinked and, h) heavily crosslinked scaffolds (scale
bar=500 um), average pore size distribution histograms of
QSH for c¢) non-crosslinked, f) lightly crosslinked and, 1)

heavily crosslinked scaffolds



Before crosslinking, QSH samples showed 22.52% porosity, and the average pore size
was found to be around 99.85 um. After crosslinking, 18.36% porosity and 76.59 um
average pore size were observed in lightly crosslinking concentrations (0.03 M GTA).

When we evaluated the heavily crosslinking concentration (0.5 M GTA) samples,
porosity decreased to 13.58%, and the average pore size was also decreased to 56.04 um
(Figure 3.9.). The chemical crosslinking step facilitated formation of a firm structure.
Previous studies showed that pore size between 75-300 um is suitable for bone tissue
formation [25; 93; 94]. According to these findings, in this study, the scaffolds that were
crosslinked with 0.03 M GTA, showed the most suitable values to be evaluated as a

scaffold for bone tissue engineering applications.

Figure 3.10. Cross-section SEM images of QSH (scale bars=400 pm,

200 pm, 100 pm, 40 pm, 20 pm, 10 pm respectively)

33



Porous structure of QSH was closely investigated through SEM imaging and QSHs
showed layer-by-layer formation at outer layers and a sponge-like structure at inner
parts, as shown in Figure 3.10. Layer-by-layer stacking is observed on the walls of inner
pores. It has been observed that this layer-by-layer stacking mechanically enforces the

scaffold structure that these findings were also supported by mechanical analysis via

AFM.

QSH concentration
20 mg/mL 50 mg/mL 20 mg/mL 50 mg/mL

0 (non-crosslink)
150 L

200 pL

100 pL
600 pL

EDC and NHS addition to 1mL QSH
50 pL

Figure 3.11. Morphological characterization of EDC/NHS crosslinked
QSH scaffolds via SEM analysis (scale bar=500 pum)

Also, morphology of EDC/NHS crosslinked QSH was investigated by SEM imaging.
As shown in the Figure 3.11, the interconnected and porous structure was remained
after crosslinking. QSH has a similar structure with GTA crosslinked samples when
crosslinked with EDC/NHS. The porosity of the scaffold remained in lower crosslinker
conditions. As crosslinker concentration increased, pore size also getting bigger

respectively and the original structure of the material changed.

3.2.2. Swelling Analysis

QSH’s capacity to hold water is given in Figure 3.13. QSH samples were immersed into

UP H,O for 2, 8, and 48 hours, and the water holding capacities were evaluated
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independently. The maximum water holding capacity was achieved at lower
concentrations of the crosslinking reagent. As the concentration of GTA was increased,
material firmness increased as well, and this condition decreased the water holding
capacity of the material, which is parallel to the literature [95]. QSH crosslinked with
0.03 GTA held water 56.8 times more than its own mass when immersed for 2 hours,
while 56.3 and 56.1 folds were reached in 8 and 48 hours immersion. On the other hand,
0.05M GTA crosslinked samples gave 53.7, 66 and 58.7 folds water holding capacities
in 2, 8 and 48 hours incubation respectively. Among all GTA and immersing periods, 2
hours of water immersion and 0.03 M GTA concentration were selected as the optimum
time frame and concentration for further experiments with the motivation of using the

minimum amount of toxic chemical.
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Figure 3.12. Water holding capacity graphs of QSH samples crosslinked
with different GTA concentrations. Based on a) crosslink

reagent concentration and b) incubation period into water

3.2.3. Degradation Analysis

The degradation rate of the scaffold should be appropriate for the host tissue and its
demands. Degradation of QSH was evaluated in DMEM complete medium. In the first
experimental set, samples were examined in terms of the effects of different

crosslinking parameters on the degradation profile. Samples that were crosslinked with
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0.1 M GTA, degraded quite early while 0.03 M GTA crosslinked samples conserved

their structure during 22-day experiment (Figure 3.13.). No significant difference was

observed regarding degradation between varying crosslinking periods which was 30

min and 1-hour immersion in GTA solution. The optimal parameter for degradation test

was defined as 30 min of immersion in 0.03 M GTA solution, and further experiments

were completed with this parameter. The second criterion for degradation tests was

potential degradation side effects of UV sterilization. Non-sterilized, 15 min and 30 min

