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Developing Peptide Modified Novel Bioactive Materials 

for Bone Tissue Engineering Applications 

Abstract 

In bone tissue engineering, biomimetic scaffolds that can generate a specific cellular 

response and form bone tissue through biological recognition can be developed by 

using extracellular matrix (ECM) mimetic peptides. The main focus of this dissertation 

is the development of a peptide-modified novel biomimetic approach to design 

scaffolds for bone tissue engineering. In the first part, the surface of electrospun poly 

(lactide-co-glycolide) (PLGA) scaffolds was modified with cold atmospheric plasma 

(CAP) to induce more carboxylic groups and increase the biomineralization of NFs by 

increase glutamic acid (GLU) peptide conjugation. Mineralization, surface roughness, 

and wettability of CAP treated and GLU peptide conjugated NFs and the effect of 

surface modification on human mesenchymal stem cells (hMSC) proliferation were 

investigated. Consequently, CAP treatment-induced bio-functional peptide 

conjugation and biomineralization. In the second part, KLD (KLDLKLDLKLDL) 

self-assembled peptide (SAP) hydrogels with short bioactive motif O1 (EEGGC) and 

O2 (EEEEE) were self-assembled in different concentrations (0.5%, 1%, and 2%) to 

enhance osteogenesis and biomineralization of injectable SAP hydrogels with the 

capability of being injected to bone defects. Compared to the KLD scaffold, we found 

that these designed bioactive peptide scaffolds significantly promoted key osteogenic 

markers expression levels determined by real-time PCR and immunofluorescence 

analysis. In the third part, we aimed to develop biomimetic SAP hydrogels that allow 
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the rapid formation of a vascular structure and determine the efficacy of IKVAV (V1) 

and YIGSR (V2) bioactive peptides integrated KLD SAP hydrogel on in vitro 

vascularization. Two SAP hydrogels which are KLD-V1 and KLD-V2 were designed 

and produced at 0.5% and 1% concentrations. The proliferation of hMSC/HUVEC co-

culture increased with the addition of laminin-derived peptides to KLD. The 

immunofluorescent staining and RT-qPCR were performed to analyze PECAM, vWf, 

and Ve-cadherin proteins and gene expression, respectively. Laminin-derived peptide-

functionalized SAP improved the vasculogenesis potential. KLD-V2 sharply increased 

proliferation and vascularization compared to KLD-V1. In the fourth part, a novel 

multifunctional scaffold that can induce both bone tissue and vascular formation and 

take the defect shape via injection was developed by SAP hydrogels for 

osseointegration of dental implants. The efficacy of using multi-functional SAP 

hydrogel on dental implant osseointegration was determined with resonance frequency 

analysis, reverse torque right after in-vivo study. Injectable multifunctional scaffolds 

accelerated dental implant osseointegration. In the last chapter, a vascularized bone 

tissue model by using GLU peptide conjugated stem cell-laden electrospun nanofibers 

reinforced SAP hydrogels with a vasculogenic epitope (YIGSR), which can support 

osteogenic and vasculogenic differentiation in vitro was proposed for bone defects. 

After physical characterizations, the osteogenic differentiation was evaluated by DNA 

quantification, calcium and ALP assay, q-PCR, immunofluorescent staining, and 

vasculogenic differentiation were evaluated by performing q-PCR and 

immunofluorescent staining. The developed bone model has been shown to 

significantly increase osteogenic and vasculogenic differentiation. Overall, the 

findings in this thesis will aid in further optimization of biofunctionalized biomaterials 

to support stem cell-based bone repair and regeneration. It is also believed that such 

findings will help researchers to design better biomimetic scaffolds to be translated 

into the clinic to improve bone healing processes. 

Keywords: Bone tissue engineering, Nanofibers, Self-Assembled peptide, Hydrogels, 

Osseointegration 
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Kemik Doku Mühendisliği Uygulamaları için Peptit ile 

Modifiye Edilmiş Özgün Biyoaktif Malzemelerin 

Geliştirilmesi 

Öz 

Kemik doku mühendisliğinde, hücre dışı matris (HDM) benzeri peptitler kullanılarak 

biyolojik tanıma yoluyla belirli bir hücresel yanıt ve kemik dokusu oluşturabilen 

biyobenzer yapı iskeleleri geliştirilebilir. Bu tezin ana odak noktası, kemik dokusu 

mühendisliği için yapı iskeleleri tasarlamak üzere peptit ile modifiye edilmiş yeni bir 

biyobenzer yaklaşımın geliştirilmesidir. İlk bölümde, elektro-eğirme yöntemi ile 

üretilmiş poli (laktid-ko-glikolid) (PLGA) NF (nanofiber) yapı iskelelerinin yüzeyi, 

daha fazla karboksilik grup oluşturmak ve glutamik asit (GLU) peptit konjugasyonunu 

artırarak NF'lerin biyomineralizasyonunu artırmak üzere soğuk atmosferik plazma 

(SAP) ile modifiye edilmiştir. SAP ile muamele edilmiş ve GLU peptit konjuge 

NF'lerin mineralizasyonu, yüzey pürüzlülüğü ve ıslanabilirliği ve insan mezenkimal 

kök hücreleri (hMSC) proliferasyonu üzerindeki etkisi araştırılmıştır. Sonuç olarak, 

SAP muamelesi biyofonksiyonel peptit konjugasyonunu ve biyomineralizasyonu 

indüklemiştir. İkinci bölümde, kısa biyoaktif motifli O1 (EEGGC) ve O2 (EEEEE) ile 

