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ABSTRACT

BORON REINFORCED FIBROIN MEMBRANE FOR PERIOSTEAL
TISSUE ENGINEERING

Akbaba Fathi, Sema
Doctor of Philosophy, Biotechnology
Supervisor : Prof. Dr. Aysen Tezcaner
Co-Supervisor: Prof. Dr. Zafer Evis

August 2024, 184 pages

In this thesis, novel fibroin/sulfated alginate (F/sA) membranes loaded with
exosomes of human adipose derived stem cell (hADSC) treated with pure and doped
hydroxyapatite (HA) were developed for periosteal tissue engineering. It was found
that, co-doping of B (8 mol%) and Zn (4 mol%) to HA provided both proliferative
and osteogenic effects on hADSCs and angiogenic effect on human umbilical vein
endothelial cells. Both F and sA led to immunomodulation by significantly
decreasing IL1B and CASP1 levels of THP-1 macrophages. However, presence of
sA more than 5% did not cause significant change. Considering that cell viability
and proliferation were the highest for 95:5 group, 95% F to 5% sA was chosen as the
optimum ratio. Finally, effects of untreated and HA, 8B HA and 8B 4Zn HA treated
exosomes were investigated. 8B HA group significantly increased exosome yield
whereas treatment with all HA groups significantly decreased protein and DNA
levels. Moreover, treatment with doped HA led to significant increase of RNA levels.
F/sA membranes loaded with exosome groups increased early attachment and
proliferation of hADSCs. Treated exosome groups were found to increase osteogenic

differentiation and decreased expression of inflammatory markers except for 8B 4Zn



HA group, which increased CASP1. Overall, F/sA membrane loaded with exosomes
isolated from cells treated with pure and doped HA groups were able to increase
proliferation and osteogenic differentiation of hADSCs as well as
immunomodulation. Further identification of exosomes isolated from differently

treated cells would bring a better understanding for their effects and potential uses.

Keywords: Tissue Engineering, Hydroxyapatite, Exosome, Periosteum, Boron
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PERIOSTEUM DOKU MUHENDiSLiGi ICIN BORILE
GUCLENDIRILMIS FiBROIN MEMBRAN

Akbaba Fathi, Sema
Doktora, Biyoteknoloji
Tez Yoneticisi: Prof. Dr. Aysen Tezcaner
Ortak Tez Yoneticisi: Prof. Dr. Zafer Evis

Agustos 2024, 184 sayfa

Bu tezde, periosteal doku miihendisligi i¢in saf ve katkili hidroksiapatit (HA) ile
muamele edilmis insan adipoz tiirevli kok hiicre (hADSC) eksozomlari yiiklii 6zgiin
fibroin/stilfath aljinat (F/sA) membranlar gelistirilmistir. B (%8 mol) ve Zn'nin (%4
mol) HA'ya birlikte katkilanmasi, hADSC'ler iizerinde hem proliferatif hem de
osteojenik etki ve insan umbilikal ven endotel hiicreler iizerinde anjiyojenik etki
sagladig bulunmustir. Hem F hem de sA'nin, THP-1 makrofajlarinin IL1B ve
CASP1 seviyelerini 6nemli olgiide azaltmistir. Ancak, sA'nin %5'ten fazla olmasi
anlaml bir degisiklige neden olmamistir. Hiicre canlilif1 ve proliferasyonunun 95:5
grubunda en yiiksek oldugu dikkate alinarak, %95 F ila %5 sA optimum oran olarak
secilmistir. Son olarak, herhangi bir sey ile muamele edilmemis ve HA, 8B HA ve
8B 4Zn HA ile muamele edilmis eksozomlarin etkileri arastirilmistir. 8B HA grubu
eksozom verimini 6nemli 6l¢tide artirirken, tim HA gruplariyla yapilan muamele,
protein ve DNA seviyelerini anlamli olarak azaltmistir. Ayrica, katkilt HA ile
muamele, RNA seviyelerinde anlamli artisa yol agmistir. Eksozom gruplari yiiklenen
F/sA membranlari, hADSC'lerin erken yapigma ve cogalmasini artirmigtir. Muamele

edilen tiim eksozom gruplarmin osteojenik farklilasmay: arttirdigi ve CASP1'i

vil



artiran 8B 4Zn HA grubu disinda inflamatuar belirteglerin ekspresyonunu da
azalttigi bulunmustur. Genel olarak, saf ve katkili HA gruplariyla tedavi edilen
hiicrelerden izole edilen eksozomlarla yiiklii F/sA membrani, immiinomodiilasyonun
yan1 sira hADSC'lerin proliferasyonunu ve osteojenik farklilasmasini da
arttirabilmigtir. Farkli sekilde muamele edilmis hiicrelerden izole edilen
eksozomlarin daha ileri seviyede tanimlanmasi, etkilerinin ve potansiyel

kullanimlarinin daha iyi anlasilmasini saglayacaktir.

Anahtar Kelimeler: Doku Mithendisligi, Hidroksiapatit, Eksozom, Periosteum, Bor
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CHAPTER 1

INTRODUCTION

1.1 Structure and Importance of Periosteum

Periosteum can simply be defined as the tissue layer enclosing bones (Figure 1.1).
Outer surface of the periosteum is made up of collagen fibers and elastin whereas its
inner surface facing bone homes osteoblasts, bone precursor cells and periosteal stem
cells. Periosteum plays a crucial role in both embryonic osteogenesis and bone defect
repair (Li et al., 2016). In case of damage, cells homing periosteum ensure bone
regeneration by migrating towards defect area (Colnot et al., 2012). Periosteum is
also a highly vascularized tissue which enables nutrient transport needed for bone
maintenance and regeneration (Li et al., 2016). Another crucial property of
periosteum is its acting as barrier for osteosarcomas. In cases where bone has an open
fracture or a tumor is curated from bone, periosteum is also damaged and loss of
periosteum impairs bone regeneration (Lorenz, Couch & Burkey, 2017).

((((Ti’) B4t g |Fibrous layer |Germinal layer ICortical bone

i |

|l’ibrolasts r%itbww IH:O'S&ObluQs IProgenitorcells

Figure 1.1 Structure of the periosteum (Lou et al., 2021).
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Periosteum acts as the substantial layer of bone as it homes fibroblasts, osteoblasts
bone precursor cells and stem cells (Arnsdorf et al. 2009). It was stated that
periosteum derived stem cells are able to divide up to 30 times and express
mesenchymal stem cell (MSC) markers. It was also denoted that periosteum derived
stem cells can differentiate into chondrocyte, osteoblast, adipocyte and myocyte (De
Bari et al. 2006). Ferretti et al. (2012) reported that periosteal stem cells express
vascular epithelial growth factor receptor (VEGFR), an angiogenic marker.
Therefore, periosteum should also be restored for proper regeneration of bone.
Moreover, periosteum was used as a tissue graft in various studies. Kanou et al.
(2005) showed that healthy periosteum transferred to rats with calvarial defects
promoted healing of critical-sized defect. In another study, it was stated that
transplantation of decellularized periosteum to rabbits with critical defects resulted
in significantly more healing and bone formation (Zhao et al., 2017). Although these
studies showed the potential of periosteum transplantation for bone regeneration
donor scarcity and potential immunogenicity limit its use on humans. It was also
denoted that chronical diseases such as diabetes hinders regenerative abilities of
periosteum (Doherty et al.,, 2021). Considering all these properties and its cell
reservoirs, it can be said that periosteum is vital for bone regeneration and bone

healing can be accelerated through tissue engineering of the periosteum.

1.1.1 Regenerative Medicine Strategies Subjecting Periosteum

Regenerative medicine approach makes up relatively small part of periosteal
regeneration strategies. Fan et al. (2010) cultivated bone marrow derived
mesenchymal stem cells (BMSCs) supplemented with cobalt chloride, B-
glycerophosphate, ascorbic acid and dexamethasone on type-I collagen membrane.
Then, cellularized membranes were subcutaneously implanted to rats in order to
obtain ectopic bone formation. Use of this implant is considered as limited; since

collagen implant itself does not have any properties to promote osteogenesis. In



another study, combined use of Alloderm® collagen membrane and EZ Cure®
calcium phosphate bone cement was shown to result in osteogenesis in dogs with
ulna defect (Jegoux et al., 2009). In addition to high cost of this approach, Alloderm®
collagen membrane is originally intended to be used for soft tissue regeneration
purposes. In a different study, Alloderm® acellular dermal matrix was seeded with
mouse osteoblast and BMSCs and wrapped around adductor muscle of mice. It was
reported that seeded cells were alive after implantation and were able to perform
osteogenesis (Schonmeyr et al., 2009). Use of this type of system is considered as
impractical as it requires one operation for harvesting of cells and a second operation
for implantation. In another study, Keskin et al. (2008) investigated potential of small
intestinal submucosa cultivated with periosteal osteoblasts. It was reported that small
intestinal submucosa preserved cell viability in vitro however, it did not have any
significant effect on osteogenesis. A different study investigated efficacy of
Ethisorb® patch containing polyglactin and polydioxanone on periosteal bone defects
as a periosteal implant. For this purpose, cells isolated from periosteum were
supplemented with tricalcium phosphate, fibrinogen and thrombin and cultivated on
Ethisorb® patch. It was revealed that periosteal cells were able to produce osteogenic
markers osteocalcin (OCN) and alkaline phosphatase (ALP), in vitro (Arnold et al.,
2002). It can be said that high cost and lack of in vivo data can limit use of the
aforesaid method. In a recent study, potential of decellularized sheep periosteum was

investigated.

It was reported that viability of MC3T3-E1 preosteoblasts seeded on the acellular
scaffold increased compared to tissue culture polystyrene (TCPS) during 7 days of
incubation. The acellular scaffold was also subcutaneously implanted to rats. It was
reported that serum levels of IL2, IL4 and interferon-y (IFNG) were significantly
lower than that of non-decellularized sheep periosteum and Bio-Gide® collagen
membrane (He at al., 2020). Potential of decellularized porcine periosteum was also
evaluated by in vitro immunomodulation assessment and rat calvarial defect model.
For this purpose, hydrogel was prepared from decellularized and lyophilized porcine

periosteum. It was stated that Raw264.7 macrophages seeded on the acellular



scaffolds expressed significantly lower IL1B and NOS2 and significantly higher
CD206, compared to rat tail collagen hydrogel. Micro computed tomography (u-CT)
analysis also revealed that bone mineral density of the acellular scaffold group was
also significantly higher than that of collagen and sham groups (Qiu et al., 2020). In
another study, porcine small intestine submucosal membrane was decellularized and
seeded with rabbit BMSCs. Obtained membrane was then wrapped around
decellularized scapular bones. Efficacy of the composite was investigated on rabbits
with irregular bone defect on the shoulder blade. Scoring of the radiographic images
revealed that there was no significant difference between use of acellular submucosal
membrane and combined use of acellular mucosal membrane and decellularized
scapular bone, 12 weeks post-surgery. It was also mentioned that ink-formaldehyde
perfusion and hematoxylin eosin study revealed acellular membrane groups enabled
vascularization, due to pre-existing growth factors coming from acellular membrane
(Zhao et al., 2020a). In summary, there are various regenerative medicine approaches
present subjecting periosteal implants for bone regeneration, including allografts
with donor scarcity, cell-based therapies without scaffolds and commercially

available products that were not originally designed for bone regeneration.

1.1.2 Tissue Engineering of Periosteum

Periosteum’s irreplaceable role in bone maintenance and regeneration led to studies
subjecting periosteal tissue engineering. Considering periosteum’s function, main
concern that was taken into consideration was ability of scaffolds to promote
osteogenic differentiation, which was examined mainly with presence of osteogenic
proteins, histological staining, expression of osteogenic genes and pu-CT (Tao et al.,
2020; Zhang et al., 2023a). Periosteum homes a variety of cells including
macrophages, which engages in osteogenesis by leading periosteum derived stem
cells (PDSCs) to the site of defect. Hence, immunomodulation is considered to be a
key component of periosteal regeneration (Gao et al., 2019). Another concern of the

engineering of the periosteum is homing and supporting the viability of stem cells,



which was assessed with various methods including cell viability assays, cell
imaging studies (Kouya et al., 2013; Li et al., 2020). Since periosteum is a highly
vascularized tissue, many of the studies also evaluate angiogenic activity of the
periosteal scaffolds. /n vitro tube formation, expression of angiogenic genes and
presence of angiogenic proteins and histological evaluations are commonly used for
determination of angiogenic potential of the scaffolds (Liu et al., 2020a, Yang et al.,
2022). In vitro studies about periosteal tissue engineering are summarized in Table
1.1. Major part of the current literature includes use of membranes, hydrogels and
electrospun nanofibers (De Souza et al., 2023; Gupta et al., 2021; Zhao et al., 2023a).
Low mechanical strength of the electrospun fibers and hydrogels can possess

limitation for their use in clinical applications (Zeng et al., 2003).
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Potential of periosteal scaffolds was also investigated in vivo. Selected in vivo studies
subjecting periosteal tissue engineering are given in Table 1.2. It can be observed
that growth factors were frequently incorporated to scaffolds, in order to improve
their biological activity and/or effectivity (Romero et al., 2017; Yin et al., 2018;
Romero-Torrecilla et al., 2023). Applicability of growth factors in tissue engineering
are considered as limited due to risk of cancer, caused by growth factors (Korc &
Friesel, 2009; Fabregat et al., 2014; Wang et al., 2017). Another strategy for
improving bone and periosteum regeneration is cell delivery, which aims to
compensate cell reservoirs around the area of defect (Baldwin et al., 2017; Wang et
al., 2018). As drug delivery, cell therapy also faces the same risk of tumorigenicity
(Barkholt et al., 2013). Additionally, location of the delivered cells in the body are
also uncontrollable. In a study, electrospun chitosan scaffolds seeded with luciferase
expressing hADSCs were implanted to femur. It was reported that starting from day

11, location of the cells could not be determined (Romero et al., 2017).
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1.2 Biomaterials

1.2.1 Fibroin (F)

F is a protein type biomaterial retrieved from silk produced by various arthropods.
Domestic mulberry silkworm Bombyx mori can be addressed as the most common
source of F (Qi et al., 2017). F consists of 390 kDa heavy light chain and 26 kDa
light chain connected by a disulfide bond. Due to its unique amino acid content, F
presents a semi-crystalline structure which can be turned into more crystalline
version by ethanol or methanol treatment. Glycine, alanine, threonine and serine-rich
N-terminal part of fibroin forms f-sheet structure in response to pH, temperature,
electricity or sonication (Rockwood et al., 2011). Structure of N-terminal domain of
the 2 F molecules after crosslinking, is given in Figure 1.2. Due to its source,
availability and low cost, F is considered to be more advantageous than xenogeneic
proteins such as collagen (Kundu et al., 2013). Moreover, F was also reported as one
of the immunomodulatory biomaterials. In a study, F nanoparticles present in cell
culture media were shown to reduce nitrite levels produced by RAW 264.7

macrophage cells (Chon et al., 2012).

Figure 1.2 Structure of the 2 N-terminal domains of fibroin after crosslinking (He et

al., 2012).
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1.2.1.1 Fibroin in Periosteal Tissue Engineering

In this thesis, fibroin was used as the base material for periosteal implant in order to
promote regeneration of both bone and periosteum (Kim et al., 2005). Fibroin was
chosen in order to mimic periosteum as it is a protein and has fiber type molecules
resembling native periosteum. Moreover, fibroin can be obtained and processed in an
aqueous form (Rockwood et al., 2011). By courtesy of this property, an

environmentally friendly implant was fabricated.

