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ABSTRACT

DEVELOPMENT AND CHARACTERIZATION OF SURFACE-
MODIFIED EMULSION TEMPLATED SCAFFOLDS FOR TISSUE
ENGINEERING APPLICATIONS

Emulsion templating is an advantageous scaffold fabrication method that provides
high and open porosity. In this method, water-in-oil emulsions are obtained by mixing
hydrophobic polymers and water. Polymerized emulsions with an internal phase greater
than 74% are named high internal phase emulsions (PolyHIPES). Polycaprolactone is a
synthetic, biodegradable and biocompatible polymer widely used in tissue engineering,
but its hydrophobicity limits cell-material interactions. Accordingly, this study aims to
develop and characterize the NaOH-treated emulsion templated polycaprolactone
tetramethacrylate (4PCLMA)-based scaffolds to improve its biological performance.
Firstly, 4APCLMA pre-polymer was synthesized by ring-opening polymerization and
functionalized with methacrylate groups. 4PCLMA was successfully synthesized with
~97% degree of methacrylation. 4PCLMA PolyHIPEs were fabricated by emulsion
templating and post-treated with sodium hydroxide (NaOH) at three different
concentrations and incubation times. The effects of NaOH treatment on mass loss, water
absorption capacity, mechanical characteristics, surface area, hydrophilicity and
biological performance of the scaffolds were investigated. The morphologies of the
scaffolds were investigated using SEM. NaOH treatment reduced the weight and
mechanical strength of the scaffolds, but it also increased the water absorption capacity,
hydrophilicity, surface area and protein adsorption of the scaffolds. Chemical changes in
PolyHIPEs after NaOH treatment were confirmed via spectroscopy. In vitro results
showed that NaOH treatment did not cause cytotoxicity on L929 cells and positively
affected the cell attachment and proliferation behaviour of Saos-2 cells. As a result of this
study, NaOH treatment was investigated as an alternative surface modification technique
to improve the hydrophilicity and biological performance of emulsion-templated
scaffolds.



OZET

DOKU MUHENDISLIGI UYGULAMALARI IiCIN YUZEY
MODIFIKASYONU UYGULANMIS, EMULSIYON SABLONLAMA
YONTEMI ILE URETILMIS iSKELELERIN GELISTIRILMESI VE
KARAKTERIZASYONU

Emiilsiyon sablonlama, yiiksek ve acik gézeneklilik saglayan avantajh bir iskele
tiretim yontemidir. Bu yontemde hidrofobik polimerlerin su ile karistirilmasiyla yag
icerisinde su (W/0) emiilsiyonlar1 elde edilir. I¢ faz hacmi %74'in iizerinde olan
polimerize emiilsiyonlar, yiiksek i¢ fazli emiilsiyonlar (PolyHIPE'ler) olarak adlandirilir.
Polikaprolakton, doku miihendisliginde yaygin olarak kullanilan sentetik, biyolojik
olarak bozunabilen ve biyouyumlu bir polimerdir, ancak malzemenin hidrofobik karakteri
hiicre-materyal etkilesimlerini sinirlamaktadir. Bu nedenle, bu calisma kapsaminda,
emiilsiyon sablonlama yontemi ile iiretilmis, polikaprolakton tetrametakrilat (4PCLMA)
esasl iskelelerin biyolojik performanslarini artirmak igin iskelelerin alkali muamelesi ve
elde edilen iskelelerin karakterize edilmesi amaclanmistir. ilk olarak halka acma
polimerizasyonu ile 4PCLMA pre-polimeri sentezlenmis ve metakrilat gruplari ile
fonksiyon kazandirilmistir. 4PCLMA ~%97 metakrilasyon derecesi ile basariyla
sentezlenmis, 4PCLMA esasli PolyHIPE'ler emiilsiyon sablonlama yontemi ile tiretilmis,
tic farkli konsantrasyonda ve inkiibasyon siiresinde sodyum hidroksit (NaOH) ile
muamele edilmistir. NaOH isleminin iskelelerin morfolojileri, kiitle kaybi, su tutma
kapasitesi, mekanik ozellikleri, yiizey alani, hidrofilisitesi ve biyolojik performansi
tizerindeki etkileri arastirilmistir. NaOH uygulamasinin iskelelerin agirligini ve mekanik
mukavemetini azalttigt ancak aym1 zamanda iskelelerin su tutma kapasitesini,
hidrofilisitesini, yiizey alanin1 ve protein adsorpsiyon kapasitesini artirdig1 goriilmiistiir.
NaOH isleminden sonra PolyHIPE'lerdeki kimyasal degisiklikler spektroskopi ile
dogrulanmigtir. In vitro sonuglar, NaOH uygulamasimin L1929 hiicreleri iizerinde
sitotoksisiteye neden olmadigini ve Saos-2 hiicrelerinin tutunma ve ¢ogalma davranisini
olumlu yonde etkiledigini gostermistir. Bu ¢alisma sonucunda NaOH muamelesinin,
emiilsiyon sablonlama ile iretilmis doku iskelelerinin hidrofilisitesini ve biyolojik
performansin1 artirmak adina alternatif bir ylizey modifikasyon yontemi olarak

kullanilabilecegi gosterilmistir.

Vi
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CHAPTER 1

INTRODUCTION

1.1. Bone Physiology and Hierarchy

Bones are complex structures with vascular and neural networks, consisting of
components such as bone tissue, bone marrow and bone membrane (periosteum)
(Wentao Zhang et al. 2022). The primary function of bones is protecting vital organs
and providing the required rigidity for skeletal movement (Lijun Wang et al. 2022;
Blumer 2021). Additionally, bones play a crucial role in the production and storage of
blood cells (haematopoiesis). They also serve as a reservoir for minerals (such as
calcium and phosphorus), growth factors, and cytokines (Su et al. 2019). Bones are
specialized connective tissue consisting of four major cell types: osteoblasts, osteocytes,
bone lining cells, and osteoclasts (Fuchs, Thompson, and Warden 2018). It is
additionally a dynamic organ, with osteoclasts constantly resorbing and osteoblasts
continually neo-forming (Rinaldo et al. 2015). They have a complex and functional
structure that includes both organic (more than 30 proteins including type | collagen)
and inorganic substances (primarily crystalline hydroxyapatite (HA)) in terms of their
biochemical structure (K. Zhu and Prince 2015; Feng 2009). Bone tissue is a composite
structure that provides the body protection and structural support. Bone tissue is a
complicated and hierarchical structure that exists on multiple scales, ranging from

macroscale to sub-nanoscale. The hierarchical structure of bone is shown in Figure 1.
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Figure 1. The hierarchical structure of bone from macrostructure to subnanostructure.

The bone is composed of an organic matrix, primarily collagen, and a mineral
phase (HA) at the macroscopic level. Depending on the combination of these components,
the properties of bone, such as hardness, durability and toughness, may vary (Fratzl et al.
2004). When the bone is examined on a microscale, it is seen that it consists of Haversian
canals, which are approximately 100 um in diameter and have a cylindrical structure. The
Haversian canal is a structure containing blood vessels and nerves, and osteons consist of
layers surrounding the Haversian canal. Osteons contain lamellae, which display different
fiber patterns and consist of layers of collagen fibers. Thanks to its structure, it provides
resistance against crack propagation and increases the strength of the bone (D. Zhang,
Chippada, and Jordan 2007). The characteristic structure of these layers is important for
the mechanical flexibility of bone tissue (Zuo and Wei 2007). Bone consists of nanoscale
collagen fibers with a diameter of approximately 5 pm. These collagen fibers form the
organic phase of bone and ensure mineral accumulation. In this way, it contributes
significantly to the tensile strength and flexibility of bone (Fratzl et al. 2004). We see that
bone consists of mineralized collagen fibrils at the subnanoscale, approximately 500 nm
in diameter. These fibrils consist of HA nanocrystals and collagen molecules. The mineral
phase strengthens the collagen matrix and increases the compressive strength and
hardness of the bone. At the subnanoscale, the structure of bone consists of collagen and
HA molecules (Duchstein and Zahn 2011). Collagen molecules form a triple helix
structure, with HA crystals forming on the collagen molecules (Nikolov and Raabe 2008).
Understanding this hierarchical organization of bone is necessary to develop biomaterials

suitable for bone tissue.



1.2. Bone Tissue Engineering

People may suffer tissue and organ loss or damage because of genetic disorders,
accidents, or diseases. Such losses can seriously reduce the quality of life of individuals
by making it difficult for them to continue their daily lives. Bone fractures are an
important worldwide health problem that has significant financial costs. According to the
report from the Global Burden of Disease Study 2019, the total number of new fracture
cases worldwide was estimated to be 178 million, highlighting the substantial and
widespread impact of bone deformations and fractures as a major health concern
worldwide (A. M. Wu et al. 2021). Every year, 4 million people worldwide need bone
transplantation or bone replacement surgery. Studies predict that by 2025, there will be 3
million age-related bone problems in the US, up from 2.1 million elderly people in 2005
(Amin et al. 2014). In parallel, fracture cases in Europe are expected to increase by
approximately 28% from 2010 to 2025 due to the increasing population. Large bone
defects are the leading cause of disability worldwide, and the condition affects the lives
of approximately 1.71 billion people. Therefore, the clinically effective treatment of bone
diseases has critical importance (Bauso et al. 2024).

Bones have a structure that is constantly restructuring, responds to stimuli, and
can heal damage caused by trauma. Bone tissue can renew itself; however, when the
extent of damage reaches critical levels, this natural healing process may not be sufficient.
Complex fractures in bones and conditions such as cancer can cause damage beyond their
ability to heal. Such severe damage can usually be healed by surgical intervention (Su et
al. 2019). Available surgical procedures often include methods such as ceramic fillings,
titanium nails, or total joint replacements. In these methods, materials that remain
permanently in the body and cannot be broken down may cause biological problems such
as infection or mechanical problems in the body (Szczgsny et al. 2022). Bone grafts are
currently frequently used in the clinic to treat bone tissue damage.

Bone grafts are classified based on the sources from which they are obtained
(Figure 2). In general, bone graft materials are examined in three groups: autografts,
allografts, and xenografts (Wickramasinghe, Dias, and Premadasa 2022). Autografts are
obtained from the same body from a different unaffected site (Archunan and Petronis
2021). The iliac crest, mandibular symphysis (chin region), external oblique ridge, and



proximal ulna are possible sources of autografts (Zhao et al. 2021). However, it might
lead to complications related to harvesting.

A AUTOGRAFT oaocerr o ooy B
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Figure 2. Types of bone grafts include allograft, autograft, and xenograft.

Allograft involves transplanting tissue from one individual to another of the same
species. Allografts are extensively employed in medical fields to repair or replace
damaged tissues, with applications ranging from bone reconstruction to the restoration of
tendons, ligaments, skin, and heart valves (Kohnken, Porcu, and Mishra 2017). A
xenograft is used primarily in medical and biological research, where tissues or cells from
one species (commonly mice, rats and bovine) are transplanted into another species
(usually human). This model is widely used in cancer biology, pharmacology, and tissue
engineering. In clinical trials, patient-derived xenograft (PDX) models provide a
fundamental and effective approach to studying cancer biology. (Koga and Ochiai 2019;
Kohnken, Porcu, and Mishra 2017). The advantages and disadvantages of all types of

grafts are shown in Table 1.



Table 1. Advantages and disadvantages of types of grafts.

Types of grafts Advantages Disadvantages References
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infections

Brayton 2017)

There are several disadvantages of bone grafts, including the possibility of disease
transmission, donor-site morbidity, and restricted donor availability, depending on the
type, as presented in Table 1 (Roberts and Rosenbaum 2012). At this point, tissue
engineering offers new approaches for bone tissue damage. One of the main purposes of
tissue engineering is to repair or regenerate damaged tissues and organs.

Tissue engineering consists of three main components. There are cells, signal
molecules and scaffolds (\VVacanti 2006). New tissue matrices are synthesized by the cells
at the damage site, while scaffolds offer temporary 3D frameworks to promote cell
proliferation and differentiation. The signal molecules promote the division of cells and
the growth of new tissue at the defect site (Hutmacher et al. 2007). The ability of the
scaffold to promote specific cellular responses and direct tissue regeneration can be
enhanced by using growth factors or bioactive molecules. By using growth factors or
bioactive molecules in scaffold production, biomaterials that support the regeneration of
different tissues can be created (Ozkendir et al. 2024). The goal of bone tissue engineering

is to gradually integrate into the patient to replace the damaged bone with functional live
5



tissue. Since bone is constantly remodelling, a biodegradable scaffold will disintegrate if
the timing is correct, replacing the biomaterial as the native tissue at the implanted place
remodels and grows again. By combining the scaffold with the patient’s own cells,
regeneration can occur not only at the material interface but throughout the scaffold
(Amini, Laurencin, and Nukavarapu 2012). Therefore, the development of bioactive,
biocompatible and biodegradable 3D porous scaffolds that can provide a suitable
environment for cellular activity is a critical issue for bone tissue engineering.

Scaffolds provide many advantages in the regeneration of bone tissue (Seunghun
S. Lee et al. 2022). These 3D scaffolds can be used as filling material for the defective
area, as structural support or as temporary extracellular matrix (ECM) and provide
support until the bone cells form their own ECM environment. A scaffold to be used as
an ideal bone graft should be biocompatible, biodegradable, mechanically compatible,
and have osteoconductive and osteoinductive properties (Qu et al. 2019).

Scaffolds used in tissue engineering are structures that provide support for cell
attachment, proliferation and differentiation. The design and architecture of scaffolds
significantly affect their effectiveness in promoting tissue regeneration (Chan and Leong
2008). One of the important things to consider in scaffolding design is porosity. Porous
structure plays a crucial role in scaffold design because it significantly affects cell
infiltration, nutrient and oxygen diffusion, and waste removal (Loh and Choong 2013).
Additionally, high porous structure is also important for vascularization, which is
necessary for tissue regeneration (Chiu et al. 2011). Porous structure can be examined in
two groups: open porous structure and closed porous structure. An open porous structure
allows cells, nutrients, and metabolic waste to move freely (Figure 3). An open porous
structure is necessary to promote cell migration and cell proliferation and for better
integration of the material with the host tissue. Closed porous structure, on the other hand,
consists of pores that are not connected and limit the movement of cells, tissues and
metabolic wastes (Loh and Choong 2013). Although closed pore structures increase the
mechanical strength of the scaffold, they are insufficient to support tissue integration and

vascularization (Chan and Leong 2008).



Figure 3. Representation of the open and close porous structures.

Porosity can not only be achieved by conventional methods but porous fiber
structures can also be obtained using techniques such as electrospinning. These structures

can more closely mimic the ECM (Bhardwaj and Kundu 2010).

1.2.1. Biomaterials

1.2.1.1. Ceramics

There are four main types of biomaterials: ceramics, polymers, composites and
metals. The former three types of biomaterials are more widely used as tissue engineering
scaffold material. Ceramics such as HA, bioactive glass and tricalcium phosphate are
important materials used as bone substitutes due to their biocompatibility and
osteoconductive properties. The most important feature of these materials is that they



mimic the mineral component of bone well, promoting bone cell attachment and
proliferation. In contrast, ceramics have serious disadvantages, such as fragility.
Considering this disadvantage, the use of materials in non-load-bearing applications gives
better results. In addition, processing techniques used on ceramic materials expand their

application areas by improving their mechanical properties (Rezwan et al. 2006).

1.2.1.2. Polymers

Polymers are examined in two groups, natural and synthetic, depending on
whether their origin and production processes are natural or not. Natural polymers such
as collagen, fibrin, gelatin, chitosan, and silk are extracted from organic sources,
including plants, microorganisms, and algae or animals. On the other hand, synthetic
polymers, also known as manufactured polymers, including polylactic acid (PLA),
polycaprolactone (PCL), poly(lactic-co-glycolic acid) (PLGA), polyglycolic acid (PGA),
and polyvinyl alcohol (PVA) that are artificially produced in laboratories (Satchanska,
Davidova, and Petrov 2024). These synthetic polymers are currently used to produce
biodegradable scaffolds (Place et al. 2009).

