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PREPARATION AND CHARACTERIZATION OF PCL/LIGNIN SPONGES
FOR BONE TISSUE ENGINEERING APPLICATIONS

SUMMARY

Organs and tissues may be damaged by accident, congenital anomalies, diseases and
similar reasons. Although living tissues have the capacity to heal these damages,
large defects or severe tissue losses can only be repaired to a certain extent. Tissue
engineering techniques have been developed to trigger, assist and accelerate the
healing process, or directly replace the targeted tissue. In tissue engineering, the most
suitable three-dimensional scaffold structure is produced to match the characteristics
of the targeted tissue and provide the initial structural integrity and organizational
backbone for cells to replace the damaged tissues and organs. Especially bone and its
related diseases can cause a significant impact on a person’s health and quality of life
if they are not treated and healed properly. Millions of bone injuries have been
occurring each year and they are not only affecting people’s life but also cause to a
serious burden on country’s economies. Bone tissue engineering was presented as a
solution to address these problems.

In this thesis, a synthetic and natural polymer blend was used to create a scaffold that
is suitable for bone tissue engineering. Polycaprolactone (PCL) was used as synthetic
polymer, while alkaline lignin was used as natural polymer. Solvent casting,
particulate leaching and freeze-drying methods were used to create porous sponge-
like scaffolds. PCL and lignin samples were prepared at different lignin
concentrations (0, 10, 15, and 20 mg/ml) while keeping the PCL concentration
constant at 200 mg/ml, PCL200, PCL200/Lignin10, PCL200/Ligninl5 and
PCL200/Lignin20, respectively. A sample with PCL concentration of 100 mg/ml and
lignin concentration of 20 mg/ml was also prepared to see the effect of PCL
concentration (PCL100/Lignin20). For all scaffolds, except for the control sample,
NaCl crystals were used as porogen.

Lignin containing scaffolds were appeared more brownish than pure PCL scaffolds.
Since the structural integrity of PCL100/Lignin20 sample was very poor, and
PCL200/Lignin20 without the salt addition cannot be removed from the mold
surface, they were not used in further experiments.

Even though, mechanical properties of the scaffolds have not been studied in this
thesis, based on preliminary visual and manual analysis rest of the PCL/Lignin type
scaffolds were observed to be more flexible than PCL constructs.

Water uptake analysis showed that there is no significant difference between the
samples with different lignin concentrations. The water uptake behavior of the
scaffold, however, was dramatically increased with the lignin addition. While the
water uptake for PCL200 was 44%, it was 380-400% for the samples with lignin
after 24 h. In Fourier-Transform Infrared Spectroscopy (FTIR) analysis, typical
peaks for PCL are identified for all scaffold types. Even though special peaks for
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lignin could not be observed, a reduction in the intensity of a peak, which represent —
OH groups, was determined in all PCL/Lignin scaffolds compare to the PCL200.
This can be evidence of reactions and new bonds between PCL and lignin polymers.
Since water uptake and FTIR analysis showed that there is no significant difference
between different lignin concentrations, it was decided to continue with only one
sample type, PCL200/Lignin10, for further experiments.

The porosities of pure PCL200 and PCL200/Lignin10 determined as 73% and 76%,
respectively using liquid displacement technique. Pore sizes were investigated with
ImageJ software on SEM images. For PCL200 scaffold, 31% and 58% of the pores
on the surface were in the range of 100-300 um and 300-600 pwm, respectively. For
PCL200/Lignin10, 30% and 43% of the pores were in the range of 100-300 pm and
300-600 um, respectively. In addition, many pores that are smaller than 20 pm were
observed for both sponges. The melting temperature of PCL200/Lignin10 scaffold
was %5.4 higher than PCL200 scaffold as determined by Differential Scanning
Calorimetry. The increased melting point might be the result of a new bond between
PCL and lignin.

Hydrolytic degradation was not seen within 7 days for both samples, but enzymatic
degradation in lipase presence was observed for both sponges. After 7 days, only
43% weight loss was recorded for PCL200/Lignin10, while PCL200 sponge was
completely degraded after the fifth day. Lignin’s natural resistance to enzymatic
degradation or the modifications to form an alkaline lignin might be the reason of
this unexpected decrease in degradation.

Biomineralization process was triggered by soaking scaffolds to modified-simulated
body fluid solution. The mineralization rate was analyzed by SEM. SEM
micrographs revealed significant mineral accumulations for both scaffold types at the
end of the 7th day. When the 7th day samples were compared, it was seen that the
hydroxyapatite-like structures were mostly deposited on top of each other in the
PCL200 sample, while the aggregations were more evenly spread over the surface on
the PCL200/Lignin10 sample. Furthermore, even though an intense accumulation
was observed on the scaffold surface of the PCL200, the inside of the pores as
appeared to be smooth. Lignin containing samples, on the other hand, had more
mineral deposition within the pores. The elemental analysis of the formed
hydroxyapatite-like structures was analyzed by EDX. It was observed that the Ca/P
ratio of the accumulations on the PCL200/Lignin10 samples at all determined times
was closer to the ideal hydroxyapatite Ca/P ratio (1.67).

Finally, cell proliferation assay was performed with hFOB cells to examine the
effects of lignin addition on cell adherence and proliferation on the surface. The
proliferation of hFOB was significantly higher on PCL200/Lignin10 scaffolds
compared to PCL200. The proliferation on PCL200/Lignin10 sponge was found to
be 212% and 50% higher after day 3 and 7, respectively.

Further studies are necessary in order to evaluate the usability of PCL200/Lignin10
sponge scaffolds in bone tissue engineering. However, the findings obtained within
this thesis suggest that this blend is promising candidate for bone tissue engineering.
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KEMIK DOKU MUHENDISLIGI UYGULAMALARI iCiN PCL/LIGNIN
SUNGERLERININ HAZIRLANMASI VE KARAKTERIZASYONU

OZET

Doku ve organlar, kaza, dogumsal anomaliler, hastaliklar ve benzeri nedenlerle zarar
gorebilir. Insan viicudunun bu hasarlar1 iyilestirme kapasitesi, ozellikle biiyiik
travmalarda, olduk¢a smirlidir. Bu sebeple, iyilesme siirecini tetiklemek,
hizlandirmak ve bu siirece yardime1 olmak veya dogrudan hedeflenen dokunun yerini
alabilecek bir yap1 gelistirmek i¢cin doku miihendisligi teknikleri gelistirilmistir.

Doku miihendisliginde, hedeflenen dokunun o6zellikleri i¢in en uygun ii¢ boyutlu
iskele yapisi olusturulur. Bu yap1 hiicrelerin hasarli doku ve organlar1 yeniden
yapilandirmasi, yerini almasi veya onarmasi i¢in ilk yapisal biitiinliigli ve omurgay1
saglar. Ozellikle kemik ve iliskili hastaliklar, uygun sekilde tedavi edilmedigi ve
iyilestirilmedigi takdirde kisinin saghigi ve yasam Kkalitesi tizerinde ciddi olumsuz
etkilere neden olabilir. Her y1l milyonlarca kemik yaralanmasi meydana gelmekte ve
bunlar hasta rahati agisindan olumsuz etkileri yaninda iilke ekonomileri i¢in de ciddi
bir yiik olusturmaktadir. Bu nedenle, kemik doku miihendisli§i bu sorunlara bir
¢Oziim olarak diisiiniilmiistiir.

Bu tezde, kemik doku miihendisliginde kullanima uygun bir yap1 iskelesi olusturmak
icin sentetik ve dogal bir polimer karigimi kullanilmigtir. Sentetik polimer olarak
polikaprolakton (PCL), dogal polimer olarak alkali lignin tercih edilmistir.

PCL fiziksel ve biyolojik Ozellikleri nedeniyle doku miihendisligi iskelelerinde
siklikla tercih edilen bir alifatik poliesterdir. Biyouyumlu ve biyobozunur yapisi ve
digik erime ve camsi gecis sicakligi tercih edilme sebeplerindendir. Ancak
bozunurlugu, benzeri sentetik polimerlere kiyasla daha yavas oldugundan, sert ve
yiik tastyict dokularm iskeleleri i¢cin kullanimi daha uygundur. Ayni zamanda birgok
sentetik polimerden daha ucuz olmasi ve yiiksek miktarlarda {iretilebilmesi de
avantajlarindandir. Buna karsin, diger bir¢ok sentetik polimer gibi organizmada
enflamasyonu ve oksidatif stresi tetikler ve hidrofobik 6zelliginden dolay1 hiicre
adezyonu ve cogalmasi i¢in uygun bir platform olusturmaz. Bu dezavantajlara
ragmen bu polimerin siklikla tercih ediliyor olmasinin nedenlerinden biri, diger
polimerlerle kolayca kopolimer veya karisim olusturabilmesidir. Bdylece
avantajlarmmin 6n plana ¢ikarilacagi ve dezavantajlarinin elimine edilebilecegi yapilar
olusturulabilir.

Lignin dogada en bol bulunan ikinci polimerdir ve ¢ogunlukla damarli bitkilerin
hiicre duvarinda bulunur. Yilda 70 milyon tondan fazla lignin kagit endiistrisi yan
iriinli olarak {iretilmektedir ve bu miktarin yalnizca %2'si farkli sektorlerde
kullanilarak ticarilestirilmektedir. Ligninin yapisi, bitkiler arasinda 6nemli Slglide
farklilik gosterebilir. Ligninin kimyasal yapist olduk¢a karmasiktir ve bu nedenle
standart bir yapidan s6z edilemez. Lignin bir¢ok farkli fonksiyonel gruptan olusabilir
ve Ozellikleri bu fonksiyonel gruplarin kimyasal olarak modifiye edilmesiyle
degistirilebilir. Kirilgan ve karmasik yapisina karsin biyouyumlu olusu, termal
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kararlilig1 ve antibakteriyel 6zellikleri nedeniyle ilgi konusu olmustur. Ayn1 zamanda
hiicreleri oksidatif strese karsi korudugu gozlemlenmistir. Buna ragmen ligninin
medikal arastirmalarda kullanimi oldukg¢a nadirdir ve bu alanda ciddi bir agik
bulunmaktadir.