There are 7 studies present where F was proposed as a biomaterial for periosteal
implant. In one of these studies, electrospun F containing HA was cultivated with rat
BMSCs, and cell viability and osteogenic differentiation were investigated. It was
reported that the addition of HA led to increased cell viability and ALP activity. Any
in vivo studies were not performed (Ding et al., 2016). Although osteogenesis was
promoted with the addition of HA, the fabricated scaffold’s mechanical strength was
found to be significantly lower than that of a healthy human periosteum (Zeng et al.,
2003; Ding et al., 2016). In another study, one side of the F sponge was coated with
dexamethasone containing electrospun poly(vinyl alcohol) fibers. Fabricated
scaffolds were seeded with stem cells isolated from human exfoliated deciduous
teeth. Osteogenic differentiation was investigated with ALP activity and expression
of osteogenic marker genes. The researchers stated that dexamethasone-containing
scaffolds had significantly higher ALP activity than that of tissue culture
polystyrene, although there was a drop in the expression levels of type-I collagen
and Runx2 genes. Tensile strength and in vivo potential of scaffolds were not

investigated (Su et al., 2016).

In a more recent study investigating the use of F membrane mineralized with
amorphous calcium phosphate for periosteal tissue engineering, it was found that
compared to unmineralized F membrane, mineralized F membrane enabled
osteogenic differentiation of mesenchymal stem cells in vitro, by increasing

expression of osteopontin and osteocalcin (Shuai et al., 2021). A different study
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evaluated use of F sponge covered with F mat, seeded with BMSCs and endothelial
progenitor cells, as an artificial periosteum. ALP activity assay and alizarin staining
revealed that, use of the developed artificial periosteum with osteogenic
differentiation medium significantly increased osteogenic differentiation, compared
to undifferentiated BMSCs seeded on TCPS. However, differentiated BMSCs were
not taken into comparison. It was also mentioned that compared to electrospun F and
cell free scaffold groups, cell seeded scaffold group significantly increased bone
volume to tissue volume ratio, in a rabbit critical size bone defect model (Yu et al.,
2023). Different from the aforementioned study using cell transplantation, present
work aims to promote healing through exosomes, which less likely to cause tumor
formation (Zhang & Cheng, 2023b). In another study, methacrylated F-based,
hamburger-like 3-layered hydrogel was developed for periosteal tissue engineering.
Top and bottom layers were pure methacrylated F hydrogels whereas middle layer
was contained calcium peroxide encapsulated PLA nanoparticles and cell sheets of
human BMSC and RAW 264.7. Confocal imaging revealed that both cell types were
able to proliferate during 24 hours of incubation. It was also mentioned that extracts
from composite cell encapsulated group improved in vitro tube formation of
HUVECs, compared to F hydrogel group. Effectivity of the hydrogel groups was
also tested in vivo, against mouse cranial defect. Masson trichrome stain reveled that
composite cell encapsulated group improved new bone formation compared to sham

and non-cell encapsulated composite group (Hao et al., 2024).

Overall, developed periosteal hydrogel was shown to have potential for angiogenesis
and osteogenesis. However, cell-based therapy carries the risk of tumorigenicity
(Barkholt et al., 2013). Considering this, in this thesis, exosomes were chosen as an
alternative to cell encapsulation. Another study reported that, electrospun F, loaded
with melatonin showed similar characteristics to native periosteum in terms of
degradation rate, tensile strength and surface wettability. It was also mentioned that
melatonin loading significantly increased osteogenic differentiation of rat BMSCs
and in vitro tube formation of human HUVECs, compared to F group (Deng et al.,

2024). In the most recent study electrospun F/HA fibers were loaded with stromal
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cell-derived factor-la. (SDF-1a) and calcitonin gene-related peptide (CGRP) by
immersion. It was stated that presence of HA or loading of SDF-1a and CGRP did
not alter the viability of rat periosteal stem cells, during 7 days of incubation.
However, it was also mentioned that loading of CGRP, significantly increased
expression of ALP, BMP2, OPN and COLI (Yao et al., 2024a). Different from these

two studies, in this thesis, F was enriched with exosomes, instead of using drugs.

1.2.2 Sulfated Alginate (sA)

Alginate is a non-branched polysaccharide produced by brown algae. Alginate’s
repeating units are composed of (1 —4)-linked B-D-mannuronate and a-L-guluronate
(Figure 1.3). Alginate’s free hydroxyl groups enable its modification with functional
groups such as sulfate, in order to alter its interaction with other biomolecules, such
as proteins (Arlov et al., 2014). In this thesis, sA was used for immunomodulation.

The chemical structure of sA repeating unit is given in Figure 1.3.

-~ _ OH
o
",,O 0SO5 0S0y
-0 -0,
1© -0,
HO HO
o) OH
| dn

— —m

Figure 1.3 Chemical structure of sA repeating unit.

During repair of bone defects, periosteal stem cells differentiate into monocytes and
migrate to the defect area as inflammatory response (Colnot et al., 2012). Therefore,
immunomodulation of defect area is considered as important for proper bone healing.
Kerschenmeyer et al. (2017) reported that sulfated alginate dissolved in cell culture

medium reduces expression levels of proinflammatory cytokines genes such as
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tumor necrosis factor-a (TNF-a)) and interleukin-6 (I1-6) genes. Moreover, cytokines
and growth factors must be able to bind to glycosaminoglycans such as heparin, in
order to be recognized by cells (Mulloy and Rider 2006). Sulfated alginate was stated
to resemble heparin, in terms of its structure (Arlov et al., 2014). Therefore, it is
expected that cytokines and growth factors present in body would be able to bind
periosteal implant and promote cell viability and differentiation. Tissue engineering

approaches subjecting sA are given in Table 1.4.
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1.2.3 Hydroxyapatite (HA)

HA, type of CaP with a Ca/P ratio of 1.67, composes the mineral part of the bone
and 61 wt.% of the total bone. Structure of the HA (Cas(PO4)3:0H) is given in Figure
1.4. HA has two channels along the c-axis. In channel A, oxygen ions of the
phosphate group and type II Ca ions (Ca(Il)) are arranged at the vertices of two
equilateral triangles that are rotated 60° from each other. Channel B, with a diameter
of 2 A, contains only type I Ca ions (Ca(I)) (Fiume et al., 2021). Native presence and
biocompatibility of HA, led to its synthesis to be used in biomedical applications
(Canillas et al., 2017). The microstructure of synthesized HA, including surface area,
morphology, grain size can be influenced by various experimental conditions and
synthesis methods such as type of precursors, pH, sintering time, sintering
temperature, synthesis time, synthesis method and presence of dopants (Farias et al.,

2019; Sanchez-Campos et al., 2021; Tilkin et al., 2019; Jodati et al., 2022).

b axis 0
£
@ C Hydroxyl
Py PO, O
@ oH

a axis

Columnar Ca

]

Phosphorus

€ axis

Figure 1.4 Structure of HA unit a) projected along the [001] direction and b) ABABA
type arrangement of HA crystal unit (Karampour et al., 2022).
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1.2.3.1 HA Synthesis Methods

HA can be synthesized with different methods including, dry, wet, high-temperature,
template and deposition synthesis methods (Anandan & Jaiswal 2024). In the dry
method, solid-state reactions or mechanochemical approaches can be employed. For
the solid-state technique, solid reactant precursors are combined and ball-milled,
either with or without the use of aqueous media. Following, the mixture is dried,
compacted into pellets, and then subjected to high-temperature sintering to yield HA
(Ho et al., 2013).

In the mechanochemical technique, both mechanical and chemical forces play a role
in synthesis. Mechanical forces are applied during the ball-milling of the precursors
which drive the chemical interactions between the precursors to produce the desired
product (Ferro & Guedes, 2019). As the wet method, techniques such as sol-gel,
hydrothermal, and wet chemical precipitation are employed for producing HA. The
sol-gel technique uses a colloidal solution of precursor reactants and performed by
stirring without heating to high temperatures. A gelling agent is added during stirring
to facilitate gel formation. Once the gel has matured, it is dried in an oven, followed
by calcination and sintering (Farazin & Ghasemi, 2022). In the hydrothermal
method, aqueous precursor reactants react with each other at elevated temperatures
(100-200°C) within a high-pressure environment using an autoclave (Sadetskaya et

al., 2021).

In the wet precipitation method, the phosphate precursor is gradually added to the
calcium precursor while maintaining an alkaline pH. Afterward, the mixture is
allowed to age at room temperature before undergoing filtration, oven drying,
calcination, and sintering for further use (Zampieron et al., 2023). The wet
precipitation method can be combined with microwaving to decrease the reaction
time and consumed energy, heat the precursors uniformly and efficiently and to
produce highly pure and small sized particles with narrow size dispersion (Sabu et
al., 2019). In the high-temperature method, the ultrasonic spray pyrolysis technique

is documented in the literature. This process consists of four main steps: first,
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droplets are formed through ultrasonic irradiation using a vibrator; second, the
solvent is removed from the droplet surface in a lower-temperature furnace; third,
microcrystals form on the droplet surface in a higher-temperature furnace; and
finally, the microcrystals grow (Ueda et al., 2021). In the template method,
techniques such as polymer template, emulsion, and Schiff base methods have been
developed. In the polymer template technique, polymers serve as templates, and
precursors are gradually added to the polymer solution to form HA. Once the reaction
is complete, the mixture is allowed to age before undergoing additional processes
like calcination (Akshata, Harichandran & Murugan, 2023). Using the emulsion
technique, where two or more immiscible liquids are involved, precursor reactant
solutions in the aqueous phases are added separately to an organic solvent (oil phase)
containing an appropriate type and concentration of surfactant while the emulsion is
stirred. The reaction proceeds until HA is formed, which can then be dried and

calcined for further use (Tai, Fu & Don, 2012).

In the Schiff-base technique, specific compounds containing aldehyde or ketone
functional groups, where the carbonyl group is replaced by an imine or azomethine
group, act as ligands to coordinate the reaction between precursors to obtain HA.
Typically, an equimolar amount of Schift-base is added to the calcium precursor.
The phosphate precursor solution is then slowly added to the calcium precursor
solution while stirring. The reaction mixture is subsequently heated, precipitated,
washed, and dried for further use (Anandan, Kumar & Jaiswal, 2023). For the
deposition method, both electrodeposition and biomimetic deposition techniques are
recommended. Electrodeposition is commonly used for coating applications, such as
coating implants with biocompatible materials. This technique employs an electrode
system consisting of an anode and a cathode to reduce the dissolution of the
electrolyte solution using an electric current. After electrodeposition, the coated
samples are treated with alkali-heat solutions for a few hours at a specific
temperature, followed by cleaning, drying, and calcination (Yu et al., 2021). In the
biomimetic technique a simulated body fluid solution containing HA precursors and

other well-defined ionic compounds is prepared to initiate HA formation, with or
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without the use of stimulators such as ultrasonic irradiation. After precipitation, HA

is filtered, washed, dried, and calcined (Hernandez, et al., 2022)

1.2.3.2  Doped HA

Native HA is not stoichiometric due to the presence of cationic and anionic
substitutions. These substitutions vary based on the concentration of the substituted
ions and the specific target tissue or organ, such as bone, dentin, and enamel. In order
to mimic the native HA and improve materials’ properties and biological response
to HA and HA composites, HA is often modified with various anions and cations
(Jiang, Yuan, & Huang, 2020). Metallic cations and nonmetallic anions can be used
to substitute for the calcium and phosphate groups present in HA structure,
respectively. Morphology, phase composition, degree of crystallinity, grain size,
surface charge, ion release, porosity, biodegradation, solubility, and mechanical
strength are among the material properties that can be influenced by the integration
of dopants within the crystallite lattice (Tabassum, 2022). It is also possible to use
double or triple dopants to obtain desired effects. (Yilmaz, Alshemary & Evis, 2019;
Liu et al., 2021).

1.2.3.2.1 B-Doped HA

The element B is doped into HA in the form of BO3s* or BOx", by replacing the PO4*
and/or OH™ (Tabassum, 2020). It was stated that B-doping decreases crystallinity and
crystal size, due to size difference between atoms whereas increase porosity of the
particles (Jodati et al., 2022). Another study reported that B-doping can increase or
decrease crystallinity, phase composition and crystallite size depending on
concentration (Pazarceviren et al., 2021). In vitro and in vivo effects of B-doping of

HA are summarized in Table 1.5.
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1.2.3.2.2 Zn-Doped HA

Zn-doping of HA results in replacement of the Ca** with Zn**. Although net charge
of the HA is not affected by Zn-doping, lattice parameters expand, since Zn atoms
are larger than Ca atoms (Tabassum, 2020). Zn-doping has been reported to decrease
crystal size and phase composition, depending on the dopant ratio (Uysal et al.,
2021). It was also stated that the thermal stability of Zn-doped HA decreases as the
Zn ratio increases (Guerra-Lopez et al., 2024). Zn-doping was also reported to
increase the zeta potential (Cuypers et al., 2023). In vitro, in vivo and clinical effects

of Zn-doping of HA are summarized in Table 1.6.
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1.3 Exosomes

Exosomes are extracellular vesicles with size between 40 and 150 nm (Figure 1.5).
Exosomes act as a mediator at cell-to-cell communication and are released from a
large array of cells and carry proteins, mMRNA and miRNA as their cargo, depending
on cell type and cultivation conditions (Greening et al., 2015). Exosomes are being
investigated for various research purposes. For example, exosomes were suggested
as non-invasive biomarkers for diseases including cancer. Moreover, exosomes were
also proposed as vehicles for drug delivery systems (Chung et al., 2020). Exosomes
have potential applications in tissue engineering and regenerative medicine as well.
Zhang et al. (2016) reported that MSC derived exosomes had regenerative potential
as their injection reduced size of myocardial infarction in rat model. Exosomes were
reported to have immunomodulatory properties as well (Nair & Salomon, 2018).
Chen et al. (2022), stated that cultivation of human BMSC exosomes with T cells
significantly reduced expression of pro-inflammatory cytokines Il-1f and TNF-a.
Additionally, Lai et al. (2018) reported that exosomes derived from BMSCs lowered
the effects of chronic graft versus host disease (cGVHD). The group obtained
cGVHD mouse model by irradiation followed by transplanting BMSCs through tail
vein injection. It was revealed that exosome treatment significantly increased
survival, compared to that of untreated group. Accordingly, exosomes were chosen
in order to promote cell viability, angiogenesis and immunomodulation. In another
study, Huang and Feng (2017) have shown that exosomes derived from MSCs
cultivated in hypoxic conditions increased angiogenesis. Also, it was denoted that
exosomes derived from MSCs increased viability of cardiac muscle cells (Lazar et
al., 2018). This may be attributed various exosomal cargo that can affect different
pathways. Studies subjecting exosomes for various tissue engineering approaches

are summarized in Table 1.7.
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Figure 1.5 Structure of exosome (Zhang et al., 2022).
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1.3.1 Exosomes in Periosteal Tissue Engineering

In a study, aptamer and polyethyleneimine functionalized Schwann cell exosomes
were immobilized on electrospun polycaprolactone fiber mats, to obtain an artificial
periosteum. Fabricated implants were shown to increase osteogenesis, angiogenesis
and neural regeneration in comparison to non-exosome containing groups, in a rat
critical size bone defect model (Su et al., 2022). Exosomes from treated/induced cells
were also used as a periosteal tissue engineering approach to improve biological
response from recipient cells. In a study, effect of exosomes in tumor xenograft
model with a critical-sized bone defect was investigated. For this purpose, exosomes
from non-treated or BMP2 treated rat BMSC and doxorubicin were loaded into
calcium phosphate bone cement, in order to fill tumor curettage space. Defect site
was also wrapped with a periosteal implant made of Cissus quandrangularis extract
loaded polyurethane-co-ascorbic acid membrane. Bone density scan revealed that
the group with exosomes obtained from BMP-2 treated cells significantly increased
bone volume, compared to group containing untreated exosomes (Gupta et al., 2023).
Both studies demonstrated improvement of periosteal regeneration due to exosomes,

yet exact contents of the exosomes were not studied.

1.4  Aim of the Study

In orthopedics, bone fractures, and tumor curettages can lead to pseudoarthrosis
which is caused by loss of periosteum. This results in delayed healing time,
incomplete bone regeneration, additional cost for governments and lowered life
quality for patients. Aim of this thesis was to develop a periosteal implant in order
to restore lost periosteum, improve bone regeneration process and shorten healing
time. Designed low-cost implant would be able to be used alone or in combination
with other bone fixation implants. The periosteal implant is intended to be wrapped
around defect area to provide a migration path from intact periosteum. The implant

would be able to be applied during bone fixation or curation operation, without a
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need for an additional operation. Considering that there are not any commercially
available periosteal implants present, development of domestic, low-cost and

effective implant is considered as necessary.