KLD (KLDLKLDLKLDL) kendiliğinden yapılanan peptiti (KYP) entegre edilerek, 

farklı konsantrasyonlarda (% 0,5, % 1 ve % 2) kendiliğinden yapılan hidrojeller elde 

edilmiştir. Kemik kusurlarına enjekte edilebilen KYP hidrojellerinin osteogenezi ve 

biyomineralizasyonu KLD iskelesi ile karşılaştırıldığında, tasarlanan biyoaktif peptit 
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iskelelerinin, gerçek zamanlı PCR ve immünofloresan analizi ile belirlenen temel 

osteojenik belirteçlerin ekspresyon seviyelerini önemli ölçüde desteklediği 

bulunmuştur. Üçüncü bölümde, hızlı bir vasküler yapı oluşumuna izin veren ve KLD 

KYP hidrojeline entegre edilen IKVAV (V1) ve YIGSR (V2) biyoaktif peptitlerin in 

vitro vaskülarizasyon üzerindeki etkinliğini belirleyen biyomimetik KYP 

hidrojellerinin geliştirmesi hedeflenmiştir. KLD-V1 ve KLD-V2 olmak üzere iki KYP 

hidrojel, %0.5 ve %1 konsantrasyonlarda tasarlanmış ve üretilmiştir. hMSC/HUVEC 

ortak kültürünün çoğalması, KLD'ye laminin türevli peptitlerin eklenmesiyle artmıştır. 

PECAM, vWf ve Ve-cadherin proteinlerini ve gen ekspresyonunu analiz etmek için 

sırasıyla immünofloresan boyama ve RT-qPCR yapılmıştır. Laminin türevli peptit 

modifiye KYP hidrojeller, vaskülojenez potansiyelini arttırmıştır. KLD-V2, KLD-

V1'e kıyasla proliferasyonu ve vaskülarizasyonu keskin bir şekilde artırmıştır. 

Dördüncü bölümde, dental implantların osseointegrasyonuna yönelik KYP hidrojelleri 

ile hem kemik dokusu hem de damar oluşumunu indükleyebilen ve enjeksiyon yoluyla 

defekt şeklini alabilen çok işlevli yeni bir iskele geliştirilmiştir. Dental implant 

osseointegrasyonunda çok fonksiyonlu KYP hidrojel kullanımının etkinliği in-vivo 

çalışmanın hemen ardından rezonans frekans analizi, ters tork ile belirlenmiştir. 

Enjekte edilebilir çok işlevli iskeleler, dental implant osseointegrasyonunu 

hızlandırmıştır. Son bölümde, kemik defektleri için in vitro osteojenik ve vaskülojenik 

farklılaşmayı destekleyebilen vaskülojenik epitop (YIGSR) ile güçlendirilmiş KYP 

hidrojelleri ile GLU peptit konjuge kök hücre yüklü elektrospun NF'ler kullanılarak 

vaskülarize bir kemik doku modeli önerilmiştir. Fiziksel karakterizasyonlardan sonra, 

osteojenik farklılaşma için DNA, kalsiyum ve ALP kantifikasyonu, q-PCR, 

immünofloresan boyama ve vaskülojenik farklılaşma q-PCR ve immünofloresan 

boyama yapılarak değerlendirilmiştir. Geliştirilen kemik modelinin osteojenik ve 

vaskülojenik farklılaşmayı önemli ölçüde arttırdığı gösterilmiştir. Genel olarak, bu 

tezdeki bulgular, kök hücre bazlı kemik onarımını ve rejenerasyonunu desteklemek 

için biyofonksiyonelleştirilmiş biyomateryallerin daha fazla optimizasyonuna 

yardımcı olacaktır. Ayrıca, bu tür bulguların, araştırmacıların kemik iyileşme 

süreçlerini iyileştirmek için kliniğe çevrilecek daha iyi biyomimetik yapı iskeleleri 

tasarlamalarına yardımcı olacağına inanılmaktadır. 

Anahtar Kelimeler: Kemik doku mühendisliği, Nanofiberler, Kendiliğinden yapılan 

peptid, Hidrojel, Osseointegrasyon  
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Chapter 1 

Background 

1.1 Bone Tissue 

The tissue consists of the cells that similarly function in the body. There are roughly 

200 different cell types that are systematized into four major tissues: nervous, 

epithelial, muscle tissue, connective. One of the connective tissue is bone tissue, which 

consists of the extracellular matrix (ECM) and the cells. The majority of the connective 

tissue consists of blood supply, nerves, and scattered cells submerged in the ECM.  

Bone, which is a type of connective tissue, has a hierarchically organized and dynamic 

structure and is continuously being replaced through the process of bone remodeling 

[1]. The bone tissue composed of organic composite fibrous protein and collagen 

network (30-35% of the weight) covered with a stiff matrix of inorganic 

calcium/phosphate (65-70% of the weight) and cells, blood vessels [2-4]. The organic 

matrix in the bone mostly contains collagen type-I (COL-1), bone cells, lipid, non-

collagenous, and cell attachment proteins such as osteopontin (OPN), osteocalcin 

(OCN), bone sialoprotein (BSP), osteonectin (ON), and proteoglycans [5, 6]. Collagen 

which is the major component in organic bone ECM provides flexibility and 

resistance. Inorganic components are mainly composed of calcium (Ca) and 

phosphorus (P) in the form of small hydroxyapatite (HA) crystals and create the major 

characteristic function by giving the matrix compression strength. Spherical nano HA 

crystals contained partly calcium and phosphorous. The formation of these HA crystals 

increases passively calcium and phosphate levels. Nevertheless, HA formation is a 

cell-mediated process that is regulated by specific proteins which enhance or inhibit 

calcification similar to osteogenesis. Chondrocytes or apoptotic cells provide an ECM 

which promotes the initial steps for the generation of HA crystals after the release of 

membrane vesicles by osteoblasts and initiates the deposition of extracellular mineral. 
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Mineralized collagen fibrils are the major component of bone material. The quantity, 

integrity, and relation of organic and inorganic components determine the structural 

and mechanical behavior of bone, such as elasticity and strength [5-9].  