Bir doku miihendisligi iskelesi olusturulurken kullanilacak polimerler kadar, bu
polimerlerden maksimum verimin alinabilmesi i¢in iskele yapiminda dogru teknigin
kullanilmas1 da 6nemlidir. Fonksiyonel doku ve organlarin olusturulabilmesinde ii¢
boyutlu hiicre kiiltiirlerinin kurulabilmesi i¢in gozenekli siinger yapili iskelelerin
kullanim1 yaygindir. Gozenekli yapilar, ylizey alani genislikleriyle yeni doku
olusumu i¢in verimli bir alan ve hiicrelerin madde aligverisi yapabilecegi bir mikro
cevre olusturur. Ozellikle biiyiik gdzenekli (100-600 pm) iskelelerin konak kemik
dokusuyla daha iyi bir entegrasyona, damarlanmaya ve kemik hiicrelerinin
yayilimma olanak sagladigi, gegirgenligin gdzenek boyutu arttikca artmasiyla kemik
bliylimesinin desteklendigi goriilmiistiir. Ancak goézenek boyutu ve miktar1 ile
mekanik gili¢ arasinda ters bir orant1 bulunmaktadir. Bu sebeple mekanik anlamda
giiclii sentetik polimerler ile yiiksek gdzeneklilik saglayan ve hiicre cogalimi i¢in ¢ok
daha elverisli bir ortam sunabilen dogal polimerler birlikte kullanilarak bu problemin
Ontine gecilebilir.

Bu tezde farkli avantaj ve dezavantajlara sahip PCL ve lignin polimerleri bir karigim
olarak kullanilarak ve bu karigimdan siinger yapili gdzenekli yapilar olusturularak
uygun bir kemik doku miithendisligi iskelesi eldesi hedeflenmistir.

Gozenekli slinger benzeri yapi iskeleleri olusturmak i¢in ¢dziicli dokiimii, parcacik
uzaklastrma ve dondurarak kurutma yOntemleri  kullanilmistir.  Farkli
konsantrasyonlarda PCL ve lignin igeren iskele yapilari olusturmak igin farkli
miktarlardaki polimerler kloroform/DMF (2:1, v/v) igerisinde ¢ozdiiriilmiistiir. PCL
icin 200 mg/ml konsantrasyonu sabit tutularak, 0, 10, 15 ve 20 mg/ml lignin i¢eren
ornekler hazirlanmis ve sirasiyla; PCL200, PCL200/Lignin10, PCL200/Ligninl5,
PCL200/Lignin20 olarak adlandirilmistir. Ayrica PCL konsantrasyonun etkisinin
arastirilabilmesi icin 100 mg/ml PCL ve 20 mg/ml lignin igeren bir ornek de
hazirlanmistir (PCL100/Lignin20). Tiim bu 6rnekler igin porojen olarak tuz (NaCl)
partikiilleri kullanilmistir. Dondurma ve kurutma islemlerinden sonra gézenekli yap1
olusturmak igin seri yikamalar ile tuz uzaklastirilmistir. EK olarak porojen (tuz)
kullanilmadan bir 6rnek hazirlanarak porojen kullanilan oOrneklerden farkinin
gozlemlenmesi amaglanmustir (PCL200/Lignin20/nS).

Tim PCL/Lignin iskelelerinin gorsel olarak saf PCL iskelelerinden daha kahverengi
oldugu gozlemlenmistir. PCL konsantrasyonunun etkisinin gdzlemlenmesi amaciyla
olugturulan PCL100/Lignin20 yapisinda, ornegin sonraki deneylerde kullanimina
imkan saglayacak kadar bir yapisal  biitiinlik elde edilememistir.
PCL200/Lignin20/nS numunesinin dondurarak kurutma sonrasinda kalip yiizeyine
yap1y1 bozmadan ¢ikarilamayacak kadar yapistig1 gézlemlenmis, organik ¢oziiciilerin
kullanilmas1 nedeniyle, 6rnegin kaliptan ¢ikmasini kolaylastiracak baska bir kalip
tipi veya kalip ile polimer ¢Ozeltisi arasinda bir ara yiiz kullanilmasi miimkiin
olmamustir. Her iki yapi da bagka deneylerde kullanilmaya uygun bulunmayarak
calismadan ¢ikarilmistir.

Bu tezde iskelelerin mekanik 6zellikleri incelenmemis olsa da, 6n gorsel ve manuel
analizlere dayali olarak PCL/Lignin iskelelerinin PCL yapilarindan daha esnek
oldugu gozlemlenmistir.
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Su alma analizi sonucu, farkli lignin konsantrasyonlari ile hazirlanmis Ornekler
arasinda anlamli bir fark goézlemlenmemistir. Ancak saf PCL Ornegi ile
kiyasladiginda orneklerin su alma davranist lignin ilavesiyle ¢arpici bigimde
artmustir. Bir giin sonunda PCL200 i¢in su alim1 %44 iken lignin eklenen 6rneklerde
%380-400 araliginda kaydedilmistir. Doku miihendisligi iskelelerinin i¢indeki
kimyasal baglarinin incelenebilmesi i¢in  Fourier Donilisimli — Kizilotesi
Spektroskopisi (FTIR) yapilmistir. PCL i¢in tipik pik noktalari, her iskele tipi i¢in de
gozlemlenmistir. Lignin i¢in 6zel pik noktalari elde edilememis olsa da, tiim
PCL/Lignin tipi iskelelerde, PCL'ye kiyasla, —OH gruplarin1 temsil eden pikin
yogunlugunda bir azalma tespit edilmistir. Bunun, PCL ve lignin polimerleri arasinda
gerceklesen reaksiyonlar ve yeni baglar icin bir kanit olabilecegi diisiiniilmiistiir. Tki
analiz icin de saf PCL numunesi ile ligninli numuneler arasinda fark
gbzlemlenmesine karsin, farkl lignin konsantrasyonlarina sahip numuneler arasinda
kayda deger bir fark elde edilmemistir. Bu nedenle, daha sonraki deneyler igin lignin
oraninin en diisiik oldugu 6rnek olan PCL200/Lignin10 ile devam edilmesine karar
verilmistir.

PCL200 ve PCL200/Lignin10'un gozeneklilikleri, sivi yer degistirme yontemiyle,
srrastyla %73 ve %76 olarak hesaplanmistir. SEM goriintiileri iizerinde Imagel
yazilimi kullanilarak gozenek boyutlar1 incelenmistir. PCL200 iskelesinin
yiizeyindeki gozeneklerin %31'1 ve %58'i, PCL200/Lignin10 iskele yiizeyinin %30’u
ve %43'i, sirastyla 100-300 um ve 300-600 pum araliginda olarak bulunmustur.
Ayrica 20 pm'den kiiciik birgok gozenek tespit edilmistir. Diferansiyel Taramali
Kalorimetre ile yapilan analizde PCL200/Ligninl0 iskelesinin erime sicakligi
PCL200 iskelesinden %5.4 daha yiiksek elde edilmistir. FTIR sonuglarini destekler
nitelikte artan erime sicakligmin, PCL ve lignin arasinda olusmus olabilecek yeni
baglarin sonucu olabilecegi tahmin edilmektedir.

Her iki numune i¢in 7 giinlin sonunda hidrolitik bozunma gézlemlenmemis olmasina
karsin iki stinger i¢in de lipaz varliginda enzimatik bozunma gézlemlenmistir. Lignin
eklentisi bulunan siinger drneginin enzimatik bozunma hizinin saf PCL’¢e kiyasla ¢ok
daha yavas oldugu gozlemlenmistir. PCL200/Lignin10 i¢in 7 giin sonunda sadece
%43 kiitle kayb1 kaydedilirken, PCL200 siingeri besinci giinden sonra tamamen
bozunmaya ugramistir. Ligninin enzimatik bozunmaya kars1 olan dogal direncinin
veya alkali lignin olusturmaya y6nelik yapilan modifikasyonlarin, bozunmadaki bu
beklenmedik diisiisiin nedeni olabilecegi diistiniilmektedir.

Iskelelerin modifiye-yapay viicut sivist (m-SBF) ¢ozeltisine batirilmasiyla
biyomineralizasyon siireci tetiklenmistir. Siireci hizlandirmak i¢in ti¢ kat daha yogun
m-SBF kullanilmistir. Siire¢ sonucunda olusan hidroksiapatit-benzeri yapilarin
yogunlugu SEM cihaz ile analiz edilmistir. SEM goriintiileri, her iki 6rnek tipinde
de 7. gilinlin sonunda yiizeyde hidroksiapatit-benzeri yapilarin yogun bir sekilde
biriktigini gostermistir. Orneklerin 7. giin sonuglar1 karsilastirildiginda PCL200
orneginde mineral yapilarinin g¢ogunlukla birbiri iizerine biriktigi gozlemlenirken,
PCL200/Lignin10 6rneginde bu birikmelerin ylizeye daha esit bir sekilde yayilarak
gerceklestigi gozlemlenmistir. Ek olarak, PCL200 6rneginin ylizeyinde gbzlemlenen
yogun birikime ragmen porlarin i¢ yiizeylerinin birikme olmaksizin piiriizsiiz bir
yapida oldugu tespit edilmistir. Lignin iceren Orneklerin por i¢ yiizeylerinde ise
yiizeyde oldugu sekilde hidroksiapatit-benzeri yapilarin birikimi gdézlemlenmistir.
Olusan hidroksiapatit benzeri yapilarin element analizi EDX ile ger¢eklestirilmistir.
Belirlenen tiim zamanlarda, PCL200/Lignin10 numuneleri iizerindeki birikimlerin

XXV



Ca/P oranlarinin ideal hidroksiapatit Ca/P oranma (1,67) daha yakin oldugu tespit
edilmistir.

Son olarak, lignin ilavesinin iskele yapilar1 ilizerinde ¢ogalabilecek hiicre sayisi
iizerindeki etkisinin incelenebilmesi icin hFOB hiicre hattiyla deneyler
gerceklestirilmistir. hFOB  hiicre sayisi, PCL200'ye kiyasla PCL200/Lignin10
iskelelerinde 6nemli Sl¢iide daha yiiksek olarak kaydedilmistir. PCL200/Lignin10
stingeri tizerindeki proliferasyonun 3. ve 7. giinlerde sirasiyla %212 ve %50 daha
yiiksek oldugu gozlemlenmistir.