Synthetic polymers have several advantages over natural polymers, including
tunable properties and established structures. Controlling the molecular weights of
synthetic polymers offers an advantage that allows the polymerization process,
interconnection of chains, and functionality to be directed as desired (McDonald et al.
2023; Gunatillake, Adhikari, and Gadegaard 2003; Javid-Naderi et al. 2023).
Furthermore, due to well-defined chemical manufacturing processes, synthetic polymers
are reproducible, offering performance reliability that is essential for clinical applications
(Thang, Chien, and Cuong 2023). Also, natural polymers can have significant batch-to-
batch variation and slower production rates compared to synthetic polymers (N. Zhang
and Kohn 2012). Synthetic polymers also allow for easy modification with functional
groups, enabling the integration of bioactive molecules, growth factors, or cell adhesion
peptides to enhance cell attachment, proliferation, and differentiation (Tessmar, Mikos,
and Gopferich 2003; Bolivar-Monsalve et al. 2021). Conversely, natural polymers, such
as collagen and fibrin, have complex structures and can be expensive to make and purify,
even though they are biocompatible and biodegradable. In addition, synthetic polymers
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are also advantageous due to ethical considerations as they do not require the procurement
of resources from humans or animals, hence avoiding related ethical issues.
The advantages and disadvantages of natural and manufactured polymers are

compared in Table 2.

Table 2. Advantages and disadvantages of natural and synthetic polymers.

Source Examples Advantages Disadvantages References
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Synthetic polymers can be classified as thermoplastics and thermosets based on
their behaviour when they are exposed to heat (Oladele et al. 2023). Thermoplastic
polymers can soften and change shape when heated and return to their original shape
when cooled again. Due to this property, they can be melted and shaped repeatedly,
making them ideal for recycling. These materials are generally soluble in organic
solvents. They exhibit properties such as being soft, weak, and less brittle compared to
thermoset polymers (Birca et al. 2019; Radlmaier et al. 2017). On the other hand,
thermoset polymers form network-shaped bonds, which provide thermosets with superior

resistance to heat and chemicals (Massy 2017). These materials are insoluble in organic



solvents. They are characterized by their hardness, strength, and brittleness. (Ahmad,
Razali, and Razelan 2017).

PCL is a widely used synthetic polymer that is biocompatible, non-toxic and has
favourable properties. PCL is a hydrophobic and semi-crystalline polymer. Its melting
point ranges around 60 °C. The average molecular weight of the commercially available
linear PCL vary between 3,000 and 90,000 g/mol, and they are graded based on the
molecular weight (Woodruff and Hutmacher 2010). A chemical drawing of commercially

available linear thermoplastic PCL is shown in Figure 4.

Figure 4. Chemical structure of commercially available linear PCL.

As the molecular weight of PCL increases, its crystallinity decreases. PCL is an
advantageous polymer for potential applications in the biomedical industry due to its
compatibility, low melting point, and variety of solubility (Malikmammadov et al. 2018).
PCL and PCL-based materials can be used as promising materials in areas such as
controlled drug release, scaffold production, artificial organs, and nerve regeneration.
PCL can be prepared by ring-opening polymerization of e-caprolactone, a cyclic
monomer, using different catalysts (such as anionic, cationic and coordination). The
molecular weight, molecular weight distribution, and end group composition obtained in
both methods affect the chemical structure of the polymer (Woodruff and Hutmacher
2010). PCL can be dissolved at room temperature in various solvents such as chloroform,
dichloromethane (DCM), benzene and toluene (Temtem et al. 2008). Additionally, the
biodegradation period of PCL is limited to a few years (Murray et al. 2015). Due to its
high biocompatibility and thermoplasticity, PCL has been used in various biomedical
applications and has had many successful commercial applications. PCL has been used

in many applications for bone and cartilage tissue engineering (C. S. Wu and Liao 2012).
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1.2.1.3. Composites

Composite biomaterials are produced by combining two or more materials with
dissimilar physical or chemical properties. A composite material is produced when the
properties of two or more separate materials combine. This composite material has
distinctive features from the individual components. Composite biomaterials are
advantageous as they can be tailored to specific applications, offering improved
mechanical, biological, and chemical properties over traditional biomaterials (Aslam
Khan et al. 2021).

Composite biomaterials are generally categorized based on their matrix materials,
which are polymers or ceramics (Aslam Khan et al. 2021). Polymer matrix composites
are generally reinforced with bioactive ceramics to increase their mechanical properties
and bioactivity (J.L. Robinson, Brudnicki, and Lu 2017). Ceramic matrix composites
combine with other materials, such as polymers, to increase their durability and reduce
their brittleness. HA and calcium phosphate are commonly utilized in bone tissue
engineering because of their osteoconductivity and biocompatibility (lelo et al. 2022). In
bone tissue engineering applications, composite scaffolds are often designed to mimic the
hierarchical structure of bone, provide mechanical support to bone, and promote
osteogenesis. For example, polymer-ceramic composites such as PLA combined with HA
are being extensively investigated for bone regeneration. Bernardo et al. created bioactive
PLA scaffolds with a high HA content. The mechanical characteristics of these 3D
composite scaffolds were comparable with those of trabecular bone. Additionally, in vitro
tests performed with mesenchymal stem cells showed that it was highly biocompatible.
(Bernardo et al. 2022).

1.2.2. Scaffold Fabrication Techniques

Various methods are used to fabricate the scaffolds in bone tissue engineering.
Solvent casting, freeze-drying, phase separation, gas foaming, electrospinning, porogen

leaching, 3D printing and emulsion templating are some of the commonly used methods
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in scaffold fabrication. A general comparison of the pros and cons of the scaffold

fabrication techniques is shown in Table 3. All scaffold fabrication techniques will be

explained in detail in the following section.

Table 3. Advantages and disadvantages of the widely used scaffold fabrication

techniques.
Fabrication
Advantages
Method
Controlled

Solvent Casting

Freeze-drying

Phase Separation

Gas Foaming

Electrospinning

Porogen
Leaching

3D Printing

Emulsion
Templating

porosity

Highly porous
structure

Easy of
processing
Large-scale
production

Homogenous
porosity
Low-cost process

Solvent-free
Highly porous
structures
Scalable

Porosity with high
interconnectivity
High surface
area/volume ratio

Homogenous pore
distribution
Ease of process

Tailored design
Scalability
High precision

Tunable porosity,
pore size and
interconnectivity
High
interconnectivity
Reproducibility

Disadvantages

Can be hazardous to the
environment due to residual
solvents

Limited mechanical strength

Lengthy procedure
High energy consumption

Solvent residual
Shrinkage issues
Small-scale production

Possibility of closed pore
structure

High utilization of heat
Limited mechanical strength

Possibility of solvent residual
Limitation of thickness

Can cause limited pore
interconnectivity
Weak mechanical properties

May require technical expertise

Costly

Requirement for the development

of a stable emulsion

Generally, hazardous surfactants

and solvents are needed
Surface skin formation

Having a high number of process

parameters that affect the final
morphology requires expertise

References

(Rohani Shirvan et al.
2022; Annabi et al.
2010)

(Murphy, Haugh, and
O’Brien 2010; Bajaj et
al. 2014; Ho et al. 2004;
Meeremans et al. 2021)

(Ghalia and Dahman
2016; Meeremans et al.
2021)

(Kumar and Jacob 2022;
Eltom, Zhong, and
Muhammad 2019)

(L. Li and Hsieh 2005;
Rahmati et al. 2021)

(Owen et al. 2020; Y.
Wau et al. 2015)

(Q. Zhang et al. 2023)

(Mudassir et al. 2021)
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1.2.2.1. Solvent Casting

Solvent casting is a traditional method used in the production of polymeric films
consisting of porous networks (Deliormanli and Atmaca 2020). This method involves
dissolving the polymer in an organic solvent, dispersing the components by mechanical

mixing, casting this mixture onto the supporting surface, and finally evaporating the

solvent. The schematic of the solvent casting method is given in Figure 5A.
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As the solvent inside evaporates during the drying phase, a solid layer forms on
the surface. Chloroform, tetrahydrofuran and DCM are the three main solvents frequently
used in this method (Turnbull et al. 2018; Cheerarot and Saikrasun 2023). This method is
used in many fields, including biomedical applications, pharmaceutical applications, and
materials science. The main drawback of this method is that it may result in low
interconnected structures.

Gumiisderelioglu et al. developed a double-layer barrier membrane using chitosan
and PCL by solvent casting and electrospinning method. The chitosan-based layer was
formed using the solvent-casting method. In this method, silica particles were added to
the mixture as a porogen after chitosan was dissolved in aqueous acetic acid. The solvent
was allowed to evaporate at room temperature after dissolving the silica particles and
producing a porous matrix. Interconnected and homogeneous morphology was observed
on the resulting chitosan membrane, and the average pore size was measured as 170 + 79
um. In contrast, the surface of the scaffold in contact with the glass petri dish showed less

porous and small pore structure (Mavis et al. 2009).

1.2.2.2. Freeze-drying

Freeze-drying (lyophilization) is a well-rounded method that enables the
production of uniform pore morphology without the need for an additional pore-forming
agent (Capuana et al. 2021; Bhushan et al. 2022). In this technique, a porous structure can
be obtained while preserving the structural integrity of the material by evaporating water
(X. Zhang vd., 2015). In detail, crystal formation is encouraged by freezing a water-based
polymer solution at low temperatures (—70 to —80 °C). The polymer forms in the spaces
around ice crystals. The remaining solvent is removed by applying a vacuum in the
chamber. The schematic representation of the freeze-drying technique is given in Figure
5B. This process allows the development of the dry and interconnected porous structures
by complete sublimation of the solvent. In addition, water residues that have not
previously solidified are removed in the secondary drying stage by desorption.

The main advantage of this method is obtaining highly porous and interconnected
structures. Jain et al. used the freeze-drying method to fabricate composite scaffolds
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composed of chitosan, PCL, and HA. These scaffolds exhibited pore sizes between 50
and 200 um. Also, the scaffolds were produced with 90% porosity (Jain et al. 2015).
Yashaswini et al. fabricated dexamethasone-loaded sodium alginate-graphene oxide
(Alg-GO-Dex) microspheres using air-dry followed by freeze-drying technique for bone

tissue engineering. The porosity of Alg-GO-Dex was measured as 84% (Devi et al. 2021).

1.2.2.3. Phase Separation

Phase separation is another technique used for the creation of highly porous
structures (Figure 5C). Different phase separation methods are nonsolvent-induced phase
separation (NIPS), thermally induced phase separation (TIPS), and vapor-induced phase
separation (VIPS). TIPS is dependent on a temperature shift, causing a homogenous
polymer solution to combine and a multiphase system to develop. It allows the formation
of monodisperse and high porosity particles (Conoscenti et al. 2017; Nogueira et al. 2020;
Tanaka, Tsuchiya, Takahashi, Taniguchi, and Lloyd 2006; Tanaka, Tsuchiya, Takahashi,
Taniguchi, Ohara, et al. 2006). NIPS involves immersing a polymer solution film in a
solvent-free deposition bath. As a result, the film is divided into two phases: the
membrane matrix, which is the polymer-rich phase, and the membrane pores, which are
the polymer-poor phase. It allows the production of membranes with a dense surface with
an asymmetric morphology (Jung et al. 2016; Basko et al. 2023; Garcia et al. 2020). The
generated membrane in the VIPS method is first exposed to a vapour nonsolvent to cause
phase separation, and then it is immersed in a nonsolvent coagulation bath to form the
final membrane. It provides highly porous and isotropic membranes with rough surfaces
(Venault et al. 2013; Menut et al. 2008).

1.2.2.4. Gas Foaming

The gas foaming technique is another porous scaffold fabrication technique. The

general schematic of the gas foaming method is shown in Figure 5D. This technique
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occurs in three steps. These are polymer/gas solution acquisition, gas bubble-induced
pore formation, and pore volume expansion (Jiang et al. 2015; Moghadam et al. 2017).
This method provides the production of microporous (<10 um) in the scaffolds (P. Song
et al. 2018).

Wang and coworkers fabricated PCL/PLA tissue engineering scaffolds using
different ratios of PCL/PLA blends. They optimize the foaming process (temperature,
pressure, and CO- dissolution time) for scaffold morphology and mechanical strength of
the material. They successfully obtained the scaffolds with interconnected porous

structures using a gas foaming technique (Lixia Wang et al. 2019).

1.2.2.5. Electrospinning

Electrospinning is a technique that produces continuous fibers from a polymer
solution with the help of a high-voltage source in a high-voltage electric field, with a
production capacity of fibers with diameters from nanometers to micrometres (Teo and
Ramakrishna 2006).

Electrospinning consists of four main components (Figure 5E). These are a high-
voltage power supply, a polymeric solution syringe, a spinneret, and a grounded collector
(Y. Lietal. 2021). With the electrospinning technique, ECM structures can be mimicked
by producing loosely connected 3D fiber structures (Agarwal, Wendorff, and Greiner
2008). Electrospinning is a commonly used technology in various fields, such as
nanotechnology (Castillo-Henriquez et al. 2020), nanocatalysis (Y. Ma et al. 2019), drug
delivery systems (S. Chen et al. 2018), environmental engineering (Wenshuo Zhang et al.
2020; J. Song et al. 2023) and tissue engineering scaffolds (Welle et al. 2007). Although
electrospinning can provide fibers that mimic the native ECM structure, it has a critical
drawback. Polymer solutions are created with toxic organic solvents that need lots of post-
treatment to be used in medical applications. Recently, many approaches have been
researched to find solutions to this problem (Avossa et al. 2022). In electrospinning,
environmental conditions (temperature, humidity, etc.) must be optimized to obtain the
desired morphology. Additionally, optimization can take time and require experience
(Dahlin, Kasper, and Mikos 2011).
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1.2.2.6. Porogen Leaching

Porogen leaching is a simple technique to fabricate a porous scaffold. In this
technique, porogen materials are used to create porous structures, and they are
incorporated with a polymer solution (Figure 5F). Porogens are insoluble in hydrophobic
solvents such as crystals of sugar or salt, paraffin microspheres, fibers, beads and
emulsion particles (Thadavirul, Pavasant, and Supaphol 2014). They were able to simply
remove the negative replica pores from the scaffold following the solvent evaporation
process. Porogen material structure design enables the modification of scaffold
characteristics, including pore size, porosity, shape, and interconnectivity (Owen et al.
2020; Sin et al. 2010). To increase pore interconnectivity, porogen materials are bonded
before mixing them with a polymer matrix.

Liang et al., produced interconnected porous PLGA scaffolds using a leaching
technique with a porosity of about 92%. Cubic salt particles in the range of 300-450 um

were used as a porogen (Liang et al. 2018).