In the first part of this thesis, B- doped and B and Zn co-doped HA groups were
synthesized and characterized. Optimized B and Zn dopant ratios were used for
treatment of hADSCs whose exosomes was isolated. It was hypothesized that
exosomes isolated from B and Zn-doped HA treated cells would improve osteogenic
differentiation of hADSCs. Additionally, there are no studies present about synthesis
and characterization of B and Zn co-doped HA. It was hypothesized that, B and Zn
co-doping would increase cell viability and proliferation, angiogenesis and

osteogenesis (Stani¢ et al., 2010; Zhong & Ma, 2017; Arslan et al., 2018).

In the second part, periosteal implant was fabricated and characterized. F and sA
were used as base membrane material. It was hypothesized that F would contribute
to regenerative potential whereas sA would provide immunomodulation (Kim et al.,
2005; Arlov et al., 2014). Moreover, with combination of protein and polysaccharide
type biomaterials, native structure of ECM would be mimicked (Arlov et al., 2014).
It must be noted that currently, there are no studies subjecting F/sA composite

scaffolds.

In the third part, effect of exosomes on different treatment conditions were
investigated. It was hypothesized that exosome amount and exosomal cargo would
be affected by treatment with different HA groups. There are currently no studies

investigating the effects of dopants on exosomes and recipient cells.

Finally, fabricated scaffolds were loaded with exosomes of hADSCs treated with HA
groups, in order to determine potential effects of exosome groups on periosteal
regeneration. Graphical abstract of fabrication steps can be found in Figure 1.6.
Exosome loading was chosen in order to increase regenerative properties and
contribute to immunomodulatory properties (Lai et al., 2018; Nair & Salomon,
2018). Overall, this thesis aimed to develop and fabricate a periosteal implant with

regenerative, immunomodulatory, osteogenic and angiogenic properties.
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Figure 1.6 Graphical abstract (Created with BioRender.com).
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CHAPTER 2

MATERIALS AND METHODS

2.1 Materials

Bombyx mori silk cocoons were purchased from Bursa Kozabirlik (Tiirkiye) whereas
human umbilical vein endothelial cells (HUVECs) were from ATCC (USA). 1,9-
dimethyl-methylene blue zinc chloride double salt (DMMB), medium viscosity
sodium alginate, CoHsNO> (glycine), CsHgOs (ascorbic acid), Ca(NOs3)>*4H>O
(calcium nitrate tetrahydrate), CH3COOH (acetic acid), CH3NO (formamide),
collagenase type IA from Clostridium histolyticum, dexamethasone, dimethyl
sulfoxide (DMSO), ethylenediaminetetraacetic acid (EDTA), H3BO3 (boric acid),
HNO;3 (nitric acid), HSO3Cl (chlorosulfonic acid), KCl (potassium chloride),
KH>PO4 (potassium dihydrogen phosphate), LiBr (lithium bromide), Na>COs
(sodium carbonate), Na,HPO4 (disodium hydrogen phosphate), NaCl (sodium
chloride), NaN3 (sodium azide), NaOH (sodium hydroxide), NHs (ammonia),
(NH4)2HPO4 (diammonium phosphate), paraformaldehyde,
tris(hydroxymethyl)aminomethane  (Tris), Triton X-100, wuranyl acetate,
Zn(NO3)2.6H20 (zinc nitrate hexahydrate) and B-glycerophosphate were acquired
from Sigma Aldrich (USA). Dulbecco's modified eagle medium/nutrient mixture F-
12 (DMEM/F12), fetal bovine serum (FBS), penicillin/streptomycin (Pen/Strep),
RPMI 1640, Trypsin/EDTA, vascular cell basal medium, vascular endothelial cell
growth kit were purchased from Capricorn Scientific (Germany). 3-(4,5-
Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide (MTT), alamarBlue™ Cell
Viability Reagent, and Quant-iT PicoGreen dsDNA Assay Kit were from Invitrogen
(USA). Human Interleukin-1p (IL1B), human Caspase-1 (CASP1) and human
Vascular Endothelial Growth Factor A (VEGFA) enzyme-linked immunosorbent
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assay (ELISA) kits were purchased from Cusabio (China) whereas ALP activity
colorimetric assay kit, human osteocalcin ELISA kit, exosomal RNA isolation kit
and bicinchoninic acid (BCA) kit were supplied from Biovision (Switzerland). All
of the primers were from Oligomer Biotechnology (Tiirkiye). bovine serum albumin
(BSA) and amphotericin B were purchased from Biowest (France) while phorbol 12-
myristate 13-acetate (PMA), lipopolysaccharide from Escherichia coli 0111:B4
(LPS), adenosine triphosphate (ATP) and normocin were from InvivoGen (USA).
High Pure RNA Isolation Kit, Transcriptor First Strand cDNA Synthesis Kit and
LightCycler® RNA Master SYBR Green I were supplied from Roche (Switzerland).
Matrigel® was purchased from Corning (USA) whereas exosome depleted FBS was

from Gibco (USA).

2.2 Methods

2.2.1 Preparation and Characterization of Biomaterials

2.2.1.1 Preparation of Biomaterials

2.2.1.1.1 Isolation of Fibroin

Fibroin isolation began with the removal of sericin which is the other component of
the silk cocoon. For this purpose, 4.24 grams of Na,CO3 was added to 1 liter of
boiling distilled water. 5 grams of silk cocoon pieces was boiled in this solution for
30 minutes. Then, fibroin cotton was washed with cold distilled water and dried at
50°C to remove sericin. The dried fibroin was dissolved in 9.3 M LiBr with a volume
of 4 times of its dry weight. In order for the fibroin to dissolve completely, the
mixture was incubated at 60°C for 4 hours. The resulting fibroin solution was
dialyzed against dH>O (distilled water) for 2 days. After dialysis, the fibroin solution
was centrifuged at 14,000 rpm for 15 minutes to remove impurities. Concentration

of the F was determined by air drying 1 ml of F solution. Following, concentration
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of the F solution was set to 8% (w/v) by using dH>0. The obtained fibroin solution
was stored at 4°C (Rockwood et al., 2011).

2.2.1.1.2 Sulfation of Alginate

The sulfation of the alginate was accomplished by a one-step condensation reaction.
Triple syntheses and characterizations were performed. First, 5 grams of sodium
alginate was dispersed in 100 mL of CH3NO. Then, 3.5 mL of HSO3Cl was added
and the reaction was stirred for 4 hours at 60°C. After completion of the reaction, the
sulfated alginate obtained was precipitated in acetone and neutralized with 5SM
NaOH. Then, sA was dialyzed against distilled water for 2 days. Following dialysis,
sA was lyophilized at -110°C and dry sA was stored at 4°C, until use (Daemi,
Mashayekhi & Modaress, 2018).

2.2.1.1.3 Synthesis of B-Doped Hydroxyapatite

In order to investigate the effect of boron on the viability and osteogenic
differentiation of stem cells, hydroxyapatite with a calcium phosphate molar ratio of
1.6 and hydroxyapatite groups containing boron in different proportions was
synthesized. Triple syntheses and characterizations were performed for each group.
The materials to be used for HA and boron doped hydroxyapatite (1B HA, 2B HA,
4B HA and 8B HA) and their mole percentages are given in Table 2.1.
Ca(NO3)2°4H>0 was used as the calcium source, whereas (NH4)>HPO4 was used as
the phosphate source, and H3BO; was used as the boron source. Calcium and
phosphate sources were prepared as separate solutions. Boron was added to the
phosphate source. Calcium and phosphate sources were dissolved in 200 mL dH>O
in separate beakers. The phosphate source was added slowly to the calcium source.
The pH of the mixture was kept at 10 with the help of NH4 from beginning of
phosphate source addition until the reaction was complete. After the start of addition

of the phosphate source, the mixture was stirred at 600 rpm for 30 minutes to
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complete the reaction. Then, the mixture was aged in a microwave oven at 600 W
for 15 minutes. The obtained precipitate was collected by filtering and the filtrate
was washed until the washing water reached neutral pH value. The obtained
materials were dried at 80°C followed by sintering at 500°C for 2 hours (Dasgupta
etal., 2010).

Table 2.1 Precursor materials and mole percentages to be used for the synthesis of

hydroxyapatite and boron doped hydroxyapatite groups.

Ca(NO3);4H:0 (%) (NHy):HPO4 (%)  H3BOs (%)

HA 61.538 38.462 0
1B HA 61.538 37.462 1
2B HA 61.538 36.462 2
4B HA 61.538 34.462 4
8B HA 61.538 30.462 8

2.2.1.1.4 Synthesis of B and Zn-Doped Hydroxyapatite

In order to investigate the dual effects of B and Zn on cell viability and
differentiation, hydroxyapatite groups with a calcium phosphate molar ratio of 1.67,
doped with optimized B ratio and different ratios of Zn were synthesized. Triple
syntheses and characterizations were performed for each group. For this reason,
determined boron doped HA group was used as the control. The materials to be used
for boron and zinc doped hydroxyapatite (8B 1Zn HA, 8B 2Zn HA, 8B 4Zn HA and
8B 8Zn HA) and their mole percentages are given in Table 2.2. Different from B-
doped HA groups, Zn(NO3),.6H20O was used as the zinc source. Calcium and
Phosphate sources were prepared as separate solutions. Zinc was added to the
calcium source while boron was added to the phosphate source. Calcium and
phosphate sources were dissolved in 200 mL dH»O in separate beakers. The

phosphate source was then added slowly to the calcium source. The pH of the
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mixture was kept at 10 with the help of NH4 from the beginning of phosphate source
addition until the reaction was complete. After the phosphate source was added, the
mixture was stirred at 600 rpm for 30 minutes to complete the reaction. Then, the
mixture was matured in a microwave oven set at 600 W for 15 minutes. The resulting
precipitate was collected by filtering with the help of filter paper and washing was
continued until washing water reached neutral pH. After the obtained materials were
dried at 80°C, they were sintered at 500°C (Dasgupta et al., 2010). Synthesis steps

are given in Figure 2.1.

Table 2.2 Precursor calcium and zinc sources and their mole percentages to be used

for the synthesis of zinc-doped hydroxyapatite.

Ca(NOs3)>4H>0 (NH4):HPO4 H3;BOs;  Zn(NO3)2.6H20

(%) (%) (%) (%)
8B 1Zn HA 60.538 30.462 8 1
8B 2Zn HA 59.538 30.462 8 2
8B 4Zn HA 57.538 30.462 8 4
8B 8Zn HA 53.538 30.462 8 8

4 mix 30 min _+ microwave 1| filter sinter
pH 10.0 600 W, 500°C,2h
;15 min

Ca+2Zn

Figure 2.1 Synthesis protocol for B and Zn doped HA groups (Created with

BioRender.com).
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2.2.1.2 Characterization of Biomaterials

2.2.1.2.1 Determination of Fibroin Concentration

The isolated fibroin concentration was determined by the gravimetric method. 1 mL
of fibroin solution was placed in a Teflon container and dried at 37°C. The solution
concentration was calculated by weighing the dried fibroin. The solution was kept at

4°C after dilution to 8% concentration in dH>O until use.

2.2.1.2.2 Determination of Degree of Sulfation

Degree of sulfation (DS) of alginate was determined with Sulfur/Carbon
Determinator (LECO, Denmark). DS was calculated according to the Equation 1

where m refers weight and MW stands for molecular weight

0y

DS(fV) =100 x < msulfur/MWsulfur )
0 —_

monomer /MWTTLOTLOTY'LGT

2.2.1.2.3 Scanning Electron Microscopy (SEM)

SEM (FEI NanoSEM, USA) analysis was performed in order to observe morphology
of the synthesized HA groups. Samples were sputter-coated with 3 nm of Au, prior

to imaging.

2.2.1.2.4 Inductively Coupled Plasma Atomic Emission Spectroscopy (ICP-
OES)

Elemental analysis was carried out in order to determine the elemental content and
ratios of the synthesized HA groups. Briefly, 250 mg of material was dissolved in 8
ml of HNO3 and the volume was completed to 50 ml with dH>O. The samples
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obtained were analyzed by ICP-OES (ICAP 7000, Thermo Scientific, USA) to
determine the molar ratio of Ca, P, B and Zn (Dalgic et al., 2018).

2.2.1.2.5 X-Ray Diffraction (XRD) Analysis

XRD analysis was performed to determine the phase purity, crystallinity and
crystallite size of the synthesized HA groups (Alshemary et al., 2016). XRD patterns
were detected with CuKoa radiation generated at 40 kV and 30 mA at 20 angles
between 10-80° with a pitch of 0.02°/sec (PANalytical Empyrean, The Netherlands).

2.2.1.2.6 Fourier Transform Infrared Spectrometer (FTIR) Analysis

FTIR analysis was performed to determine the functional groups present on sA and
HA groups. Hydroxyl (OH"), orthophosphate (PO4*), boron dioxide (BO2") and
boron trioxide (BOs™) functional groups are expected to be included in the structure
of the synthesized HA groups whereas presence of -OH, -COO- and COC S=0 and
S-O-C bonds were investigated for sA. The analysis was performed in the mid-

infrared range (4000-400 cm-1) (Bruker IFS66/S, USA).

2.2.1.2.7 Particle Size Analysis

Particle size analysis was performed in order to determine the effect of addition of
boron and zinc on particle size. The size distribution of the particles of synthesized
HA groups was determined by a particle size analyzer (Malvern Mastersizer 2000,

UK).

2.2.1.2.8 TIon Release

Time dependent ion release from HA groups was analyzed with ICP-OES. For this
purpose, 1g of the HA groups were dispersed in 10 mL of dH>O and incubated at
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37°C for 14 days. On days 2, 7 and 14, dH>O was collected, filtered through 0.22

um cellulose acetate filter and presence of Ca, P, B and Zn was analyzed.

2.2.1.2.9 Bioactivity Test

Effect of dopants on in vitro biomineralization was assessed by immersing HA
groups in simulated body fluid (SBF, pH 7.40). For this purpose, 100 mg disc shaped
samples were immersed in 10 mL of SBF incubated at 37°C, for 14 days. SBF was
renewed every other day. After incubation, samples were dried at room temperature
and biomineralization on samples’ surfaces were examined with SEM (Turhan et al.,

2023).

2.2.2 Fabrication and Characterization of Membranes

2.2.2.1 Fabrication of the Membrane Groups

F/sA scaffolds were prepared by mixing 8% (*/v) F and 8% (*/yv) sA solutions. In
order to obtain different F/sA ratios, prepared solutions were mixed at different
volumes, so that the final volume would be 5 mL (Table 2.3). After mixing, solutions

were poured in Teflon molds with diameter of 4 cm and dried at room temperature.

Table 2.3 Nomenclature, weight ratio and volumetric ratios of F/sA scaffolds.

Group F/sA ww) 8% F (mL) 8% sA (mL)

100:0 100:0 5.00 0

95:5 95:5 4.75 0.25
90:10 90:10 4.50 0.50
80:20 80:20 4.00 1.00
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2.2.2.2 Characterization of F/sA Membranes

2.2.2.2.1 SEM Imaging

Morphology of F/sA scaffolds as fabricated and after 2 weeks of biodegradation in
PBS was investigated with SEM. Samples were sputter-coated as aforesaid (Akbaba
etal., 2021).

2.2.2.2.2 Water Contact Angle Measurement

Water contact angle of scaffolds was measured, in order to determine effect of F/sA
ratio on surface wettability. Water contact angle was determined by goniometer
(Attension, Biolin Scientific, Sweden) at 25°C. dH>O was chosen as the testing liquid
and droplets were set to 7 pL. Contact angles were calculated using Young-Laplace

formula (Taylor, et al., 2007).