Bone contributes to an adult human body by a total of 213 bones,  made from two 

distinct types: spongy and compact, and categorized in 4 groups which are: spongy 

and compact, and categorized in 4 groups which are: short, long, irregular, and flat 

bone [10] (see Figure 1.1). 

 

 

Figure 1.1: The classification of bones based on the shape [10] 

 

1.1.1 Bone Structure and Functions 

The uniqueness of the bone tissue makes the skeletal system multifunctional and 

assists six basic functions: providing mineral homeostasis, movement, protection, 

support, hemopoiesis, and triglyceride storage. Bone supports the body by providing a 

framework that creates a space for soft tissue to attach. Protection and assistance for 

movement are achieved with the help of the bone tissue by absorbing any force applied 

to the body and making soft tissue move synchronized with hard tissue. Bone tissue 

also provides mineral balance throughout the body by storing and releasing the 

minerals such as calcium and phosphorus when it is needed. Moreover, bone tissue 
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contains a part of connective tissue named red bone marrow which is the center for red 

blood cell production within the human body throughout hemopoiesis. In the skeleton, 

each bone has two types of structure: spongy bone and compact bone. Trabecular bone, 

or cancellous (spongy bone), is a form of bone that contains a trabeculated structure 

with a porous formation, composed of osteocytes that are trapped within the lacuna 

and rods that are dispersed within the bone marrow. It makes up almost 20% of the 

human skeleton and can be found at the edge of long bones throughout the body [10]. 

Also, the void spaces within the porous structure consist of the red bone marrow where 

mesenchymal stem cells (MSCs) are produced. Compact or cortical bone is a type of 

dense and solid bone that contains a system called Haversian with packed osteons with 

small spaces (see Figure 1.2). The Haversian system is a cylindrical shape, formed by 

an osteogenic canal that is surrounded by lamellae and lacunae which is the space 

between the osteocytes that are located within the lacunae and the lamellas (rings of a 

matrix). Also, the osteogenic channels contain blood vessels that supply metabolic 

supplements such as oxygen, glucose that can reach the bone surface [11]. The bone 

surface contains two layers which are the outer periosteal, a fibrous connective tissue 

layer that contains nerve fibers, vessels, osteoblast, and osteocytes,  and inner 

endosteal surface, a membrane-like layer that is connected with bone marrow, also 

with vessel channels and trabecular bone [10].  

 

 

 

 

 

 

 

 

 

 

Figure 1.2: The organization of different elements within the long bone [12] 
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1.1.2 Bone Cells 

Bone tissue cells which are fundamental elements of bone tissue have a major role 

during the osteogenesis (development of new bone tissue) and regeneration of a 

defected area of the bone tissue. The bone cells are osteoblasts, osteoclasts, and 

osteocytes (see Figure 1.3). Osteoblasts are completely differentiated cells originating 

from pre-osteoblasts or osteoprogenitor cells [13]. Osteoblasts are bone-forming cells 

that are uninuclear, specialized, and not terminally differentiated. They synthesize the 

organic compound of the bone matrix such as COL-1, proteoglycans, glycoproteins, 

and form osteoid tissue in bone formation regions. They initiate the calcification 

process then, differentiate into osteocytes by covering their surroundings with ECM 

matrix [12, 14]. Osteoids are formed by bone matrix, newly synthesized, and not yet 

calcified by osteoblasts [15]. Calcification starts with the alkaline phosphatase (ALP) 

enzyme secretion and then mineralization begins in the bone tissue. ALP enzyme plays 

role in the calcification of the matrix by allowing calcium to precipitate into the matrix 

as calcium phosphate [12, 16, 17]. When the bone formation is completed, osteoblasts 

turn into osteocytes or undergo apoptosis. 

Osteocytes are located within the calcified bone matrix. Osteocytes are the core cells 

which are originated from osteoblasts, which comprise 90% of mature bone tissue and 

regulate the main metabolism within the bone tissue such as detection of damages and 

the remodeling of the bone tissue. They are differentiated from osteoblast bone cells 

whose metabolic activity decreases and cannot divide. They are generally enclosed by 

the lacuna and have either a stellate shape or a dendritic cell. Since the bone matrix is 

calcified, substance transport occurs via osteocytes and they keep bone tissue alive 

[18]. 

Osteoclasts, which are developed from hematopoietic cells within the blood 

circulation, are the main cell type that takes place during the maintenance of the 

defected tissue especially after bone tissue resorption [19]. They release enzymes and 

acids to break down the components within the ECM (proteins and mineral 

components) for remodeling [12]. During bone construction, osteoclasts settle on the 

surfaces of the trabeculae or the inner surfaces of the compact parts. Osteoclasts, resorb 

the inner surface of cortical bone and the surface of trabeculae while osteoblasts are 
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building new bone tissue. The bone tissue can extend and expand and the wearing parts 

can be removed and replaced [29, 30]. Bone is built by the collapse of the bone matrix 

(endochondral ossification) on the existing cartilage matrix or by direct mineralization 

(intramembranous ossification) of the matrix secreted by osteoblasts [31]. 