1.2.2.7. 3D Printing

3D printing is a well-designed technique for developing functional scaffolds for
damaged tissues (Liu and Yan 2018). 3D printing is an important technique used to
produce scaffolds with complicated morphologies that are unable to be produced using
conventional manufacturing methods (Yazdanpanah et al. 2022). 3D printing involves
creating a workpiece by injecting material into a shape designed by a computer program.
Then, this material is extruded from a nozzle (Figure 5G). The valuable advantage of this
technique is reproducibility. It also stands out with its high control of pore morphology,
interconnectivity, high resolution, and rapid prototyping (Pavan Kalyan and Kumar
2022). This technique can also be used in combination with other production techniques.
An example of this is Dikici et al., who developed a scaffold by using emulsion templating
and 3D printing together. PCL-based scaffolds with a hierarchical architecture have been

developed for bone tissue engineering (Aldemir Dikici, Reilly, and Claeyssens 2020).
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1.2.2.8. Emulsion Templating

1.2.2.8.1. Development of Emulsion Templated Matrices

Emulsion templating is a two-step technique. Initially, at least two immiscible
liquids are combined to create an emulsion. This emulsion consists of two phases
(internal phase (dispersed phase) and continuous phase (external phase)). Then, the
continuous phase of the emulsion is solidified (T. Zhang et al. 2019). The droplets
forming the internal phase act as templates during solidification. After solidification is
achieved, the internal phase is removed, and porous matrices are obtained. The general
schematic of Polymerised High Internal Phase Emulsions (PolyHIPE) production via the

emulsion templating method is shown in Figure 6.
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Figure 6. Fabrication steps of Polymerised High Internal Phase Emulsions (PolyHIPE)

via emulsion templating.
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These two-phase emulsions are called water-in-oil (w/o) or oil-in-water (o/w)
emulsions, depending on where the hydrophilic (polar, water-loving) and lipophilic (non-
polar, oil-loving) components are located (D. V. Johnson et al. 2024). The emulsion
templating technique is a comparably new fabrication method compared to other widely
used scaffold fabrication methods. Thus, when comparing emulsion templating with other
widely utilized scaffold manufacturing methods, emulsion templating is the method with
the least number of reported studies regarding tissue engineering applications. However,
in recent years, the number of articles on emulsion templating has appeared to be
increasing. The number of publications on different scaffold manufacturing methods
between 1900 and 2024 is shown in Figure 7A. The number of articles published using
the emulsion templating method in tissue engineering over the last 20 years is shown in
Figure 7B.
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Figure 7. A) The number of publications on different scaffold manufacturing methods
(1900-2024), B) The number of articles on the use of emulsion templating in

tissue engineering over the last 20 years.

Scaffolds produced by the emulsion templating method stand out because their
porosity can be easily adjusted by increasing the internal phase volume. Depending on
the Kepler Conjecture, the densest achievable monodisperse sphere packing density is the
value of 0.74048 (n/\18) (Hales 2005). This number is consistent with monodisperse,

unharmed, hexagonally packed droplets, according to Oswald's phase volume theory
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(Princen 1979). It is considered that unless the emulsion is heterodisperse, it will tend to
break if its internal phase volume is above this value. In the case of heterodispersity,
smaller-volume droplets fill the areas where larger-volume droplets intersect. In this way,
the emulsion can have an internal phase volume of more than 74%.

Polymerized emulsions can be categorized into three different groups based on
their internal phase volume. This classification includes Polymerized High Internal Phase
Emulsions (PolyHIPE) (>74%), Polymerized Intermediate Internal Phase Emulsions
(PolyMIPES) (30-74%) and Polymerized Low Internal Phase Emulsions (PolyLIPES)
(<30%) (Aldemir Dikici and Claeyssens 2020). In generally reported studies, PolyHIPEs
have varying average pore sizes between 1-150 pum, and the average window size varies
between 2-50 um (Moglia et al. 2014). The main factor affecting porosity in emulsion-
templated scaffolds is the internal phase volume. The porosity of PolyHIPE scaffolds is
not directly correlated with the internal phase volume. This results from the scaffolds
shrinking throughout the cross-linking and following drying processes (Aldemir Dikici et
al. 2019). The droplets are packed more closely because of an increase in internal phase
volume, which may result in a decrease in pore size (Susec et al. 2015).

Emulsion-templated scaffolds are fabricated for use in tissue engineering
applications following several steps. These are (i) the preparation of HIPEs, (ii) the

polymerization of HIPEs and (iii) post-processes.

1.2.2.8.2. Preparation of HIPESs

HIPEs consist of at least three key components. They consist of at least a
stabilizer, an internal phase, and a continuous phase (polymer phase). In addition to these
basic ingredients, additional ingredients (diluting solvent, photoinitiator) can be added to
both phases of the emulsion. An appropriate monomeric or oligomeric pre-polymer is
used for the continuous phase. The continuous phase may also contain additives (solvent,
stabilizer, and initiator) to be added to the selected polymer. Pre-polymers can be in the
solid state or a highly viscous liquid phase when mixing two immiscible states to form an

emulsion. The components of HIPE are illustrated in Figure 8.
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Figure 8. Schematic illustration of the components of HIPE used within this study.

In addition to improving the kinetic stability of the emulsion, the continuous phase
viscosity should ensure efficient two-phase mixing. The viscosity of the continuous phase
might be decreased by a variety of approaches. First, the viscosity can be reduced by
increasing the system temperature. Second, polymers can be diluted with diluent or
porogenic solvent. Nanoscale porosity in the walls of PolyHIPEs can be observed by
adding dilution solvents to the continuous phase (Silverstein et al. 2005). Furthermore,
the characteristics of HIPEs and PolyHIPEs are greatly impacted by the type and volume
of the diluent utilized (Aldemir Dikici et al. 2019). Generally non-polar solvents are such
as tetrahydrofuran (THF), toluene (W. Busby, Cameron, and Jahoda 2001; Aldemir
Dikici et al. 2019), dichloroethane (DCE) (Johnson et al. 2015), chloroform (Aldemir
Dikici et al. 2019), and DCM are included into w/o emulsions as diluents. The
characteristics of HIPEs and PolyHIPEs are also greatly affected by the diluent volume.
The maximum volume of the internal phase that can be incorporated into the emulsion
increases as the diluent volume increases. HIPE stability decreases as the solvent volume
increases further after a certain point (Aldemir Dikici et al. 2019). Because of this, a
limited range of processing is required to form a stable emulsion

While water is mostly used in the internal phase of w/o emulsions, toluene

(Krajnc, Stefanec, and Pulko 2005) is generally used in the internal phase of (o/w)
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emulsions. The internal phase composition and volume utilized affect the properties of
HIPEs and PolyHIPEs. To improve the stability of water-in-oil emulsions, some salts can
be added to the internal phase, including potassium iodide, sodium sulfate (Na>SOa),
calcium chloride (CaCly) (Marquez et al. 2010), sodium chloride (NaCl) (Shafiei et al.
2022) and sodium chloride (NaCl).

At the liquid interfaces, there is a strong surface tension when two liquids interact
to create the structure of an emulsion without mixing. Droplets of the internal phase added
to the continuous phase gradually coalesce, eventually reducing the surface area and
inevitably causing phase separation. At this point, stabilizing the two liquid surfaces
through the use of stabilizing agents decreases the interfacial tension. (Khan et al. 2011).
The surfactant is an amphiphilic molecule, and its head dissolves in water, and its tail
dissolves in oil. Surfactants form a film surrounding the internal phase, acting as a barrier
between the surface and the oil phase. As a result, the emulsion becomes more stable, and
the interfacial tension decreases. Surfactants can be categorized as cationic, anionic, non-
ionic, and amphoteric, based on the charge of the hydrophilic head. The properties of
PolyHIPE and the stability of emulsions are affected by the concentration and surfactant
choice (Wendy Busby, Cameron, and Jahoda 2002; Aldemir Dikici et al. 2019).

The volume of the phases determines the sort of emulsion that forms when
surfactant is not utilized. The continuous phase will have a greater volume phase. In fact,
according to Bancroft's Rule (Parks 1982), when surfactants are used, the continuous
phase is formed by the phase where the surfactant is more dissolved. In addition, water-
soluble surfactants perform better in o/w emulsions, while oil-soluble surfactants perform
better in w/o emulsions (Bancroft 1912). In w/o emulsions, oil-soluble non-ionic
surfactants are often utilized to stabilize the emulsion (Silverstein 2014). The most
commonly utilized surfactants for w/o emulsions are Hypermer 246, Span 80, and
polyglycerol polyricinoleate (PGPR). During the preparation of HIPEs, the most used
concentration of surfactants is in the range of 1-30% (w/w) (of monomer).

Solid particles (micro or nanoparticles) can be used to stabilize emulsions in
addition to surfactants in liquid form. The emulsions obtained in this way are called
Pickering emulsions (W. Li et al. 2022). The pore size of particle-stabilized emulsions
can be modified by varying the concentration of the particles (S. Zhou, Bismarck, and
Steinke 2012).
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1.2.2.8.3. Polymerization of HIPEs

Polymers can be solidified through different routes. Free radical polymerization,
step-growth (condensation) polymerization, solvent evaporation, cross-linking and ring-
opening polymerization are commonly used approaches for emulsion solidification. The
free radical polymerization method was used in this study. Free radical polymerization is
a chain growth polymerization that occurs by sequential addition of free radical building
blocks. It is widely used in solidifying emulsions. The main reason for its use is its simple
applicability and effectiveness. Free radical polymerization can be achieved by heating
the emulsion, exposing it to Ultraviolet (UV) light, or by redox initiation, depending on
the type of initiator used (Awwad et al. 2020). When photoinitiators are exposed to light,
they generate reactive species. They are incorporated into the composition of HIPEs
through photoinitiation, allowing the emulsion to polymerize. Additionally, the
polymerization is initiated in the continuous phase, allowing the emulsion to solidify into
a porous structure. If the emulsion mixture contains the photoinitiator, an emulsion is
exposed to UV light for a second to min for solidification of the polymer, depending on
the sample thickness (Aldemir Dikici and Claeyssens 2020).

Initiators can be included in both phases of emulsions. The location where
initiators initiate polymerization has a significant impact on porous structures (Benaddi
et al. 2021). The absorption band of the photoinitiator and the emission spectrum of the
light source used to polymerize the emulsion must intersect with each other. This
parameter is the most critical parameter for photoinitiator selection (Dumur 2023).
Diphenyl(2,4,6-trimethyl benzoyl)phosphine oxide/2-hydroxy-2-methylpropiophenone
mixture (Sherborne et al. 2018; Dikici et al. 2019) and phenyl bis(2,4,6—trimethyl
benzoyl)—phosphine oxide (BAPO) (Jennifer L. Robinson et al. 2016) are the most
commonly used photoinitiators. Photoinitiators have been mostly used in studies at
concentrations of 0.2 to 10% (w/w) by weight of the polymer contained in HIPE (Aldemir
Dikici and Claeyssens 2020).
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1.2.2.8.4. Post-processes of PolyHIPEs

Following the fabrication of the scaffolds using emulsion templates, a washing
procedure is required to remove any remaining surfactant and uncured material. Failure
to disinfect the scaffolds might be harmful to further cell culture tests (Caldwell et al.
2012). The washing procedure can be carried out with a Soxhlet extractor or by manual
soaking in certain solvents.

The parameter to be considered when choosing the washing solvent is the
solubility of the materials to be removed. The high solubility of various polymers in
acetone makes it one of the most often utilized solvents for washing PolyHIPEs.
(Caldwell et al. 2012). There have been studies in which methanol was preferred because
it is less toxic than acetone and also causes less damage to cross-linked monoliths (Dikici
et al. 2019; Aldemir Dikici et al. 2019). Additionally, various studies utilise isopropanol
(Bokhari et al. 2005) and mixtures of many different solvents (Krajnc, Stefanec, and
Pulko 2005).

An additional factor to take into account is that scaffolds designated for use in
tissue engineering applications must be free of any living organism contamination,
including bacteria and viruses, for both in vitro and in vivo testing, as well as human
implantation. Many techniques have been utilized for sterilization. In clinics, ethylene
oxide (Andrews, Hunt, and Black 2007), gamma irradiation (Fleith et al. 2005) and heat
treatment (Fleith et al. 2005) are the most often utilized sterilization methods. The
methods used vary in terms of removing microorganisms or reducing the degree of
inactivation. It is important to understand the distinction between sterilization and
disinfection. The process of removing or killing all microbiological life forms, such as
viruses, fungi, and bacterial spores, is known as sterilization. Disinfection is the process
of reducing or destroying pathogenic microorganisms on the surface of objects to a level
that will not harm human health. Unlike sterilization, all microorganisms (especially
resistant bacterial spores) may not be destroyed in the disinfection process (Rutala and
Weber 2016). In the clinic, the use of both sterilization and disinfection is critical. The
sterilization process is more commonly used for surgical instruments, implants, and other

items that come into contact with sterile areas of the body, while the disinfection process
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is generally used for surfaces, equipment, and tools that come into contact with non-
critical body surfaces (Mohapatra 2017).

UV treatment and ethanol are frequently utilized in in vitro applications. Scaffold
disinfection methods should be chosen by taking into account the test duration, material
properties and application type. Ethanol is mostly used as a disinfection method for
PolyHIPE scaffolds (Caldwell et al. 2012). 4APCLMA, a thermoset polymer, can withstand
high temperatures without melting because it has a stable and cross-linked structure. In
other words, sterilization methods such as autoclaving and dry heat that require high
temperatures are applicable methods for 4APCLMA polymer. In addition, 4PCLMA is
resistant to alcohols and other disinfectants, which allows the material to be re-disinfected
without deterioration (Aldemir Dikici et al. 2019).

1.2.3. Surface Modification of Tissue Engineering Scaffolds

1.2.3.1. Motivation for Surface Modification

The chemical properties, hydrophilic properties, ionic groups, surface
morphology and topography of biomaterials play an important role in the interaction of
the biomaterial with the surrounding biological environment. These properties of the
biomaterials determine their biocompatibility and biodegradability while also
significantly affecting their interactions with cells (Rahmati et al. 2020). Surface
properties of biomaterials, such as wettability, surface charge and topography,
significantly affect cell adhesion to the biomaterial (Metwally and Stachewicz 2019).
Surface modification methods are generally used to overcome properties such as the
hydrophobicity of biomaterials. With these methods, hydrophilic and rough surfaces can
be created on the biomaterial surface. In this way, it allows better organization of protein
complexes that support the adhesion and growth of cells. Methods such as plasma
treatment, chemical grafting, surface coating, and alkaline hydrolysis are some of the
approaches utilized for the surface modification of the scaffolds and for improving their

interaction with cells (Nemani et al. 2018).
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In the following sections, each modification technique is summarized, and their

pros and cons are compared in Table 4.

Table 4. General overview of surface modification techniques.

Surface
Modification Advantages
Type
Chemical
. e  Stable modification
Grafting
e No harsh chemical
Plasma utilazition
Treatment e  Easy and fast
modification
Surface e  Requirements for the
Coating coating material
Easy to process
Alkaline . NoZ uipment needed
[ ]
Hydrolysis quip

e  Scalability

1.2.3.2. Chemical Grafting

Disadvantages References

Requirement of a
complex procedure
Specific conditions
Time-consuming
Can cause toxicity

(Teimouri et al.
2023)

. . (Asadian et al.
Requires equipment

May be costl 2020; Recek
P yt " yt' " 2019; Hesari et al.
enetration restrictions 2021)

May reduce the (Pereira et al.
diameter of the pore 2020)

May reduce mechanical

Park et al. 2021
strength ( )

Functional groups are added to the surfaces of polymers via the chemical grafting

technique (Figure 9A). This approach uses chemical bonding to attach biomolecules to

polymer chains. Chemical grafting provides cells on polymer surfaces with an invasive

biological ability. Polymers and reactive monomers are usually used in this technique

(Drobota, Ursache, and Aflori 2022).
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Ma and colleagues grafted polyacrylamide (PAAm) onto the surface of PLLA
membranes to improve cytocompatibility for chondrocytes. The researchers performed
photo-oxidation in hydrogen peroxide solution using UV light and then grafted PAAmM
onto the membrane surfaces by grafting polymerization under Iron(Il) (Fe?*). The
polymerization duration and monomer concentration both affected the degree of grafting.
Measurements of contact angles showed that surface modification decreased contact
angles and enhanced the cytocompatibility of material (Z. Ma, Gao, and Shen 2003).

A) Chemical Grafting B) Plasma Treatment

Plasma
‘ ‘ ‘ Functional__'
( ( ( Chemical § % é groupsi
§% Q % “ ,/r/‘ j ® ‘0 >
Polymer Grafted polymer Polymer Treated polymer

C) Surface Coating D) Alkali Treatment

Coating material
y e i

Coated polymer
surface

Polymer Polymer Modified polymer

Figure 9. Schematic illustrations of commonly used scaffold surface modification

techniques.