PCL200/Lignin10 siinger yap1 iskelelerinin kemik doku miihendisliginde
kullanilabilirligini degerlendirmek i¢in daha ileri ¢alismalara ihtiya¢ vardir. Ancak
bu tez kapsaminda elde edilen bulgular, elde edilen yapmin umut vadettigini
gostermektedir.
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1. INTRODUCTION
1.1 Purpose of Thesis

Humans have a limited capacity to regenerate most of their tissues and organs that
have been severely damaged by diseases, traumas, or developmental anomalies, and
current remedies are insufficient. Tissue engineering has emerged as a promising
solution to address this medical requirement. Scaffolds are used as 3D matrix in
tissue engineering to provide the initial structural integrity and organizational
backbone for cells to reconstruct, replace, or repair damaged tissues and organs.
Scaffolds are constructed with biomaterials and fabrication techniques have been
developed to tailor the architecture for specific purpose.

In this thesis, a blend composed of synthetic and natural polymers is used to produce
a scaffold that is suitable to use in bone tissue engineering. Polycaprolactone (PCL)
was chosen as synthetic polymer due to its good mechanical properties and
biodegradable nature. Moreover, PCL has high processivity and easily blend with
other polymers, cheap and can be found in large quantities. Lignin, which is used as
natural polymer, was selected because of its high durability, thermal stability,
antibacterial properties, good biocompatibility. Lignin also has high capacity to
protect cells from the effects of oxidative stress. By blending these two polymers, it
is aimed to form biocompatible, biodegradable scaffolds that trigger the formation of
hydroxyapatite for bone formation and provide a suitable growth environment for

bone tissue cells.

1.2 Tissue Engineering

Diseases, injuries, and developmental defects are serious problems that causes
severely damaged tissues and organs. Because the human kind has a very limited
regeneration ability, tissue and organ failures have become major economical and
healthcare concerns (Gurtner et al., 2008; Persidis, 1999). Although it is tried to find

solutions to these problems with organ donations, these are not permanent and



efficient solutions due to the low number of donors, the low probability of donor-
recipient match, limited time for transplantation, increasing transplant waiting list

and the increase in the elderly population (Chandra et al., 2020).

Tissue engineering (TE) has emerged as a viable approach for meeting this medical
requirement. TE is a multidisciplinary discipline that brings together subjects
including biology, chemistry, engineering, medicine, pharmaceuticals, and material
sciences to create structures that imitate the extracellular matrix (ECM) of natural
tissues to heal or replace damaged tissues and organs (Ogueri et al., 2019; Theocharis
et al., 2016). As a result, advances in TE have occurred in parallel with advances in
fields such as novel biomaterials (Stratakis, 2018), three-dimensional (3D)
bioprinting technologies (Murphy and Atala, 2014), nanotechnology integration,
stem-cell technologies (Hasan et al., 2018), and gene editing technologies (Hasan et
al., 2018). (Pulgarin et al., 2017).

Tissue engineering may be divided into three categories: cells, materials, and
scaffolds and their manufacturing techniques. All of these aspects may be

programmed to achieve a certain goal (Chandra et al., 2020).

1.2.1 Cells

There are several cell sources for TE, each with its own set of advantages and
disadvantages. Ex vivo growth of multipotential cell populations, such as autologous,
allogeneic, progenitors, adult unipotent or multipotent stem cells, and induced
pluripotent stem cells (iPSCs) (Figure 1.1), and after that their transplantation into
damaged areas, is the current technique for TE (Chandra et et al., 2020;Griffith and
Naughton, 2002). Autologous cells are used in TE to avoid host immune response.
Even so, these type of cells are hard to collect and time-consuming to produce, which

makes this approach hard to apply (Petreaca and Martins-Green, 2020).

Because of their unique regeneration potential and immunomodulatory features,
adult stem cells or iPSC might be preferable (Hanson et al., 2014). They have the
ability to develop into the desired cell types or into stem cell-derived transplant cells
(Clarke et al., 2018). Adult stem cells, like mesenchymal stem cells, usually do not
cause an immunological response after being transplanted. Despite the fact that, the
sorts of cells they may differentiate into are limited, tissue repairing and regeneration
can be induced (Wu et al., 2018). iPSCs differentiate from adult stem cells by their
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potential to develop into any kind of cell and giving opportunity to change and repair
any mutations that might be exist in these cells by using gene editing methods
(Wertheim and Leventhal, 2015). In principle, iPSCs should not trigger any
immunological reactions because they directly produced from patient’s own cells
(Clarke et al., 2018). However, it has been reported that after transplantation and
differentiation of the iIPSCs, some immune reactions observed in in vivo studies
(Zhao et al., 2011). Even though it is not fully understood, the mechanism behind the
responses to autologous cells might be because of ex vivo differentiations of the cells
in the implantation preparation process (Wertheim and Leventhal, 2015).
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Figure 1.1 : Different sources of cells for tissue engineering, (Al-Himdani et al.,
2017).

1.2.2 Biomaterials

In 1976, first Consensus Conference of the European Society for Biomaterials
defined biomaterials as "a nonviable substance used in a medical device, designed to
interact with biological systems.” However, the concept of biomaterials has
developed in a way that the definition changed to "material designed to interface
with biological systems to evaluate, treat, enhance, or replace any tissue, organ, or
function of the body" (O'Brien, 2011).

The purpose of the first generation biomaterials in TE scaffolds were to perform in a

way that can replace the needed tissue without any toxical effect to the host. In the



second generation the bioactive and biodegradable biomaterials are preferred to
increase transplantation efficiencies. For the third generation, in addition to second
generation biomaterials with great properties and performances, the addition of
instructive substances are proposed to initiate special useful biological reactions in
the host (Qu et al., 2019).

Natural polymers, synthetic polymers, and ceramics are the three main types of
biomaterials, each having its own set of benefits and drawbacks.

Ceramics like hydroxyapatite (HAp) and tri-calcium phosphate are commonly used
in hard-tissue engineering, such as bone regeneration. They are very similar to bone
in chemical and structural aspects (Hench, 1998). These properties make them highly
biocompatible and it has been shown that they can improve differentiation and
proliferation of osteoblasts (Ambrosio et al. 2001). Unfortunately, their brittleness,
hard to-shape structure and inability to sustain the mechanical loading required for

remodeling limit their uses (Wang, 2003).

Natural polymers are derived from plants, animals and microorganisms, which can
be summarized as renewable resources, hence, they are widely abundant in nature.
Natural polymers offer a wide range of applications, including plasters, absorbent
materials, cosmetics, drug delivery, and TE scaffolds (Malafaya et al. 2007,
Shanmugam et al. 2005). In the field of tissue engineering, natural polymers have a
number of advantages and disadvantages. They promote great cell adhesion and
development, are biocompatible and biodegradable, have high water binding
behaviors, cytocompatibility, and low possibility of provoking an immune response.
Also their degradation products can be used in cellular metabolism (Asghari et al.,
2017; O’Brien, 2011; Abbasian et al., 2019; Gomes et al., 2013). However, it is very
challenging to create a homogeneous and reproducible scaffold by using natural
materials (O’Brien, 2011). On the contrary, their main disadvantages such as
possibility of microbial contamination, lower tunability, uncontrollable hydrolysis
rate and low mechanical strength, limit their practice for hard tissue engineering
(Reddy et al., 2021). Polysaccharides (lignin, chitosan, alginate etc.) and proteins
(collagen, gelatin etc.) are natural polymers that are available and preferred in

applications (Leach et al., 2003).



In the quest to create scaffolds, a variety of synthetic polymers have been studied.
Synthetic polymers have a number of advantages, including customizable features
like strength, degradation rate, and microstructure, they are reproducible in large
scales (Liu and Ma, 2004), and able to facilitate the regeneration of damaged or
diseased tissue structure and function (Reddy et al., 2021). As a result, synthetic
polymers have been approved for use in tissue engineering scaffolds. While these
materials have had a lot of success, they do have certain disadvantages, such as the
absence of cell attachment sites and the need for chemical changes to improve cell
adherence (Reddy et al., 2021). The most commonly investigated synthetic materials
are polycaprolactone (PCL), polyglycolic acid (PGA), polylactic acid (PLA), and
their copolymers (Kluge and Mauck, 2011). Despite the fact that several synthetic
polymers have varying amounts of good biodegradability, biocompatibility, and
mechanical qualities, no polymer owns all of these key features at optimal levels by
itself (Ciardelli et al., 2005).

As mentioned above, biologically derived polymers provide important advantages
over synthetic materials, including lower toxicity and improved bioactivity.
However, the insufficient engineering features of bio-based polymers typically limit
their use (Chesterman et al. 2020). On the other hand, synthetic polymers have
demonstrated several benefits over natural polymers, such as more controllable
chemical compositions to create different scaffolds with properties that fit the
varying application (Reddy et al., 2021). So, it is suggested that no single material
can meet all of the requirements for tissue replacement by its own. Instead, a blend
tissue scaffold produced from both natural and synthetic biopolymers can be used to
meet all medical criteria (Sheikholeslam et al., 2018). They have been combined to
take advantage of their favorable properties to overcome the disadvantages of each
particular type of material (Tran et al., 2018). The natural and synthetic polymer
blends that carries inherent biocompatibility of natural polymers and good
physicochemical qualities of synthetic polymers, has been investigated by many

researchers to create a good tissue engineering scaffold (Reddy et al., 2021).

In this project, PCL synthetic polymer and Lignin natural polymer are used to create
a composite scaffold and formation of hydroxyapatite inorganic component on

scaffold was studied along with the other properties that are mentioned later.