2.2.2.2.3 Equilibrium Swelling Test

Water uptake percent of F/SA membranes was measured using the general
gravimetric method. The dry weights of the 1 cm? samples were recorded, then the
samples were incubated at 37°C in 10 mL of phosphate buffer solution (PBS, pH
7.4). After 1%, 2m, 4% 8t and 24™ hours of incubation, the surface of the samples
was gently wiped with filter paper, and weights of the wet samples were measured.
Finally, the water uptake percentages of the samples were calculated, according to
Equation 2, where Wy is the initial dry weight and Wy, is the wet weight at a given
time (Wittayaareekul & Prahsarn, 2006).

WW - WO
Water Uptake (%) = 100 X —————

WO @
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2.2.2.2.4 Weight Loss Analysis

Initial weights of 1 cm? specimens were weighed and the samples were incubated in
10 mL of PBS, pH 7.4. At the end of the 1%, 4%, 7% and14™ days, the samples were
dried by lightly wiping with filter paper and lyophilization at -80°C. After measuring
the weights of the dried samples, the weight loss percentages were calculated
according to Equation 3, where Wy is the initial dry weight and W is the remaining

dry weight at a given time (You et al., 2005).

Wo — W,

Weight Loss (%) = 100 X
Wo

(€))

2.2.2.2.5 Release Study

Release of F and sA from the membranes was studied in PBS at 37°C . The amounts
of F and sA released at 1%, 2™, 4" and 24" hours were determined with bicinchoninic
acid assay (BCA) and DMMB assay, respectively. DMMB solution was prepared by
dissolving 1.15 mL acetic acid, 608 mg glycine, 320 mg NaCl and 3.2 mg DMMB
in 200 mL dH>O. The solution was filtered after setting the pH of the solution to 3.0.
200 pL of DMBB solution was mixed with 20 pL of sample or standard. After few
seconds of shaking absorbance of the samples at 520 nm were recorded (Ladner et
al.,, 2022). BSA (6.25-200 pg/mL, Appendix A) and sA (15.63-125 pg/mL,
Appendix B) solutions in PBS were used as standards whereas PBS was used as
blank. Released amount was expressed as the percentage of the F and sA present in
samples as given in Equation 4, where Wi refers the initial weight of F or sA in

sample whereas WR stands for the weight of F or sA released.

W — Wg
Release (%) = 100 X ———

T @
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2.2.2.2.6 Tensile Test

Tensile test was performed on 4 cm x 1 cm samples wetted with PBS (Univert,
Cellscale, Canada). Static tensile speed of 1 mm/min was applied. Ultimate tensile
strength, Young’s modulus and percent strain for membranes were determined by
using the stress-strain curve. Maximum stress withstood by the sample was referred
as the ultimate tensile strength whereas slope of the stress-strain curve, where the
curve is linear is determined as the Young’s modulus and the percent ratio of the

elongation to initial length is noted as percent strain (Atila et al., 2015).

223 In Vitro Studies

2.2.3.1 Sample Preparation

HA groups were weighed and placed in falcon tubes, prior to sterilization. F/sA
membranes were cut in 9 mm circles for ELISA studies and 35 mm circles for PCR
studies. All samples were sterilized with 25 kGy y-irradiation and stored at 4°C, until
use. Exosomes were loaded on sterile F/sA membranes by impregnation for 4 hours
with density of 107 particles/cm?. For exosome studies, 95:5 membrane group was
simply referred as F/sA, whereas membranes loaded with exosomes from untreated
cells were noted as F12. Membrane groups loaded with exosomes from HA, 8B or
8B 4Zn HA treated cells were referred with the same name as the HA group used for

treatment.

2.2.3.2 Cell Culture

hADSCs were cultivated in DMEM/F12 supplemented with 10% FBS and 10 U/mL
Pen/Strep, in an incubator (5215, (MCO-5M-PE CO> Incubator, Panasonic, Japan)
at 37°C with 5% CO; and 95% humidity. Cells were passaged when they reached
80% confluency, using 0.05% Trypsin/EDTA. Third passage cells were
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cryopreserved in 10% DMSO in FBS (Y/v). Osteogenic media was prepared by
supplementing cultivation media with, 50 pg/mL ascorbic acid, 10mM -
glycerophosphate and 10 M dexamethasone. In studies with exosomes, media was

supplemented with exosome depleted FBS.

HUVECs were cultivated with vascular cell basal medium, supplemented with
vascular endothelial cell growth kit. Cells were passaged when they reached 80%
confluency, using 0.05% Trypsin/EDTA. In studies with exosomes, media was

supplemented with exosome depleted FBS.

THP-1 monocytes were cultivated in RPMI 1640 medium supplemented with 10%
FBS 10 U/mL Pen/Strep and 50 mg/mL normocin. Cells were passaged when
reached 2x10° cells/mL. In studies with exosomes, media was supplemented with
exosome depleted FBS and no antibiotics were used during immunomodulation

studies.

2.2.3.3 Isolation and Characterization of hADSCs

2.2.3.3.1 Isolation of hADSCs

hADSCs were isolated from lipoaspirates as described elsewhere (Zhu et al., 2013).
Required ethical approval for non-invasive clinical research was obtained from
TOBB University of Economics and Technology (KAEK-118/132). First,
lipoaspirate was washed with equal volume of sterile PBS containing 100 U/mL
Pen/Strep and 2.50 pg/mL amphotericin B. Washing step was repeated until yellow-
colored lipoaspirate was obtained. Afterwards, lipoaspirate was mixed with equal
volume of 0.1% collagenase type IA. Digestion was carried out at 37°C for 30
minutes, in an orbital shaker set at 200 rpm. Then, the lipoaspirate was divided into
25 mL portions and mixed with an equal volumes of cultivation media to inactivate
collagenase. Stromal vascular fraction (SVF) was obtained as a pellet, after

centrifugation at 1200g for 10 minutes. SVF pellet was resuspended with cultivation
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media and centrifuged again. Final pellet was resuspended with the cultivation media
composed of DMEM/F12 supplemented with 10% (*/v) FBS and 10 U/mL Pen/Strep,
and filtered through 100 um cell strainer, to obtain the cell mixture containing
hADSC:s. Filtrate was added to the flasks and cultivated. Isolated hADSCs were
cultivated with cultivation media, in an incubator (MCO-5M-PE CO; Incubator,
Panasonic, Japan) at 37°C with 5% CO; and 95% humidity. Cells were passaged
when they reached 80% confluency, using 0.05% Trypsin/EDTA. 3™ passage cells

were used for the tests. Isolation steps are given in Figure 2.2.
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Figure 2.2. Route for isolation of hADSCs from lipoaspirates (Created with

BioRender.com).

2.2.34 Isolation and Characterization of Exosomes

2.2.3.4.1 Exosome Isolation

Exosomes from cells treated with 0.5 mg/mL HA groups were isolated by
ultracentrifugation (Greening et al., 2015). For this purpose, 2x10” third passage cells

were seeded to 175 cm? cell culture flasks and incubated for 24 hours. Then, cells
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were washed with PBS and cell culture media were replaced with media containing
exosome depleted FBS or exosome depleted FBS and HA groups. HA groups to be
used for treatment were chosen as HA, 8B HA and 8B 4Zn HA. Exosomes isolated
from untreated cells and HA, 8B HA and 8B 4Zn HA-treated cells were referred as
F12, HA, 8B HA and 8B 4Zn HA, respectively. After 48 hours of cultivation, the
media were centrifuged at 480 g for 5 minutes, at 2,000 g for 10 minutes, and at
10,000 g for 30 minutes. After each step, the pellet was removed and the supernatant
was collected. Final centrifugation was performed at 110,000g for 70 minutes using
an ultracentrifuge (Hitachi CP100WX, Japan) and the pellet containing exosomes

was resuspended in dH>O. Isolated exosomes were stored at -80°C, until use.

2.2.3.4.2 Characterization of Exosomes

2.2.3.4.2.1 Transmission Electron Microscopy (TEM)

Morphology of the isolated exosomes was investigated with transmission electron
microscopy TEM (FEI Tecnai G2 Spirit BioTwin, USA). First, 2 uL of the exosome
suspension was loaded on a grid. Then, a drop of 2% uranyl acetate was added on
the grid for negative staining. The grid was then washed with dH>O twice and let dry
(Hosseini-Beheshti, et al., 2016).

2.2.3.4.2.2 Nanoparticle Tracking Analysis

The concentration of exosomes isolated from cells treated with different HA groups
was determined with nanoparticle tracking analysis (Nanosight NS300, Malvern,
UK). For this purpose, 10 pL of exosomes was diluted to 1 mL. Particle size and

concentration of the exosomes were recorded for each group.
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2.2.3.4.2.3 DNA Quantification

Exosomal DNA was quantified with PicoGreen dye and normalized to particle
number (Li et al., 2022b). For this purpose, 10 pL of distilled water and 50 pL of
0.1% Triton X-100 were added to 40 pL of exosomes. After lysis, 100 puL of
PicoGreen solution was added and fluorescence with 480 nm excitation and 520 nm
emission was recorded. The amount of the exosomal DNA was assessed by using the

calibration curve constructed with bovine DNA (25 ng-1pg, Appendix C).

2.2.3.4.2.4 RNA Quantification

Exosomal RNA was isolated by using an exosomal RNA isolation kit (Biovision,
Switzerland). 2uL of isolated RNA samples was quantified by using Take3
microvolume plate (Agilent, USA). The concentration of RNA was normalized with

particle concentration (Li et al., 2022b).

2.2.3.4.2.5 Protein Quantification

Exosomal proteins were quantified with BCA assay kit and normalized to particle
number (Li et al., 2022b). Samples were prepared by adding 20 pL of distilled water,
20 puL of 0.1% Triton X-100 and 50 pL of BCA solution into 20 pL of exosomes.
After 1 hours of incubation at 37°C, the absorbance at 562 nm was recorded. Amount

of exosomal protein was calculated as aforesaid.

2.2.3.5 Cell Viability Assay

2.2.3.5.1 MTT Assay

Varying concentrations of HA were tested with MTT assay, in order to determine a

nontoxic working concentration on hADSCs. For this purpose, hADSCs were seeded
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to 96-well plates with a density of 1x10* cells/well. 24 hours after seeding, cells were
treated with varying concentrations of HA and incubated for 48 hours. Then, the
growth media were replaced with of 0.5 mg/mL MTT solution in DMEM/F12
without phenol red. After incubation for 4 hours, MTT solution was discarded and
formazan crystals formed were dissolved in 100 pL of DMSO. Finally, the
absorbance at 570 nm was measured (BioTek Synergy H1, USA). Cells which were
not incubated with HA were used as control whereas wells without cells treated with
different concentrations of HA were used as blanks. Relative cell viability was
calculated according to the Equation 5, where Acontrol, Asample and Avlank refer to

absorbance values of the control, sample and blank, respectively.

A —A
Cell Viability (%) = 100 x sample blank

(6))

Acontrol a Ablank

2.2.3.5.2 Alamar Blue Assay

Effect of HA groups on cell viability and proliferation was determined by Alamar
Blue assay. For this purpose, hADSCs were seeded in 48-well plates with a seeding
density of 2x103 cells/well and incubated for 4 hours. After initial attachment, cells
were treated with 0.5 mg/mL HA groups suspended in cultivation media (Panseri et
al., 2012). Viability of hADSCs seeded on membrane samples were also assessed
with Alamar Blue assay. Cells were seeded on membranes and cultivation media
were added after 4h. Percent reduction of AlamarBlue™ dye was calculated as an
indicator of cell viability on days 1,4, 7, 11 and 14 of cultivation. Increase in viability
of cells with time is interpreted as cell proliferation. Briefly, 10% AlamarBlue™
solution was prepared in DMEM/F12 medium. The prepared solution was added to
the wells containing the cells and samples washed with PBS and incubated for 4
hours. Then, alamarBlue™ solutions were transferred to a new sterile plate and fresh
cultivation media with HA groups were added to wells for cultivation to continue.

Absorbances of transferred alamarBlue™ at 570 and 600 nm were recorded. Percent
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reduction of alamarBlue™ was calculated according to the Equation 6, where
AS570sampte, AS570p1ank refer to absorbances of sample and blank at 570 nm whereas
A600samptle and A600p1ank stand for absorbances of sample and blank at 600 nm,

respectively.

(117216 X A57054mpie) — (80586 X A6004;47k)
(155677 X A600,4nx) — (14652 X A57054mpic)

Reduction (%) = 100 x

()

2.2.3.6 Osteogenic Differentiation

ALP activity was measured, in order to determine the effect of HA groups on
osteogenic differentiation of hADSCs. hADSCs were seeded in 48-well plates with
a seeding density of 5x10° cells/well and incubated for 4 hours. After initial
attachment, cells were treated with 0.5 mg/mL HA groups suspended in osteogenic
differentiation media (Panseri et al., 2012). 2 weeks of cultivation was carried out
with refreshing the media containing HA groups every other day. Specific ALP
activity of the groups was calculated by normalizing the amounts of ALP to DNA.
Samples that have not interacted with HA groups and cultivated with cultivation
media were used as negative control, while samples that have not interacted with HA
groups and cultivated with osteogenic differentiation media were used as positive
controls. Wells that have not been seeded with cells and interacted with HA groups
were used as blanks. To determine the ALP and DNA amounts, cells were lysed with
300 pL of 0.1 M carbonate buffer with pH 10.0, followed by freeze-thawing.
Following, lysates were collected as supernatant after centrifugation at 14000 rpm
for 5 minutes. ALP activity colorimetric assay kit was used, according to
manufacturer’s protocol, (Yang et al., 2012). The standard curve was generated with
p-nitrophenol within the kit (0.48-2.40 pumol Appendix D). DNA amount was
assessed by mixing 50 pL of cell lysate with 50 pL of PicoGreen solution. The
PicoGreen solution was prepared by diluting PicoGreen dye 1:100 with TE buffer
containing 10 mM Tris and 1 mM EDTA with a pH value of 8.00. Following,
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fluorescence at 480 nm excitation and 538 nm emission was recorded. Amount of
the DNA was calculated as aforesaid. Specific ALP activity was calculated as units

of ALP per mg DNA per time (Singer et al., 1997).

In order to examine the osteogenic effect of the membrane groups, the amount of
osteocalcin (OCN) in the cell was determined. Sterile and exosome incorporated
periosteal membranes were placed in 48-well plates and seeded with hADSCs with
a density of 5x10° cells/well and cultivated in osteogenic media for 14 days. Amount
of extracellular OCN was determined with an ELISA kit. OCN standard was used to
prepare a calibration curve (1.25-80 ng/mL, Appendix E) (Mayr- Wohlfart et al.,
2001).

PCR analysis was performed to examine the osteogenic effect of the periosteal
membranes. Sterile samples were placed in 6-well cell culture dishes and cell seeding
was carried out at 2x10° cells/sample. Following cultivation with osteogenic media
for 14 days, total RNA was isolated. Following RNA isolation, cDNA was
synthesized and PCR reaction was performed (LightCycler® 48, Switzerland).
Expressions of COLIAI and RUNX2 were determined in proportion to ACTB
expression (Mayr- Wohlfart et al., 2001). Sequence of the primers for ACTB,
COLIAI and RUNX2 are given in Table 2.4.

Table 2.4 Forward (F) and reverse (R) primers for ACTB, COL1AI and RUNX2.

Gene Primer Sequence (5'—3')
ACTB F CACCATTGGCAATGAGCGGTTC
R AGGTCTTTGCGGATGTCCACGT
F GATTCCCTGGACCTAAAGGTGC
COLIA
R AGCCTCTCCATCTTTGCCAGCA
F CCCAGTATGAGAGTAGGTGTCC
RUNX2
R GGGTAAGACTGGTCATAGGACC
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2.2.3.7 Immunomodulation

Effect of F/sA ratio on immunomodulation was investigated by using THP-1
monocytes. For this purpose, first, monocytes were differentiated into macrophages
by incubation with 50 ng/mL PMA for 48 hours. Differentiated macrophages were
detached from the cell culture dish by trypsinization and seeded on samples or TCPS
with a density of 1x10° cells/well in 48-well plates. After 24 h of incubation, cells
were treated with either 100 pg/mL LPS or 5SmM ATP and incubated for an
additional 24 h. Amounts of IL1B (7.8-500 pg/mL, Appendix F) and CASP1 (1.56-
100 ng/mL, Appendix G) was assessed with ELISA for LPS and ATP treated
samples, respectively (Park et al., 2007; He, Hara & Nuifiez, 2016). Amounts of
CASPI and IL1B were normalized to DNA, which was quantified with PicoGreen

dye as aforesaid.