1.2.3.3. Plasma Treatment

Plasma treatment is a surface modification method used to change the physical
and chemical properties of the polymer surfaces. High-energy plasma is used in this
method. Plasma application is carried out using plasmas such as oxygen, nitrogen and

ammonia. Through this process, the surface becomes more hydrophilic and produces
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functional groups (Figure 9B). In addition, treating the surfaces of polymers with oxygen
plasma increases cell adhesion as it creates hydrophilic surfaces on the polymer surfaces
(Jacobs et al. 2012).

Pakeyangkoon and his colleagues applied air plasma to the poly(styrene/ethylene
glycol dimethacrylate) (poly(S/EGDMA)) PolyHIPEs. They investigated the impact of
surface modification on the behavior L929. They observed that the degree of water
contact angle on the PolyHIPE porous foam surface decreased sharply after plasma
modification. However, depending on the plasma treatment applied, damage was
observed in the PolyHIPE samples after a certain time (30 min). Therefore, the plasma
device must operate for the optimum time for scaffold surface modification. Cell adhesion
also reached its highest level after 30 min of application. According to cell culture results,
it was observed that the quantity of adherence and proliferation of cells on (SJEGDMA)
PolyHIPEs was increased in atmospheric plasma-treated groups (Pakeyangkoon et al.
2012).

1.2.3.4. Surface Coating

Surface coating is the process of coating a thin layer on polymer surfaces, and this
process is used to improve the surface properties of biomaterials (Figure 9C). The
surfaces of polymers can be coated using different biomolecules (collagen and
fibronectin) or bioceramics (HA, calcium phosphate).

Jongprateep and colleagues produced an aluminium/polymer composite scaffold
using 3D printing technology. They designated this scaffold as having a cubic shape.
Then, they coat the surface of the scaffold with HA to enhance its surface properties.
They added HA to the scaffolds using the hydrothermal method. Consequently, the
uncoated scaffolds exhibited a rough surface morphology with distinctive grains of
aluminium. The average pore size and coating thickness of the scaffolds coated with 10,
15, and 20 vol% HA were observed to be 118.98-168.46 um and 38.21-46.53 um,
respectively. The potential bioactivity of the covered scaffolds was then investigated.
After being immersed in SBF for 28 days, the mass of the coated scaffolds improved by
more than 10% (Jongprateep et al. 2022).
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1.2.3.5. Alkali Hydrolysis

Alkaline hydrolysis is used to change the morphology and surface chemistry of
polymers and initiates degradation on the surface of polymers (Baran and Erbil 2019).
The rate of degradation of polymers through hydrolysis can be increased by using
catalysts such as NaOH (Figure 9D). This degradation mechanism causes morphological
changes on the surface and affects many properties of the material (such as hydrophilicity,
biodegradability, and mechanical strength). In addition, the ester groups (-COO-) in the
microstructure of PCL (Yaseri et al. 2023) are hydrolyzed by alkaline treatment to
generate hydroxyl and carboxylic acid groups (Figure 10). Producing carboxylic acid
groups on the PCL surface allows for more effective protein immobilization. In this way,
it improves the activities of cells, such as cell adhesion and cell proliferation (Park JS et
al. 2007; F. Chen, Lee, and Teoh 2007). Surface hydrolysis not only increases
hydrophilicity but also increases surface roughness. Furthermore, in vivo investigations
demonstrated that PCL-TCP scaffolds treated with NaOH showed a greater capability for
bone formation compared to untreated groups (Yeo, Wong, and Teoh 2010).

PCL
O
O
(NaOH/H,0)
[ [
%CHﬁ—(‘L}O—H -+ H—O~H—CH2 c%—
5 n 5 n

Figure 10. Chemical drawing of hydrolysis of PCL.
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1.3. Thesis Outline, Aim and Objectives

In the scope of the thesis, it was aimed to develop and characterise the NaOH-

treated emulsion templated 4PCLMA-based tissue engineering scaffolds. The main

motivation for using NaOH hydrolysis as a surface modification technique is that it offers

a practical, scalable, and cost-effective route without causing a significant change in the

overall morphology. Accordingly, the objectives of the thesis are as follows:

Synthesis of 4APCLMA with a high degree of methacrylation and characterization
of 4PCLMA with nuclear magnetic resonance spectroscopy and gel permeation
chromatography,

Development of 4PCLMA-based PolyHIPEs with interconnected porosity,
NaOH treatment of 4PCLMA PolyHIPE scaffolds and investigation of NaOH
concentration and incubation time on the morphological characteristics of
PolyHIPEs,

NaOH treatment of 4APCLMA PolyHIPE scaffolds and investigation of NaOH
concentration and incubation time on the surface chemistry and wettability of
PolyHIPEs,

NaOH treatment of 4APCLMA PolyHIPE scaffolds and investigation of NaOH
concentration and incubation time on the mass change and mechanical
characteristics of PolyHIPEs,

Determination of the optimum NaOH concentration and incubation time with the
criteria of resulting in hydrophilic material, causing less deteriorating effect on
mass and mechanical strength,

Investigation of surface area and protein adsorption capacity on selected groups
in comparison with the control group (non-treated PolyHIPE),

Investigation of cytotoxicity of developed matrices in vitro with L929 cells,
Investigation of cell attachment morphology, cell seeding efficiency and cell
proliferation in vitro with Saos-2 cells on selected groups in comparison with the
control group.

The graphical abstract of the study is illustrated in Figure 11.
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Figure 11. Graphical abstract of the thesis. Development and characterization of surface-

modified 4PCLMA-based PolyHIPEs as tissue engineering scaffolds.
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CHAPTER 2

MATERIALS AND METHODS

2.1. Materials

Pentaerythritol (98%), e-caprolactone, trimethylamine (TEA), methacrylic
anhydride (MAAn), tin(Il) 2-ethyl hexanoate (SnOctz), photoinitiator (diphenyl(2,4,6-
trimethyl benzoyl)phosphine oxide/2-hydroxy-2-methylpropiophenone)) DCM, 37%
hydrochloric acid (HCI), sodium chloride (NaCl), calcium chloride (CaCly), chloroform,
toluene, sodium hydroxide (NaOH), potassium chloride (KCI), magnesium chloride
hexahydrate (MgCl2.6H.0), monosodium phosphate (NaH2POs), sodium bicarbonate
(NaHCO3), phosphate-buffered saline (PBS), trypsin, penicillin/streptomycin (PS), L-
glutamine, glutaraldehyde, formaldehyde solution, resazurin salt, hexamethyldisilazane
(HMDS) were all purchased from Sigma Aldrich. Dulbecco's Modified Eagle Media
(DMEM) and fetal bovine serum (FBS) were purchased from Gibco™. Methanol,
ethanol, and Pierce bicinchoninic acid (BCA) protein assay kits were obtained from
Thermo Fisher Scientific. Calcein AM viability dyes and assay Kits (22002) were
purchased from AAT Bioquest. Polydimethylsiloxane (PDMS) molds were produced
using SYLGARD™ 184 Silicone Elastomer Kit. The surfactant Hypermer B246-SO-M
was obtained as a sample from Croda. All ingredients were utilized without further

purification unless otherwise indicated.
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2.2. Methods

2.2.1. Synthesis and Characterization of APCLMA

2.2.1.1. 4PCL Synthesis

12 g pentaerythritol (0.088 mol) and 80.35 g caprolactone (0.705 mol) were added
to a three-necked round-bottom flask. Then, the flask was heated to 160 °C using an oil
bath. Nitrogen flow was introduced using one of the necks of the flask, and the system
was mixed with the help of a magnetic stirrer (ISOLAB Laborgerite GmbH) at 200 rpm.
Then, 50 uL of'tin (IT) 2-ethylhexanoate (1.25 g/mL, 0.08 wt% monomer) was added from
the middle neck of the round flask. Then, the pentaerythritol was let to dissolve
completely in the system. Then, the system was left overnight to react to form the 4PCL.
When the synthesis process was completed, after getting away from the oil bath, the
system was left to cool at room temperature.

2.2.1.2. Methacrylation of 4PCL

300 mL of DCM was used to dissolve 4PCL. After that, 52.62 g TEA (0.52 mol)
was added to the system. Then, 200 mL more of DCM was added, and all reactants were
mixed using a magnetic stirrer. After mixing all reactants, the three-necked flask was
submerged in an ice bath. 100 mL DCM was used to dissolve 80.22 g MAAn (0.52 mol).
Subsequently, one drop of the resulting solution was added to the system each second
using a dropping funnel. When the MAAn solution was introduced to the system
completely, the system was taken out of the ice bath and left to react for 68 h at room

temperature. 4PCL pre-polymer synthesis steps are illustrated in Figure 12A.
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Figure 12. A) Synthesis of 4PCL pre-polymer via ring-opening polymerization, B) The
methacrylate functionalization of hydroxyl end groups of PCL to form
4PCLMA pre-polymer.

Following the synthesis of the pre-polymer, the residual MAAnN, TEA, and salts
in the system were removed by washing with a concentrated hydrochloric acid (HCI)
solution (1M, 1000 mL) prepared with deionized water (dH-O). This process was
repeated three times before washing with dH20 three times. After the washing process,
the remaining solvents were removed using a rotary evaporator (Heidolph Laborota 4000
Evaporator). The schematic of methacrylate functionalization of 4PCL pre-polymer and
photos of pre-polymer synthesis steps are given in Figure 12B and Figure 13,

respectively.
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Figure 13. Synthesis steps of 4PCLMA pre-polymer.

The obtained 4PCLMA pre-polymer was transferred to the Duran bottle, and three
methanol washes were applied, followed by the addition of approximately 500 mL of
methanol. The bottle was kept at -80 °C until precipitation accumulated at the bottom.
After that, the methanol was taken out and replaced by fresh methanol. This process was
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repeated three times. After washing with methanol, the resulting pre-polymer was
transferred to the one-neck flask. The remaining solvent was evaporated with the use of
a rotating evaporator. At the end of these processes, the pre-polymer was obtained

successfully and kept at -20 °C for use in future experiments.

2.2.1.3. Characterization of 4APCLMA

Proton (*H) NMR spectroscopy analysis was carried out on a Varian INOVA
NMR spectrometer at 400 MHz to verify the structure of the 4APCLMA pre-polymer.
Deuterated chloroform (CDClIs) was utilized as a diluent. MestReNova software was used
to analyze the obtained spectra. The degree of methacrylation (DM) of 4PCLMA pre-

polymer was calculated using the following equation.

[ nonmethacrylated ends

DM 100 (1)

B [ nonmethacrylated ends + [ methacrylated ends )

Gel Permeation Chromatography (GPC) analysis was conducted at Sivas
Cumbhuriyet University to confirm the molecular weight and molecular weight
distribution of the polymer. THF was utilized as a solvent. The solvent with 100 uL
volume was injected with a flow rate of 1 mL/min. Both the detector and column
temperatures were maintained at 35°C. Conventional calibration was used for the analysis
(Malvern Viscotek GPCMax Model VE2001).

2.2.2. Preparation of HIPEs and Polymerization of HIPEs (PolyHIPES)

The overall synthesis process of 4PCLMA-based PolyHIPE is shown in Figure
14.
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Figure 14. Synthesis process of 4APCLMA-based PolyHIPE via emulsion templating.

1.6 g of 4PCLMA pre-polymer and 0.16 g of surfactant (Hypermer B246) were
added to a glass vial. Subsequently, the vial was heated to 40 °C to dissolve the surfactant
and then allowed to cool. 2.4 g of the chloroform: toluene solvent mixture (80:20 (w/w))
was added to the vial. Photoinitiator (diphenyl (2,4,6-trimethyl benzoyl) phosphine
oxide/2-hydroxy-2 methyl propiophenone) was added to the vial at a ratio of 10% of the
polymer (w/w). Afterwards, the system was mixed at 375 rpm for 1 min at room
temperature using a magnetic stirrer. After obtaining a homogeneous mixture, the
emulsion (4PCLMA HIPE) was stirred for a further two minutes after 10 mL of water
was added to the bottle drop by drop.

The resulting emulsion was put into syringes that have a 2.5 mL capacity and a 6
mm diameter, and all sides of the syringe were light polymerized for 1 min (4 min in
total) using a light source (MOZIUR UV LED Nail Lamp M-10 MAX). A cylindrical
monolith was isolated from the syringe. To remove the unpolymerized 4PCLMA, unused

photoinitiator, chloroform, toluene, and surfactant, the resultant 4APCLMA PolyHIPE was
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rinsed 100% methanol four times for a duration of 24 h each. After that, the samples were
gradually switched from methanol to water (100% methanol, 75% methanol: 25% water,
50% methanol: 50% water, 25% methanol: 75% water, 100% water), and washed for 24
h in each solution. Following the washing procedure, samples were taken out of the water
and stored at -20°C in the freezer. Subsequently, the porous structure of 4PCLMA
PolyHIPE was dried under a vacuum for a day using a lyophilizer (LABCONCO
FreeZone Console Freeze Dry System) to prevent any collapse. A scalpel was used to cut

pieces of the dried cylindrical samples that were ~500 um thick.

2.2.3. Determination of Porosity

The porosity of PolyHIPEs was determined using Equation 2. The volume and
mass values of the samples were measured to calculate the densities of PolyHIPEs. The
volume and mass value of the polymer were also measured to calculate its density. The
porosity of the 4PCLMA-based PolyHIPE scaffolds was calculated. Three repeated

measurements were carried out.

Porosity (%) = (1 — pPOlyHIPE) x100 @)
PpcLMA

2.2.4. Development of Alkali Treated 4PCLMA-based PolyHIPEs

2.2.4.1. NaOH Treatment of 4PCLMA-based PolyHIPEs

Freeze-dried samples were re-wetted by transferring them into 100% methanol,
75% methanol: 25% water, 50% methanol: 50% water, 25% methanol: 75% water and

then 100% water, respectively, to completely immerse in water. NaOH (molecular weight
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(Mw) 39.997 g/mol) solutions with various concentrations (0.1 M, 1 M, and 5 M) were
prepared using dH20. PolyHIPE samples were taken out of the water and then immersed
in NaOH solutions at three different concentrations for three different incubation periods
(3 h, 6 h, and 24 h). For this process, Eppendorf tubes with a capacity of 1.5 mL were
used, and 1 mL NaOH solution was placed in these containers. Samples were incubated
at room temperature and under static conditions. After NaOH incubation, the scaffolds
were removed from the containers, washed with dH20O three times and placed for 1 hin a
freezer (-20 °C). After that, they were transferred to the lyophilizer and dried under a

vacuum for a day.

2.2.4.2. Nomenclature of 4APCLMA-based PolyHIPEs

Nine groups of scaffolds were fabricated to investigate the impact of NaOH
concentration and incubation period on the characteristics of PolyHIPEs. Additionally,
non-treated 4PCLMA PolyHIPE was used as a control group. Each group is designated
using a nomenclature of the form NMh, where 'N' denotes the NaOH treatment, 'M'
signifies the molarity of the NaOH, and 'h' represents the incubation time. The control
group was identified as 'NO'. For example, the designation 'NO.1M3h' corresponds to a
PolyHIPE sample that underwent treatment with 0.1 M NaOH for a period of 3 h.