(for both sides) UV- sterilized samples were compared. 15 min sterilization samples had

the same profile with a non-sterilized control group in terms of degradation rate, while

30 min of sterilization samples degraded on day 20, which is not adequate time for neo-

tissue formation.
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Figure 3.13. Degradation profiles based on a) crosslink solution
concentration and incubation period and b) UV
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3.2.4. FTIR Analysis

Figure 3.14.a shows ATR-FTIR spectrums of non-crosslinked, lightly crosslinked (0.03

M), and heavily crosslinked (0.5 M) QSHs. The wide-band appeared between 3600-
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Figure 3.14. a) FTIR spectrum of non-crosslinked, lightly GTA
crosslinked, and heavily GTA crosslinked QSH
scaffolds. The shoulders appearing around 3350 cm™,
1730 cm™ and 1598 cm™ correspond to the OH groups,
acetate bridge, and carboxyl groups bonds respectively,

b) GTA crosslinking mechanism of QSH
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3000 cm™ is the characteristic stretching peak of hydrogen bonding regarding the
hydroxyl groups of QSH [73; 76; 82; 83; 96-98]. A preferably deep peak observed in
non-crosslinked QSH samples around this region compared to crosslinked QSHs,
attributed to the formation of the intra/inter hydrogen bonds between QSH hydroxyl
groups and GTA aldehyde groups as described in Figure 3.14.b [99; 100]. Because of
the presence of CH and CH, groups in cellulose and hemicellulose parts, weak CH
stretching vibration peaks appear between 2950 and 2800 cm™ [73; 76; 83; 96; 101;
102]. Characteristic peaks around 1600 and 1420 cm™ indicate asymmetric and
symmetric stretching of the carbonyl group (C=0) which shows uronic acid presence
[90; 98; 103-105]. Furthermore, band at 1730 cm™! indicates the presence of carboxylic
group grafting [73] or esterification [76; 82; 83]. Moreover, an increased peak at 1730
cm™ can be defined as the acetate bridge by combining GTA dialdehyde and QSH
cellulose content’s hydroxyl group [99; 106; 107]. Typical polysaccharide bands are
recorded around 1200-1000 cm™ shows the C-OH bending and C-O-C stretching of
glycosidic linkage [90; 92; 101-103]. FTIR findings suggest effective crosslinking of
QSH via GTA.

Next, FTIR analysis was done for EDC/NHS crosslinked QSH samples. Characteristic
peaks that correspond to the crosslinking were observed as seen in Figure 3.15. Around
1042 cm™, C-O-C and C-O-H vibrations [105] were clearly seen in the figure. Also,
wide peaks around 3343 cm™ corresponded to OH groups in the structure were
observed.

EDC/NHS can efficiently create conjugates between proteins. EDC by itself is normally
sufficient for amide bond creating. NHS addition increases the coupling efficiency and
stability of amine-reactive intermediates. The mechanism of EDC/NHS crosslinking
firstly starts with the activation of carboxyl groups. Activated carboxyl groups figure
amine-reactive O-acylisourea intermediates. These intermediates give reaction with
primary amines and amide bonds are created. A newly formed peak observed around
1640 cm™ which is related to the amide bonds. Also, the intensity of the peak around
1250 em™ was highly increased which is related with another amide bond confirm the
crosslinking via EDC/NHS [108; 109]. These peaks suggest crosslinking mechanism
was successfully worked in both EDC/NHS concentrations.
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crosslinking.

3.2.5. AFM Analysis

Surface of a material critically affects the interaction between cell and biomaterial.
Surface topography, chemistry, porosity, and wetting are important factors in cell
attachment and proliferation [110; 111]. In this study, both surface roughness analysis
and mechanical tests were done via AFM [112]. Surface topography and roughness of