Immunomodulatory properties of F/sA membranes loaded with F12, HA, 8B HA and
8B 4Zn HA exosomes were investigated with amounts of CASP1 and IL1B by using
THP-1 monocytes, as aforesaid. Differently, for PCR, cells were seeded on samples
or TCPS with a density of 1x10° cells/well in 6-well plates. Expressions of CASP]
and /L1B were determined for ATP treated cells whereas expressions of NFKB and
IL10 were determined for LPS treated cells (He, Hara & Nuiez, 2016; Park et al.,
2007). Sequence of the primers for RPL13, CASP1, ILIB, NFKB and IL10 are given
in Table 2.5.
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Table 2.5 Forward (F) and reverse (R) primers for RPL13, CASPI, IL1B, NFKB and
IL10.

Gene Primer Sequence (5'—3')
F CGCTCCAAACTCATCCTCTTC
RPLES R CTCTTCCTCAGTGATGACTCGAG
F GCTGAGGTTGACATCACAGGCA
AP R TGTCTGTCAGAGGTCTTGTGCTC
F CCACAGACCTTCCAGGAGAATG
15 R GTGCAGTTCAGTGATCGTACAGG
NFKB F GCAGCACTACTTCTTGACCACC
R TCTGCTCCTGAGCATTGACGTC
F CATCAAGGCGCATGTGAACTC
110 R AATCGATGACAGCGCCGTAG

2.2.3.8 Angiogenesis

Effect of ions released from synthesized HA groups on angiogenesis was assessed
with in vitro tube formation assay. For this purpose, 96-well plates were covered
with 50 pL of Matrigel®. After 30 min of incubation in 37°C, HUVECs were seeded
on Matrigel®, with a density of 1x10* cells/cm?. Cells were cultivated in 0.5 mg/mL
extracts of HA groups in vascular cell basal medium. Vascular cell basal medium
was used as negative control whereas vascular cell basal medium supplemented with
vascular endothelial cell growth kit was used as positive control. After 4 h of
cultivation, media were removed and cells were stained with 20 mM Calcein AM.
Samples were imaged with fluorescence microscope at 495 nm excitation and 515
nm emission (Kelley et al., 2022). Obtained images were analyzed using AngioTool
(NIH, USA). Junction density, vessel area and total vessel length were calculated by
using the software (Zudaire et al., 2011). Amount of VEGFA in HUVECs treated
with HA extracts was determined by ELISA. For this purpose, cells were seeded and
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treated as aforementioned. Total VEGFA in samples was determined with an ELISA

kit, according to manufacturer’s protocol (31.25-2000 pg/mL, Appendix H).

Effect of F/sA membranes loaded with F12, HA, 8B HA and 8B 4Zn HA exosomes
on angiogenesis was investigated by using HUVECs as well. In vitro tube formation
and VEGFA ELISA were carried out as aforesaid. For gene expression analyses,
cells seeded on TCPS were used as control. Sterile samples were placed in 6-well
plates and cell seeding was performed with a density of 1x10° cells/well. Total RNA
was isolated after 3 days of cultivation. Relative expressions of NOS3 and VEGFA
were determined by using ACTB as a housekeeping gene (Murohara et al., 1998).
Sequence of the primers for NOS3 and VEGFA are given in Table 2.6.

Table 2.6 Forward (F) and reverse (R) primers for NOS3 and VEGFA.

Gene Primer Sequence (5'—3')
NOS3 F ACCAGCACATTTGGGAATGG
R TCTGAGCAGGAGATGCTGTTG
F TCACCATGCAGATTATGCGGA
VEGFA
R CACGCTCCAGGACTTATACCG

224 Statistical Analysis

One-way analysis of variance (ANOVA) was used to determine significant
differences between groups whereas Tukey’s Test was used to compare means
(SPSS-26 Software, SPPS Inc., USA). Single asterisk (*) was used to refer statistical
significance between groups. Double and triple asterisks were used denote

significantly the highest and the lowest groups at the given time point, respectively.
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CHAPTER 3

RESULTS AND DISCUSSION

3.1 Characterization of B-Doped HA Groups

B-doped HA groups with 1, 2 4 and 8 mol% dopant ratios were synthesized with
microwave assisted wet precipitation method. Obtained HA groups were
characterized in terms of morphology, microstructure, phase purity, elemental
composition and cytotoxicity. Optimal B dopant ratio was used as the starting point

for B and Zn co-doped HA.

3.1.1 SEM Imaging

Morphology of the HA groups was investigated by SEM imaging (Figure 3.1). It was
observed that HA groups had round grains. It was reported that for HA, 10% B
doping resulted in fused grains, due to disruption of the structure, which was more

than the HA groups (Pazarceviren et al., 2021).
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Figure 3.1. SEM images of a) HA, b) 1B HA, c) 2B HA, d) 4B HA and ¢) 8B HA
groups (Magnification 80,000X, scale bar: 1 um).

3.1.2 XRD Analysis

Effect of boron on HA content, crystallinity percentage and crystallite size were
determined with XRD analysis. Data were analyzed according to International
Centre for Diffraction Data (ICCD) card 98-001-6742. XRD spectra, HA content,
crystallinity percentage and crystallite size of H and B-doped HA groups are given
in Figure 3.1. It was found that HA phase percentage was not affected by B-doping.
However, B-doping led to decrease in crystallinity and crystallite size. In a study,

HA percentage of boron-doped HA groups sintered at 1100°C was stated to increase
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for groups containing more than 1% B. On the contrary, crystallinity and crystallite
size were reported to be independent of B-doping (Pazargeviren et al., 2021). It was
also stated that phase composition is affected by sintering temperature and sintering
temperature values over 1350°C yield other phases such as tetracalcium phosphate,
a-tricalcium phosphate, B-tricalcium phosphate, and calcium oxide. Grain size and
crystallinity were also reported to increase with increase in the sintering temperature
(Muralithran & Ramesh, 2000). Another study reported that sintering above 700°C
results in decreasing HA content (Hayakawa et al., 2008). Considering given
information, non-significant HA% change and decrease in crystallinity and

crystallite size were attributed to low sintering temperature.
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Figure 3.2. a) XRD spectra, b) hydroxyapatite phase percentage, ¢) crystallinity
percentage and d) crystallite size of HA and B-doped HA groups (n=3, p<0.05).

Asterisk refers statistical differences between the groups.
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3.1.3 FTIR Analysis

FTIR analysis performed in the preliminary studies was repeated twice more for
different batches of each group, in order to confirm the presence of the functional
groups. FTIR spectra of HA and B-doped HA groups are given in Figure 3.3. The
presence of PO4> was confirmed with the bands around 1089, 1024, 962, 630, 600
and 561 cm™! (Albayrak, 2016). It was also observed that intensity of PO4* bands at
1089, 962, 630 and 600 cm™! decreased with increasing B content. Loss of intensity
of PO4*" bands was expected since B is incorporated into HA structure by replacing
PO4* (Uysal, Yilmaz & Evis, 2020). In a study subjecting B-doped HA sintered at
1100°C, BO, bands were reported to be around 2002 and 1935 cm™!, while BOs*
bands were determined at 1244, 1205, 783 and 743 cm™! (Baykal et al., 2004). It was
noticed that there were no bands at the mentioned wavenumbers. Absence of the
reported bands may be due to different sintering temperature. It is also worth
mentioning that B containing groups had 2 different bands different than HA group
at2360 and 2341 cm™!, whose intensities increased with increasing B ratio. In a study,
band around 2343 cm'was attributed to C-O bond of carbonated hydroxyapatite
(Sun et al., 2006). However, in the present case, the signal was only present in the
doped groups. It was also reported that B-O can also yield peaks around the same
wavenumber, which can explain why increase in B and caused increasing band

intensity (Zhang et al., 2020).
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Figure 3.3. FTIR spectra of HA and B-doped HA groups.

3.14 Particle Size Measurement

Particle size of HA groups was measured due to their potential to effect ion release
and consequently cell response (Fathi, Hanifi, & Mortazavi, 2008). Mean particle
size of HA and B-doped HA groups are given in Figure 3.4. Particle size
measurement revealed that B doping significantly decreased particle size. It was also
found that the mean particle size of 4B HA and 8B HA groups was significantly
higher than that of 1B HA and 2B HA groups. In a study done by Pazarceviren et al.
(2020), 5% B doping was reported to decrease the particle size of HA groups sintered
at 1100°C. Average particle size of the HA group was found to be around 35 pm,
which is larger than present results. Particle size is stated to be affected by sintering
temperature. Higher sintering temperatures were reported to yield larger particles,
which may be the result of significant decrease at even lower dopant ratios and

overall smaller size of the particles (Juang & Hon, 1996).
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Figure 3.4. Mean particle size of HA and B-doped HA groups (n=3, p<0.05).

Asterisk is used to refer statistical significance between the groups.

3.1.5 Elemental Analysis

HA groups were subjected to ICP-OES analysis to determine their elemental content.
(Ca)y(P+B) ratios and mole percentages of Ca, P and B belonging to HA groups are
given in Table 3.1. The analysis revealed that, about half of the B used during
synthesis was incorporated into structure of HA, for all groups. It was also noticed
that obtained (Ca)(P+B) ratio of HA group was similar to theoretical ratio 1.67, used
during synthesis. Moreover, compared to HA group, (Ca)(P+B) ratio significantly

decreased with B addition more than 2%.
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Table 3.1 B mol percentages and Ca/(P+B) molar ratios of HA and B-doped HA
groups (n=3, p<0.05).

Group B (mol %) Ca/(P+B)

HA - 1.68+0.0.3
1B HA 0.79+0.03 1.63+0.08
2B HA 1.39+0.04 1.67+0.05
4B HA 221+£0.05 1.54+0.05*
8B HA 443+0.09 1.58+0.03*

(B ratio significantly increased as the doping amount was increased, from HA to 8B
HA. ? refers significant differences compared to HA group. (Ca)(P+B) ratio of HA
group was significantly higher than that of 4B HA and 8B HA)

3.1.6 In Vitro Cytotoxicity Test

Highest HA concentration that would not affect cell viability was determined with
MTT assay, in order to determine treatment concentration of hADSCs for exosome
isolation (Figure 3.5a). MTT assay after 48 hours of cultivation of hADSCs with
varying concentrations of HA showed that treatment concentrations more than 0.5
mg/mL led to significant decrease in cell viability. In a study, cytotoxicity of HA and
Ag-doped HA obtained from limestone by precipitation was investigated with MTT
assay. It was reported that up to 0.2 mg/mL HA and 2.5% Ag-doped HA did not
show cytotoxicity against MC-3T3 pre-osteoblast cells. However, 5% Ag-doped HA
was stated to reduce cell viability, at the same concentration (Siriat et al., 2022).
Considering the possible effect of dopants on cell viability and osteogenic
differentiation, 0.5 mg/mL was chosen as the treatment concentration for the rest of
the study. Percent cell viability of treated hADSCs cells relative to untreated cells is
given in Figure 3.5b. It was found that viability of cells treated with 50 mg/mL 4B
HA and 8B HA was significantly lower than that of cells treated with 50 mg/mL HA.
Like viable cells, apoptotic cells release exosomes as well. Their exosomes were

stated to carry miRNA, organelles and nuclear fragments (Kakarla et al., 2020).
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Unlike the ones from healthy cells, exosomes derived from dying cells can elicit
immune response (Park et al., 2018). Therefore, the group 8B HA, which did not
significantly alter cell viability, was chosen as the safe group with the highest B
content. Further studies for deciding the optimal HA group to be used to collect

exosomes were conducted via synthesis of groups with 8 mol% B and varying ratios

of Zn dopant.
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Figure 3.5. a) Viability of cells seeded on TCPS and treated with a) different amounts
of HA for 24h (n=5, p<0.05) b) 0.5 mg/ml of HA and B-doped HA extracts for 24h
(n=4, p<0.05). Viability of untreated cells seeded on TCPS was considered 100%.

Asterisk refers statistical significance between the groups.

3.2 Characterization of B and Zn- Doped HA Groups

HA groups with 8 mol% B and 1, 2 4 and 8 mol% Zn ratios were synthesized with
microwave assisted wet precipitation method. Obtained HA groups were
characterized in terms of morphology, microstructure, phase purity, elemental

composition, ion release profile and cytotoxicity.
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3.2.1 SEM Imaging

Morphology of the HA groups was investigated by SEM examination (Figure 3.6).
It was observed that HA group had round and larger grains, whereas doped HA
groups had smaller and fused grains. It was also noticed that doping resulted in
irregularly shaped grains. Similar to obtained data, it was reported that for HA, 10%
B doping resulted in fused grains, due to disruption of the structure (Pazarceviren et
al., 2021). Concordantly, it was also stated that 10% Zn containing HA sintered at
1000°C resulted in fused grains (Ofudje et al., 2019).
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Figure 3.6. SEM images of a) HA, b) 8B HA, ¢) 8B 1Zn HA, d) 8B 2Zn HA, ¢) 8B
47Zn HA, f) 8B 8Zn HA groups (80,000X, Scale bar: 1um).

3.2.2 Particle Size Measurement

Particle size of HA groups was measured due to their potential effect on the ion
release and consequently cell response (Fathi, Hanifi, & Mortazavi, 2008) (Figure
3.7). Particle size measurement revealed that 8% B doping significantly decreased
particle size. In a study done by Pazarceviren et al. (2021), 5% B doping was reported
to decrease the particle size of HA groups sintered at 1100°C. It is also worth

mentioning that average particle size of the HA group was found to be around 35
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um, which is larger than present results. Particle size is stated to be affected by
sintering temperature. Higher sintering temperatures were reported to yield larger
particles, which may be the result of significant decrease at even lower dopant ratios
and overall smaller size of the particles (Juang & Hon, 1996). On the other hand, Zn
dopant led to increasing particle size trend. It was found that although initial 1% Zn
doping led to significantly smaller particle size, compared to that of 8B HA. Particle
size of 8B 8Zn HA group was significantly higher than that of other co-doped groups.
A study subjecting Fe & Zn-doped HA revealed that around 12% dopant resulted in
significantly smaller particle size (Ramya et al., 2014). Accordingly, in the present
study, HA groups equal or less than 12% of total dopants led to smaller particle size.
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Figure 3.7. Mean particle size of HA groups (n=3, p<0.05). Single asterisk is used to
refer statistical significance between the groups whereas double asterisk denotes

significantly the highest group.
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3.2.3 Elemental Analysis

Presence of incorporated dopants in HA groups was investigated with ICP-OES
(Figure 3.8). It was found that incorporation of dopants significantly decreased
(Ca+Zn)/(P+B) ratio. (Ca+Zn)/(P+B) ratio for HA was 1.68+0.04 which was close
to the theoretical ratio. It was also noted that 8B 8Zn HA group had significantly the
lowest (Ca+Zn)/(P+B) ratio (1.50+£0.02), which was lower than the theoretical value.
Concordantly, previous studies stated that incorporation of Zn into HA decreased the
(Cat+Zn)/(P+B) ratio, due to formation of other phases (Alioui et al., 2019; Stanic et
al., 2010). Elemental analysis also revealed that incorporation of B into HA structure
was 5.14+0.28% for 8B HA group. Previous literature also reports that incorporation
of B into HA with wet synthesis is around half of the theoretical ratio (Jodati et al.,
2023; Pazarceviren et al., 2021). It was mentioned that B replaces PO4+* in the form
of orthoborate and OH in the form of both orthoborate and metaborate, which makes
maximum calculated B-doping to be around 4.56% (Ternane et al., 2002). Low
incorporation of B into HA was also associated with wet synthesis route, due to of B
source being washed out (Kolman et al., 2017). Addition of Zn was found to
significantly decrease B percentage, with 8B 8Zn HA group having the significantly
lowest B content (2.07+0.0.02%). Decreasing B percentage in bi-doped HA was
attributed to wet synthesis as well, since incorporation of B was reported to occur on
hydrated surface of the apatite (Cacciotti, 2018). Molar percentages of Zn were found
as 1.13+0.03, 2.20+0.12, 5.01+0.18 and 9.76+0.16 for 8B 1Zn HA, 8B 2Zn HA, 8B
4Zn HA and 8B 8Zn HA groups, respectively. It was revealed that Zn was
incorporated into HA, effectively. In a study, Zn-doped HA was synthesized with
wet precipitation method, with slightly more incorporation percentage than the

theoretical value, as well (Stanic et al., 2010; Alioui et al., 2019).
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Figure 3.8. Ca/P mole ratios (a), and B (b) and Zn (c) mole percentages of HA groups
determined with ICP-OES (n=3, p<0.05). Single asterisk refers statistical
significance between the groups. Double and triple asterisk denote significantly the

highest and the lowest groups, respectively.
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3.24 FTIR Analysis

In order to examine the changes of intensities of functional groups due to B and Zn
doping, FTIR analysis was performed (Figure 3.9). Concordant with a reported
study, presence of PO4>~ was confirmed with the bands around 1089, 1024, 962, 630,
600 and 561 cm™! (Albayrak, 2016). Intensities of PO4*> bands at 1089, 962, 630 and
600 cm™! were found to decrease with increasing Zn ratio. This finding was not
expected as Zn is expected to replace Ca in the HA structure (van Rijt et al., 2021).
However, it was reported that Zn incorporation can result in decreasing HA phase,
which may be responsible from decreasing intensities of PO4>* bands (Nagshbandi et
al., 2014). In a study, the band around 2337 cm™! was referred to Z-O bond of ZnO
nanoparticles (Norouzzadeh et al., 2020). It was also reported that B-O can also yield
bands around the same wavenumber (Zhang et al., 2020). Therefore, it can be
concluded that bands at 2360 and 2341 cm™ can be attributed to B-O and Zn-O
bonds. Phase composition of HA was known to effect biological effects of HA
(Uysal et al., 2020).
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Figure 3.9. FTIR spectra of HA groups.