1.2.2.1 Hydroxyapatite

Hydroxyapatite (HAp) is an inorganic component. They mostly found in human hard
tissues like teeth and bones (Arora et al., 2013). Because of its resemblance in
composition to the inorganic component of natural bone, HAp has been frequently
used to build different bone regenerating scaffolds as one of the significant bone
filler materials (Si et al., 2016). HAp coatings provide scaffold surfaces with
antibacterial properties. HAp-based coating techniques have been shown to provide
accelerated bone tissue growth and can be used for a variety of orthopedic scaffolds
providing effective and long-lasting tissue regeneration, wound recovery and joint
repair (Shah et al., 2012).HAp can be used in the process of fabrication of scaffolds
by adding HAp nanoparticles into a polymer solution directly, or biomineralization
and HAp coating can be triggered by a variety of methods, including dipping the
scaffold in simulated body fluid (SBF), immersing in calcium and phosphate
solutions, urea-mediated heat treatment, and enzymatic processes (Murphy and
Mooney, 2002). Immersing in SBF is one of the most used methods for HAp coating.
SBF is a fluid that created to have an ion concentration similar to human blood
plasma, so that biomineralization abilities of artificial materials can be studied in
vitro (Kim et al., 1997; Cai et al., 2011). However the apatites that are formed by
conventional SBF, which is presented by Kokubo et al. in 1990, could not achieve
the desired similarity to human bone apatite. Oyane et al. (2003) presented a
modified-SBF (m-SBF), which is more optimal for in vitro biomineralization studies
with an ion concentration closer to human blood plasma than conventional SBF.
Therefore it can produce apatite with a quality and structure closer to human bone

apatite.

1.2.2.2 Lignin

Lignin is the second most abundant polymer in nature and is mostly found in the cell
wall of vascular plants (Norgren and Edlund, 2014). The structure of lignin can differ
substantially across the plants, as well as between extraction methods. Because of
that, lignin’s chemical structure is highly complicated and a regular structure cannot
be mentioned. (Lu et al., 2017). Lignin is mostly consists of three basic monomers
called, paracoumaryl, coniferyl and sinapyl alcohol (Figure 1.2). These three

monomers forms cross-linked phenylpropanoid units, and different repeating patterns



of these units create different types of lignin (Figueiredo et al., 2018; Thulluri et al.,
2016). Lignin can be consist of varying functional groups such as phenolic, methoxy,
and an aliphatic hydroxyl groups and characteristics of lignin depends on these
functional groups (Bertella and Luterbache, 2020), and by chemically modifiying
these groups, any properties of lignin can be altered (Wu et al., 2012; Konduri and
Fatehi, 2015).

a HO b =3 OH
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Figure 1.2 : Three basic monomers of lignin; a) paracoumaryl alcohol, b) coniferyl
alcohol, c¢) sinapyl alcohol.

Each year, more than 70 million tons of lignin are generated in the paper sector alone
as a by-product, and only 2% of this amount is commercialized using different
industries (Naseem et al., 2016; Chatterjee and Saito, 2015). In many studies
conducted in recent years, despite the fragile and complex three-dimensional
structure of lignin, it has been observed that it has high durability, thermal stability,
antibacterial properties, good biocompatibility, and it has been discovered that it has
a high capacity to protect cells from the effects of oxidative stress (Sen et al., 2015;
Salami et al., 2017). Despite its existing advantages, when looking at the patents and
scientific studies published on lignin, it is seen that they are concentrated in the
concrete, dispensant and adhesive sectors. There are only a few studies on the use of
lignin in biomedical applications compared to other natural polymers, particularly in

tissue engineering scaffolding (Table 1.1) (Witzler et al., 2018).

There have been some research on the use of lignin in TE blends with other
polymers. Quraishi et al (2015) has reported an enhanced water uptake behavior and
better biocompatibility for alginate aerogel when it was used with lignin as

copolymers. Techato et al. (2018) reported that agarose-lignin composite hydrogels
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had improved on mechanical characteristics. Wang et al. (2019) demonstrated
increased HAp formation and efficient adhesion and proliferation of osteoblast cells
for lignin/PCL nanofibers.

Table 1.1 : Number of scientific publications on lignin, chitosan and gelatin
polymers according to Web of Science, searched on 02 March 2022 (search is
refined with “tissue engineering”).

Publication Year lignin chitosan gelatin
2021 53 1016 936
2020 52 979 865
2019 52 925 813
2018 39 805 639
2017 32 801 655
1.2.2.3PCL

PCL is an aliphatic polyester that has undergone extensive research as a biomaterial
and is commonly used in 3D scaffolding studies (Chesterman et al., 2020). Because
of its physical and biological characteristics, PCL is an ideal polymer to fabricate
biomedical materials (Abedalwafa et al., 2012). It is a biocompatible, bioadsorbable,
and biodegradable polymer (Asghari et al., 2017). When compared to PGA or PLA,
PCL degrades at a much slower rate (Pitt, 1990). Since it takes longer time to
degrade than other synthetic polymers that used for the same purpose, it is
advantageous to use PCL for hard and load-bearing tissue regenerations (Dwivedi et
al., 2019). Another reason why this polymer is preferred is that it is cheaper and
available in large quantities compared to other synthetic polymers (Park et al., 2014).
Another unusual property is its high thermal stability It has a very low melting
temperature and a very low glass transition temperature (Engelberg and Kohn, 1991).
However, contrary to these advantages it triggers inflammatory response and
oxidative stress in the organism, like many other synthetic polymers, and does not
constitute a suitable platform for cell adhesion and proliferation due to its

hydrophobic properties (Wang et al., 2018; Intranuovo et al., 2014).

Neat PCL's mechanical characteristics, biodegradability, and biocompatibility are
insufficient for some tissue engineering applications, such as bone tissue engineering

(Abedalwafa et al., 2012). Despite these disadvantages, a useful property of PCL is it
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can easily form copolymers with different polymers with its easily formable
structure, thus maintaining its advantage over many other synthetic polymers
(Woodruff and Hutmacher, 2010). PCL,; thanks to its easy-to-mix structure, it was
mixed with many natural and synthetic materials. Good physical properties and
enhanced cellular response for PCL-chitosan composite hydrogels and enhanced cell
adhesion and extracellular matrix interactions for PCL-alginate fibers were reported
(Zhong et al., 2011; Hu et al., 2019). Increased biocompatibility and good cell
adhesion and proliferation for fibroblast cells were demonstrated PCL and PLGA
blends (Nguyen and Lee, 2010). For PCL and PLA blend nanofibers high mechanical
properties and increased cell proliferation and osteogenic differentiation were
revealed (Yao et al., 2017)

1.2.3 Scaffolds in tissue engineering

In tissue engineering, scaffold acts as a backbone for cells while in the process of
reconstruction, replacement and repairing of the damaged tissue and organs (Figure
1.3) (Langer and Vacanti, 1993). It is critical to create a suitable scaffold to cells.
An engineered scaffold cannot always exhibit the exact necessities of the target
tissue but there are several features that are considered as crucial for a good tissue
construction (Asadian et al., 2020): First of all, the material should be biocompatible
to eliminate host immune response problem (Ma and Langer, 1999). It should have
proper chemical characteristics to enhance cell attachment, proliferation and
differentiation (Mandal and Kundu, 2009a; 2009b). A scaffolds biodegradation rate
should match with the growth of the target tissue cells to provide a support as long as
it needed. So controllability of the biodegradation is really important (Cima et al.,
1991; Kweona et al., 2003). Porosity, pore sizes and interconnectivity between pores
are also vital features of a scaffold. They should support cell infiltration and
vascularization (Hutmacher 2001; Karageorgiou and Kaplan, 2005). Scaffolds should
have mechanical strength enough to maintain the structure during the whole repairing
and replacement process of the tissue after transplantation (Karande et al., 2014; Kim
et al., 2000; Lee et al., 2001). They should be able to replicate the structure and
biological function of the extracellular matrix to encourage cellular processes and
deliver bimolecular signals to the cells (Ma, 2008; Li and Shi, 2007; Ito et al., 2003).



The necessity of combining all of these aspects defines the current challenges in the
development of a scaffold for TE applications (Mader et al., 2018).
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Figure 1.3 : Schematic of the scaffold-based tissue engineering approach, (Asadian
et al., 2020).

1.2.4 Scaffold fabrication techniques

Over the years, a variety of methods for producing biodegradable polymers and
fabricating various types of scaffolds have been presented. The final product
qualities should fit the demands of specific tissues to be regenerated, and the
assessment of scaffold construction processes should consider both possible
advantages and downsides of each methodology. Solvent casting, particulate
leaching, melt molding, gas foaming and freeze-drying are some of the most
commonly used conventional techniques. There are also some advanced techniques
to produce TE scaffold from both natural and synthetic polymers, such as
electrospinning, stereolithography, selective laser sintering, fused deposition
modelling, 3D printing, and 3D bioprinting (Reddy et al., 2021).

1.2.4.1 Solvent casting-particulate leaching

One of the most commonly used method to produc scaffold is the solvent
casting/particulate leaching method (Abedalwafa et al., 2012). In this technique,

scaffolds are made by pouring a polymer solution, which has been solved in the
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appropriate solvent, into the mold, along with a suitable porogen. Then solvent and

porogen should be removed from the polymer (Figure 1.4) (Prasad et al., 2017).
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Figure 1.4 : Schematic of the solvent casting-particulate leaching (Kacarevic et al.,
2019).

Polymer

Porous structure

Some of the advantages of this technique are; porosity, pore size and crystallinity can
be easily controlled, created pores can form interconnections, and it is a simple and
reproducible technique. However, it has drawbacks such as residual solvent and
porogen material issues, as well as a relatively longer processing time (Sola et al.,
2019).

1.2.4.2 Freeze-Drying

In tissue engineering, the freezing method is widely used to build porous structures.
The solvent crystals build until the sample is entirely frozen during the freezing
process, but the dissolved polymers are not integrated into the frozen solvent. As a
result, a porous structure remains after the solvent is evaporated by executing the
freeze-drying process (Figure 1.5). The pore structure of the material is affected by a
variety of freezing conditions, including freezing temperature, solvent concentration,
and solvent type. Keeping the freezing temperature too low (for example, -196 °C)
induces quick production, thus forms small structured ice crystals. Keeping the
temperature reasonably high (for example, -20 °C) allows the formation of huge
crystal structures by decelerating the process. It's also crucial to develop a network of
interconnecting channels and pores (Qian and Zhang, 2011; Zhang and Cooper,
2007; Gutierrez et al., 2008).
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This process has several advantages, including the elimination of separate leaching
and the production of highly porous materials. However, porosity is frequently
inconsistent, it takes a long time to process, and it is an energy-consuming and costly
approach (Fereshteh, 2018).
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Figure 1.5 : Schematic illustration of freeze drying technique (Ceylan and Bélgen,
2016).