QSH samples were analyzed by AFM measurements for non-crosslinked and
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crosslinked (0.03 M GTA) scaffolds as shown in Figure 3.16. The surface roughness of
QSH scaffolds was respectively measured as 613.5 nm and 2 um for non-crosslinked
and crosslinked samples. It is obvious that, after the crosslinking process, the surface
roughness increased around 3.5 times. In addition to this, Young’s modulus points
toward the rigidity of the material such that bigger Young’s Modulus refers to more
rigid material. Young’s modulus distribution of non crosslinked and crosslinked QSH
samples analyzed with AFM measurements which were shown in Figure 3.16b,d
respectively. Young’s modulus of QSH material was increased from 53 MPa to 76 MPa
with crosslinking. Because of the chemical crosslinking, the number of entanglements
in polymer chains was increased and these newly formed entanglements mediate
dissipation of energy [113-115]. Thus, the difference between non crosslinked and

crosslinked samples was observed. Young’s modulus mapping was used to show
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Figure 3.16. AFM analysis showing the surface characteristics of QSH
surface topography of a) non-crosslinked and c) crosslinked
scaffolds; force-distance profiles of b) non-crosslinked and

d) crosslinked scaffolds
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Young’s (elastic) modulus distribution in a unit area of QSH samples. Young’s modulus
distribution of QSH was mainly spread between 12 and 60 MPa (from blue to green
area) with a heterogeneous profile in non-crosslinked samples as shown in Figure 3.16b.
After crosslinking, distribution gained homogeneity between 70 and 80 MPa (green
area) as indicated in Figure 3.16d. Crosslinking with GTA was gained a firmer structure
to the material and increase Young’s modulus parallel to the literature [111] as AFM

results showed.

3.2.6. Protein Adsorption Assay

Protein adsorption results give an explicit hint regarding the material’s biocompatibility
since it shows the attachment capability of the cells on the scaffold surface. Serum
albumin is the most abundant protein in the blood, thus has a significant role in foreign
body reaction at the early stages of material-blood contact [116]. As the proteins on the
cell membrane interact and attach to the biomaterials, material’s interaction with serum
albumin led to cell-material adhesion profile. Our findings indicated that a considerably
higher BSA adsorption was observed at 1000 pg/mL BSA concentration as seen in
Figure 3.17. High protein adsorption shows that cells would tend to attach the material.
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Figure 3.17. Protein adsorption graph of QSH. Adsorbed (black) and
solubilized (red) BSA proteins were illustrated in the graph
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3.3. 3D Cell Culture Studies, Cell Viability and Proliferation

In vitro 3D cell culture studies were carried out with NIH-3T3 and SaOS-2 cells. These
cell lines represent the model tissues in focus and they are one of the most commonly
used cell lines in the field. NIH-3T3 cell line was used as a cellular model for scaffold
characterization while SaOS-2 cell line was used as a bone tissue model. Cell viability
and proliferation analyses were done with AlamarBlue and MTT assay, Live/Dead

analysis and live cell imaging via fluorescent dyes.

3.3.1. Cell Viability and Proliferation Analyses

Cell viability analyses of NIH-3T3 cells were accomplished with AlamarBlue assay.
QSHs were prepared for all cell viability and proliferation analyses in aqueous solutions
at 2mg/mL concentration. QSHs were crosslinked in 0.03M and 0.5 M GTA after
lyophilization to assess the effects of GTA concentration on viability as given in Figure
3.18.a. Later, viability tests (Figure 3.18.b,) were performed just by using 0.03 M GTA
concentration as this concentration gave the highest cell viability results as given in the

Figure 3.18.a
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Figure 3.18. Cell viability results of NIH-3T3 cells on QSH scaffolds
evaluated by AlamarBlue assay, a) cell viability against
crosslinking parameters, b) cell viability against cell

number



In both sets in Figure 3.18 and either low or high cell seeding concentrations, due to the
inadequate surface area, the proliferation of 2D control groups was limited and cells
began to die from the first days of the experiments. Among all QSH samples, the finest
results were obtained in the lightly crosslinked scaffold and high cell density which are
0.03 M GTA and 2x10° cells per scaffold as seen in Figure 3.18.
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Figure 3.19.Cell viability results of NIH-3T3 cells on QSH scaffolds
evaluated by AlamarBlue assay, cell viability for long term

culturing

Cell contact is restricted in the complex 3D growth area when compared to traditional
2D cell cultures due to the seeding of the same number of cells to the increased total
volume [117-119]. Higher cell number in the unit area increased the cell-cell
interactions and this situation influence proliferation positively. Therefore, high cell
seeding concentration gave better results in terms of cell viability. As there was cellular
loss while seeding on the scaffolds due to partial washout problem because of the
porous structure and liquid environment, starting points is lower than 2D control but
this gap was closed by proliferating cells even in the short term.