2.2.5. SEM Analysis

SEM analysis was performed to examine the morphological structure and surface
features of NaOH-treated and untreated 4PCLMA PolyHIPE scaffolds. Vertical sections
were taken from NaOH-treated and untreated scaffolds using a scalpel. These sections
were fixed to aluminium pins glued to carbon pads to examine the microstructure of
4PCLMA-based PolyHIPEs. The samples were coated with gold for 1 min at 15 kV to
increase the conductivity. Then, the scaffolds were examined using an SEM (FEI
QUANTA 250 FEG), and images were recorded at different magnifications.
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ImageJ Software was used to analyze SEM images. Measurements were taken by
randomly selecting 50 pores and 100 windows. The pore measurements were corrected
for the underestimate of diameter using a statistical correction factor (2/v/3). The average
pore size (D) was divided by the average window size (d) to determine the degree of
interconnectivity (DOI) value. The open surface area was divided by the total surface area
to calculate the degree of openness (DOO) value (Carnachan et al. 2006). To display the
pore and window size distribution of the scaffolds, histograms of the diameters of the

pores and windows were created (Pulko et al. 2010).

2.2.6. Chemical Characterization of Scaffolds Using Fourier-transform

Infrared Spectroscopy (FTIR) Analysis

The chemical structures of PolyHIPE scaffolds treated with NaOH were
investigated using Fourier Transform Infrared (FTIR) spectroscopy. Samples were
prepared for FTIR analysis, as explained in Section 2.2.2. Each sample was placed on a
multi-bounce ZnSe crystal. FTIR spectra were carried out on a Spectrum Two FT-IR
Spectrometer (PerkinElmer) combined with a Universal Attenuated Total Reflectance
Accessory (UATR) internal reflection module. The transmittance was measured using 20
scans with a resolution of 4 cm™" in the range of 4000 to 400 cm™!. The experiment was
carried out using PerkinElmer Spectrum Software (Version 10.5.2). The spectra of
samples were processed using Origin 2024b software.

2.2.7. Determination of Mass Change

This work package aims to investigate the degradation ratio of scaffolds treated
with different concentrations of NaOH and different incubation times. For this purpose,
changes in the masses of the scaffolds after treatment with NaOH were determined. The

scaffolds were weighed using a balance (Weightlab WSA-224) before (m1) and after (m2)
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the NaOH treatment, and the mass change was calculated using Equation 3. Three

scaffolds were used for each group. All measurements were performed in triplicate.

. m1 - mz (3)
Mass change of scaf folds (%) = E— x 100
1

2.2.8. Water Absorption Capacity

Swelling tests were performed to determine the water absorption capacity of
PolyHIPE scaffolds. Firstly, the dry weights (Wg) of the samples were measured and
recorded. Then, the scaffolds were placed in dH20O at room temperature for swelling
testing. Samples were taken out at regular intervals, and filter paper was used to carefully
remove excess liquid that was on the surface. The weights of the wet samples were
measured and noted (Wy). Equation 4 was used to determine the degree of swelling (water
absorption capacity). Three measurements were carried out from each sample group with

three replicates.

. . Ww Wd
Swelling Capacity (%) = e x100
d

(4)

2.2.9. Water Contact Angle

The contact angle experiment was carried out to evaluate the hydrophilicity of the
scaffolds. For this purpose, 5 uL. of a water droplet was dropped onto the surface of
PolyHIPE scaffolds. Then, water contact angles were determined using a contact angle
measuring device (KSV Attension brand Theta) under laboratory conditions. The images

from 1 s to 60 s were recorded, and the contact angle of 4 time points (1 s, 10 s, 30 s and
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60 s) was calculated. Three repeated measurements were performed from each group. The
contact angle measurement set-up used in contact angle measurements of PolyHIPE

scaffolds is shown in Figure 15.

holder

Light source |

Figure 15. The contact angle measurement set-up.

2.2.10. Mechanical Characterization

The compression test was performed to evaluate the effect of NaOH treatment on
the mechanical properties of 4PCLMA-based PolyHIPE scaffolds. The tests were
conducted following the modified version of the American Society for Testing and
Materials standard (ASTM). For compression tests, 10 mm x 6 mm cylindrical moulds
were fabricated. Polydimethylsiloxane (PDMS) was used to obtain the cylindrical
moulds. An elastomer and crosslinking agent were mixed by using a ratio of 10:1 (w/w)
to prepare PDMS and placed in a petri dish with a height of 6 mm. Then, a vacuum pump

was used to remove air bubbles in the resulting mixture. Finally, the mixture was cured
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at 65°C for 4 h. Molds were obtained from the cured PDMS with the help of a biopsy
punch with a diameter of 10 mm. Then, prepared HIPEs were transferred into the
cylindrical moulds. After that, HIPEs were photo-polymerised for 2 min for each side (4
min total). A mechanical test device (SHIMADZU Scientific Instruments EZ-LX) with a
100 N load cell was used to perform the compression test. The compression test was set
at a rate of 1 mm/min, with a maximum load of 95 N and a strain limit of 60%. The
diameter and height of all samples were measured before the experiment.

Force displacement data was obtained as raw data as a result of the experiment.
Stress-strain data is obtained from force-displacement data using Equation 5, where F is
the applied force to the sample, A is the cross-sectional area where the force is applied,
and Equation 6, where AL is the displacement of the sample and L, is the initial length of

the sample.

F )
Stress = 1
AL
Strain = — (6)
Ly

Young’s Modulus was calculated using the linear area of this stress-strain chart.
The slope of the line of the linear area of the stress-strain graphic gives the compression
modulus of the samples (Corti et al. 2019). 5 samples were used for each group.
Compression modulus was calculated according to Equation (Biron 2016). where E is

compression modulus, o is the applied compressive stress, and ¢ is the strain.

(")

m1q
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2.2.11. Brunauer-Emmett-Teller (BET) Analysis

BET analysis was performed to determine the effect of NaOH treatment on the
surface area and porosity of 4PCLMA-based PolyHIPE scaffolds. BET analyses were
performed for the NO, N1M24H and N5M3H groups. All samples were placed in glass
sample holders and degassed at 250 °C for 12 h. Following this, the samples were rapidly
cooled to —196 °C. The surface area of the scaffolds was evaluated through nitrogen
adsorption at 77 K using a Micromeritics Gemini V analyzer. The specific surface areas
of the materials are determined by fitting the adsorption isotherms using the BET model
(Hong, Wang, and Liu 2024).

2.2.12. Protein Adsorption

The Pierce BCA protein assay was utilized to examine the impact of NaOH
treatment on the ability of PolyHIPE scaffolds to bind proteins. First, 0.1% (w/v) bovine
serum albumin (BSA) solution was prepared using a 2 mg/mL concentration of BSA
stock solution. Then, three experiment groups (NO, N1M24h and N5M3h) and four
scaffolds from each group were used for the protein adsorption test. Additionally, three
scaffolds from each group that had not been incubated in BSA solution were used as
blanks in the experiment. The scaffolds were transferred to 48-well plates using forceps
in a biological cabinet. After that, 0.1% BSA solution was added to the well, and the
incubation was allowed for 24 h at 37 °C. Following the incubation period, the scaffolds
were taken out of the well plates. 25 pL of the solution in each well was taken and
transferred to 96 well plates. The working agent was prepared using Reagent A and
Reagent B (50:1). The working agent (200 uL) was transferred to 96 well plates. After
that, well plates were put in the incubator and left for 30 min at 37 °C. A
spectrophotometer was used to measure the absorbance at 562 nm (Tamburaci and
Tihminlioglu 2018).
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2.2.13. Biological Characterization

2.2.13.1. General In Vitro Cell Culture

A mouse fibroblast (L929) cell line was utilized to perform cytotoxicity testing of
scaffolds following the ISO standards (ISO 10993-5:2009, Biological evaluation of
medical devices) (Nedeljkovic et al. 2022; Koymen et al. 2022). The L929 cell line
originates from the subcutaneous areolar and adipose tissue of a 100-day-old male C3H/
mouse (Lackner et al. 2013). For monolayers, the average doubling time of this cell line
was calculated as 21 h (Torabi et al. 2023). This cell line is a standard for cytotoxicity
tests.

Assays for cell proliferation and seeding efficiency were conducted using the
Saos-2 cell line. Saos-2 is a human osteosarcoma cell line. This cell line was isolated from
the primary osteosarcoma of an 11-year-old white girl in 1975 (Fogh, Wright, and
Loveless 1977). An adult osteoblast phenotype is seen in these cells. Saos-2 synthesizes
collagen with a structure similar to that of primary human osteoblast cells (Fernandes et
al. 2007). The Saos-2 cell line can differentiate like osteoblasts and has an average
doubling time of approximately 45.7 &+ 3.3 h. These properties make it a useful model for
bone biology and bone tissue engineering studies. For this reason, the Saos-2 cell line is
frequently utilized in tissue engineering, mainly due to its osteoblastic (bone-forming)
properties (Xu and Liu 2023).

The cryopreserved Saos-2 cell line between P22 and P23 and the L929 cell line
between P21 and P22 were taken out from the liquid nitrogen tank. Then, cryovials were
soaked in a 37 °C water bath until two-thirds of the ice melted. The cells were thawed
gently in a fresh medium and taken from the cryovials. After that, it was put into
centrifuge tubes and centrifuged at 1550 rpm for 5 min. Subsequently, supernatants were
discarded, and the cell pellets were re-suspended in high glucose DMEM (4.5 g/L)
supplemented with 10% FBS and 1% PS and transferred to T-75 cell culture flasks.
Following that, the flasks were placed in an incubator with a humidified environment, 5%
COy, at 37 °C. The culture was continued until the cell confluency reached 90%, and the

medium was changed with a new fresh medium every 2-3 days.
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2.2.13.2. Scaffold Preparation for Cell Culture

PolyHIPE discs were prepared, as explained in Section 2.2.2. Then, they were
incubated in 70% ethanol in a biological safety cabinet for 2 h for disinfection.
Afterwards, PBS was gradually added to the scaffolds to ensure the exchange of ethanol
with PBS. Finally, when completely switched to PBS, washing was repeated three more
times with PBS. Scaffolds were not conditioned either in media or in FBS. The tests for
cytotoxicity and cell proliferation were conducted using scaffolds with a diameter of
around 2.5 mm, and 6 mm were used for the cytotoxicity test and cell proliferation test,

respectively.

2.2.13.3. Direct Cytotoxicity Test

2.2.13.3.1. Alamar blue Assay

The cytotoxicity tests were performed following the procedures outlined in I1ISO
10993-5:2009, which is the standard for the biological evaluation of medical devices,
especially focused on in vitro cytotoxicity tests. For the cytotoxicity tests, a L929 cell line
was used following the guidelines. L929 cells are widely used in cytotoxicity testing
because of their reproducible growth rates and high biological responses (such as
biocompatibility, cell attachment, cell proliferation and cell differentiation) (Meneses et
al. 2020; Ozdemir, Yilmaz, and Yilmaz 2009; Wadajkar et al. 2014).

A direct contact test was performed to determine the cytotoxicity of NaOH-treated
scaffolds on the cells. Cytotoxicity testing was performed in 48 well plates and tested
with five samples from each group. A concentration of 30.000 cells/mL was seeded in
each well in 48 well plates and incubated for 1 day. They were subjected to PBS for
washing after the first day, and new media was used. The scaffolds were taken from PBS
using forceps and placed in the wells containing the cells, and they were incubated for 1

more day. Following the period of incubation, the scaffolds were taken out of the well
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plates, and the cell viability was investigated using the resazurin reduction assay (RR,
Alamar blue assay). The resazurin assay is an easy, quick, and accurate test to check the
viability of bacteria and mammalian cells. Living cells have a metabolic activity and,
using mitochondrial reductase enzymes, reduce resazurin (non-fluorescent dye, blue) to

resorufin (strong fluorescent dye, pink) (Figure 16) (O’Brien et al. 2000).
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Figure 16. Resazurin is enzymatically converted to resorufin in living cells.

For this experiment, firstly, 1 mM resazurin (Mw: 251.17 g) stock solution was
prepared in dH20 and filtered. A growing medium was used to dilute the 1 mM resazurin
stock solution to 100 uM under aseptic conditions to obtain the working solution. Then,
media was aspirated from the well plates, and PBS was used to wash the wells. After
adding the Alamar blue working solution, the solution was incubated for 4 h. After the
incubation period, the reduction solution in each well was transferred to 96-well plates in
triplicate. Finally, fluorometric measurements (540 nm and 635 nm) were performed
using a spectrophotometer (Thermo Scientific™ Varioskan Lux Multimodal Microplate

Reader) for the solutions in a 96-well plate.
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2.2.13.3.2. Live & Dead Assay

NaOH-treated scaffolds were tested for cytotoxicity using a live/dead assay on the
cells. The 48 well plates were seeded with L929 fibroblasts at a density of 3 x 10* cells/mL
and incubated for one day at 37 °C, 5% CO2, and a humidified environment.
Subsequently, 1 mL of new media was added after the old media was removed.
Afterwards, the scaffolds prepared to correspond to one-tenth of the surface area of the
wells were taken into the well with the help of forceps and then incubated for 24 h in an
incubator at 37 °C, 5% CO2, and a humidified environment. At that, the media was
discarded, and the scaffolds were taken from the well plate. The dye solution was
prepared using 1 mM Calcein-AM, and 1 pg / ml PI was put into the well and left the
incubation for 30 min (X. Wang et al. 2023). After the incubation period, a fluorescence
microscope (Zeiss ApoTome.2) was used to examine the results. All procedures were

carried out in a dark environment. The experiment was performed with triplicates.

2.2.13.4. Cell Seeding Efficiency and Cell Proliferation

2.2.13.4.1. Cell Seeding to Scaffolds

Cells that reached at least 90% confluence were detached from the surface by
trypsinization and suspended in a fresh medium. Neubauer cell counting slide was used
to count the cells. The cells were placed in centrifuge tubes and centrifuged at 1550 rpm
for 5 min. After centrifugation, the supernatant was discarded. Then, the cells were
prepared by re-suspending them in fresh media at a concentration of 3 x 10* cells/8 pL.
The scaffolds were transferred to 48-well culture plates under aseptic conditions as one
scaffold per well, and 8 pL of cell suspension was homogeneously transferred to each
scaffold. After cell seeding, the well plates were left in the incubator for 15 min or 60 min
to examine the cell seeding efficiency of the cells on the scaffolds. After that, non-adhered

cells were removed from the scaffolds with PBS washing. Afterwards, the cells

48



were cultured for 5 days after 1 mL of new media was added to each well. Meanwhile,
the medium was changed to a fresh medium every 2-3 days.

2.2.13.4.2. Initial Cell Attachment Behaviour

The initial cell attachment behaviour was investigated using SEM to examine the
impact of the NaOH treatment. For this purpose, Saos-2 cells were seeded onto NO,
N1M24h, and N5M3h PolyHIPE scaffolds at the concentration of 3 x 10* cells/8 pL.
Then, the scaffolds were left to incubate in the incubator for 1h. Then, fresh medium was
added, and the scaffolds were incubated in the incubator for 3h more. Following a 4 h
incubation period, non-adhered cells were removed from the scaffolds with PBS washing.
Then, the scaffolds were fixed in 2.5% glutaraldehyde, as described in Section 2.2.13.5,

to preserve cell morphology and examine cell attachment behaviour using SEM.