 

 

Figure 1.3: Schematic representation of bone cells [20] 

 

1.1.3 Formation of Bone Tissue 

Bone structure is formed by two diverse development processes (osteogenesis) called 

endochondral and intramembranous ossification [21]. Endochondral ossification is an 

essential progression that occurs in five stages during the fetal development of long 

bones. It starts with a formation of cartilage tissue and results in the long bones [22]. 

In the first phase, mesenchymal stem cells become cartilage cells due to the presence 

of paracrine factors which makes mesodermal cells produce transcription factors [23]. 

In the second phase, mesenchymal cells become condensed to form compact nodules 

then differentiate into chondrocytes and form the pattern of long bone by rapidly 

proliferating and increasing their number in the third phase. In the fourth phase, they 

stop producing their copies but continue expanding their volume, as a result, they 

become hypertrophic chondrocytes and alter their matrix to reach the mineralized 

environment of bone tissue. In the last phase, hypertrophic chondrocytes will create a 

space that will eventually become bone marrow by dying through apoptosis. The cells 

which surround the formed model will differentiate into osteoblast to replace all the 
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cartilage part, produce a bone matrix thus form the bone tissue [22]. Intramembranous 

ossification occurs during the formation of cranium flat bones, facial bones, mandible 

and clavicle bones which are fetal flat bones via a developmental process in which 

mesenchymal cells differentiate into osteoblasts in a region called calcification center 

which the certain points at flat bones that consists of embryonic connective tissue and 

infused calcium salts. During this process, a bind between osteoblast and calcified fiber 

region occurs as a result of secretion of collagenous proteoglycan matrix by 

osteoblasts. As a result of this binding osteoid matrix is calcified and the first true bone 

formation is completed [22, 24]. Following this, the transformation of the calcification 

center into an ossification center and then the formation of osteocytes which are 

enclosed between lamellae also occurs. Then osteocytes form structures called spicules 

which are structural elements of spongy bone. Spicules come together to form the 

spongy bone and cover the inner and outer sides by a layer of compact mesenchymal 

cells which is named as periosteum [24]. Even though both types of developmental 

processes of the bone structure have their distinctive ways of forming osteon either 

directly or through an extra middle step, they both start with the presence of 

mesenchyme and eventually form a composite material which contains four types of 

cells, inorganic and organic components and distinctive structures formed within the 

material, that called calcified osteon tissue [21]. 

1.1.3.1 Osseointegration 

The osseointegration concept was first presented by Brånemark et al. has been 

presented to the literature, afterward, many researchers made important progress on 

this subject. Consequently, osseointegration has been defined as "the direct structural 

and functional connection between the surface of living bone tissue adjacent to the 

implant and the implant surface under loading without fibrous tissue" [25]. When an 

osseointegrated dental implant is examined by electron microscope, it is observed that 

the bone and the implant surface are directly connected with no soft tissue formation. 

A series of biological events develop in the surrounding spongiosis and cortical bone 

in the process of completing the bone apposition formed on the implant material placed 

in the socket prepared in the bone. The successive processes of osseointegration, such 

as bone resorption and bone apposition, have been described in detail histologically in 

human and animal studies. In 2012, Terheyden et al. distinguished osseointegration in 
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four phases; exudative (hemostasis), inflammatory, proliferative, remodeling phases 

[26]. 

The exudative phase is a process that begins with the preparation of the socket with 

implant drills and the implant is placed and lasts between minutes and hours. The 

differentiation and growth factors are released into the implant by the mechanical 

devastating of the bone ECM. The blood coming out of the cut vessels in the bone 

establishes the infrastructure of fibrinogen polymerization to create the first ECM in 

the defect area. As soon as the implant is replaced, the load pattern of the surface 

changes by the interaction of the implant surface with water molecules and ions. 

Divalent positively charged ions such as calcium are equally potentially bound to their 

negatively charged equivalents. Following ions, especially high concentration of 

albumin first adheres to the surface, and then vitronectin and fibronectin are adsorbed 

by the surface. Cell attachment to the implant surface occurs due to protein adsorption. 

Therefore, especially adhesion proteins such as fibronectin interact with cell-binding 

regions such as the RGD sequence. The activated integrins interact with fibrinogen to 

form a platelet plug. At the same time, platelets bind to collagen to form collagen 

fibrils towards the implant surface and allow them to attach to the surface like a 

network. Cytokines released from platelets degranulated as a result of binding. 