Further, 2x10° NIH 3T3 cells were seeded on the 1300uL QSHs for long term viability
analysis (Figure 3.19.). Cells were cultured up to 14 days to analyze long term viability
results to observe proliferation profiles of cells on the QSH scaffold. The proliferation

of 2D control group showed a decreasing profile from day 9 as seen in Figure 3.19.
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Because of the insufficient surface area related to contact inhibition of cells. In long
term analysis of the QSH scaffold, cellular proliferation in the experiment group had an
accelerated profile when we compared the growth rate among the day 1-3, 3-9 and 9-15.
This regular acceleration gain was related to the adaptation of cells to the QSH.
Complex 3D scaffold structure limits cellular communication in early stages [117-119]
In overall, the adaptation phase in 3D cell culture takes longer because of slow
adsorption and infiltration of cells in the 3D microenvironment. Nevertheless,
increasing acceleration of the viability as described in Figure 3.19 shows that as the cell

number increase, QSH scaffold promotes proliferation of cells in long term.
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Figure 3.20. Cell viability results of SaOS-2 cells on QSH scaffolds
evaluated by AlamarBlue assay, cell viability against cell

number

AlamarBlue and MTT assays were carried out to investigate cell viability of SaOS-2
cells that were seeded on QSHs. QSHs were prepared in 2mg/mL concentration in
aqueous solutions and crosslinked with 0.03 M GTA. First of all, low density (2x10°)
and high density (2x10°) SaOS-2 cells were seeded on QSHs, which were crosslinked
with 0.03 M GTA and cells were cultured for 7 days for cell number optimization. High
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Figure 3.21. Cell viability results of SaOS-2 cells on QSH scaffolds

evaluated by AlamarBlue assay, cell viability for long

term culturing
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cell seeding concentrations provided better adsorption and proliferation rates as
described in Figure 3.20.

To investigate long term effects, 8x10° cells were seeded onto QSHs which were
crosslinked with 0.03 M GTA and cultured up to 15 days for long term viability assay
as seen in Figure 3.21. AlamarBlue experimental results showed lower cell viability
than expected when compared with the microscopy images. This problem might be
caused by the diffusion problem of AlamarBlue reagent from supernatant to cells or
vice versa. Color change inside the gel constructs was not homogeneous. Therefore, to
overcome this problem, alternative analysis methods were tried. First MTT analysis was
examined to compare with AlamarBlue analysis, however MTT method did not provide
proper results (Figure 3.22.a.). Later, samples were incubated in thermo shaker after
AlamarBlue reagent addition at 37°C and 50 rpm for 3.5 hours to overcome the
diffusion problem. Shaking of the plates during dye incubation provided colorimetric
homogeneity. These homogenous distributions also led to significant cell viability
results as shown in Figure 3.22.b.

Short and long term viability analysis of QSH scaffolds with SaOS-2 cells showed that
QSH has a proliferation promotive effect with no toxic effects on SaOS-2 cells.
Proliferation profiles of 2D control groups were high at the beginning but limited in
longer incubation periods because of the insufficient surface area. Cells started to die or
detach from the surface both in low and high cell concentrations. When QSHs were
used, increased cell number in unit area reinforced cell-cell interactions which made a
positive effect on cell proliferation. Thus high cell seeding concentrations provided
better results.

Lastly, AlamarBlue analysis with EDC/NHS crosslinked QSH samples was done for
Sa0OS-2 cells. 100 and 150 pyL EDC and NHS solutions added to ImL QSH. Samples
prepared in two different methods as crosslink with cells method and seeding of cells
after crosslinking method. In both experiment methods, experimental groups gave
higher viability results than control, and no toxicity was observed related to QSH
material or EDC/NHS crosslinking. Protocol based on seeding of cells before
crosslinking (crosslink with cells) gave better results with a slight difference with cell
seeding after crosslinking based method. Crosslinking with the cells with 150 uLL EDC
and NHS solutions gave the best result which was 60% more than 2D and 44% more

than 3D controls in terms of viability.
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Figure 3.23. Cell viability results of SaOS-2 cells on EDC/NHS
crosslinked injectable QSH scaffolds, evaluated by