2.2.13.4.3. Cell Seeding Efficiency and Cell Proliferation

The metabolic activities of the cells cultured on PolyHIPE scaffolds were
evaluated using the Alamar Blue test. In 48-well culture plates, after adding 1 mL of RR
solution to each well, the scaffolds were transferred to the wells with the help of forceps.
Cell culture well plates were placed in an incubator, protected from the light, and
incubated for 4 h at 37 °C. 200 pL of the reduced solution in triplicate from each well
was transferred to 96-well culture plates at the end of the incubation time. The scaffolds
were subjected to PBS washing, a fresh medium was added, and incubation was continued
for subsequent analysis. RR analysis was performed on days 1, 3, and 5 using four fresh
scaffolds for each time point, and four scaffolds without cells were used as blanks. Using
a spectrofluorometer, the resulting reduced solutions were measured three times at 540

nm and 635 nm for excitation and emission, respectively.
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2.2.13.5. Biological SEM

The adherence and spreading morphologies of cells on PolyHIPE scaffolds were
investigated using SEM. Before examining with SEM, a water removal protocol was
applied to biological samples. The scaffolds were subjected to PBS washing three times
after the discarding of the culture medium. After that, the scaffolds were fixed for 1 h at
room temperature in 2.5% glutaraldehyde to keep the cell morphology. Afterwards, the
scaffolds were subjected to PBS three times and 15 min each. Following the PBS wash,
a dH20 wash (5 min) was performed. Following the water wash, serial ethanol washes
(35, 60, 80, 90 and 100%) were performed for 15 min each to dehydrate the samples.
Following ethanol washes, the scaffolds were exposed to HMDS, a drying agent. The
samples were treated for 1 h with HMDS/ethanol (1:1) and then for 5 min with 100%
HMDS. The scaffolds were finally allowed to air-dry for the overnight. An SEM (FEI
QUANTA 250 FEG) device was utilized to examine the morphologies of the dried
PolyHIPE scaffolds. To increase conductivity, the samples were first coated with gold for
45 sec at 15 kV. (Aldemir Dikici, Reilly, and Claeyssens 2020). Then, micro images of

the samples were recorded at different magnifications.

2.2.14. Statistical Analysis

GraphPad Prism Software (GraphPad Prism Version 9.3.0 for Windows,
California USA) was used to analyze the data. Mean values are reported as + standard
deviation. Statistically significant differences between experimental groups were
determined using the ANOVA test for multiple comparisons. Comparisons with a p-value
less than 0.05 were considered significant statistical differences and indicated on the

graphs.
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CHAPTER 3

RESULTS & DISCUSSIONS

3.1. Synthesis and Characterization of 4APCLMA

Following synthesis, the structure and DM of the resultant pre-polymer were
verified using 'H NMR spectroscopy. The methylene groups neighbour to the hydroxyl
end groups in the structure of 4PCL correspond to the peak that is seen at 3.6 ppm. The
number of groups corresponding to this peak decreases in 4PCL as it is converted into
methacrylate groups by the methacrylation process. This decreasing peak transforms into
groups corresponding to the peaks at 1.9, 5.5, and 6.1 ppm. In the 4PCL structure, these
peaks do not appear, but they appear only in the 4PCLMA structure. The peaks here,
corresponding to values of 1.9, 5.5, and 6.1, confirm that the methacrylation reaction
successfully occurred (Figure 17). The *H NMR analysis results of the previously
synthesized and reported PCL methacrylate-related studies also confirm the result of the
4PCLMA structure obtained in this study (Field et al. 2021). DM of 4PCLMA pre-
polymer was calculated using the integrals of these peaks and found to be 96.5%.
Methacrylation time and the amount of MAAnN and TEA have a direct effect on DM. In
our study, a DM of pre-polymer was obtained ~100% by using a 68 h reaction time. Field
et al. synthesised PCL tri-methacrylate polymers with different DMs by varying the
reaction parameters (methacrylation time, MAAn and TEA amount). They showed that
DM is directly affecting the mechanical properties of the polymer (Field et al. 2021). In
this study, we aimed to obtain maximum DM, as polymers with higher DM show higher

mechanical strength, and the scaffold was designed to be used in bone tissue engineering.
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Figure 17. The *H NMR spectra and chemical structure of 4PCL and 4PCLMA.

When chemicals used in the synthesis were considered, the theoretical My of
4PCLMA was calculated as 2266 g/mol. GPC results showed that the My value of this
polymer was 2069, and the M, value was 1771 g/mol. The polydispersity index (PDI)
was 1.17 (Mw/Mpn). The molecular mass distribution in each polymer sample was
measured by PDI. It is calculated as the ratio of the average molecular to the average
molecular weight (Mn). The PDI value provides a sense of the uniformity of polymer
chains. When the PDI value is 1, the polymer sample is monodispersed, meaning all
polymer chains have the same molecular weight. In cases where the PDI value is more
than 1, it causes a wider distribution of molecular weights in the polymer sample. A higher
PDI indicates that the polymer has a wider molecular weight range, which affects the

mechanical and physical properties of the polymer (Whitfield et al. 2019).
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3.2. Preparation of HIPEs and PolyHIPEs

While preparing the HIPEs, during the emulsification process, no observable
phase separation was detected at any stage until the polymerization. Once water
incorporation was initiated, the transparent polymer gradually turned into an opaque
white colour. The final emulsion has a mayonnaise-like consistency and viscosity. 74%
water was incorporated into the emulsion composition as an internal phase. After the
polymerization of HIPE and drying of PolyHIPE, the porosity was measured as 68.0 +
0.4%. As the incorporated water amount was responsible for porosity, the porosity value
was expected to be close to the internal phase volume. However, porosity was found to
be around 8% lower than the internal phase volume. This is likely due to the shrinkage of
the PolyHIPE after cross-linking the polymer and drying the sample (J. H. Chen, Le, and
Hsu 2018; Ovadia and Silverstein 2016). After cross-linking and drying, shrinkage was
observed in each dimension of the samples. Figure 18 shows the cross-section of
4PCLMA-based PolyHIPE at different magnifications. PolyHIPEs have interconnected
and homogeneous porosity and open cellular architecture. Cells can establish pathways
for nutrients and waste owing to their porosity and interconnected structure of PolyHIPE.
The interconnectivity of the scaffolds is essential for cell infiltration, tissue integration,
and vascularization (Lyu, Yu, and Chen 2016; Somo et al. 2015). No microstructural
collapse was noticed in the scaffolds’ SEM images. Qualitative information can be
obtained from the SEM images. The pore and window diameter can be obtained using
software such as Imagel, which measures them manually. However, the measurements
taken manually have a very high margin of human error, making multiple measurements
challenging. To avoid these disadvantages, Karaca and her colleagues developed a deep
learning model (Pore D?) that enables the automated measurement of the morphological
features of emulsion-templated scaffolds. With the help of this deep learning model,
errors resulting from manual measurements can be minimized, and rapid measurement is
achieved (Karaca and Aldemir Dikici 2024).
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Figure 18. SEM images of non-treated PolyHIPEs emphasizing A) the overall
morphology, B) pore, and C) window architectures, respectively.

In this study, ImageJ software was used to estimate the pore and window
diameters of the scaffolds using the SEM images. The PCL PolyHIPE disk has varied
pore diameters ranging from 7 to 66 um. The average pore diameter (D) has been
determined to be 22 + 12 um (Figure 19A). The window sizes of PolyHIPE are obtained
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between 1-17 pm, and 3.7 + 2.7 um was found to be the average window size (d) (Figure
19B), giving the d/D of 0.16.
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Figure 19. Histograms of A) pore size and B) window size of the PolyHIPE scaffolds.

In an earlier study, the same solvent combination (80:20 chloroform: toluene
(w/w)) was used, and the average window size and pore size were determined to be 4 + 2
and 20 £ 7 pm, respectively (Aldemir Dikici et al. 2019). The DOI value was found to be
0.17, and the DOO value was found to be 0.05. This value should be considered during
the scaffold fabrication. This value affects the open area within the walls, and increasing
this value causes a decrease in the mechanical strength (Kravchenko et al. 2018). The
properties of non-treated 4PCLMA-based polyHIPEs are shown in Table 5.

In tissue engineering scaffolds, pore and window diameter are critical (J. Li et al.
2022). Porosity and interconnectivity affect the settlement of cells into scaffolds, the
transport of nutrients and waste products, and biocompatibility (Loh and Choong 2013).
A study on porous implants noted the pore sizes required for significant bone growth.
According to this study, it was revealed that the minimum pore size is 75-100 pm, and
the optimum range is 100-135 um (Klawitter et al. 1976). Subsequently, studies have
suggested that the pore size should exceed 300 um for bone formation and
vascularization. However, pores larger than 300 pm cause osteogenesis, while pore size
smaller than 300 pm promotes osteochondral ossification. Furthermore, by increasing the
void volume, large porous could affect the mechanical properties of scaffolds, so an
increase in pore size may not always be advantageous (Klawitter et al. 1976). We found

that the average pore size in our study was around 22 um. It has been observed during in
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vitro studies that the current pore size value does not restrict early cell adhesion and
growth. Conversely, it might limit cell penetration in long-term culture. The composition
that our group had previously produced was used to obtain the PolyHIPEs utilized in this
study. However, during our other studies, different compositions that increase porosity
and have a positive effect on morphology have been developed. The impact of the NaOH
treatment on the resulting PolyHIPEs was assessed as part of this study. In subsequent
studies, this approach, which was developed as a proof-of-concept by performing
optimization studies, will be applied to scaffolds with higher pore sizes.

In emulsions, different parameters affect pore and window diameters. The
concentration of the polymer used affects the size and pore distribution of the pores. The
volume of the proportion of the internal phase affects the pore size. In addition, the type
and number of surfactants used when creating emulsions also affect the pore structure.
Considering all this, the desired porosity and connectivity can be achieved by changing
these parameters (Aldemir Dikici and Claeyssens 2020).

When the emulsion is formed during the production of PolyHIPE, the internal
phase droplets are dispersed in the continuous phase, and this structure initially has a very
high porosity. Because the solvent is still present in the system before polymerization, the
porosity of the emulsion is initially at least 74%, as calculated by the ratio of the internal
phase volume to the total volume. Afterwards, when the continuous phase is solidified by
the polymerization process, the solvent is washed away from the system after
polymerization. At this stage, shrinkage occurs with the removal of the solvent. After
solvent elimination, the final porosity of the porous structure is identified as PolyHIPE
porosity (68%). Due to shrinkage, the final porosity becomes lower than the initial

porosity, as shown in Table 5.

Table 5. Morphological properties of non-treated 4PCLMA-based PolyHIPEs.

Internal phase Internal phase

Daverage daverage DOl PPolymer POI’OSity
DOO ; (%) (%) A

(pm) (pm) (d/D) (g/em’) (w/solvent) (w/o solvent) (%)

22412 3.7+2.7 0.17 0.05 1.05 63 74 68
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3.3. Development of Alkali Treated 4PCLMA-based PolyHIPEs

Alkali treatment of the scaffolds with NaOH is a process performed to change the
surface properties of the polymeric materials (Schneider et al. 2020; Jaidev and Chatterjee
2019; Abdul Hamid, Tham, and Ahmad 2018). These modifications can significantly
improve the integration of biomaterials with biological tissues and increase cell-material
interaction (Smith et al. 2007). Accordingly, in this study, NaOH treatment was
performed on 4PCLMA-based PolyHIPE scaffolds with three different NaOH
concentrations (0.1 M, 1 M and 5 M) and three different incubation times (3 h, 6 h and
24 h). When NaOH interacts with the polymer, it breaks the ester bonds in the polymer
backbone and reveals hydroxyl and carboxylic acid groups on the surface (Tham et al.
2014). The chemical drawing of NaOH hydrolysis is shown in Figure 20.
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Figure 20. NaOH hydrolysis of PCL.

3.4. Chemical Characterization of Scaffolds Using FTIR Analysis

The functional groups of 4APCLMA-based scaffolds after surface modification in

different NaOH concentrations and incubation times were analyzed using FTIR. The IR
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spectrum of 4PCLMA-based PolyHIPE scaffolds after NaOH treatment is shown in
Figure 21. The FTIR spectrum shows how NaOH treatment changes the chemical
structural properties of 4PCLMA-based PolyHIPE scaffolds. The peaks between 3400-
3200 cm™ represent broad bands of -OH groups, resulting from stretch vibrations of
hydroxyl groups. The increase in these bands indicates that the scaffolds tend to hydrolyze
and deteriorate. The most intense peak belongs to the N5SM24h group. The presence of -
OH groups indicates that these polymers have free hydroxyl groups that interact with
water (Zamani et al. 2019). The peaks between 3000-2800 cm™! represent CH2 groups. C-
H stretch vibrations in this area indicate that PCL has aliphatic carbon-hydrogen bonds.
No significant change in these peaks indicates that the chemical structure of the polymer

is preserved and its structural integrity is not compromised (Suarez et al. 2022).
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Figure 21. FTIR analysis of PolyHIPE scaffolds.

58



The peaks between 1750-1700 cm™ represent the C=0 group. These peaks
provide information about ester bonds. The decrease in these peaks indicates the
destruction of the ester bonds in the polymer chain, and as a matter of fact, the lowest
peak intensity is seen in the N5SM24h group (Benkaddour et al. 2013). The peaks between
1200-1000 cm™! are seen in this region as C-O stretch vibrations of ester bonds and give
information about the ester functional groups of PCL. Overall, these peaks provide
information about the chemical changes of the polymer via NaOH hydrolysis (Oyane et
al. 2005).

3.5. SEM Analysis

The effect of NaOH treatment on the morphological properties of the scaffolds
was examined using SEM. Micrographs of 4PCLMA-based PolyHIPEs treated with
NaOH are shown in Figure 22.
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Figure 22. SEM images of NaOH-treated 4PCLMA PolyHIPE scaffolds (Scale bar: 50
um).
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There was no change in surface morphology in the groups treated with 0.1M
NaOH. In the groups treated with 1M NaOH, pore structures were affected with an
increase in incubation time, and especially in the group that remained in the 24 h
incubation period, deteriorations in the pore structures were observed. In groups treated
with 5M NaOH, there were dramatic changes in the morphology of PolyHIPE depending
on the incubation time. These results showed that NaOH concentration and treatment time
play an important role in changing the pore structures and surface morphology of the
material.

The average pore sizes of non-treated and NaOH-treated scaffolds were measured.
As seen in the results, NaOH treatments did not cause a dramatic change in the average
pore size of scaffolds. The resulting average pore diameters of different scaffolds were

close to each other (Figure 23).
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Figure 23. Pore size distributions of PolyHIPE scaffolds.

The impact of NaOH treatment on the window diameter was examined and shown

in Figure 24. Although there was a slight increase in average window diameters due to
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the increase in incubation time in the groups treated with 0.1 M NaOH, there was no
significant change. In the groups treated with 1M NaOH, this increase was more apparent,
especially in PolyHIPEs treated with NaOH for 24 h. Although there was no significant
difference between the window diameters of the samples treated for 3 hand 6 h incubation
periods, there was a significant increase in the window diameter in the group exposed to
NaOH for 24 h. In groups treated with 5M NaOH, the pore diameter significantly
increased compared to the control group. The highest window diameter was observed in
the groups exposed to NaOH for 6 h and 24 h incubation periods. This increase in window
diameter may be due to the degradation of windows with smaller diameters due to NaOH
and the merging of smaller windows to form windows with larger diameters. These results
in pore diameter and window diameter show that although the NaOH concentration and
treatment time did not affect the pore diameter critically, they caused an increase in the
window diameter, especially in the groups treated with high concentrations of NaOH for

long incubation time.

20+ o
‘é‘ 151 c o o
£ & @ o
G 10 5
£ 10 %

2 &
[=]
T
=
s 5]
0

Figure 24. Window size distributions of PolyHIPE scaffolds.
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3.6. Determination of Mass Change

The mass loss graphic is shown in Figure 25. NaOH hydrolysis causes mass loss
by breaking the ester bonds in the polymer backbone and exposes hydroxyl and
carboxylic acid groups (W. Wang et al. 2016). Therefore, increasing the NaOH
concentration or incubation time broke a higher number of bonds in the polymer chain

and resulted in enhanced mass loss.
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Figure 25. The mass loss of scaffolds after NaOH treatment (n=3). * : p < 0.05, and no

significant difference was observed in unlabelled groups (p > 0.05).

Measurements of weight loss in 0.1M NaOH treated groups exhibit a minor
increase in comparison to the control group (NO), meaning a slight degradation of the
material occurs. Although a greater increase was observed in measurements in 1M NaOH
than in measurements in 0.1M NaOH, the most aggressive changes were observed in

PolyHIPEs treated with 5M NaOH. Especially in the last group (N5M24), the weight loss
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reached up to 32%, which shows that degradation accelerates at higher concentrations
and incubation times. This study shows that the structural integrity of the scaffolds is
significantly stressed under high alkalinity and long-term incubation.