The inflammatory phase begins approximately 10 minutes after implant placement and 

lasts until the first day after surgery. The release of growth factors such as transforming 

growth factor-beta (TGF-β), and platelet-derived growth factor (PDGF) initiates 

degranulation of platelets. Vascular permeability of white blood cells and serum 

proteins is increased by Bradykinin derived from degranulated platelets. Vasodilatory 

histamine is secreted from platelets. Vasodilatory histamine causes hyperemia by 

increasing the flow of histamine and decreasing the blood circulation rate. In the 

hemostatic phase, initial vasoconstriction occurs and causes vasodilation, swelling, 

and warming in the skin surrounding the wound. Polymorphonuclear leukocytes 

(PMN) and macrophages are released from the vessels into the environment as the first 

response of the host defense. First of all, PMNs, which dominate the environment, 

release reactive radicals to the environment to eliminate bacteria in the environment 

through the release of reactive oxygen species. It also releases digestive enzymes such 

as collagenase and elastase. These enzymes also digest and damage injured and healthy 
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tissues around the implant. When the acute period passes, lymphocytes and 

macrophages dominate the environment. While removing bacteria, debris, and 

neutrophils from the environment, they terminate the inflammatory phase with 

proinflammatory cytokines, FGF, PDGF, and vascular endothelial growth factor 

(VEGF). The fibrogenic and angiogenic growth factors released from macrophages 

initiate the proliferative phase. Another issue that is as important as antibiotics and 

local disinfectants in limiting the inflammatory phase is to terminate the surgical 

procedure with the cleanest possible form of the surgical area and thus provide the 

lowest bacterial inoculation  [26]. The wound then proceeds to a stage of the healing 

process. The tissue debris is biochemically degraded and underwent phagocytosis by 

macrophages. The macrophages synthesize proinflammatory cytokines and proteases 

using antigenic inhibitors for digesting proteases and stop the tissue degradation 

started by PMNs. This will, in turn, produce growth factors by matrix proteins and 

proteoglycans. 

The proliferative phase begins with the regeneration of ECM degraded in the acute 

phase of the inflammatory phase and angiogenesis. The granulation tissue is formed. 

The period of the proliferative phase is between a few days to weeks. Fibroblasts 

appear on the third or fourth day. They migrate into the wound by amoeboid 

movements. They synthesize the protective and stabilizing components of the ECM 

such as proteoglycans, collagen, and elastin. The precursors of endothelial cells are 

stimulated and angiogenesis is induced due to the low oxygen concentration with the 

help of VEGF, PDGF, and FGF secreted by macrophages. Pericytes released from the 

vessel walls in response to VEGF turn into endothelial progenitor cells and progress 

in the form of a tube by clustering towards areas where oxygen is low. New vascular 

loops that are formed by the union of the vascular tubes with the existing vessels restart 

blood flow and angiogenesis occurs. Consequently, angiogenesis restores the oxygen 

supply, which is a necessary condition for osteogenesis. Newly formed bone tissue is 

located only in the areas near blood vessels. Briefly, activated osteoclasts adhere 

themselves to the fracture areas of the residue of bone, resorb and create space for bone 

healing. However, it will influence the primary stability of implants. Osteoclasts 

dissolve the bone by the action of hydrochloric acid (HCl) and proteases and release 

BMP, TGF-B, PDGF from the bone ECM, which initiates the formation of new bone. 

Perivascular cells (osteoprogenitor cells) proliferate through the implant surface and 
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differentiate into new osteoblasts under the influence of BMPs. Osteoprogenitor cells 

attach to the implant surface via integrins which have RGD motifs that allow them to 

attach to ECM proteins. The osteoblasts are not attached directly to the metal surface. 

The osteoblasts bind to the outermost protein layer of the implant. Bone precursor cells 

prepare the environment required for cellular attachment by producing fibronectin on 

the implant surface. After firmly attached to the implant surface, osteoprogenitor cells 

turn into osteoblasts active for bone production, and osteoblasts begin to synthesize 

osteocalcin and alkaline phosphatase as molecular markers, along with calcium 

phosphate. Towards the end of 2 weeks, woven bone is formed at the implant surfaces, 

this will create a secondary stabilization. When the implant is first placed, it gains 

primary stability due to the friction between the threads and the bone. On the first day, 

primary stability is very vital after implant placement. Under normal circumstances, 

the first week is the weakest stage since primary stability can drop to crucial levels. 

Within a week, the implant is placed, new bone formation begins, and primary bone 

contacts are replaced by new secondary bone connections. In the socket, the first bone 

formed after the bone is injured with a drill is called a woven bone. Woven bone 

formation is from the existing bone between the implant threads. With the synthesis of 

the Type 3 collagen matrix by osteoblasts, new bone formation starts with 

intramembranous ossification in the alveolar bone. At the end of the process, Type 1 

collagen takes its place in the bone under any circumstances. This matrix is then 

mineralized by hydroxyapatite. During primary bone formation, mineralization occurs 

more rapidly; it is not fully organized and does not integrate with collagen (extra 

fibrils).  

In the remodeling phase, parallel bone formed is structured perpendicular to the peak 

of implant threads. The organization of the bone becomes more trabecular. This 

process happened by the coupling action of osteoclasts and osteoblasts. Osteoclasts 

activated by osteoblast messenger RANKL resorbs the woven bone and the osteoblasts 

lay down highly organized lamellar bone. This simultaneous action of osteoblasts and 

osteoclasts is coordinated by the osteocyte and its messenger sclerostin. In the latter 

case, the Haversian system which is a new unit is formed containing a central blood 

vessel. 
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1.1.3.2 Blood Vessel Formation in Bone Tissue 

Blood vessels consist of various cell types. Endothelial cells (ECs) and mural (or 

perivascular) cells cover the outer and inner layer of blood vessels, respectively. The 

mural cells might be categorized as vascular smooth muscle cells and pericytes based. 

Blood vessels can be formed through two processes, angiogenesis and vasculogenesis. 

Angiogenesis occurs in early embryogenesis by differentiation of mesodermal cells to 

the progenitors of blood cells and ECs. These cells move to defined places in a process 

called vasculogenesis and cluster together for the formation of the primitive vessels. 