3.2.5 XRD Analysis

Structure of HA groups was investigated with XRD analysis (Figure 3.10). XRD
spectra of the HA groups revealed that intensity of the peaks decreased whereas their
width increased, which translated into structural differences between groups. It was
determined that HA group had the highest HA percentage (94.37+1.93%), indicating
that B-doping led to a significant decrease in HA phase percentage for all groups. B-
doping was reported to decrease HA percentage due to formation of other phases
such as B-TCP, CaO and borates (Ternane et al., 2002). In this case, apart from HA,
B-TCP phase was observed. It was also found that compared to both HA and 8B HA,
HA phase percentages of 8B 4Zn HA (84.43+0.50%) and 8B 8Zn HA (76.6+£0.6%)

groups were significantly lower, indicating higher Zn dopant concentrations led to a
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decrease in the HA phase ratio. In a study, it was reported that 10 mol% Zn-doped
HA sprayed with plasma had 4.8% HA whereas there was no HA phase in 15 mol%
Zn doped HA. It was stated that increasing Zn dopant resulted in formation of other
phases such as o-TCP and B-TCP (Candidato Jr. et al., 2018). In terms of
crystallinity, it was found that crystallinity of HA group (90.43+£2.84%) was
significantly higher than that of 8B HA group (81.95+1.39%). It was mentioned that
HA synthesized by wet method result in merging and broadening of the peaks,
resulting in lowered crystallinity (Kolmas et al., 2017). Additionally, there was no
significant difference between crystallinity percentage of 8B HA and Zn doped
groups. However, crystallinity of 8B 2Zn HA (84.93+1.42%), 8B 4Zn HA
(81.21+0.48%) and 8B 4Zn HA (76.114+4.94%) groups was significantly lower than
that of HA group. There was also a significant difference between crystallinity of 8B
27n HA and 8B 8Zn HA groups.

In a study, Zn doped HA with Zn mol % ranging between 1-4 % was synthesized.
Increasing Zn was shown to decrease crystallinity ratio, which was explained by
disruption of the crystal structure due to size difference between Ca and Zn atoms
(Kaygili & Tatar, 2012). Overall, it can be said that increasing Zn resulted in a slight
decrease in crystallinity percentage, yet the main effect was due to presence of B.
Crystallite size was also affected by boron doping. It was noted that crystallite size
of 8B HA group (145.67+4.93 nm) was significantly lower than that of HA
(189.33+40.58 nm) group. It was mentioned that lower intensity and broadening of
the peaks caused by B-doping resulted in smaller crystallite size of the synthesized
HA (Jodati et al., 2022). Crystallite size was found to be affected by increasing Zn
as well. Every increase in Zn ratio was noted to significantly decrease the crystallite
size. In a previous study, it was mentioned that crystallite sizes of the 7 and 10 mol%
Zn-doped HA were lower than that of HA, synthesized by wet precipitation method.

The decrease was attributed to size difference of Ca and Zn atoms (Popa et al., 2016).
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Figure 3.10. a) XRD spectra, b) HA ratio, c) crystallinity percentage and d) crystallite
size of HA groups (n=3, p<0. 05). Single asterisk was used to refer statistical
significance between groups. Double and triple asterisk were used denote

significantly the highest and the lowest groups at the given time point, respectively.

3.2.6 Ion Release

Cumulative release of Ca*?, PO4>, BO, and Zn*" from HA groups was determined
with ICP-OES (Figure 3.11). Ca release significantly increased from day 2 to day 7
for all groups. However, there was no significant change between days 7 and 14,
except for 8B 4Zn HA (21.3440.18 ppm at day 7) and 8B 8Zn HA (16.67+0.84 ppm
at day 7) groups. Ca amount released from 8B HA group (104.22+3.40 ppm at day
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14) was significantly higher than that of other groups, for every timepoint. Higher
Ca release from 8B HA compared to HA was attributed to smaller size of the 8B HA
particles which contributes to higher surface area (Pazarceviren et al., 2021). It was
also noted that Ca released from HA group (75.97+3.89 ppm at day 14) was
significantly higher than that of 8B 1Zn HA (22.76+7.47 ppm at day 14), 8B 2Zn
HA (24.93+7.29 ppm at day 14), 8B 4Zn HA (26.89+0.41 ppm at day 14) and 8B
8Zn HA (22.57+0.78 ppm at day 14), which was related to replacement of Ca by Zn
in Zn-doped groups (Alioui et al., 2019). Cumulative P release significantly was the
highest for HA on days 2 (1.28+0.48 ppm), 7 (3.92+0.63 ppm) and 14 (6.88+0.78
ppm). P release from 8B 1Zn HA samples was significantly higher than that of 8B
HA and other Zn doped groups on days 7 (2.36+0.16 ppm) and 14 (2.48+0.16 ppm),
indicating that presence of 1% Zn facilitated ion release. It was stated that co-doping
can alter material’s properties depending of substitution combination and ratio
(Cacciotti, 2018). Accordingly, mean particle size of 8B 1Zn group was significantly
lower than that of 8B HA group, which can result in higher P release.

It was also determined that 8B HA group released significantly higher B at days 2
(108.74£4.06 ppm), 7(148.33+3.68 ppm) and 14(175.06+ 3.40 ppm). Lowest release
was obtained from 8B 8Zn HA group at all timepoints (47.05+7.56 ppm at day 14).
As aforesaid, incorporation of Zn significantly decreased B ratio present in HA
groups, with the lowest B containing group being 8B 8Zn HA. Hence, the data
correlated with release profile. In a previous study, 5 mol% B containing HA
synthesized with wet precipitation and sintered at 1100°C was reported to release
10% of its B content, during 24h of incubation in cultivation media (Pazargeviren et
al., 2021). In the present study 8B HA group was found to contain approximately
55.27 mg B per g HA, which makes the released ratio approximately 3.93, 5.37 and
6.33% for days 2, 7 and 14, respectively. It was noted that sintering temperature
alters Ca/P ratio and phases present in HA, which effects ion release (Chen et al.,
2019). Zn release was similar for 8B 4Zn HA (0.22+0.03ppm at day 14) and 8B 8
Zn HA (0.2940.02 ppm at day 14) groups except for day 14. Zn released from these
groups were significantly higher than that of 8B 1Zn HA and 8B 2Zn HA groups, at
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all timepoints. Notably, Zn released from 8B 8Zn HA group significantly increased
at all timepoints, whereas 8B 2Zn HA (0.32+0.01 ppm at day 2) and 8B 4Zn HA
(0.13£0.04 ppm at day 2) groups reached plateau at day 2. In a study, 5 and 10% Zn-
doped HAs synthesized via wet precipitation and sintered at 1000°C were reported
to release 1.434 and 2.012 mg/g Zn, after 5 days of incubation in PBS, which was
higher than observed in the present data (Ofudje et al., 2019).
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Figure 3.11. a) Ca, b) P, ¢) B and d) Zn released from HA groups, in dH>O during
14 days of incubation at 37°C (n=3).
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3.2.7 In Vitro Biomineralization

Effect of dopants on biomineralization was assessed by incubation of HA groups in
SBF at 37°C (Figure 3.12). SEM images revealed presence of spherical CaP
precipitate for all groups (Kim & Park, 2010). In addition to the precipitate layer
throughout the surface of all samples, doped groups also had bud-like CaP
precipitation. Abundance of CaP buddings were associated with presence of
nucleation sites (Saddiqi, Patra & Seeger, 2017). It was also noticed that doped
groups had cracked surface, which was associated with drying of thicker layer of
CaP. Although grain size of the precipitates was similar, CaP layer on doped groups
was more porous. In a study, it was reported that after 14 days of incubation in SBF,
hardystonine/HA composite had more porous CaP precipitation, compared to pure
HA. Porosity of the precipitate was associated with availability of more nucleation
sites (Gheisari, Karamian & Abdellahi,2015). In a similar study, Zn doped HA
coated titanium was reported to yield porous CaP precipitation, whereas HA coating
resulted in dense precipitate. Difference in morphology was related to ions released
by the pure and Zn-doped HA (Ding et al., 2014). Concordantly, Ca and P release
from HA group was significantly higher than that of Zn-doped groups. Another study
also found that dopants led to same morphological change in CaP precipitate. It was
reported that CaP precipitation on HA was dense, whereas Na and CI doped HA
resulted in porous precipitate (Yoo et al., 2020). Similarly, it was observed that
morphology of the precipitates was porous on day 14, for all doped groups. Hence,

it was concluded that both B and Zn contributed to bioactivity.
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Figure 3.12. SEM images of a) HA, b) 8B HA, c¢) 8B 1Zn HA, d) 8B 2Zn HA, ¢) 8B
47Zn HA and f) 8B 1Zn HA discs immersed in SBF for 14 days (5000X and 80,000X

(inset image). Outer scale bar: 20 um, inset image scale bar: 1 pm).

3.2.8 Cell Viability and Proliferation

Effects of treatment with HA groups on cells during 14 days of incubation were
investigated with Alamar blue assay (Figure 3.13a). Percent reduction of
alamarBlue™ indicates cell viability and increase in viability with time is interpreted

as cell proliferation (Allen et al., 2022). On day 1, all groups had similar percent
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reduction, except for 8B 8Zn HA group. On days 7, 10 and 14, viability of hADSCs
treated with 8B HA, 8B 1Zn HA, 8B 2Zn HA and 8B 4Zn HA was significantly
higher than that of untreated cells, indicating that 8% B and up to 4% Zn doping
increased cell viability and proliferation. It was stated that 1 pg/mL B was found to
be cytotoxic to human bone marrow stem cells (Ying et al., 2011). In the present
study, highest B release was from 8B HA group (175.06+£3.99 ppm, on day 14),
which was less than 20% of the mentioned cytotoxic dose. B was also reported to be
present in mineral part of the bone, acting as a trace element (Jugdaohsingh et al.,
2015). Hence, effect of B on proliferation of hADSCs which can undergo osteogenic
differentiation was considered as an important factor for bone tissue engineering
(Grottkau & Lin, 2013). A previous study investigated the effect of HA and 0.3% B
doped HA on viability of Wharton’s jelly derived mesenchymal stem cells. Cells
were treated with a density of 1 mg HA/3x10° cells. MTS and LDH tests were
performed after 3 days of incubation. It was reported that both groups did not cause
cytotoxicity as result of both tests (Kolman et al., 2017). In the present study, 2x10°
cells were treated with 100 pl of 0.5 mg/ml HA groups, which was a lower treatment

concentration. However, concentrations of the dopants were much higher.

In another study, effects of HA and up to 0.5 mol% B-doped HA discs on hFOBs
were examined. It was stated that there was a significant increase of percent
reduction of alamar blue on days 1 and 7 for all B-doped HA groups, compared to
HA group. It was also mentioned that viability and proliferation of hFOBs seeded on
0.25 and 0.5 mol% B-doped HA discs were significantly higher than that of 0.05 and
0.1 mol%% B-doped HA discs concluding that B doping had potential to promote
viability and proliferation (Jodati et al., 2022). In another study, viability of MC3T3-
E1l cells seeded on chitosan, HA/chitosan composite and 1.15 wt% B-doped
HA/chitosan composite scaffolds was investigated with MTT test. It was stated that
B-doped HA incorporation into chitosan did not cause cytotoxicity, after 21 days of
cultivation (Tuncay et al., 2017). In the present study, it was shown that B-doping
with much higher concentration is capable of promoting viability and proliferation

of hADSC:s. It was also found that viability of cells treated with 8B 8Zn HA group
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was significantly the lowest at all time points. Notably, Zn released from 8B 8Zn HA
group was significantly higher than that of other groups, which probably led to
toxicity. Overall, Zn-doping did not lead to increase in viability and proliferation of

hADSCs, except for 8B 4Zn HA on day 4.

In a previous study, effects of a much lower dopant concentration were investigated.
It was reported that 0.03125 mol% Zn-doped HA obtained with hydrothermal
synthesis was non-cytotoxic against 1.929 fibroblasts after 24 hours of incubation
with 0.4 mg/mL Zn-doped HA (Xiao et al., 2018). In the present study, much higher
ratio of Zn doping was used. In a different study, effect of HA and 10 mol% Zn HA
coating of Ti implants on 3-day viability of human osteoblasts was examined.
Mentioned coatings were prepared via transition from monetite without sintering.
Via DAPI stained nuclei counting, it was reported that both HA and 10 mol% Zn HA
coatings led to significant decrease in cell viability, compared to TCPS. It was also
mentioned that cell viability and proliferation of cells seeded on Zn HA coating was
significantly higher than that of HA coating (Ortiz, 2016). Considering the aforesaid
studies, it can be said that cytotoxicity of 8B 8Zn HA may arise from combinatorial
effects of high concentration of both dopants. SEM images after 1 day of incubation
revealed that cells were in contact with HA groups (Figure 3.13b-g). Additionally, it
was seen that cells presented stem cell like and healthy morphology, except 8B 8Zn
HA group. Cells treated with 8B 8Zn HA were rounder, indicating toxicity. It was
reported that zeta potential of 0.1 mg/mL HA, varied between -10-15 mV, depending
on particle size. It was also mentioned that decreasing particle size resulted in
increasing zeta potential, which promoted attachment of HA particles to fibronectin
present on cell surface (Wu et al., 2015). Hence, attachment of small HA particles

onto cells were related to net charge of HA particles.
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Figure 3.13. a) Percent reduction of alamarBlueTM by hADSCs cultivated in the
presence of 0.5 mg/mL HA groups (n=4, p<0.05). SEM images of cells treated with
b) HA, ¢) 8B HA, d) 8B 1Zn HA, ¢) 8B 2Zn HA, f) 8B 4Zn HA and g) 8B 8Zn HA
groups, after 1 day of incubation (2000X, Scale bar: 50 pum). Asterisk denotes

statistical significance between the groups.
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3.2.9 Osteogenic Differentiation

Effect of HA groups on osteogenic differentiation of hADSCs was investigated with
ALP assay. ALP activity was measured on days 7 and 14 (Figure 3.14). It was
revealed that ALP activity of negative control group which was cultivated without
osteogenic media was significantly lowest on both time points. On day 7, it was
found that ALP activity of positive control was the highest. However, on day 14, it
was found that ALP activity of 8B 4Zn HA group was significantly higher than that
of other groups, including positive control group. It was mentioned that B-doped
hydroxyapatite-loaded poly(butylene adipate-co-terephthalate) fibers increased
expression of ALP, collagen and osteocalcin genes of human BMSCs (Arslan et al.,
2018). In another study, it was stated that 0.01 and 0.1 ppm boric acid treatment
significantly increased 7-day ALP activity and expression of osteogenic markers. It
was also noted that 1 ppm boric acid led to significantly lower ALP activity
compared to 0.01 and 0.1 ppm (Ying et al., 2011). Considering the aforesaid
literature and ion release data, it was concluded that the osteogenic effect of B is

concentration dependent.