1.3 Bone Tissue Engineering

Half of the chronic diseases seen in people over 50 are bone and related diseases.
Therefore, such diseases remain as major clinical problem (Brinker and O'Connor,
2004). Even though human bones are capable of healing themselves in some level,
large bone injuries caused by aging, accidents, fracture nonunion, bone tumors, and
so on, are beyond their healing capacity and can have a significant impact on a
person’s health and quality of life (Laurencin et al., 2006; Wang et al., 2016b). Even
only bone fractures put a serious burden on the European and American economies
€17 billion and $20 billion each year, respectively. In the United States, over 8
million bone injuries occur each year, with around 5% to 10% of these fractures
caused by delayed healing or nonunion. Furthermore, a dramatic increase is expected
on the number of hip fractures till the 2050, highlighting the significance of
improved information of skeletal reparative techniques for bone healing (Kanczler et
al., 2020). Bone tissue engineering is presented as a solution to these problems (Yu et
al., 2015). Functional bone grafts may be obtained by gathering a biocompatible
scaffold, suitable cells, and proper morphogenetic signaling molecules in a 3D
complex system. These grafts can then be used to treat a variety of bone disorders

and injuries (Laurencin et al., 1999; Langer and Vacanti, 1993).

It is not possible to create a proper scaffold without knowing the morphologies and
components of the natural bone. The human skeleton is made up of over 206 distinct

bones that change in sizes and shapes over the body; such as large bones (e.g.,
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limbs), small bones (e.g., wrist, ankle), flat bones (e.g., sternum, skull), and irregular
bones (e.g., pelvis, vertebrae). Bone tissues can be organized in either in a compact
or a trabecular structure (Ackerman et al., 1976). Bones have complex hierarchical
structures based on the length and width scale (Figure 1.6). This structures include;
macrostructures, such as cancellous (trabecular) and cortical (compact) bone;
microstructure; such as haversian canals and osteons; submicrostructure, such as
lamellae; nanostructure, such as collagen fibers; and sub-nanostructure, such as
mineral, collagen, organic proteins (Barth et al., 2011; Rho et al., 1998). The
components are arranged and oriented in an irregular, yet optimal, manner in this

hierarchically ordered system.

Collagen
molecule
Cancellous bone
Collagen C(;_::)z;%;: n
fiber
Cortical bone o
Bone
Osteon Crystals
—
05um U
— %
I nm
Microstructure Nanostructure
Macrostructure Sub-microstructure Sub-nanostructure

Figure 1.6 : Hierarchical structure of natural bone, (Rho et al., 1998).

It is not possible to select a scaffold material without knowing and understanding the
natural bone components. Under dry conditions, collagen and HAp together make for
~95% of natural bone (Ma et al.,, 2018). Furthermore, more than 200 different
noncollagenous matrix proteins contribute to the quantity of signals in the near
extracellular environment (Stevens, 2008). The nanocomposite structure is critical

for bone's compressive strength and fracture toughness (Stevens and George, 2005).

In this study, PCL and lignin polymers were used to manufacture a sponge-like

porous scaffold to be used in bone tissue engineering.
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2. MATERIALS AND METHODS

2.1 Materials

2.1.1 Chemicals

The list of chemicals that were used in this study and their suppliers were given in
Appendix A.

2.1.2 Solutions

The solutions that were used in this study and their compositions were given in

Appendix B, and Appendix C.

2.1.3 Laboratory equipment

The laboratory equipment that were used in this study can be found in Appendix D.

2.2 Methods

2.2.1. Fabrication of scaffolds

In this study, PCL with 80 kDa molecular weight and chemically-processing lignin
were used. In order to construct sponge type scaffolds, the solvent casting and salt
particulate leaching techniques were used as mentioned in Thadavirul et al. (2014).
Differently, freeze-drying was applied for the evaporation of the solvents instead of
ventilation hood. Chloroform and dimethylformamide (DMF) were used as PCL and
lignin solvents, respectively. Lignin and PCL were dissolved in chloroform/DMF
(2:1 viv) together to reach five different final concentrations (Table 2.1).

Additionally, a scaffold without the porogen (NaCl crystals) was prepared as control.

The solutions were mixed on magnetic stirrer at room temperature for 3 h. Next,
NaCl particles were added as porogen and the mixtures were poured into petri dishes
which were used as molds. The molds were placed in -80°C overnight before the
freeze-drying process (Alpha 1-2 / LD-plus, Christ, Germany). The ice was sublimed

under a vacuum of 0.22 mbar at a temperature of -35°C, maintained for 24 h.
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Table 2.1 : Composition of PCL/Lignin sponges.

PCL Lignin
] ) Salt
Concentration Concentration
Addition*
(mg/ml) (mg/ml)

PCL200 200 0 +
PCL200/Lignin10 200 10 +
PCL200/Lignin15 200 15 +
PCL200/Lignin20 200 20 +
PCL100/Lignin20 100 20 +

PCL200/Lignin20/nS 200 20 -

* +: salt added; -: no salt added

After evaporation, to leach out salt particles and loosely attached lignin polymers, the
sponges were dipped in distilled water for 12 h while water was renewed every 2 h.
The scaffolds were air-dried for 24 h, before being placed in a vacuum desiccator

until they were needed for further analysis.

2.2.2. Determination of morphological and chemical features

The pore sizes of the samples were examined with ImageJ software program on
Scanning Electron Microscopy (SEM) micrographs. The sputter coating with
platinum was applied on the surfaces of scaffolds to increase electrical conductivity

before examination.

The porosity of scaffolds was measured via the liquid displacement method as
mentioned in Arefpour, et al. (2020). Beakers containing 10 ml of ethanol (99.99%,
Merck) were prepared and this initial volume was recorded as V1. The scaffolds
were immersed in beakers containing ethanol. After 5 min, the increased ethanol
volume was recorded as V,. The leftover volume (V3) was measured after the
ethanol-soaked scaffolds were removed. Equation 2.1 was used to calculate the

porosity of the scaffolds:

Porosity = (V1 - V3) / (V2 — V3) (2.1)
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Fourier transform infrared spectroscopy (FTIR) was used for chemical analysis of
PCL sponges with and without lignin. The FTIR spectrum in the 400-4000 cm™

range was scanned.

Effect of lignin addition on the thermal characteristics of the scaffolds was
investigated using differential scanning calorimetry (DSC). The thermograms of the
samples were recorded by using SETARAM DSC 131 (Setaram, France). Each
sample was weighed (~25-30 mg) and placed into 120 ul aluminum pans, and all the
measurements were performed between 30 and 600 °C at a heating ramp rate 10
°C/min in the nitrogen atmosphere (Bektas et al., 2021).

2.2.3 Water uptake

The scaffolds were cut as triangle-shaped samples with 15 mm in edges and 3 mm in
height. In their dry form, each sample was weighed and recorded as Wy. The water
uptake properties of the scaffolds were studied by immersing these samples in 10 mL
1X phosphate-buffered saline (PBS; pH 7.4) at 37 °C and 150 rpm shaking speed.
Specimens were taken from the solution, weighed (W,,), and reintroduced to the
solution. This process was repeated at predefined intervals until equilibrium was

established and water uptake was determined using Equation 2.2.

%Water Uptake = [(Ww — Wg)/Wy] x 100 (2.2)

2.2.4. Enzymatic degradation

Each sample (dimensions around 5x5 mm) with a known dry weight was sterilized
with 70% ethanol prior to the degradation test. This also served as a pre-wetting
treatment, allowing enzyme solution to permeate into all pores of the sponges
(Yoshioka et al., 2010). After washing with sterile PBS, the sponges were immersed
in 5 ml of a PBS (pH 7.4) containing 0.1% (w/v) sodium azide to avoid microbial
contamination, and in the presence of 0.5 mg (0.1 mg/ml) lipase from Pseudomonas
cepacia (EC 3.1.1.3, 40 units/mg) to observe the effect of enzymatic degradation.
Furthermore, enzyme-free control samples were prepared to observe the presence of
hydrolytic degradation. The process was carried out at 37°C with gentle vertical
shaking. To maintain enzymatic activity, the buffered enzyme solution was changed
every 24 hours. At specified time intervals, replicates were removed from the

solution, rinsed with distilled water, and dried under vacuum at room temperature till
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constant weight. The degradation rate was determined by the weight loss which is
defined as:

%Weight Loss = [(Wo — Wg)/Wq] x 100 (2.3)

where Wy is the initial weight and Wy the weight after enzymatic degradation

treatment.

2.2.5. Biomineralization

For the observation of HAp formation, each sample was cut in triangle shapes with
10 mm in edges and 3 mm in height. Each piece was soaked in 25 ml 3X modified
simulated body fluid (m-SBF, pH 7.4) and incubated at 37 °C in a shaking incubator
for a predetermined time intervals (1, 3, 7 days). To provide appropriate ion
concentrations for mineral development, the 3X m-SBF solution was changed every
other day. Before characterization, the samples were washed with deionized water
and air-dried. Eventually, SEM imaging was used to observe mineralization. In
addition, Energy-Dispersive X-ray (EDX) analysis was performed to identify the
elements in each sponge, especially for the determination of Ca/P ratios of the

mineralized particles.

2.2.6. hFOB cell culture and cell proliferation assay

Cell culturing of the human fetal osteoblast cells (hFOB; ATCC CRL-11372) was
carried out as described in Prabhakaran et al. (2009). hFOB were cultured in DMEM
medium (1:1) containing 10% FBS and 1% penicillin/streptomycin (v/v; 1:1) and
maintained in 5% CO, atmosphere at 37 °C for 3 days.

Sterilization of the scaffolds was carried out by adapting the method mentioned in
Ghasemi-Mobarakeh et al. (2008). Before cell cultivation, first the scaffold
constructs were sterilized under UV for 20 minutes, and then incubated in 70%
ethanol for 2 hours. After washing 3 times in sterile PBS, they were incubated in

fresh PBS for 2 hours. Finally, they were soaked in culture medium overnight.

Prior to the cell seeding on scaffolds, adherent cells were removed from the plate
surface (at > 90% confluency after 3 days of incubation) as described in Shimizu et
al. (2006). First, the medium was removed and plates were washed with PBS to
remove unattached and dead cells, then trypsin/EDTA (0.25% / 0.02% in PBS) was

18



added on the cells. After 5 minutes of incubation at 37°C, fresh medium was added
to stop trypsin activity. The removed cells were collected by centrifugation at 1000
rpm for 5 min and suspended in fresh medium before cell counting. Cell number was
determined on Thoma cell counting chamber with trypan blue dying and diluted as
much as needed before seeding (Shimizu et al., 2006).