As a result, most new blood vessels arise through angiogenesis and continues through 

a series of processes such as the expansion of existing vascular networks, EC 

branching, migration, proliferation, and vascular anastomosis. Angiogenesis resulting 

from extensive communication between various vascular cells ensures that the newly 

formed vessel is completely stable and functional. For example, the arteriovenous 

specification of an EC subset causes the capillary beds to expand and the development 

of veins and arteries. Undifferentiated mesenchymal cells called pericytes, and smooth 

muscle cells and in the connective tissue, are particularly necessary for vascular 

remodeling, stabilization, and maturation. In addition, depending on the organ 

involved in vasculogenesis, vasculogenesis is controlled by local microenvironmental 

signals that blood vessels are formed and specialized. This leads to certain molecular 

signatures in ECs. This signature is also valid for the bone vasculature.  

Bone contains bone marrow which is a nucleus of hematopoietic cells and adipocytes. 

Bone is rich in the calcified matrix. Except for the growth plate and articular cartilage, 

all parts of the skeletal system are highly vascularized and have blood vessels. Similar 

to other organs, there is a hierarchical organization in the vascular system of the bone 

where an arterial branch feeds the capillary network at the center of the diaphysis. The 

marrow is located in the main shaft of the bone. There are two lower bone capillaries, 

Type H and Type L [27]. Although these capillaries are interconnected as a single 

network, they differ depending on functional properties and marker expression. The 

metaphysis contains type H capillaries are found in. The metaphysis region is where 

the avascular growth plate is located, and located close to the growth plate. These 

capillaries extend at their distal ends in the form of interconnecting vessel columns, 

and the H capillaries close to the compact bone are associated with osteoprogenitor 
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cells that aid in the release of the perivascular osterix. High levels of CD31 (PECAM1) 

are expressed by H-type capillaries. The H-type capillaries running along the distal 

long bone are densely linked close to the growth plate. Unlike type H capillaries, type 

L vessels are densely located in the bone marrow cavity of the diaphysis. Type L 

capillaries form a highly branched capillary network, expressing lower levels of the 

markers CD31. Densely packed hematopoietic cells surround type L capillaries which 

are connected to the central vein. Arteries deliver blood directly to H-type vessels in 

the and endosteum and metaphysis instead of type L sinusoidal capillaries. Due to the 

bone vasculature, blood flows from the arteries to the H-type capillaries and then to 

the L-type sinusoidal network at the interface between the diaphysis and metaphysis. 

Finally, it is drained into the large central vein. 

1.2 Bone Tissue Engineering 

Tissue engineering is the combination of different scientific fields, such as engineering 

principles and biology, to mimic human tissues. Bone tissue engineering is also an 

interdisciplinary field that uses synthetic grafts as alternatives to allografts and 

autografts to support tissue regeneration. Bone tissue engineering aims to produce 3-

D scaffolds that resemble an extracellular matrix, mechanically support the bone and 

enable the formation of bone tissue. Scaffolds are given osteoinductive, 

osteoconductive, and osteogenic properties to increase cell adhesion, proliferation, and 

spread of cells by this approach. In addition, these scaffolds facilitate differentiation 

into osteoblastic strains by activating biological and chemical factors. Scaffolds with 

suitable structures for cells cause cell attachment, proliferation, and differentiation. 

Scaffolds should degradate after the new bone tissue formation. Moreover, the surface 

of these scaffold biomaterials must be suitable for the regeneration and mineralization 

of damaged bone tissue. Biomaterials used for bone regeneration such as ceramics, 

composites, and polymers. Also, techniques for scaffold preparation are available to 

gain properties such as high surface/volume ratio, durability, and morphological 

similarity to ECM. Surface modification techniques are being studied for optimal bone 

tissue regeneration. The surfaces of the scaffolds can be changed to improve chemical 

and physical properties without losing their integrity. 
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1.2.1 Biomaterials for Bone Tissue Engineering 

Biomaterials possess various characteristics and properties depending on the intention 

of usage and possessing duration to assist, help and replace the targeted tissue without 

any rejection [28]. Some specific properties make materials considered as in the 

“biomaterials” category. The terms such as biocompatibility, bifunctionality, 

bioinertness, biodegradability, bioactivity, non-toxic, and non-inflammatory are 

considered critical for biomaterials [29, 30]. 

1.2.1.1 Key Factors for Biomaterials  

Biocompatibility is one of the characteristics that a biomaterial should possess not to 

create an inflammatory response, not to cause any toxic effect on tissue, and be 

excepted by the host tissue after the implementation [31]. It is the “ability of a material 

to perform with an appropriate host response in a specific application” [32].  In tissue 

engineering, biocompatibility is very important for scaffolds and matrices that can 

support the regeneration process by having a suitable environment for cell-cell 

communication, cellular metabolism, and supporting optimum ECM conditions. 

Biofunctionality indicates biochemical, biophysical, and biological functionality and 

the ability of a material to initiate regeneration of the tissue via different biological 

cues [31, 33]. Bioinert materials do not cause any chemical reaction or biological 

response in the host tissue and release any potentially reactive compounds [31]. A 

fibrous capsule is formed around the bioinert material. The biological functionality of 

materials is critical and based on tissue integration through implants. Bioinert 

biomaterials such as zirconia, alumina, titanium, and carbon are generally used as 

implant materials. The interaction between the host tissue and the material is directly 

related to bioactivity, the property of the material that can cause biological activity 

such as modulation of metabolic processes [34, 35]. Bioactive materials create a 

chemical bond with the bone tissue. This interaction results in the osteointegration 

process [31]. The non-toxic and inflammatory properties of the material are the ability 

to not cause any scar tissue formation or side effects caused by small compounds 

released from the biomaterial or from the material itself. 