Jirofti et al. developed PCL/Polyurethane (PU) based scaffolds and modified the
surface with NaOH (Jirofti, Mohebbi-Kalhori, and Masoumi 2022). They used three
different concentrations (1M, 2M and 3M) of NaOH with three different incubation times
(1 h, 2 h and 3 h). Mass loss data presented after hydrolysis of PCL with varying
concentrations of NaOH over different periods revealed that the degradation behaviours
of the polymer were dependent on NaOH concentration and incubation time. After they
hydrolysed PCL scaffolds with different NaOH concentrations and incubation time, they
observed 0.45% to 11.80% mass loss on the PCL scaffolds. In the results, scaffolds treated
with 1M NaOH for 3h showed 9.20% mass loss. In our study, we observed 6.73% mass
loss in the same group. Although they used thermoplastic PCL with a longer chain and a
molecular weight of 80,000 g/mol as a mixture with PU in their studies, we obtained less
mass loss in our study with 4PCLMA pre-polymer, which has an approximately 2,100
g/mol My, before the crosslinking of pre-polymer. Scaffold fabrication methods used may
also have an impact on this difference. Electrospinning and emulsion templating methods
provide different porous structures for the scaffolds. This may affect the interaction
between the NaOH solution and the scaffolds.

Overall, it can be concluded that there is a clear correlation between NaOH
concentration/incubation time and the degradation rate of PCL. Their increase leads to

greater and faster degradation.

3.7. Water Absorption Capacity

Water absorption is a crucial property that affects scaffold hydrolytic degradation
(Sultana and Wang 2008). Since water uptake capacity affects nutrient transport (H. Zhu
et al. 2010), cell attachment and proliferation, materials with enhanced hydrophilicity are
preferred in tissue engineering applications (Kouhi et al. 2018). The water absorption
capacity of scaffolds after being treated with NaOH at different times (3h, 6h, 24 h) and
various concentrations (0.1 M, 1 M and 5 M) is shown in Figure 26A and Figure 26B.
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Figure 26. A) Time-dependent and B) ultimate (after 300 min) water absorption capacity
of PolyHIPEs (n=3). ****p<(0.0001, and no significant difference was
observed in unlabelled groups (p > 0.05).

The water adsorption capacity test was performed for 5 h. There was no significant
difference in the initial absorption capacity of the scaffolds treated with 0.1 M NaOH
compared to the control group. However, scaffolds treated with 1M NaOH exhibit a
steady increase in water absorption capacity, reaching the highest level after 24 h. For

groups treated with 5M NaOH, there was a sharp increase in water absorption capacity
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even at 3 h when compared with the control group (N0O). N5SM6h groups showed higher
water absorption capacity compared to the N5SM3h group. The water absorption capacity
of N5M24h group samples could not be determined due to losing integrity. The highest
water absorption capacity, with 665%, was observed in the N1M24h group.

Thadavirul et al. used solvent casting and salt particle leaching methods to
produce PCL/HA-based scaffolds. To increase the hydrophilicity of the PCL/HA dual-
leached scaffolds, they treated the PCL/HA scaffolds with an alkaline solution. For this
purpose, they treated the scaffolds in 1M NaOH at 37 °C for 1h. They performed water
uptake tests for 3 days to investigate the HA addition and NaOH treatment on the water
absorption capacity of the scaffolds. There was a decrease in the water absorption
capacity of the scaffolds with the addition of HA. The scaffolds with HA added showed
decreased water absorption capabilities compared to the samples in the control group. On
the other hand, PCL/HA scaffolds treated with NaOH had higher water absorption
capacity than untreated PCL/HA scaffolds. Considering this result, 1M 1h NaOH
treatment shows significant increases in the water absorption capacity of the scaffolds
even in alkaline treatment (Thadavirul, Pavasant, and Supaphol 2014).

In our study, NaOH treatment applied at different concentrations and incubation
times showed higher water retention capacity at higher concentrations and immersion
times. On the other hand, it was noted that during incubation and at concentrations over
a certain level, the integrity of scaffolds was compromised. Although alkaline hydrolysis
increases the hydrophilic properties of materials, it affects the material integrity. This fact
was taken into consideration when determining the ideal concentration and incubation
time for 4APCLMA-based PolyHIPE scaffolds.

3.8. Water Contact Angle

Measurements of the water contact angle were conducted on the NaOH-treated
and non-treated scaffold surfaces to quantify their hydrophilic properties. The results are

shown in Figure 27.
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Figure 27. Water contact angles on the PolyHIPE scaffolds after 60 s (n=3).
**%*n<(0.0001, and no significant difference was observed in unlabelled

groups (p > 0.05).

According to the results of static contact angle measurements, a decrease in
contact angles was observed after NaOH treatment of the material. A significant
difference was not seen in the scaffolds between the NO and N1M6h groups. While the
contact angles of the scaffolds 60 s after water was dropped were above 90° until the
N1M6h group, they decreased below 90° starting from the 1INM6h group. Starting from
the N1M24h group, the scaffolds started to show hydrophilic properties and a significant
difference was seen in the results. Especially after the N1M24h group, the contact angle
of the scaffolds decreased to 0°. The contact angles were measured as 0° in all 5SM NaOH-
treated groups. These results showed that 3 h of treatment in 5 M NaOH was sufficient to
improve the hydrophilicity of PCL without the need for long-term hydrolysis.

Zhou et al. wanted to examine the effect of NaOH treatment on PCL films. For
this purpose, they performed a contact angle experiment to evaluate the hydrophilic
properties of NaOH-treated samples. They treated the scaffolds in NaOH with a

concentration of 5 M at three different time points (5 min, 15 min, and 30 min). They
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investigated the contact angles of the NaOH-treated scaffolds. They observed that as time
increased, the contact angle of PCL films decreased. These results also showed that a
soaking time of 30 min in 5 M NaOH was sufficient to improve the hydrophilicity of
thermoplastic PCL (M, = 80,000) without long-term soaking times (Z.-X. Zhou et al.
2020). The results indicated that NaOH treatment decreased the contact angle of the
scaffolds and improved their hydrophilic properties. The breaking of ester bonds on the
polymer structure can yield hydrophilic carboxyl and hydroxyl groups on the PCL surface
as a result of the polymer hydrolysis in NaOH solutions (W. Wang et al. 2016).

Contact angle images of the scaffolds were captured at four different time points
(1s,10s,30sand 60 s) (Figure 28). Mostly, the contact angle of hydrophobic groups did
not change from 1 s to 60 s. However, the contact angle of the N1M6h group was changed
to the hydrophilic range from the hydrophobic range, and the contact angle of scaffolds
between N1M24h and N5SM3h groups decreased to 0 © at the beginning stage.
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Figure 28. Contact angle images of PolyHIPE scaffolds at four different time points.

3.9. Mechanical Characterization

Scaffolds need to have sufficient mechanical propertiesto resist the forces
involved in tissue regeneration for utilization in bone tissue engineering. Maintaining the

structural integrity of scaffolds supports cell growth and tissue formation under
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physiological conditions. Designing scaffolds by considering mechanical properties such
as stiffness, compressive strength and load-bearing capacity to support successful tissue
repair and regeneration is crucial (Yazdanpanah et al. 2022). Compression tests were
applied to the scaffold to characterize the mechanical properties. The compressive
modulus of the samples calculated from the linear region of the stress-strain curve is
shown in Figure 29A. The stress-strain chart is shown in Figure 29B. The maximum stress
value was limited to a strain of 60%, where the sample is almost fully compressed. While
this value does not correlate with a material fracture, it does indicate the point where
stress reaches its maximum level without exceeding the maximum force limit of the
device and with the minimum change in strain. A very high local modulus value is
observed here.

Treatment of the scaffolds with NaOH at different concentrations and incubation
times resulted in a decrease in the compressive modulus of the scaffolds, as shown in
Figure 29B. The compressive modulus of the control group (NO) was 3.4 = 0.4 MPa.
Among the groups treated with 0.1M NaOH and the control group, there was no
noticeable difference. Although there was no significant difference between NO and
N1M6h groups, there was a significant difference between NO and N1M3h groups. The
reason for this may be air bubbles in the emulsion formed during sample preparation or
the samples having different properties due to being obtained in different batches. It was
observed that the compression modulus decreased significantly in the group treated 1M
for 24 h. In 5M NaOH-treated groups, although there was a decrease in the compressive
modulus in the group treated for 3 h, there was no statistical difference compared to the
control group. There were serious decreases in the compressive modulus in the groups
treated for 6 h and 24 h. Due to the high degree of degradation in the scaffolds in this
group, their mechanical strength may have decreased significantly.

Gupta et al. have a study investigating the effect of NaOH treatment on PCL-
based 3D printed scaffold. In this study, researchers applied NaOH treatment at different
concentrations (5 M, 10 M and 20 M), different temperatures (room temperature and 37
°C) and different incubation times (24 h and 48 h). The results showed that the Young's
modulus of each group decreased, and mechanical properties were affected more with

increasing incubation time and concentration.
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Figure 29. A) Stress-strain curve of compression-tested PolyHIPE scaffolds, B) Young’s
modulus of compression-tested PolyHIPE scaffolds (n=5). ***p <0.001, and

no significant difference was observed in unlabelled groups (p > 0.05).

Although there was a decrease in Young's modulus in the group treated at 5M
room temperature and 24 h compared to the control group, there was no significant
difference. In contrast, in our study, it is seen that at such a high concentration and
incubation time, the Young's modulus of the scaffold significantly decreased. One of the

69



potential reasons for that is likely to be the polymers used are different; one is linear PCL
with high Mw, while the other is 4APCLMA pre-polymer, which is a polymer with lower
Mw. Another reason may be that the scaffolds are produced using different production
methods. Scaffolds produced by emulsion templating have a porous morphology and
different porosity, and the scaffolds fabricated by electrospinning have different porous
structures (Gupta et al. 2019). Emulsion-templated scaffolds have more surface area due
to their highly porous structure. It causes higher liquid absorption, and due to this
absorption capacity, NaOH can be exposed more on the scaffolds even with the same

concentration and immersion time applied to scaffolds.

3.10. Determination of the Ideal Immersion Time and NaOH

Concentration

4PCLMA PolyHIPE scaffolds were exposed to nine different test conditions for
NaOH treatment. The hydrophilicity after NaOH treatment was evaluated by measuring
the contact angle of dH>O droplets on the scaffold surface prepared with different test
conditions. Ester bonds were broken after NaOH treatment of the scaffolds, and hydroxyl
and carboxylic acid groups were obtained on the surfaces of the samples. The hydrophilic
characteristics of the scaffolds increased as a result of increases in hydroxyl and
carboxylic acid groups on their surface. Although the contact angle determines the
hydrophilicity of the scaffolds, it is necessary to examine the effects of NaOH treatment
on other properties of the material. By breaking down the ester bonds within the polymer
chains, the mechanical strength of materials is significantly affected by NaOH treatment.
In this sense, the compressive mechanical test results of NaOH-treated scaffolds were
evaluated. In addition to evaluating the hydrophilicity and mechanical properties of these
nine test conditions, the change in bulk mass of the scaffold before and after NaOH
treatment was also examined. As a result, two groups, N1M24h and N5M3h, which
showed hydrophilic properties after NaOH treatment, preserved the integrity of the
scaffold, which had more mechanical strength and less mass loss, were selected as test

groups for ongoing characterizations.
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3.11. BET analysis

The surface areas and porosity of the samples were examined using BET. The
results of the BET analysis of PolyHIPE scaffolds are shown in Table 6. The BET surface
area and Langmuir surface area of the 1M 24h NaOH treated group (N1M24h) are higher
than the NO group but lower than the N5M3h group. This sample has more surface area
and larger pores than NO. In the 5M3h NaOH-treated group (N5M3h), the pore size is
significantly larger than the other groups. BET and Langmuir's surface areas are also
higher than those of the other groups. In bone tissue engineering, the surface area and
pore size of the biomaterials used are important for cell growth and tissue integration
(Amini, Laurencin, and Nukavarapu 2012). A larger surface area is generally ideal for
cell growth and integration of bone tissue (Jiao et al. 2023). The pore size of the control

group sample (NO) is smaller than the other samples.

Table 6. BET analysis of PolyHIPE scaffolds.

Sample NO N1M24h N5M3h
BET Surface Area (m?/g) 1.0579 1.6885 2.5052
Langmuir Surface Area (m?/g) 1.7731 2.8672 4.0663
t-Plot External Surface Area (m?/g) 1.1995 2.2990 3.0072
Pore Size (A) 39.2838 41.3382 77.9087

3.12. Protein Adsorption

One significant component that affects cell adherence to the scaffold is cell-
substrate interaction. Cell migration, spreading, and proliferation are all regulated through
protein adsorption on the scaffold surface, resulting in an impact on the interaction
between cells and materials. Protein adsorption takes place on the surface of a biomaterial
when it comes into interaction with a liquid (blood, body fluid, or cell cultivation
medium) that contains soluble protein. Thus, when the cells are seeded, they contact
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directly the adsorbed protein layer instead of the molecular structure of the biomaterial
(Latour 2008).

In our study, protein adsorption of the scaffolds was determined using the BCA
colourimetric Kit, a protein assay kit. Protein adsorption of the scaffolds was performed
in 0.1% BSA solution for 24 h. The colour change obtained for the working solution is
shown in Figure 30. Four replicates were used from each sample group, and three
replicates were used from each sample group as blank. The colour of the working agent
is close to turquoise, and when it interacts with BSA, it turns darker and purple. The
colour of the blanks of each sample group did not change after 30 min and remained the
same colour. However, in the wells where only BSA is placed, we see the colour change
as the working agent and BSA interact. This colour change was close to purple. Compared
to the scaffold groups adsorbing BSA, more colour change was seen in the group with
less BSA-adsorbed group (NO) because the solution contained more BSA than the other
groups. Since the N1M24h and N5M3h groups adsorbed more BSA, less BSA remained
in the well after the scaffolds were removed from the well, and accordingly, the colour

change was less than the NO group (Figure 28).
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Figure 30. Experimental set-up of BSA adsorption test. Images were taken after 30 min

of scaffold removal and the addition of working agents to the wells.

The adsorption graph of the resulting protein is given in Figure 31. As a result,
the group showing the highest protein adsorption was N1M24h. The protein adsorption
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value of this group was observed as 67.1 ug/mL. The NSM3h group showed 57.5 pg/mL
protein adsorption. In general, scaffolds with more surface area are expected to show
greater protein adsorption. In this case, higher protein adsorption is expected in the 5M3h
sample group, which has more surface area because of BET analysis. However, the
N1M24h group showed higher protein adsorption. The potential reason for this may be
that different treatment times and intensities between N1M24h and 5M3h samples may
have caused the formation of different chemical groups on the surface or different surface
morphologies. Different chemical groups formed on the surface may also have decreased
or increased protein binding ability. The lowest protein adsorption value was shown in
the NO group with 34.6 pg/mL. When the N5M3h and N1M24h groups were compared
with the control (NO) group, these two groups showed statistically significantly more
protein adsorption than the control group. As a result, treating the scaffolds with NaOH

significantly increased the protein adsorption of the scaffolds.
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Figure 31. Protein adsorption studies of the PolyHIPE scaffolds (n=3). *p<0.05,
**%p < (.001.
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3.13. Biological Characterization

3.13.1. Cytotoxicity of The Scaffolds

The cytotoxicity of the scaffolds was tested by culturing L929 cell lines for 48 h
(Figure 32A). In the first-day results, relative fluorescence values were similar in all
groups, and no significant differences were observed. This result shows that the NO,
N1M24h, and N5M3h did not show any cytotoxic effect on the cells compared to the
tissue culture plate (TCP). Similar fluorescence values in all groups indicate that the
cytotoxicity of the scaffolds was not affected by NaOH treatment. Results on 48 h showed
an increase in relative fluorescence compared to 24 h in all groups. This result indicates
that cell viability increased over time. The fact that this increase occurred in all groups
shows that the material and NaOH treatment did not create a cytotoxic effect, and the
cells continued to proliferate. As a result, it can be said that none of the tested samples
(N1M24h, N5M3h, NO and TCP) exhibited cytotoxic effects within these 48 h. It shows
consistency in relative fluorescence between groups on both days and does not appear to
negatively affect cell viability.