ALP activity assay also revealed that on day 14, ALP activity of cells treated with
8B HA, 8B 1Zn HA 8B, 2Zn HA and 8B 8Zn HA groups was significantly lower
than ALP activity of cells treated with 8B 4Zn group. Considering ion release and
alamar blue assay together, lower ALP activity of 8B 8Zn group was attributed to
cytotoxicity caused by high Zn release. It was also noted that there were no
statistically significant differences between ALP activity of 8B HA, 8B 1Zn HA 8B
and 2Zn HA groups, on day 14. Zn is mentioned as a cofactor for many enzymes,
including ALP and collagenase which regulate osteogenesis (Nizet et al., 2020).
Hence, lower ALP activity of these groups could be related to insufficient Zn release.
Concordantly, it was stated that titanium coated with 5 mol% Zn-doped
hydroxyapatite precipitated on fibroin nanoparticles increased ALP expression of
MC3T3-E1 preosteoblasts, compared to uncoated Ti and TCPS. No significant
difference was reported between HA coating and 5% Zn HA coating (Zhong & Ma,
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2017). In the present study, incorporation percentage of the osteogenic Zn was
closer, although amount used for treatment was much lower than aforementioned
studies. However, media renewal provided constant HA presence. Overall,

osteogenic differentiation was promoted with treatment of 8B 4Zn HA.
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Figure 3.14. ALP activity of hADSCs treated with 0.5 mg/mL HA groups normalized
to DNA (n=4, p<0. 05). Asterisk was used to refer statistical significance between

groups.

3.2.10 In Vitro Angiogenesis

Effect of HA groups on in vitro angiogenesis was assessed with tube formation assay
(Figure 3.15). Obtained images were evaluated with AngioTool (NIH, USA). It was
found that junction density, vessel area and total vessel length of all HA groups were
higher than these of negative control and similar to positive control. There was no
significant difference between HA groups, indicating major angiogenic activity can
be due to ions released from HA. In a previous study subjecting effects of size of HA

on HUVEC:, it was reported that 20 and 80 nm HA particles were taken up by the
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cells, resulting in anti-angiogenic effect, through PI3K/Akt pathway (Shi et al.,
2017). However, in the present case, mean particle size of HA groups was between

4-9 um. Moreover, cells were treated with the extracts.

In a study, effects of HA microstructures with diameter of 12 and 36 pm on
angiogenesis was investigated. HA microstructures synthesized via hydrothermal
method was reported to significantly increase the expression of endothelial nitric-
oxide synthase (eNOS), and vascular endothelial growth factor (VEGF) (Yang et al.,
2019). Although B doping did not contribute to significant angiogenesis in this study,
5 mol% B doped HA was reported to increase VEGF-A release and vessel area of
HUVEC:s. It must be noted that the concentration of the used extract was 100 mg/mL,
which was much higher than the present study and the extracts were supplemented
with vascular endothelial cell growth kit (Pazarceviren et al., 2023). It was also found
that area of the vessels formed by HUVECs treated with 0.5 mg/mL of 8B 4Zn HA
group was significantly higher than that of positive control. In a previous study,
incorporation 10% of 30 mol% Zn-doped HA into gelatin nanofibers was reported
to increase eNOS and VEGF significantly, compared to gelatin nanofibers (Chopra
et al., 2022). Considering the present literature, it can be said that optimum
angiogenic effect of the co-doped HA groups can be modulated with both dopant

ratio and concentration of the used HA.
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Figure 3.15. Representative 4X Fluorescent microscopy images of TCPS (a), HA (b),
8B HA (c), 8B 1Zn HA (d), 8B 2Zn HA (e) and 8B 4Zn HA (f) groups. Junction
density (g), vessel area percentage (h) and total vessel length (i) obtained by image

analysis (n=3, p<0. 05). Asterisk refers statistical significance between groups.
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33 Characterization of F/sA Membranes

F/sA membranes were fabricated with 100:0, 95:5, 90:10 and 80:2 F:sA (w/w) ratios.
Obtained membranes were characterized in terms of morphology, equilibrium
swelling, weight loss, surface wettability, mechanical properties and release profile.
Effect of F/sA compositions on viability and proliferation of hADSCs and
immunomodulatory properties against THP-1 derived macrophages were also

investigated.

3.3.1 Characterization of sA

FTIR spectra of alginate and sA were analyzed with FTIR spectroscopy, in order to
confirm sulfation (Figure 3.16). -OH (3224 cm™), -COO- (1408 and 1597 cm™) and
COC (1026 cm™) bands of alginate were observed in both samples (Rhimi et al.,
2022). Unlike the alginate spectrum, the sA spectrum was observed to have a band
around 1209 cm™ corresponding to S=O symmetric stretching and another peak
around 820 cm™ representing S-O-C (Mohammadi et al., 2018; Freeman, Kedem &
Cohen, 2008). Degree of sulfation was also determined with Sulfur/Carbon
Determinator as 40.87+0.16% (n=3). In a study, it was stated that sA with a sulfation
degree of 80% was obtained as a result of a similar reaction, and the degree of
sulfation depended on the chlorosulfonic acid concentration in formamide. Also, it
was mentioned that overuse of chlorosulfonic acid can result in shortened polymer

chain (Syanda et al., 2022).
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Figure 3.16. FTIR spectra of alginate and sA.

3.3.2 Morphology of F/sA Membranes

Morphology of F/sA scaffolds was investigated with SEM (Figure 3.17). Overall, all
scaffolds were observed to have integrity, with minor microcracks. However, it was
noticed that surface of the scaffolds became rougher with increasing sA content. It
was reported that fabrication method can affect morphology of F membranes. In a
similar study, air dried fibroin membrane whose solvent was formic acid, was
reported to have smooth morphology (Pasternak et al., 2019). In another study,
electropolymerized F membranes were noted to have rougher surface with nanopores
(Wang & Zhang, 2014). In addition to fabrication parameters, combination of
different materials with F can also play a role on morphology of membranes. It was
reported that addition of 30% (V/v) polyvinyl alcohol to F resulted in microporous
structure, whereas same ratio of glycerol yielded rougher surface with no pores

(Gedo et al., 2019).
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Figure 3.17. 1000X SEM images of a) 100:0 , b) 95:5, ¢) 90:0 and f) 80:20 F/sA

membrane groups (Scale bar: 100 um).

333 Equilibrium Swelling Analysis

Equilibrium analysis was performed by the gravimetric method (Figure 3.18). It was
observed that all F/sA groups reached to their maximum in 1 hour. It was revealed
that water uptake of 5% and 10% sA containing membranes were significantly higher
than that of 100% F containing 100:0 group. It was also noticed that starting from 4
hour, water uptake percentage of 80:20 group was significantly lower than that of

100:0 group.
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Figure 3.18. 24-hour equilibrium swelling profiles of the F/sA membrane groups

(n=3, p<0.05). Asterisk refers significant difference between the groups.

3.34 Weight Loss Analysis

F/sA membranes were subjected to weight loss analysis in order to investigate in
vitro stability of the samples (Figure 3.19a). It was found that sA percentage led to
increasing weight loss trend with 80:20 group having significantly the highest weight
loss at all time points. It was also noticed that weight loss occurred mainly on Day
1. This was expected since sA is a water-soluble polymer and was not crosslinked
(Daemi, Mashayekhi & Modaress, 2018). In water uptake analysis, it was observed
that even though addition of 5% and 10% sA led to significant increase, 20% resulted
in significant decrease, compared to F membrane. Considering the water uptake and
weight loss analyses together, it was concluded that lower water uptake of 20% sA
containing group was due to early weight loss. Weight loss analysis was also verified

with SEM imaging (Figure 3.19b-e). It was observed that 100:0, 95:5 and 90:8
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groups held their integrity, whereas visible deformations were present on 80:20

group.
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Figure 3.19. a) 14-day weight loss profiles of membrane groups (n=3, p<0.05).
1000X SEM images of b) 100:0, c) 95:5, d) 90:10 and e) 80:20 groups after 14 days
of incubation in PBS at 37°C (Scale bar: 100um). Single asterisk denotes statistical
significance between the groups. Double and triple asterisk are used show

significantly the highest and the lowest groups at the given time point, respectively.
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3.3.5 Water Contact Angle Measurement

Surface wettability of the F/sA scaffolds was determined by water contact angle
measurements (Figure 3.20). It was found that increasing sA content led to
decreasing water contact angle trend with 80:20 group having significantly the
lowest water contact angle. It is known that a scaffold’s composition and
morphology effect its surface wettability. In a study, lyophilized fibroin sponge
coated with electrospun fibroin fibers was found to have water contact angle around
42° (Yu et al., 2023). Another study reported that fibroin membrane had water
contact angle around 90° (Lan et al., 2022). It was also stated that coating of
polyether sulfonate fibers with sA lowers water contact angle form around 75° to 38°
(Salimi et al., 2018). It was also known that alginate is highly hydrophilic (Chen et
al., 2006; Aburabie et al., 2020). Although there were no reports on hydrophilicity
of the F/sA blends, decrease of the water contact angle was attributed to the
increasing content of sA, by taking previous literature into account. Water contact
angle was stated to effect adhesion of cells, by altering conformation of fibronectin.
It was mentioned that surfaces with water contact angle between 40-70° are able to
promote cell adhesion (Al-Azzam & Alazzam, 2022). Considering the present data,
95:5 and 90:10 groups were expected to promote cell viability and adhesion.
However, surface wettability of the membranes is expected to change, after initial

release of sA from the membrane groups.
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Figure 3.20. Water contact angles of membrane groups (n=3, p<0. 05). Triple

asterisk denotes significantly the lowest group.

3.3.6 Tensile Test

In order to determine the mechanical properties of the F/sA membranes, tensile test
was performed (Figure 3.21). It was determined that Young's modulus and tensile
strength decreased due to increasing sA concentration, while the elongation
percentage increased significantly. In a study examining the properties of
membranes containing various amounts of F and alginate, it was found that alginate
content up to 50% increase the percentage of elongation due to the increase in
intramolecular hydrogen bonds (Wang, et al., 2019). In another study examining the
effect of increasing F percentage on the mechanical properties of alginate
membranes, it was stated that up to 60% F increased the mechanical tensile strength

(de Moraes and Beppu, 2013).
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Figure 3.21. Young’s modulus (a), tensile strength (b) and strain percentage (c) of
membrane groups (n=4, p<0. 05). Single asterisk refers statistical significance
between the groups. Double and triple asterisk denote significantly the highest and

the lowest groups at the given time point, respectively.

3.3.7 Release of F and sA

Release of F and sA during in vitro biodegradation was monitored with BCA and
DMMB assay, respectively (Figure 3.22). In concordance with the weight loss,
highest release of F and sA was observed from 80:20 group. sA release was found to
be increasing with increasing sA ratio of the groups. It was also noted release of sA
also triggered release of F as well. SEM analysis after weight loss analysis also
revealed visible degradation in 80:20 group (Figure 3.19¢). It was mentioned in a
study that increased surface area of F scaffolds resulted in higher rate of degradation,

due to available chains for hydrolysis (Luo et al., 2015). sA was mentioned to reduce
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inflammation through decreasing expression of TNF-a in macrophages
(Kerschenmeyer et al., 2024). Periosteum’s healing process starts with inflammation
taking up to 48h (Lin et al., 2014). Hence, the membrane groups were not crosslinked

to allow sA to be released during the acute inflammation phase.
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Figure 3.22. a) Protein and b) sA release percentages from F/sA membrane groups

(n=3).

3.3.8 Cell Viability and Proliferation

In vitro biocompatibility of F/sA membranes was investigated, in order to determine
the effect of sA concentration on cell viability and proliferation (Figure 3.23). On
day 1, it was found that all groups had significantly higher cell viability than control
group (TCPS). Starting from day 4, it was revealed that 100:0 and 95:5 groups had
significantly higher reduction of alamarBlue™, than that of other groups. On days
10 and 14, viability of cells seeded on 80:20 group was significantly the lowest.
According to the cell viability and proliferation assay, 5% and 10% sA content was
considered as eligible for further studies. Final decision on F/sA membranes was

made according to their immunomodulatory properties.
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Figure 3.23. Percent reduction of alamarBlue™ by hADSCs seeded on F/sA
membranes. Cells seeded on TCPS was used as a control group (n=4, p<0. 05).
Single asterisk refers statistical significance between the groups. Double and triple
asterisk are used denote significantly the lowest and the highest groups at the given

time point, respectively.

3.3.9 Immunomodulatory Properties

Immunomodulatory properties of the F/sA ratio of the membranes were assessed by
using THP-1 monocytes. First, monocytes were differentiated into macrophages with
PMA (Daigneault et al., 2010). Differentiated cells were then treated with LPS to
stimulate proinflammatory cytokines (Chanput et al., 2010). Therefore, levels of Il-
1B were measured to examine immunomodulatory effect (Figure 3.24). It was found
that cells seeded on TCPS and stimulated with LPS presented significantly higher Il-
1B than thoseof cells seeded on TCPS and differentiated with PMA only. II-1B
released from cells seeded on all membrane groups and stimulated with LPS were
significantly lower than that of LPS group, for all groups. Notably, II-1p levels of
PMA differentiated cells were similar to those of F/sA 95:5, 90:10 and 80:20 groups.
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For the other study, cells were treated with ATP, to induce formation of NLRP3

inflammasomes (Sutterwala, Haasken, & Cassel, 2014).

NLRP3 inflammasomes play role in both inflammatory signaling and innate
immune, which can cause rejection of the implant. (Blevins et al., 2022). By lowering
the Caspase-1 levels, formation of immune infiltration can be lowered and acute graft
rejection can be prevented (Wu et al., 2023). Hence, the concentration of Caspase-1
was investigated to examine immunomodulatory properties of the membrane groups
(Figure 3.24) ELISA revealed that ATP treatment significantly increased Caspase-1
levels in all groups. Similar to I1-1B, Caspase-1 levels were significantly lower for
all membrane groups, compared to ATP group consisting of cells seeded on TCPS.
Again, sA ratio more than 5% did not lead to any significant decrease. It was
previously reported that electrospun F fibers did not contribute to
immunomodulation of Raw 264.7 macrophages (Akbaba et al., 2021). However, it
was also mentioned that immunomodulatory properties of F depend on structure and
processing of the scaffold (Motta et al., 2009). Moreover, sA was mentioned to
perform as an immunomodulatory biomaterial. It was reported that sA hydrogels
decreased expression of TNF-a of mouse bone marrow derived macrophages primed
with LPS and IFN-y (Huang et al., 2023). Considering that sA content more than 5%
led to significantly lower cell viability and did not significantly decrease I1-1B and
Caspase-1 levels, it was concluded that F/sA 95:5 group would be used for further

studies.
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Figure 3.24. a) Extracellular IL1B from PMA differentiated and LPS induced THP-
1 cells seeded on F/sA membranes. PMA differentiated cells seeded on TCPS was
used as negative control whereas PMA differentiated and LPS induced cells seeded
TCPS was used as positive control (n=4, p<0.05). b) Intracellular CASP1 from PMA
differentiated and ATP induced THP-1 cells seeded on F/sA membranes. PMA
differentiated cells seeded on TCPS was used as negative control whereas PMA
differentiated and ATP induced cells seeded TCPS was used as positive control (n=4,
p<0. 05). Single asterisk denotes statistical significance between the groups. Double
and triple asterisk are used denote significantly the lowest and the highest groups at

the given time point, respectively.
34 Characterization of Exosome Groups

34.1 TEM Imaging

The morphology of exosomes isolated from the F12 group (exosomes isolated from
untreated cells) was examined by TEM (Figure 3.25). Exosomes were observed as

round shaped and intact (Hosseini-Beheshti et al., 2016).
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Figure 3.25. TEM image of exosomes from F12 group (Scale bar: 50 nm).