13 

 

Physical, chemical, biological, and mechanical characteristics are critical for 

biomaterials [31]. The physical properties of materials directly affect the ability of 

cells to adhere to the material surface. Among such properties, wettability and 

roughness are generally critical surface properties [31]. Wettability can be defined as 

the ability of such a material that can maintain its contact with a liquid-like material 

for a certain period [36]. It depends on the hydrophobic or hydrophilic nature of the 

material. The potential friction between surfaces has a major influence on biological 

responses such as protein absorption [37]. Heavily polar water molecules close to the 

surface exhibit enhanced relationships with water molecules around hydrophobic 

surfaces. Because of the entropy, energetically unfavorable losses occur. The 

hydrophobic parts of the protein structure resulting from the dehydration of the protein 

structure have weak hydrophobic reactions with the surface, except for water 

molecules to compensate for this energy loss. The interaction leads to a rise in water 

entropy in the solution while increasing the protein adsorption of the biomaterial 

surface [38]. To obtain wettability, the contact angle of the material surface is 

measured and considered as the main indicator [39]. Roughness, whether in vivo or in 

vitro, is an important property that affects the success of more behaviors such as 

cellular binding, proliferation [40]. Surface roughness is defined as the indicator of 

fine-spaced micro-sized irregularities on the material surface [41]. Depending on 

whether the surfaces are soft or rough, the behavior of the cells changes, and this 

surface property has a direct effect on the cell-material bond within the tissue [31, 40, 

42]. Material composition, particle size, crystallinity, and porosity are also important 

physical properties. Material composition is the main property of a biomaterial that 

can be changed according to its purpose, and it also affects the cell material behavior 

in the surrounding tissue, its properties such as biocompatibility, biodegradability [43]. 

Particle size used as porogen determines the surface-area-volume ratio and porosity of 

biomaterials. Porosity affects the material's cell permeability, efficacy, and ability to 

induce an immune response after degradation. [44]. Scaffolds used for bone defects 

require a highly porous scaffold higher than 90% and a porosity higher than 80% for 

effective cell transmission. Mechanical properties, interconnectivity, and pore size are 

affected by the molecular weight of the polymer. The discrepancies in the mechanical 

properties that occurred between in vitro and in vivo studies might be caused affected 

by different cell types requiring different pore sizes for localization in the scaffold after 
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implantation. For instance, bone cells choose larger pores while fibroblasts choose to 

be placed in slighter pores [45]. Crystallinity is another property that depends mostly 

on polymer composition and environmental factors. It is defined as a measure of the 

number of crystal parts within a material on a percentile scale [46]. As the crystallinity 

of a material increases, the solubility decreases, and the structural integrity changes. 

For bone tissue, crystallinity property comes from the mineral within and it is 

considered to correlate with age and the crystallinity degree [47].  

Mechanical properties of a material are considered as a building block during the 

production of a structure to replace or support the biological activity within the host 

tissue. Researchers aim to produce this structure by mimicking the mechanical 

properties of the host tissue by using specific materials. The materials are selected by 

considering the mechanical properties such as young’s modulus, tensile and yield 

strength, ductility and toughness, compression strength, fatigue, and wear [31]. 

Young’s modulus, or modulus of elasticity, is considered to be a measure of a 

material's ability to resist any changes in its original dimensions when a force is applied 

to the material's surface. It is calculated by dividing the force per square meter by its 

fractional change in length [48]. For bone regeneration, biomaterials with a similar 

youngs modulus are usually preferred to provide a homogeneous distribution of any 

tensile and compression stress and avoid any fracture or stress shielding [49]. Tensile 

and yield strength is the defined stress value of a material that may or may not have 

gone through a structural change permanently at that stress level. Those values of any 

material are observed through a stress and strain curve and the points define the 

cumulative areas which the material can return to its original shape (elastic region) and 

can not return (plastic region). Until the yield strength point, materials can resist the 

applied force and can return their shape easily, while at tensile strength it loses its 

elastic future and goes through the plastic phase that will eventually result in fracture. 

The Compressive strength of a material indicates its resistance to an axial pressure per 

unit area [50]. For bone regeneration, the biomaterials tensile, yield strength points, 

and compressive strength are considered to have a structure that can resist the pressure 

for enough period for an efficient recovery. Ductility is another important property for 

a material that faces pressure constantly like bone tissue and is defined as the material's 

ability to go through plastic deformation without any fracture formation. It is also 

considered as an indicator of how much a material can be malleable or soft [51]. 
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Toughness, on the other hand, which is also defined as a material's ability to go through 

a plastic deformation without rupture, can also be defined as a material's capacity to 

absorb energy and can be found throughout the entire area under a material's stress-

strain curve [48, 52]. Fatigue of materials is defined as the constant pressure that results 

in progressive plastic deformations which is a result of repeated high stress and strain. 

The concept named "fatigue life" is considered while developing the material, which 

is the number of stress cycles that such material can preserve its character without any 

rupture. Especially while developing a biomaterial for bone tissue regeneration, 

researchers prefer having good resistance to fatigue [53]. The wear of material is more 

related to the environmental forces that it faces rather than the material directly. 

However, the characteristics of the material surface can be a result of its components 

or structural conformation which is directly related to the material. Wear is defined as 

the process that is caused by the contact between surfaces of two substances that results 

in a decrement or structural deformation within the surface. 