Thadavirul and his colleagues produced PCL and PCL/HA dual-leached scaffolds
using solvent casting, polymer leaching, and salt particulate leaching methods.
Afterwards, the scaffold surfaces were modified by applying NaOH treatment to the
produced scaffolds. In their study, they performed an indirect cytotoxicity test to examine
the cytotoxic effects of NaOH treatment. For this test, mouse calvaria-derived
preosteoblastic cells and L929 cell lines were used. According to MTT results, the cell
viability was always above 80% compared to TCP on days 1, 3, and 7. They showed that
NaOH treatment of scaffolds did not cause cytotoxicity (Thadavirul, Pavasant, and
Supaphol 2014).

Also, a live/dead assay was performed using calcein and propidium iodide (PI)
stains to confirm the Alamar blue test for cell cytotoxicity. Fluorescence microscope
images are presented in Figure 32B. Since live/dead stain is used, the cells shown in green
in the images are live cells, and the cells shown in red are dead cells. Yellow arrows

indicate the dead cells on the images. Cellular viability of cells in wells containing
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untreated and NaOH-treated scaffolds was very high and close to each other after 48 h of

culture.
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Figure 32. A) Cytotoxicity of PolyHIPE scaffolds (n=5). No significant difference was
observed as labelled (p>0.05). B) Fluorescence microscope images of
PolyHIPE scaffolds and TCP after live/dead staining (Scale bar: 100 um).
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3.13.2. Initial Cell Attachment Behaviour

Initial cell adhesion is a crucial phase for the healthy proliferation, differentiation
and tissue regeneration of cells. Ensuring initial cell attachment is an important goal for
the development of biomaterials and tissue scaffolds (Lotfi, Nejib, and Naceur 2013).
SEM analysis was performed to examine the cell attachment behaviour of cells on the
surfaces of NaOH-treated and untreated scaffolds. This study was conducted to observe
initial cell interaction with NaOH-treated and non-treated scaffolds after 4 h of cell

seeding. SEM images of cell-seeded PolyHIPE scaffolds are shown in Figure 33.

Figure 33. False-coloured biological SEM images of PolyHIPE scaffolds. Morphological
images of Saos-2 cells cultured on A-B) NO, C-D) N1M24h and E-F) 5M24h

PolyHIPE scaffolds after 4h incubation.
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The morphology formed by the cell after its interaction with the material after 4 h
of cell seeding is given in these figures. Cells adhere to the surface and do not spread on
the control group (NO). On the surfaces of NaOH-treated scaffolds (N1M24h and
N5M3h), the cells adhered to the hills and valleys on the rough surface and spread slightly
more on the surfaces. Also, cells produced filamentous extensions on the scaffold surface
to attach to these valleys. NaOH treatment enabled the cells to spread and produced
filamentous extension to attach onto the scaffold surface.

Gupta et al. also investigated the cell attachment behaviours of the scaffolds
obtained from PCL scaffolds with 3D printing technology. They investigated initial cell
attachment behaviours on non-treated and NaOH-treated scaffolds. They also used the
Saos-2 cell line in their study and showed that the cells on the scaffolds treated with
NaOH showed better cell attachment than the non-treated groups after 4 and 8 hours
(Gupta et al. 2019).

3.13.3. Cell Seeding Efficiency and Cell Proliferation

Following the cytotoxicity tests of the scaffolds, cell seeding efficiency and
proliferation experiments were carried out using Saos-2 cell lines to examine the effect
of NaOH treatment on the initial adhesion of the scaffolds and subsequent proliferation.
15 min and 60 min time points were selected for cell seeding efficiency. These time points
were chosen to understand the critical stages of cell attachment and initial interaction with
the scaffold surface. The 15 min time point was chosen to evaluate the initial attachment
efficiency of cells to the scaffold surface.

Since NaOH-treated scaffolds showed hydrophilic properties compared to the
control group, it was predicted that the cells would attach to the scaffold surface within
15 min, and there would be an enhancement in cell attachment compared with the control
group. The attachment of cells onto the scaffold surface in such a short time shows that
the scaffold supports surface compatibility and cell adhesion.

The 60 min time point will allow the initially connected cells to spread further and
form more stable connections. So, while the early process (15 min) will provide insight
into how well the cells recognize the scaffold and adhere to the surface, the later process

77



(60 min) will provide insight into whether the cells maintain their attachment and begin
to spread and proliferate on the surface. Cell seeding efficiency and cell proliferation

graphs of scaffolds are shown in Figure 34.
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Figure 34. Cell seeding efficiency and cell proliferation of Saos-2 cells on PolyHIPE
scaffolds (n=5). *p<0.05, **p<0.01, ****p<0.0001, and no significant
difference was observed in unlabelled groups (p > 0.05).

In the results, although there was a difference in relative fluorescent values, it was
not significant for both the 15 min and 60 min groups after 1 day of cell culture. That is,
cell proliferation or metabolic activity was found to be similar in each group after the first
day. Only a difference was seen between 15 min and 60 min only in the TCP groups.
While the cells adhered less to TCP at 15 min, it was observed that the cells adhered more
at 60 min. On day 3, no significant difference was seen between both the 15 min and 60
min groups, so it can be assumed that there was no significant change in cell proliferation
between the sample groups at this time point. Day 5 results showed significantly higher
fluorescence in N1M24h and N5M3h scaffolds in the 15 min groups compared to NO
scaffolds. In other words, cell proliferation was observed to increase in these groups. It
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was observed that at 60 min, N5M3h scaffolds in the groups showed significantly higher
fluorescence than NO scaffolds, so they provided significantly higher cell proliferation.

In conclusion, although initial cell proliferation was similar in all groups, day 5
results show that the NaOH-treated groups (N1M24h and N5M3h) showed enhanced cell
activity, especially at the 15 min interval. The observed increase in cell proliferation is
consistent with previously reported findings that surface modifications can enhance
cellular responses.

Thadavirul and colleagues investigated the capacity to facilitate bone cell
adhesion and proliferation on PCL/HA-doped scaffolds with MC3T3-E1 cells. In their
study, cells were seeded and cultured onto the scaffold surface and TCP for 4, 8, or 16 h
or 1, 2, or 3 days. They measured the viability of cells in the scaffolds using the Alamar
blue test. The number of cells seeded in TCP at an early seeding density of 4x10*
cells/well increased to 100% in 4h cell culture and then to 133% in 16h cell culture. It
was determined that the vitality of cells on PCL and PCL/HA double-leached scaffolds
treated with NaOH was greater compared to that of cells seeded on TCP. The rough and
hydrophobic surface of the PCL/HA double-leached scaffolds likely contributed to the
higher number of cells on the NaOH-treated scaffold than the nontreated scaffold. In the
results on days 1, 2 and 3, higher cell proliferation was observed in the groups that applied
NaOH treatment. As a result, it can be said that NaOH treatment accelerated cell
proliferation at different time points (Thadavirul, Pavasant, and Supaphol 2014).

Wang and his colleagues produced a PCL-based scaffold, and they modified the
scaffolds with NaOH treatment and pristine graphene, adding at different ratios. They
used human adipose-derived stem cells (ADSCs) for cell culture studies. They performed
the Alamar blue test to compare cell viability. In the results, the scaffolds treated with 5M
NaOH for 3 h and then added pristine graphene at different rates showed higher cell
proliferation than the non-treated scaffolds from day 3 to day 14 (W. Wang et al. 2016).

Zamani and his colleagues also used different concentrations of NaOH treatment
in the PCL-based scaffolds they fabricated using 3D printing. They also applied
arginylglycylaspartic acid (RGD) immobilization on the scaffolds. They investigated the
cell behaviours of the scaffold that NaOH treated and RGD immobilized. For this, they
performed cell culture studies with pre-osteoblast cells. In the results, although they did
not see a significant difference in cell proliferation after 3 days of cell culture, from day
7 onwards, NaOH-treated and RGD-immobilized scaffolds began to show higher cell

proliferation than unmodified scaffolds (Zamani et al. 2019). Consequently, it was found
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that treating the scaffolds with NaOH enhanced cell proliferation, both in our study and
in the studies reported in the literature.

Cell attachment and cell proliferation on the scaffolds with 15 min (Figure 35)
and 60 min (Figure 36) cell seeding were investigated using SEM after 5 day cell culture.

Figure 35. Cell morphological images of Saos-2 cells on A-B) NO, C-D) N1M24h and E-
F) N5M24h PolyHIPE scaffolds after 5-day culture with 15 min incubation
after cell seeding.

In the untreated group (NO), where cell seeding was performed for both 15 min
and 60 min, cells adhered and spread on the scaffold surface, but cells were concentrated
in certain areas on the scaffold surface. In addition, in 15 min and 60 min cell seeded
NaOH-treated scaffold groups (N1M24h and N5M3h), cells adhered to the surface of the
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scaffolds. Cells were spread on the surface, covering almost the entire scaffold surface.
After NaOH treatment, cell adhesion behaviour and proliferation were positively affected.
The obtained SEM results also confirm the Alamar blue tests. In Alamar blue results,
more metabolic activity was also seen in NaOH-treated scaffold groups (N1M24h and
N5M3h). In general, there are many studies in the literature showing that cell adhesion
and proliferation are enhanced with hydrophilic surfaces (Gupta et al. 2019; Z.-X. Zhou
et al. 2020).

500 um

300 pm

Figure 36. Cell morphological images of Saos-2 cells on A-B) NO, C-D) N1M24h and E-
F) N5SM24h PolyHIPE scaffolds after 5-day culture with 60 min incubation
after cell seeding.
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CHAPTER 4

CONCLUSION

The main aim of this thesis was to develop surface-modified 4PCLMA-based
PolyHIPE scaffolds with enhanced hydrophilicity and cell-material interactions to be
used in bone tissue engineering applications.

In the scope of this thesis, 4APCLMA pre-polymer was successfully synthesized in
two steps: ring-opening polymerization and methacrylate functionalization. The polymer
structure and the polymer molecular weight distributions were confirmed successfully
with NMR and GPC analysis. 4PCMA-based PolyHIPEs were developed, and alkaline
treatment of PolyHIPE scaffolds was implemented with NaOH to increase their
hydrophilicities. The effect of NaOH treatment on the morphological, mechanical,
chemical, physical and biological characteristics of scaffolds was examined and
characterized using SEM, mechanical test device, FTIR, contact angle analysis, BET
analysis, swelling study, and protein adsorption assay. In vitro cytotoxicity of NaOH-
treated PolyHIPE scaffolds was determined by Alamar blue and live/dead assays.
Cytotoxicity of scaffolds was performed with L929, and cell attachment and cell
proliferation tests were performed with Saos-2 cells.

As a result, the polymer was successfully synthesized with ~97% DM and 2420
g/mol molecular weight. Then, emulsion templating was used in the fabrication of
4PCLMA-based polyHIPE scaffolds. The resulting PolyHIPE was found to have an
average pore size of 20 = 7 um and a window size of 4 + 2, respectively. Following NaOH
treatment, although the NaOH concentration and treatment time did not affect the pore
diameter critically, they caused an increase in the window diameters. Although the pore
and window diameter of the scaffolds developed in the scope of this thesis has less
diameter than required for bone tissue engineering scaffolds, the proof-of-concept
approach that is presented in this study showed that the NaOH treatment of emulsion
templated scaffolds is applicable without causing a deteriorating effect on their

morphologies. This technique can be applied to scaffolds that will be developed with
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larger pore and window pore sizes by changing the process parameters of emulsion
templating.

NaOH-treated scaffolds were analyzed using FTIR, which indicated that NaOH
treatment successfully changed the surface chemistry of 4PCLMA PolyHIPEs.
Accordingly, in contact angle results, an increase in NaOH concentration and incubation
time significantly decreased the contact angles of scaffolds. In the same direction, water
absorption capacity increased depending on the increase in NaOH concentration and
incubation time.

The mass loss showed that degradation accelerates at higher concentrations and
incubation times. An increase in NaOH concentration and incubation time caused lower
mechanical strength on scaffolds.

Two groups, N1M24h and N5M3h, which showed hydrophilic character after
NaOH treatment, preserving the integrity of the scaffold, which had more mechanical
strength and less mass loss, were selected as test groups for ongoing characterizations.
They are further investigated using BET analysis, protein adsorption, and biological
characterization.

As a result of BET analysis, NaOH treatment on the PolyHIPE scaffolds caused
more porosity and greater surface area. Accordingly, in the protein adsorption assay, both
N1M24h and N5M3h groups adsorbed significantly higher degrees of protein compared
to the control.

The cytotoxicity of both non-treated and treated scaffolds was tested using the
L929 cell line, and no cytotoxicity was observed for 48 h period. Also, according to the
live/dead assay, NaOH treatment did not show any cytotoxic effect. In cell proliferation
experiments, a higher degree of cell proliferation was observed in NaOH-treated groups
at the end of the 5-day culture period.

In the biological SEM investigation, whilst cells adhere to the surface and do not
spread on the untreated group, the cells adhere on the surface and spread on the NaOH-
treated scaffold surface following 4 h incubation. In 5-day cell proliferation images, cells
adhered and spread on all of the NaOH-treated scaffolds (N1M24h and 5M3h) and
covered almost the surface homogeneously. Conversely, cells adhered and spread on the
non-treated (NO) scaffolds but did not cover the scaffold surface homogeneously and cells
were concentrated on certain areas of the scaffold surface.

NaOH treatment is an advantageous technique because of its simplicity,

scalability, and cost-effectiveness. NaOH treatment on the 4PCLMA-based scaffolds
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increased the hydrophilic properties of the scaffolds. Also, it provides better protein
adsorption, cell attachment, and cell proliferation on the scaffolds.

In addition to all these advantages of NaOH treatment, significant disadvantages
have also emerged. NaOH treatment had a very destructive effect on the scaffolds,
negatively affecting their mechanical properties. Even in the groups that showed the
highest mechanical strength in the hydrophilic range, compression modulus losses were
observed at around 50%.

In future work, intermediate concentrations and incubation times can be applied
to reduce the destructive effect caused by NaOH treatment while staying in the
hydrophilic region. In addition, mechanical properties can be increased by combining
NaOH treatment with other surface modifications. Modifications such as HA coating and
CaP dipping can increase both the bioactivity and mechanical properties of the scaffolds.
Additionally, by synthesizing lower molecular weight polymers with lower degrees of
polymerization, the intrinsic mechanical properties of the polymer can be increased,
which will eventually result in modified scaffolds with higher compression modulus.

Also, future work has been planned to develop scaffolds with larger pore sizes for
cell culture studies and longer periods for better cell infiltration. In vitro culture of
mesenchymal stem cells, their differentiation, long-term culture, and further
characterization can give a better understanding of the performance of NaOH-treated
4PCLMA scaffolds as bone tissue engineering scaffolds.

Overall, this thesis provides a proof-of-concept approach that successfully
enhances the hydrophilicity and biological performance of 4PCLMA PolyHIPE
scaffolds. The material properties can be enhanced for more clinically relevant materials,
and further in vitro and in vivo characterization is needed to evaluate the biological

performance of the material better.
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APPENDIX A

Figure 37. Uncoloured biological SEM images of PolyHIPE scaffolds (Original images
of Figure 33). Morphological images of Saos-2 cells cultured on A-B) NO, C-
D) N1M24h and E-F) 5M24h PolyHIPE scaffolds after 4h incubation.
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