Sterile PCL/Lignin and PCL scaffolds were placed in 24-well plates and hFOB cells
were seeded at a number of 10x10° per scaffold. After plates were incubated at 37 °C
for half an hour to allow cell attachment, the wells were filled with fresh medium.
Culture medium was changed after every 3 days.

Cell proliferation on scaffolds was monitored after 1, 3, and 7 days by Cell Counting
Kit-8 (CCK-8; Dojindo Molecular Technologies, Inc.) as described in manufacturer’s
manual. The kit includes a highly soluble form of tetrazolium salt which can be
reduced in living cells by dehydrogenase process producing yellow-colored formazan
dye. This dye is completely soluble in culture medium and color intensity produced
by cell activity can be detected at 450 nm using a spectrophotometer. It is accepted

that the amount of produced product is directly related to the number of living cells.

All of the cell proliferation assay process was carried out under dark conditions to
minimize the effect on the light-sensitive CCK-8 solution. Scaffolds were transferred
to new wells after their incubation times. CCK-8 solution was mixed with DMEM
medium in 1:10 ratio and added on the scaffolds till it covers whole structure and
incubated at 37°C for 3 hours. The scaffolds were then washed with 1% SDS to
ensure the removal of colored CCK-8 solution product from the scaffolds and cells,
as suggested in Phipps et al. (2011). Absorbance of the solutions was measured using
a microplate reader at 450 nm. Calculations were made by considering dilution

factors.
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3. RESULTS AND DISCUSSION
3.1 Characterization of Scaffolds

3.1.1 Morphology of scaffolds

Round-shaped sponge scaffolds were prepared as described in Section 2.2.1.
PCL100/Lignin20 samples were obtained with very low mechanical properties, i.e.
too fragile to be used in the studies (Figure 3.1). PCL200/Lignin20/nS, on the other
hand, strongly adhered to the glass surface and cannot be removed without damaging
the structure. Due to the use of organic solvents, a different mold or interface
between mold and polymer solution could not be used to facilitate the removal of the
sample from the mold (Figure 3.1). For these reasons, these samples were not used in

further experiments.

Figure 3.1 : PCL100/Lignin20 (Left) and PCL200/Lignin20/nS (Right) samples.

Rests of the constructed scaffolds were measured as 1.2 cm in diameter and 0.8 mm
in height. Although, after the freeze-drying step scaffolds appeared more brownish
with the increase of lignin concentration, the colors of the final structures appeared to
be the same with the removal of loosely attached lignin in the salt leaching stage
(Figure 3.2; A, B, C, D). Overall, all PCL/Lignin blends appeared slightly more
brownish than pure PCL scaffolds even after the salt leaching step (Figure 3.2; D and
E).
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Figure 3.2 : Sponge constructs before salt leaching step: A) PCL200/Lignin10, B)

PCL200/Lignin15, C) PCL200/Lignin20; and after salt leaching step: D) d1:
PCL200/Lignin10, d2: PCL200/Lignin15, d3: PCL200/Lignin20; E) PCL200.

FTIR and Water Uptake experiments, which are discussed later in Section 3.1.2.1
and Section 3.2, respectively, were performed before pore size and porosity
experiments. As discussed in these sections, different PCL/Lignin ratios resulted in
similar behaviors only a single blend sample, PCL200/Lignin10, was chosen for
further studies.

Even though, mechanical properties of the scaffolds were not studied in this thesis,
based on preliminary visual and manual analysis, PCL200/Lignin10 scaffolds were
more flexible than PCL200 constructs (Figure 3.3; A3 and B3).

Figure 3.3 : Scaffolds that produced with solvent casting/particulate leaching and
freeze-drying methods; A1-3) PCL200; B1-3) PCL200/Lignin10.

For this study, the porosity of the scaffolds was determined as 73% and 76% for
PCL200 and PCL200/Lignin10, respectively by liquid displacement analysis. The
22



pore size analysis, on the other hand, was performed on the 2-dimensional surface
images obtained from SEM using ImageJ software (Figure 3.4). In order to exclude
pores that are too small to be measured by the program, only the pores with surface
areas in the range of 20 — 600 um were scanned. For PCL200 scaffold, 31% and 58%
of the pores were in the range of 100-300 um and 300-600 um, respectively. For
PCL200/Lignin10, 30% and 43% of the pores were in the range of 100-300 pm and
300-600 pwm, respectively. It should be noted that pores smaller than 20 pm also exist
in high quantities but the quantification cannot be done via image analysis.

PCL200

PCL200/
Ligninl0

-

Figure 3.4 : Pore size analysis with ImageJ software on 50X SEM Images.

Scaffold porosity plays a significant role in TE. Not only pore quantity, size and
form, but also interconnectivity, and orientation may affect the performance. The
usage of porous sponge-structured scaffolds is common to establish 3-D cell cultures
for the formation of functional living tissues and organs. Porosity generally induce
proliferation and migration of cells, provides an environment for the transmission of
nutrients to the structures near the scaffolds. Porous structure of the scaffolds helps
cell growth, uniform distribution of cells, and vascularization (Prasadh and Wong,
2018; Yadav et al.,, 2021; Polo—Corrales et al., 2014). It was also shown that
porosity promotes biomineralization which is an essential process for bone tissue
engineering. Barrere et al. (2003) reported in their study with porous tantalum that
mineralization took place intensively in the porous interior of the structure, but
almost no mineralization was found on the flat upper surface; Kuboki et al. (1998)

examined while there was no formation on the smooth solid surface of
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hydroxyapatite particles, osteogenesis was triggered in the porous structure. The
optimum porosity and pore size for bone tissue engineering scaffolds have long been
controversial due to different results obtained in different articles (Murphy et al.,
2010). In general, the average porosity of tissue engineering scaffolds should be
between 60 — 90 % to favor cell growth, but scaffolds with porosity higher than 80%
are not recommended for load-bearing bone tissue applications (Chong et al, 2007,
Abbasi et al., 2020). Pore sizes also highly important for scaffold performance. Even
though large porous (100-600 pum) scaffolds allow better integration with the host
bone tissue, bone ingrowth, vascularization and bone distribution, smaller pore sizes
are also necessary for different purposes. While pores that are smaller than 1 pm
allows protein interactions and enhance bioactivity, pores between 1-20 pum are
important for cell developments and cell orientation (Abbasi et al. 2020; S anchez-
Salcedo et al. 2008).

In the light of this information, it can be said that the both of the scaffold structures

were in ideal range in terms of porosity and pore sizes.
3.1.2 Chemical structure of scaffolds

3.1.2.1 Fourier-transform infrared spectroscopy (FTIR)

The sponges were characterized using FTIR to identify the effect of lignin presence
in surface chemistry (Figure 3.5) by determining specific chemical bond peaks.
Typical peaks for PCL were identified for all sponges; The broad peak at 3442 cm™
was considered as the terminal hydroxyl group of PCL (Sharifi et al., 2011).
Carbonyl (C=0) stretching vibration was observed at around 1722 cm™ and, the
peaks at 2867 cm™ and 2944 cm™ corresponds to C-H groups (Safaeijavan et al.,
2014). Asymmetric and symmetric C-O-C streching vibrations gave peaks around
1238 cm™, 1167 cm™ and 1107 cm™ (Ghorbani et al., 2020; Sharifi et al., 2011). No
new peak appeared that identify lignin in any blend of PCL/Lignin, but the reduction
of the intensity of —OH groups at 3442 cm™ may indicate new bond formation
between these two polymers as mentioned by Sen et al. (2015) and Wang et al.
(2017). In the blend sponges, no changes in the peaks were observed with increasing

lignin concentrations.
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Figure 3.5 : Comperative FTIR spectra of sponge scaffolds: A) PCL200; B) PCL200/Lignin10; C) PCL200/Lignin15; D) PCL200/Lignin20.
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3.1.2.2 Differential scanning calorimetry (DSC)

The thermal transition properties of polymeric materials, such as glass transition,
crystallization and melting temperatures, can be examined by differential scanning
calorimetry (DSC) (Gill et al., 2010). Glass transition and the melting temperatures
of PCL are reported around -62°C and 64°C, respectively (Gunatillake and Adhikari,
2003). Because lignin polymer has a complex structure, it has been a challenge to
measure its glass transmission temperature. In the literature, the glass transmission
temperatures for lignin vary from 90 to 180°C (Li and McDonald, 2014). Its melting

temperature is around 170°C (Patel, and Parsania, 2018).

In this study, the melting temperatures of PCL200/Lignin10 sponges were studied
using DSC (Figure 3.6). In general, lignin blending increased the melting
temperature in comparison to the pure PCL. While melting temperature of PCL200
sponge was determined as 66.3 °C, PCL200/Lignin10 scaffold showed 5.4% increase
with a 69.9 °C melting temperature. This increase might be the result of a new bond
between PCL and lignin, which is also observed in FTIR results. These DSC results

confirm the coexistence of lignin with PCL within the sponge structure.
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Figure 3.6 : DSC results for melting temperatures of PCL200 and PCL200/Lignin10
sponges.
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3.2 Water Uptake

Water uptake capacity of the tissue engineering scaffolds has great importance due to
its effects on enzymatic degradation rate, biomineralization capacity, cell viability
etc. (Ghorbani et al., 2020). Water uptake can occur in two different ways; “absorbed
water” which depends on hydrophilicity of the material, and water that “drawn in”
through pores or capillaries of the material. Moreover, it is considered that the water
uptake capacity is related to the porosity, since porous material can uptake and store
more water in its pores than the nonporous material, which can only store a limited

amount of water (Sultana and Khan, 2013).