AlamarBlue assay, cell viability for short term culturing

Live/Dead assay was also accomplished for cell viability observation of cells on the
QSH scaffold. The assay was run at the day 1, 3, 5 and 7 of the 3D cell culturing period.
The limited surface area in the 2D caused contact inhibition [120] and cells were neither
dying nor proliferating as seen in Figure 3.24. QSH scaffold that is crosslinked with
0.03 M GTA and has a high cell density gave higher cell viability results when
compared with the samples that were crosslinked with 0.5 M GTA and have low cell
densities. Also, more spheroid formations were observed in these configurations. These
findings suggest that increased GTA concentration in crosslinking solution may have
toxic effects on cells and firmer structure does not allow cellular infiltration thus cell
viability decreases which is correlated with the literature [121-123]. Also, high cell
seeding concentrations provide better results due to high cell-cell interaction. Later,
4x10° Sa0S-2 cells were seeded on the 2D surface as positive control, and the same
amount of cells were seeded onto QSHs, which were crosslinked with 0.03 M GTA as

seen in Figure 3.25, Figure 3.26 and Figure 3.27. The assay was conducted over a
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Day 1 Day 3 Day 5 Day 7

Figure 3.24. Fluorescence microscope images of Live/Dead assay of
NIH-3T3 cells in a-c) 10° and d-f) 10° concentration on
a,d) 2D control, QSH scaffolds which are crosslinked with
b,e) 0.03 M GTA and c,f) 0.5 M GTA (scale bar 100 pm)
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Day 1

Day 3

Day 5

Day 7

Control QSH

Figure 3.25. Fluorescence microscope images of Live/Dead assay of
Sa0OS-2 cells on 2D control and QSH scaffold from day 1
to 7 (scale bar 100 pm)
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Day 13 Day 11 Day 9

Day 15

Control

Figure 3.26. Fluorescence microscope images of Live/Dead assay of
Sa0S-2 cells on 2D control and QSH scaffold from day 9
to 15 (scale bar 100 pm)
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Day 63

Figure 3.27. Fluorescence microscope images of Live/Dead assay of

SaOS-2 cells on 2D control and QSH scaffold from day
21 to 63 (scale bar 100 pum)

51



period of 9 weeks, and the cells were observed every second day during the first 2
weeks of the experiment. As a characteristic behavior of carcinogenic cells, cells started
to proliferate over each other layer by layer but from day 9, similarly as observed in
NIH-3T3 cells, a limited culture area in the 2D control group resulted in negative results
even with carcinogenic cells; and cells were detached from the surface or died due to
contact inhibition (Figure 3.26, Figure 3.27). Cells on the QSH scaffolds firstly formed
spheroids but then, they created bigger interconnected tissue formations starting from
day 9 (Figure 3.26). In the long term observation, cells in 2D could not survive on the
plates and detach from the surface after 7" week while the cells on the QSH scaffolds
continued to proliferate (Figure 3.27). Obtained results were promising and showing

that ECM secretion might be taking place and the cells start to create a neo-tissue.
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Figure 3.28. Fluorescence microscope images of Live/Dead assay of
Sa0S-2 cells on EDC/NHS crosslinked injectable QSH
scaffolds (scale bar 200 um)
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Therefore, ECM components were analyzed further to investigate the microenvironment
of newly formed 3D structures in the preformed scaffolds.

Lastly, the Live-Dead assay with EDC/NHS crosslinked QSH samples was done for
Sa0S-2 cells (Figure 3.28). 100 and 150 yL EDC and NHS solutions added to 1mL
QSH. Samples prepared in two different methods as crosslink with cells and seeding of
cells after crosslinking. In both experiment sets, no toxicity was observed related to
QSH material or EDC/NHS crosslinking. When we compared the protocols with each
other, seeding of cells before crosslinking gave better results. As cells mixed with the
material before crosslinking, cells easily located while there would be penetration
problems in the second method. Crosslinking with the cells with 100 yL EDC and NHS

solutions gave the best results with a 73% viability rate.

3.3.2. 3D Cell Culture Morphology and ECM Secretion Analyses

3D cell culture formation and spheroids were visualized with SEM. Later, to observe
the formation of ECM and 3D tissue-like structures DAPI and collagen staining were

done.