3.4.2 Size and Concentration of Exosome Groups

Particle size of exosomes isolated from different experimental groups was
determined by nanoparticle tracking analysis (Figure 3.26a). The average size data
for all groups was similar and found to be in the range of 30-200 nm, which is
accepted for exosomes (Gurung et al., 2021). Effect of treatment to exosome yield
was also investigated (Figure 3.26b). It was determined that the exosome
concentration obtained from cells treated with 8B HA was significantly higher than
the F12 group that was not subjected to any treatment. No differences were found
between other groups. It is stated in the literature that 4x10” stem cells can produce
3-3.5x10' particle exosomes within 48 hours (Kordelas et al., 2014). Present data
obtained from exosomes isolated from 2x107 cells were found to be similar to the
indicated quantity. No significant difference was detected between the average sizes
of the exosome groups. This situation is thought to be due to the isolation of

exosomes by ultracentrifugation (Yakubovich et al., 2022).
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Figure 3.26. Mean particle size (a) and concentration (b) of exosome groups (n=3,
p<0.05). Asterisk was used to refer statistical significance between groups. Double
and triple asterisk were used denote significantly the lowest and the highest groups

at the given time point, respectively.

343 Protein Content

It has been reported in the literature that more than 40,000 proteins were detected in
the exosomes of 10 species. It was also stated that these proteins may belong to
general processes such as cargo, exosome release, membrane fusion, and may also
be associated with carcinoma, sarcoma, melanoma, neurological disorders,
cardiovascular diseases, and immune response (Li et al., 2023). Protein content of
exosome samples was determined with BCA assay (Figure 3.27). The amount of
exosomal protein was normalized to the exosome concentration so that the exosomal
content could be evaluated independent from the concentration (Li et al., 2022b). It
was determined that the amount of exosomal protein was the lowest e in the 8B HA
group. In addition, it was determined that all HA groups caused a significant decrease

in the amount of exosomal protein.
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Figure 3.27. Protein contents of exosome groups per 10'° particles (n=3, p<0. 05).

Asterisk refers statistical significances between the groups.

3.4.4 DNA Content

Exosomal DNA content was measured by PicoGreen dye (Figure 3.28). It was
determined that the amount of exosomal DNA caused a significant decrease in all
groups HA treated groups. Significantly, the lowest amount of DNA/exosome was
detected in the 8B HA group. It has been stated in the literature that exosomal DNA
is associated with cell proliferation, programming of immune cells, metastasis,
resistance and epigenetic changes that play a role in cancer mechanisms
(Bhattacharya et al., 2023). It is thought that the decrease in the amount of exosomal
DNA may make the therapeutic use of these exosomes advantageous. It was also
reported that exosomal DNA participates in innate immune response (Malkin &
Bratman, 2020). Malaria infection is known occur through transmission of exosomal
DNA (Sisquella et al., 1985). Hence, exosomal DNA is can also play role in implant

rejection.
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Figure 3.28. DNA contents of exosome groups per 10'? particles (n=3, p<0. 05).

Asterisk denotes statistical differences between the groups.

3.4.5 RNA Content

In order to examine the effect of the amount of RNA in exosomes on experimental
groups, RNA amounts of the isolated samples was determined
spectrophotometrically (Figure 3.29). When the effects of HA treatment groups on
exosomal RNA released by hADSCs were examined, it was determined that 8B HA
and 8B 4ZnHA groups caused a significant increase in the amount of exosomal RNA
compared to F12 and HA groups. In a study comparing the RNA contents of
exosomes obtained from BMSCs and ADSCs, it was stated that ADSCs contain
RNAs belonging to osteogenic genes such as ALP (Baglio et al., 2015). It was
previously mentioned that treatment of with HA groups affected viability and
osteogenic differentiation of hADSCs. In a study, it was stated that exosomes
isolated from pre-differentiated hBMSCs significantly increased osteogenic

differentiation of hBMSCs, compared to exosomes isolated from non-differentiated
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hBMSCs (Li et al., 2024). Considering the literature and the available data, increased
RNA content may be attributed to transcriptomic differences between groups, as a

result of treatment.
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Figure 3.29. RNA contents of exosome groups per 10'* particles (n=3, p<0.05).

Asterisk denotes statistical differences between groups.

3.5  InVitro Properties of Exosome Loaded F/sA Membranes

3.5.1 Cell Viability and Proliferation

The effect of exosomes on the viability and proliferation of hADSCs was determined
by alamar blue assay (Figure 3.30). It was determined that the viability of the cells
seeded on TCPS was significantly higher on the 1% day and significantly lower on
the 4™ and 7™ days compared to the other groups. No significant difference could be
determined between the groups on day 10. On the 14" day, it was noted that the cell
viability of the 8B 4Zn group was significantly higher than that of the TCPS and F12
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groups. In a study conducted with exosomes obtained from induced pluripotent cells,
it was reported that the mentioned exosomes increased the viability of human dermal
fibroblasts (Kim et al., 2018). In another study, it was stated that exosomes isolated
from hADSCs at a concentration of 2.14x10'? particles/ml did not cause a significant
change in cell viability on the SKINETHIC™ skin model (Ha et al., 2020). Apart
from regeneration, hADSCs can also participate in immunomodulation by cell-to-
cell contact and paracrine activity. Stem cells are reported to involve in both innate
and adaptive immune responses, with their immunomodulatory effects primarily
occurring through interactions with immune cells via direct contact and paracrine
signaling. These interactions involve T-cells, B-cells, natural killer cells,
macrophages, monocytes, dendritic cells, and neutrophils (Song et al., 2020). Hence,
promotion of viability and proliferation of stem cells are considered to be important

for regeneration around the implant area.
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3.5.2 Osteogenic Differentiation

Osteogenic differentiation analysis was performed on hADSCs to determine the
effect of experimental groups on osteogenic differentiation. As a result of the studies,
it was determined that the osteogenic cell medium caused a significant increase in
COL1A1 and RUNX2 gene expressions and the amount of osteocalcin (Figure 3.31a,
b). Considering COL1A1 and RUNX2 gene expressions, it was determined that the
8B HA group had osteogenic activity similar to the TCPS+ group and significantly
higher than the F/sA group. Unlike the gene expression analysis results, the amount
of osteocalcin was found to be significantly higher in the HA and 8B 4Zn H groups
compared to the other groups (Figure 3.31c). COL1A1 gene expression is regulated
by MRTF-A activation as a result of the RHOC/ROCK, TGF-p and WNT/CTNNB
pathways (Meng et al., 2018). RUNX2 expression is regulated by the Jagged/NICD,
WNT/CTNNB, BMP/SMAD and TGFB/SMAD pathways, as well as directly by
vitamin D (Rutkovskiy et al., 2016). Similarly, OCN is regulated by WNT/CTNNB,
RUNX2, in addition to vitamins D and K. Additionally, OCN synthesis occurs later
than COL1Al and RUNX2 expression (Li et al., 2016). It is thought that the
differences observed in gene expression analysis and ELISA results might be due to
the activation of different pathways or the synthesis pathway of osteocalcin, a late

osteogenic protein, activated sufficiently after 2 weeks of cultivation.
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Figure 3.31. Expression of a) COL1AL and b) RUNX2 relative to ACTB for cells
seeded on groups (n=3, p<0.05). ¢) Amount of OCN released from hADSCs seeded
on membrane groups, relative to DNA (n=4, p<0.05). Single asterisk refers
statistically significant difference whereas double asterisk denotes significantly
lowest groups. TCPS— stands for cells cultivated on TCPS with cultivation media

while TCPS+ refers cells cultivated on TCPS with osteogenic media.
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353 Immunomodulation

3531 TLR4 Activation

In order to examine effects of exosome groups on in vitro inflammation in samples
treated with LPS, the expression of NFKB and IL10 was determined relative to
RPL13 expression (Figure 3.32a, b). Additionally, the amount of extracellular IL1B
was determined by ELISA (Figure 3.32c). The results obtained were normalized
according to the amount of DNA (Park et al., 2007; Panilaitis et al., 2003). As a result
of the analyses, it was determined that LPS treatment significantly increased NFKB
gene expression and the amount of Il-1B, and significantly decreased IL10 gene
expression. It was determined that F/SA membranes had an immunomodulatory
effect by significantly reducing the amount of IL1B and increasing IL10 gene
expression. When exosome contributions were examined, it was determined that
F12, HA, 8B 4Zn HA groups caused a significant decrease in NFKB gene expression,
which is an inflammation marker, and anti-inflammatory 1L10 gene expression,
compared to the F/sA group. NFKB gene expression can be activated by IL1B and is
also regulated by TLRs, TCN and TNFR (Weber et al., 2010; Yu et al., 2020b). For
this reason, it is thought that analyzing the expressions of other genes belonging to
these pathways is necessary to explain the current situation. IL10 gene expression
was in concordance with IL1B. It was determined that the IL10 gene expression of
the F/sA group was significantly less than the 8B HA and 8B 4Zn HA groups. 1L10
expression in macrophage cells is regulated by activation of ERK protein following
TLR2 and TLR4 activation (Saraiva and O'garra, 2010). Similarly, IL1B is regulated
by TLR activation following LPS stimulation (Weber et al., 2010).
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Figure 3.32. Expression of a) NFKB and b) IL10 relative to RPL13 from PMA
differentiated and LPS treated THP-1 macrophages seeded on groups (n=3, p<0.05).

c) Amount of IL1B released from THP-1 macrophages, relative to DNA (n=4,

p<0.05). Single asterisk refers statistical significance between the groups whereas

triple asterisk denotes significantly the highest group at the given time point.

354 NLRP3 Inflammasomes

In order to examine inflammasome formation in samples treated with ATP, the

expression of CASP1 and IL1B genes was determined in proportion to RPL13 gene
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expression (Figure 33a, b). In order to examine inflammasome formation at the
proteome level, the relative amount of CASP1 in the cells was determined with
ELISA (Figure 33c). The results obtained were normalized according to the amount
of DNA. As a result of stimulation of macrophages with ATP, NLRP3
inflammasomes were formed. As a result, CASP1 levels increase, which in turn
increases IL1B levels. For this reason, it was aimed to investigate the expression
levels of the mentioned genes (He, Hara, & Nufiez, 2016). As a result of the analyses,
it was determined that exosome contributions did not have any effect on the /L/B
expression of ATP-induced macrophages. Consistent with previous analyses, it was
determined that the F/sA group caused a significant decrease in CASPI expression
and protein amount compared to the TCPS+ group. Additionally, considering
exosome contributions, F12, HA and 8B HA groups were found to increase CASP/
expression compared to the F/sA group. Similar results could not be obtained for the
amount of CASP1. It was determined that the amount of intracellular CASP1 in the
8B 4Zn HA group was significantly higher than other exosome loaded groups. It has
been reported in various studies that zinc plays a role in CASP1 activation (Brough
et al., 2009; Truong-Tran et al., 2001). It is thought that the differences at the
transcriptome and proteome levels may result from zinc-dependent CASP1

activation.
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Figure 3.33. a) CASPI and b) ILIB expression of PMA differentiated and ATP
treated THP-1 macrophages seeded on groups relative to RPL13 (n=3, p<0.05). c)
Amount of CASPI released from THP-1 macrophages, relative to DNA (n=4,
p<0.05). Single asterisk is used to refer statistical significance between the groups.
Double and triple asterisk denote significantly the lowest and the highest groups at

the given time point, respectively.
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3.5.5 Angiogenesis

In order to examine the effect of the groups on angiogenesis on the expression of
NOS3 and VEGFA (Figure 34a, b) and the amount of VEGFA was determined
(Figure 34c). Although no difference in VEGFA expression was detected, it was
determined that VEGFA amounts of the F/sA, F12 and 8B 4Zn HA groups were
significantly lower than the TCPS group. It was also found that the expression of
NOS3 of the HA group was significantly higher than that of TCPS group. It was
mentioned that exosomes may play an angiogenic or anti-angiogenic role.
Angiogenic signals in the exosome cargo can be VEGF, MMP or miRNAs, while
anti-angiogenic signals can be angiopoietin, angiostatin and collagen (Olejarz et al.,
2020). Stem cell exosomes can increase the expression of angiogenic genes with
miRNAs, as well as anti-angiogenic signals with VEGF inhibition. Considering the
available data, it can be suggested that the HA group has the potential to support

angiogenesis.
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Figure 3.34. Expression of a) NOS3 and b) VEGFA and c) relative amount of VEGFA
of HUVEC:s treated with membrane groups (n=4, p<0.05). Single asterisk denotes

statistical significance between the groups.
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CHAPTER 4

CONCLUSION

In this study, novel F/sA composite scaffolds loaded with exosomes of hADSC
treated with pure, and doped HA, were developed for periosteal tissue engineering.
Developed a periosteal implant was intended to restore lost periosteum, improve
bone regeneration process and shorten healing time. B and Zn-doped HA was
investigated for the first time as well. B and Zn release was found to occur mostly
within 48 hours, which is a critical timespan for initial cell attachment and
angiogenic and immunomodulatory properties for a biomaterial. /n vitro bioactivity,
cell viability and proliferation, osteogenic differentiation and angiogenesis were
found to be improved by B and Zn. It was concluded that B and Zn can be utilized
to provide complementary effects, needed for bone tissue engineering. Investigation
of antimicrobial and immunomodulatory properties of B and Zn co-doped HA can

be done to assess further applications of this biomaterial.

In the scope of this thesis, novel F/sA membranes were fabricated and characterized
as well. It was revealed that 20% sA led to loss of integrity. F/A ratio of 95:5 was
found to be increasing cell viability and proliferation as well as enabling
immunomodulation. In this study, M1 macrophages were used to determine
immunomodulatory effect of the membrane groups. Further studies can be
considered to subject response from T-cells in an in vivo model, to demonstrate

implant success.

Exosomes were isolated from hADSCs treated with different pure and doped HA
groups to evaluate changes in content, for the first time as well. Exosome yield was
found to increase with B. HA treatment led to decrease in protein and DNA in
general. Interestingly, RNA content was found to significantly higher for B-doped
HA and B and Zn doped HA groups, indicating dopants also play role in composition
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of exosomes. In vitro effects of F/sA membranes loaded with exosomes were
investigated for its potential use. It was revealed that exosome loaded F/sA
membranes significantly increased initial attachment and proliferation of hADSCs.
Osteogenic differentiation was supported by all treated groups. Exosome loaded
groups were also found to be immunomodulatory, except 8B 4Zn HA group. Overall,
it was shown that exosome loaded F/sA membrane holds potential by its regenerative
and immunomodulatory properties. It is considered that further identification of
contents of exosomes through transcriptomic and proteomics would explain their
effects on recipient cells and identify their potential use in tissue engineering

applications.
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APPENDICES

A. BCA Calibration Curve (n=3)
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B. DMMB Calibration Curve (n=3)
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C. DNA Calibration Curve (n=3)
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D. p-nitrophenol Calibration Curve (n=3)
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E. OCN Calibration Curve (n=3)
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F. IL1B Calibration Curve (n=3)
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G. CASP1 Calibration Curve (n=3)
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H. VEGFA Calibration Curve (n=3)
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