Water uptake of sponges was measured from the increase in their wet weight (Figure
3.7). The overall water uptake of all PCL/Lignin blends were considerably higher
than the pure PCL sponge. PCL is a hydrophobic polymer (Mondal et al., 2016) and
even though lignin is a complex polymer with hydrophobic rings, it has hydrophilic
groups that attached to those rings (Fatehi, 2017). The alkaline lignin used in this
study is prepared through the chemical modifications such as partial desulfonation,
oxidation, hydrolysis and demethylation as as mentioned in company website (TCI,
Product No. L0082). Even though the effect of these modifications to hydrophilic
properties of lignin has not been reported, the significant increase in water uptake
capacity of PCL/Lignin sponges compare to PCL, is an evidence for the increased
hydrophilic characteristics of this scaffold. Increasing lignin concentration, however,

did not cause a significant water uptake difference between the blend samples.
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Figure 3.7 : Water uptake of the scaffolds.
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When FTIR and water uptake experiments are evaluated together, it is thought that
there is a limit on the amount of lignin that can be blended with this PCL
concentration. It looks like all scaffolds have similar final lignin concentration after
removing loosely attached lignin in the salt leaching stage. Consequently, subsequent
experiments were continued with one type of blend sponge, namely
PCL200/Lignin10.

3.3 Enzymatic Degradation

The most important role of the use of scaffold in vivo is to preserve its integrity and
mechanical properties for sufficient time to allow the formation of new tissue, while
also simultaneously degrading and being replaced by that tissue (Vert, 2005). For
this reason, the enzymatic and hydrolytic degradation behaviors of a tissue

engineering scaffolds has crucial importance.

In this study, enzymatic degradation of PCL200/Lignin10 sponges was studied in the
presence of Pseudomonas cepacia lipase enzyme. As it can be seen in Figure 3.8 that
while PCL200 sponge reached 100% degradation after 5" day, PCL200/Lignin10
scaffold maintained 55% of its initial weight after 7 days of incubation in the
presence of the enzyme. Complex structure of lignin makes its enzymatic hydrolysis
difficult and this behavior affected the degradation behavior of the scaffolds
dramatically. For both samples, no mass loss, hence hydrolytic degradation, was

observed in the enzyme-free solution at the end of the 7th day.
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Figure 3.8 : Enzymatic Degradation behavior of PCL200 (diamond-shaped) and
PCL200/Lignin10 (triangle-shaped) sponges.

Many studies have been carried out on enzymatic and non-enzymatic degradation of

PCL. PCL’s hydrophobicity and crystallinity affect its hydrolytic degradation
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negatively and slow down the rate of its degradation to such an extent that it can last
years (Castilla-Cortazar et al., 2012), which makes this polymer useful for long term
applications. To improve biodegradability of PCL and tailor it for specific
applications, its usage in a blend or as a copolymer has been proposed (Cha and Pitt,
1990; Buntner et al., 1998; Koleske et al., 1978). Tokiwa and Suzuki (1977) has been
reported the first study on activity of lipases on synthetic polyesters and many other
studies have shown Pseudomonas lipases are highly effective on PCL (Gan et al.,
1997; Liu et al., 2000; Castilla-Cortazar et al., 2012). Since enzymatic degradation
by hydrolysis mostly occurs on the surface of the scaffold, porous structures are
more favorable for higher enzymatic degradation rates. Vidaurre et al. (2008) has
reported enzymatic degradation behaviors of different forms of PCL scaffold with
Pseudomonas fluorescens lipase. Highly porous PCL sponge degraded completely in
100 h, while PCL films, with low porosity, reached %100 degradation rate at around
260 h.

One of the functions of lignin in plants is to protect the organism against biological
stresses by inhibiting enzymatic hydrolysis (Boerjan et al., 2003). So naturally its
degradation has proven to be challenging as it is naturally resistant to enzymatic
degradation (Liu et al., 2020) which might be one of the reasons of low degradation
rate of PCL200/Lignin10 sponge compared to PCL200, in this study. Several studies
can be found on the degradation behaviors of lignin in the nature by bacteria and
fungi (Breen and Singleton, 1999; Bugg et al., 2011; Yiamsawas et al., 2014; Kumar
and Chandra, 2020). Due to their slow degradability, lignin and other lignocellulosic
containing industrial wastes are major pollutant for environment (Sadh et al., 2018).
But it appears that there is a lack of study on biodegradability of lignin in the context
of biomedical applications (Wang et al., 2016a), as its usage in this area is already

limited as mentioned before.

In most studies, it has been observed that an enhancement in water uptake capacity
also causes an increase in enzymatic degradation, since the surface area that can be
affected by enzyme is also increased. In addition, natural polymers are mostly used
as blends with synthetic polymers to increase both of these properties (Diba et al.
2011; Lei et al., 2012; Pawar and Srivastava, 2019). But in this study, even though
lignin addition increased the water uptake capacity compare to the pure PCL
scaffold, the enzymatic degradation decreased significantly. Similar results had been
reported by Thuaksuban et al. (2011), in a study with PCL and chitosan blends. Their
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results also revealed that more chitosan content increased water uptake of the
scaffolds, and in contrast, decreased their degradation rate. One of the reasons that
can explain this phenomenon suggested by this group is, a permanent bond between
the hydroxyl group of chitosan and oxygen atoms of water, which is so called
gelatinization, might have been occurred in the filaments of the scaffold and protect

the structure against enzyme degradation.

PCL scaffolds were already favorable for replacement of hard and load-bearing
tissues because of their low degradation rate (Dwivedi et al, 2019).
PCL200/Lignin10 scaffold’s longer degradation time might also make it popular for
this kind of applications, especially for bone regenerations of elderly people, whom
have slower cell regenerations and increased rates of delayed healing (Clark et al.,
2017; Liu et al., 2018).

3.4 Biomineralization

One of the essential necessities for a biological scaffold for bone tissue engineering
is production of a bone-like apatite on its surface to evaluate the bioactivity and the

ability of inducing new bone tissue cells (Mao et al., 2018).

The mineralization of the scaffolds was achieved with 3x m-SBF as mentioned in
Section 2.2.5. Three-times saturated m-SBF was used to accelerate the process.
Before SEM and EDX analysis, the weight change of the samples, after incubation in
3X m-SBF, was observed (Figure 3.9). In general, more weight gain observed in the
lignin added samples. This suggested that biomineralization may be more

pronounced in this sample.
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Figure 3.9 : Weight change of scaffolds in 3X m-SBF.
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In order to investigate the HAp formations on the surface of scaffolds, SEM and
EDX analyses were performed. The 1kx images for both scaffolds can be found in
Figure 3.10 and Figure 3.11. Rest of the SEM micrographs with different
magnifications can be found in Appendix E and Appendix F.

Figure 3.10 : SEM images of PCL200 before (A), and after incubation in 3X m-
SBF; day 1 (B), 3 (C) and 7 (D).

An increase in the accumulation of HAp-like structures over time was observed in
both samples. SEM micrographs revealed significant mineral accumulations for both
scaffold types at the end of the 7th day. When the 7th day samples were compared, it
was seen that the HAp-like structures were mostly deposited on top of each other in
the PCL200 sample, while the aggregations were more evenly spread over the

surface on the PCL200/Lignin10 sample.
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Figure 3.11 : SEM images of PCL200/Lignin10 before (A), and after incubation in
3X m-SBF; day 1 (B), 3 (C) and 7 (D).

For the PCL200 sample, after 7 days of incubation, even though an intense
accumulation was observed on the scaffold surface, the inside of the pores as
appeared to be smooth, similar to Day 0 sample. Lignin containing samples, on the
other hand, had more mineral deposition within the pores. This can be originated
from the hydrophobic nature of the PCL sample, causing reduced interaction of m-
SBF with the inner surfaces of the pores. Considering the difference between the
water uptake characteristics of the samples, m-SBF can be absorbed better by lignin
added samples which encourage the deposition of HAp-like structures into the

scaffold. The mass change analysis results of the structures strengthen this idea.

Ca/P ratios were calculated by EDX analysis at day 0, 1, 3 and 7, as 0, 0.33, 0.17,
1.50 for PCL200, and 0, 1.26, 1.32, 1.56 for PCL200/Lignin10 sample, respectively.
It was observed that the Ca/P ratio of the accumulations on the PCL200/Lignin10
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samples at all determined times was closer to the ideal hydroxyapatite Ca/P ratio
which is 1.67.

3.5 Cell Proliferation Assay

Good model cell lines are vitally important for studies of human osteoblast function,
proliferation, differentiation etc. For this reason, a lot of different osteoblast model
systems obtained from primary cultures of human bone fragments and osteosarcoma
derived cell lines from human bone tumors (Subramaniam et al., 2002). But these
osteoblast cultures showed some limitations due to their slow and/or abnormal
growth properties, heterogeneity of phenotype and differentiation, exhibition of

different responses to hormones.

Because of these properties, their use for in-vitro biomimetic studies for normal
osteoblast has become questionable (Clover and Gowen, 1994). That is why
conditionally immortalizing human fetal osteoblasts, hFOB cell line, developed by
Harris et al. (1995). These hFOB cells contain a mutation in the SV40 large T-
antigen gene which makes them temperature-sensitive mutants. The mutation on this
gene allows cells to be active and rapidly divide only at the permissive temperature.
Their return to a non-immortalized state can be trigged by changing the incubation
temperature of the cells to a restrictive temperature and the cells differentiation and

indication the phenotype of mature osteoblasts can be obtained.

hFOB cell proliferations on the scaffolds were determined after 1, 3 and 7 days of
cell seeding. Unattached cells were washed with fresh medium first and the scaffolds
were transferred to new wells. Previous wells were also observed under optical
microscope to determine cell detachment from scaffolds. No notable number of cells

was found on the old medium, which indicates good cell adhesion for all scaffold

types.

Cell Counting Kit-8 (CCK-8, Dojindo Molecular Technologies, Inc.) was used to
determine the effect of lignin presence on the proliferation of the hFOB cells. Cell
proliferation continually increased with time for all time points and all scaffold types
(Figure 3.12). The proliferation of hFOB was significantly higher on
PCL200/Lignin10 scaffolds compared to PCL200. The proliferation on
PCL200/Lignin10 sponge was found to be 212% and 50% higher after day 3 and 7,

respectively. Based on this assay, hFOB cells proliferated faster on
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PCL200/Lignin10 sponges than on PCL200 sponges, therefore PCL200/Lignin10
scaffold was considered to be more favorable for osteoblast cell proliferation.