3.3.2.1. SEM Analyses

Long term proliferation of NIH-3T3 cells on QSH scaffolds were observed via SEM for
2 months cultured scaffolds (Figure 3.29). Cells were strongly adhered to the scaffold
and created spheroids among interconnected pores of the QSH scaffold. Originally,
NIH-3T3 cells indicate monolayer characteristics in 2D, however; they were inducted to
create 3D spheroids on QSH scaffolds. Adherence and spreading of spheroids all along
the scaffold show that QSH scaffold has biocompatible character and a suitable scaffold

material for tissue engineering applications.
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Figure 3.29. SEM images of NIH-3T3 cells on QSH scaffolds for long

term incubation (scale bar: 200 pm)

3.3.2.2. ECM Formation Analyses

Long term proliferation results that were shown on SEM imaging were supported with
immunostaining experiments. After DAPI staining spheroid formations were observed
which about 300 um in diameter were spread over the hydrogel as seen in Figure 3.30

ECM secretion is an important step in neo-tissue formation. A scaffold material should
be replaced with own ECM of the cells during tissue formation [124; 125]. Production
of ECM was analyzed via analysis of Collagen secretion. 1-month cultured 3D
spheroids were analyzed via Anti-collagen Type-I FITC staining (Figure 3.31).
Collagen secretion was clearly observed for all spheroid structures that shows ECM

formation by cells.
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Figure 3.30. DAPI staining images of NIH-3T3 cells on QSH scaffolds

for long term incubation (scale bar: 200 pm)

Figure 3.31. Collagen staining images of NIH-3T3 cells on QSH

scaffolds for long term incubation (scale bar: 200 um)
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CHAPTER 4

CONCLUSION

In recent years, bone tissue engineering has become one of the most important research
areas Worldwide. The presented thesis has provided an innovative approach to
contribute this developing field. This thesis represents proof of concept study to develop
a novel scaffold material that can be used in therapeutic applications, which has the
potential to be used in clinical studies.

There have been several studies related to structural, physicochemical, and mechanical
properties of the QSH and its utilization as a wound-healing cream, antioxidant-
antibacterial reagent, or drug delivery system. In this study, the potential of the QSH as
a tissue engineering scaffold was comprehensively evaluated in terms of chemical and
mechanical properties, as well as biological suitability. QSH production approach was
accomplished and compared with similar studies in the literature. An optimized product
was evaluated for 3D cell culture studies. Porosity and swelling ratio, crosslinking
parameters, and protein adsorption capacity were investigated to characterize the
material. In the light of obtained results, 2 mg/mL QSH provided the most appropriate
results in terms of porosity, durability, and mechanical strength. Afterward, the best
results in terms of biodegradation in long term were observed for the crosslinking
conditions with 0.03 M GTA. The final form of the QSH scaffold has 76.59 um average
pore size and an excellent water holding capacity, which is 56.8 times of its own
weight. Later on, QSH characterized as an injectable hydrogel. 20 mg/mL quince seed-
water ratio gave the most appropriate results with EDC/NHS crosslinking method as an
injectable hydrogel.

Cellular viability, proliferation, and ECM secreting capacity were analyzed with two
different cell lines to verify the biocompatibility of QSH as a biomaterial. NIH-3T3 cell
line was used as a cell model and then SaOS-2 cell line was used as bone tissue model.
2 mg/mL QSH crosslinked with 0.03 M GTA provided the highest cell viability with the
minimum toxic effect for both cell lines. Spheroids around 300 um and integrated cell
clusters were observed among interconnected QSH scaffold. These integrated cellular

structures confirm that QSH promotes cells to create 3D tissue-like structures. Also,
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ECM formation and collagen secretion was investigated for 3D spheroids in long term
incubation. Lastly, cellular viability and proliferation were analyzed with SaOS-2 cell
line to verify the biocompatibility of injectable QSH, and no toxic effect was observed.

To conclude the work, these results reveal that the obtained findings were compromised
with literature data and QSH has a big potential as a scaffold to be used in tissue
engineering studies. High-level porosity and water holding capacity, appropriate
mechanical properties, and excellent biocompatibility of the QSH verify that, this
material could highly support tissue regeneration. Moreover, the affordable price of the
raw material of the QSH thrust itself forward in terms of accessibility. Outputs of the
study are aimed to reduce the cost of tissue engineering research and treatment in terms
of material related expenses while increasing patient welfare at medical, commercial,

and social scale.
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