0.6 0O PCL200
1,6

1‘2‘ 1 m PCL200/Lignin10

0,5 -

0,8 -
0,6 -
0,4 -
0,2 -

Absorbance (OD 450)

1 3 7
0,3 - Time (day)

0,2 -

Absorbance (OD 450)

0,1 -

1 3 7

Time (day)

Figure 3.12 : The cell proliferation assay with hFOB cells on PCL200 and
PCL200/Lignin10 sponges (the inset shows the growth control).
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4. CONCLUSION

This study aims producing a bone tissue engineering scaffold with improved
characteristics. In this regard, lignin was added to already known PCL polymer to
promote cell attachment and mineralization. Two polymers were solved in
appropriate solvents, mixed and poured in molds full of salt particles. After freezing
the mixture, and lyophilization of the solvents, salt particles were removed by serial

washings. Thus, porous scaffolds of PCL and lignin blends were obtained.

The lignin used in this study is a chemically-processing lignin with increased water
solubility. For this reason, although samples with different concentrations of lignin
were prepared, the salt leaching stage caused the loss some of the lignin and as far as
it was observed, in each time, structures with similar amounts of final lignin
concentration were obtained. After it was noticed that weakly bound lignin was
removed in the salt leaching step and no difference was observed in terms of water
uptake and FTIR analysis between the samples prepared with different lignin
concentrations, the experiments were continued with a single PCL/lignin ratio, i.e.
PCL200/Lignin10. The porosities of pure PCL and blend scaffolds were very similar,
with 73% and 76% porosity, respectively. When the pores in the range of 20-600 pm
were examined, it was observed that the lignin addition did not cause a significant
difference in the percentage of the 100-300 um sized pores. However, the percentage
of macropores in the range of 300-600 um was observed to be higher in the PCL200
sample than PCL200/Lignin. Also many, probably hundreds of, pores that are
smaller than 20 pm were detected. A reduction in the peak that represent —OH bonds
in FTIR analysis and a higher melting temperature for PCL200/Lignin10 sponges
were recorded, both of which may indicate the existing of newly formed bonds
between the polymers. The water uptake assay showed, even though existence of
lignin increases the water uptake characteristics, the polymer may has acted as a
shield against enzymatic degradation, since the weight loss for PCL200/Lignin10
sponges were much less than PCL200 sponges. No hydrolytic degradation was
observed for both of the sponge structures after 7 days. Although biomineralization
results showed significant amount of accumulation of HAp-like structures on both of

the scaffolds at the end of 7 days incubation, PCL200/Lignin10 was observed with a
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more covered surface than PCL200. Cell proliferation assay demonstrated living cell
numbers were higher in PCL200/Lignin10 structures compared to PCL200, which
serves as an evidence about this blend is more favorable for osteoblasts.

These results were promising enough to suggest that further investigation may be
performed, like analyzing mechanical properties of the PCL200/Lignin10 scaffolds.
Also further cell analysis can be performed, such as Alkaline Phosphatase Activity
Assay to determine osteogenic differentiation on the scaffolds. The effects of
different concentrations and different types and forms of lignin can also be

investigated.
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APPENDIX A

Table A.1 : List of chemicals, materials used in this thesis and their suppliers

Chemical/Material Supplier
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid, HEPES Biomatik

Calcium chloride, CaCl, Sigma-Aldrich

Cell Counting Kit-8 Dojindo Mol. Tech.

Chloroform Merck Millipore

Dimethylformamide Merck Millipore

Di-potassium hydrogen phosphate trihydrate, K2HPO4.3H20 Sigma-Aldrich

Dulbecco’s Modified Eaglg‘llgfig;lium, DMEM (Cat.No. P04- Pan Biotech

Ethanol, C,HO Sigma-Aldrich

Fetal Bovine Serum Sigma-Aldrich

Hydrochloride, HCI Sigma-Aldrich

Lignin (Alkaline) Tokyo Chemical

Ind.

Lipase from Pseudomonas cepacia Sigma-Aldrich
Magnesium chloride hexahydrate, MgCl,.6H20 Sigma-Aldrich
Penicillin Streptomycin Solution Sigma-Aldrich
Polycaprolactone (PCL, 80 kDa) Sigma-Aldrich
Potassium chloride, KCI Sigma-Aldrich
Potassium phosphate monobasic,KH,PO, Sigma-Aldrich
Sodium azide, NaN3 Merck Millipore
Sodium bicarbonate, NaHCO3; Sigma-Aldrich
Sodium carbonate, Na,CO3 Sigma-Aldrich
Sodium chloride, NaCl Merck Millipore
Sodium hydroxide, NaOH Sigma-Aldrich
Sodium phosphate dibasic, Na,HPO,4 Sigma-Aldrich
Sodium sulphate, Na,SO4 Sigma-Aldrich

Trypsin/EDTA Pan Biotech
Trypan Blue Sigma-Aldrich
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APPENDIX B

1X PBS contains; 137 mM NaCl, 2.7 mM KCI, 10 mM Na,HPOQO,, and 1.8 mM
KH,PO4. For this reason;

- 8 g of sodium chloride (NaCl)

- 0.2 g of potassium chloride (KCI)

- 1.44 g of sodium phosphate dibasic (Na;HPO,)

- 0.24 g of potassium phosphate monobasic (KH2PO4)

were dissolved in 800 ml distillated water. pH of the solution was arranged to 7.4
with hydrochloric acid. The total volume was adjusted to 1 liter. Sterilization of the

solution performed with 0.22 um filter.
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APPENDIX C

Ultrapure water was used to prepare m-SBF. m-SBF solution must be prepared in a
specific ion concentration. 1X of the solution should contain; 142 mM Na*, 5 mM
K*, 1.5 mM Mg*, 2.5 mM Ca**, 103 mM CI', 10 mM HCO3’, 1 mM HPO,%, 0.5 mM
SO4Z. For preparing m-SBF in 3X concentration the reagents listed below should be
solved in 700 ml ultrapure water according to the order and each should be added
after the previous one is completely dissolved. The HEPES was previously dissolved
in 100 mL of aqueous 0.2 M NaOH.

- NaCl £ 16.209 g
- NaHCO; 11512 g
- N62003 :1.278 g
- KCl 10.225¢

- K5HPO4.3H,0 06909
- MgCh.6H,0  :0.933¢g

- HEPES :53.676 g
- CaCl, :0.879¢
- NaySO4 :0.216¢9

- NaOH(1M)  :45ml

The pH was adjusted to 7.4 at room temperature by titrating aqueous 1.0 M of NaOH
into the fluid. The total volume of the fluid was adjusted to 1 liter by adding
ultrapure water. The freshly prepared m-SBF solution was sterilized by using 0.22
um pore size filters.
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APPENDIX D

Table D.1: List of equipment used in this thesis and their suppliers

Equipment Supplier
Beakers ISOLAB

Fourier transform infrared spectroscopy, FTIR Perkin Elmer

Freeze-dryer Martin Christ
Freezer, -20 °C Argelik

Freezer, -80 °C New Brunswick Scientific
Fume hood Unbranded
Magnetic stirrer Cole-Parmer

Mini Sputter Coater
Orbital Shaker
pH metre
Pipettes
Refrigerator, +4 °C
Rocking platform shaker
Scale
Scanning electron microscope, SEM
Syringe and needle
Tissue Culture Plates

SC7620 Polaron Ranger
Thermo Fisher Scientific
WTW inoLab
Eppendorf
Vestel
Heidolph Instruments
Ohaus
JEOL JSM-5410
BD Medical
TPP
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APPENDIX E

1[mode| WD spoﬁ\m‘ — 1 mm— 4/29/2022 ‘ HV [mag O[mode] WD [spot|dwell | —1 mm—
SE |9.9mm| 3.0 |30 s/ MEMTEK 11:49:05 AM 110.00kV| 50x | SE [11.3mm| 3.0 |30 ps MEMTEK

4/29/2022 | HV |mag O|mode| WD |spot[dwell| —1mm—
12:08:18 PM110.00kV| 50x | SE |124mm| 3.0 [30ps MEMTEK

Figure E.1 : SEM images of PCL200 sample at 50X magnification at day 0, 1, 3 and
7.
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O|mode| WD |[spot|dwell | - 4 HV  [mag O|mode] WD |[spot|dwe
SE [11.2mm| 3.0 (30 11 1110.00 kV| 200 x SE 120 mm| 3.0

“x

O|mode[ WD [spot|dwell - 0 Y — 4 mag O |mode
SE |11.9mm| 3.0 [30 AT 10.00 kV| 2 X SE [11.5mm| 3.0

Figure E.2 : SEM images of PCL200 sample at 200X magnification at day 0, 1, 3
and 7.
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MEMTEK

HV 'mag O|mode| WD |sp — 100 pm — 3 W Tsp — 100 pm —
PM [10.00 kV| 500 x SE [11.7 mm| 3 MEMTEK 2 \ 0 X S| 3! | MEMTEK

Figure E.3 : SEM images of PCL200 sample at 500X magnification at day 0, 1, 3
and 7.
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APPENDIX F

HV WD [mag O] vacMode | det | —1mm—
15.00 kV|9.2 mm | 50 x |High vacuum |ETD

/29120 HV | WD [mag O] vacMode | det T i 2 HV | WD [mag O vacMode |[det|  —1mm—
5 PM|15.00 kV|9.3 mm | 50 x |High vacuum |ETD MEMTEK 36 PM[15.00 kV!9.4 mm| 50 x [High vacuum|ETD MEMTEK

Figure F.1 : SEM images of PCL200/Lignin10 sample at 50X magnification at
day 0, 1, 3and 7.
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P e NeD 35 Vi b e PES. o s L de 5 Ol e 73
/2022 HV V E \ lode det mag O 400 pm
PM|15.00 kV|9.3 mm 0 x ¢ cuum |ETD 3 9.2 mm| 200 x u MEMTEK

400 ym 022 HV | WD [mag O] cMode | det ‘
MEMTEK K 12 PM [15.00 kV[9.9 mm | 200 x_|Hi cuum |[ETD|

Figure F.2 : SEM images of PCL200/Lignin10 sample at 200X magnification at day
0,1,3and 7.
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HV | WD |mag 0| vacMode |det|  ~—100pm—
0 kv|9.3 mm gh vacuum |ETD MEMTEK

=] [det] — —100pm— / HV | WD g cMode |det|  — 100 ym —
PM|15.00 kV[9.5 mm | 500 x_[Hi cuum |[ETD MEMTEK M |15.00 kV|9.8 mm X acuum |ETD MEMTEK

Figure F.3 : SEM images of PCL200/Lignin10 sample at 500X magnification at day
0,1,3and 7.
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