The biological properties of a biomaterial are considered as the main element that 

decides such materials fate within the host tissue. Whether creating new material or 

developing a structure, researchers prefer using specific materials that have the desired 

biological properties. Some of those properties can be also considered as the chemical 

properties which are already explained in the chemical properties part. However, some 

additional biological properties are needed especially for bone tissue regenerations. 

Those properties are osteoconductivity, osteoinductivity, and osteointegration. 

Osteoinductivity is material's ability to trigger the development of bone-forming cell 

lineage or in other words induction of osteogenesis [54]. When osteoinductive 

materials are placed within the defected host tissue, it triggers the enrollment of 

undeveloped cells to differentiate into preosteoblasts. Especially for bone 

regenerations that aim at the fractured structure, osteoinduction is the main elements 

that should be considered. Osteoconductivity is the material's ability to allow 

preosteoblast or osteoblasts to grow on its surface or within the pores without causing 

any inflammatory response. Especially while developing implants researchers prefer 

osteoconductive materials to have a better healing process. 
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1.2.1.2 Types of Biomaterials  

Metals are usually used as a part of implants to replace the function of defected tissue 

permanently. Metallic biomaterials with high mechanical features due to their crystal 

structures and strong metallic bonds have several areas of usage in bone tissue 

engineering. However, biocompatible metal or alloys are preferred instead of other 

materials which have some disadvantages such as the release of metal ions due to 

corrosion that can cause immunological tissue reaction. Metal alloys are frequently 

used in joint and bone implants due to their good physical features such as high 

strength, toughness, and ductility. Metallic biomaterials with good corrosion resistance 

and mechanical properties are used in the construction of tools such as plates, screws, 

nails used for fixing hip, knee, spine implants, and broken structures. Metal prostheses 

must be tested in buffer solutions to assess biocompatibility [55]. such as tantalum, 

magnesium, titanium, and more [56]. Titanium is an ideal implant material due to its 

excellent biocompatibility [57]. The biocompatibility of titanium is determined by its 

ability to form a stable and nanometer-thick layer of TiO2, which forms spontaneously 

on its surface, protecting pure titanium from corrosion even during wear [58]. 

Commercially pure titanium (cpTi) is classified according to its oxygen content and 

divided into four groups. Grade 4, which contains 0.4% oxygen, is the maximum 

oxygen-containing group, whereas Grade 1 which has 0.18% oxygen, minimum 

oxygen-containing group. There are mechanical differences between the different 

classes, and these differences are mainly due to the number of contaminants. Iron is 

introduced to improve the corrosion resistance of titanium. To increase durability and 

reduce density, aluminum is introduced to titanium. Vanadium is used as an aluminum 

cleaner to avoid corrosion. -Ti (-phase) is the hexagonal closed packed cage of 

titanium. When (-phase is heated to 883 ºC, it turns into  phase. Titanium sustains 

the reactivity until it spontaneously creates a dense oxide layer on the surface. Under 

882.5 ºC, titanium is a biphasic metal and transforms into -phase into  -phase in the 

temperature higher than 882.5 ºC. Titanium has been the material of choice in intra-

bone applications due to its high passivation, controlled thickness, elasticity module 

close to the bone, resistance to chemical attack, catalytic activity in chemical reactions 

[49]. Titanium helps the osseointegration of implants. The success of titanium implants 

in osseointegration makes them an ideal candidate for dental and orthopedic implants. 

Grade 4 implants have been used for a long time in clinical dating back to the 1965s 



17 

 

[59]. However, in some cases, Grade 4 titanium has insufficient mechanical and tensile 

strength. For example, in cases where an implant is required to complete a single tooth 

deficiency and the implant needs to be placed in a narrow area, implants smaller than 

a diameter of 3.5 mm are preferred [60-62]. In this case, the implant with a reduced 

diameter faces an increased risk of fracture [61, 63]. Therefore, it has become 

necessary to develop titanium alloys instead of pure titanium to improve the 

mechanical strength of small diameter implants. The aesthetic properties of titanium 

bring some disadvantages. Especially in patients with thin gum biotype in the aesthetic 

area, the gray color is reflected from the neck of the implant to the gingiva, and even 

if the implant is successful, the result is not satisfactory and success is limited. In such 

cases using titanium implants may require soft tissue grafts [64].  

Ceramics are inorganic and non-metallic solid materials containing metal, nonmetal, 

or semi-metal atoms held by ionic and covalent bonds. Ceramics specially designed 

for the repair, reconstruction, or replacement of the organs of the body that are 

damaged or lose their function are called bioceramics. Bioceramic materials are 

common in use because they are biocompatible, have no immune system triggering 

effects, and are not allergic and carcinogenic [65]. Bioceramics are resistant to 

abrasion and very light. Bioceramics are made of polycrystalline and resist 

microorganisms, temperature, solvents, and pH changes due to their stable chemical 

structure. Ceramic biomaterials can be divided into three groups according to tissue 

response: bioinert ceramics, bioactive ceramics, and bioresorbable ceramics [66]. 

Bioinert materials retain their physical and mechanical properties when they interact 

with tissue. Therefore, they are not biologically active. In this way, they resist 

corrosion and wear. Live cells adjacent to the tissue in bioinert materials do not react, 

but they usually grow protective fibrous cells in areas close to the implant surface to 

protect local cells from mechanical damage [67].  The most commonly used 

bioinert ceramics is alumina (Al2O3). Alumina, which belongs to the group of bioinert 

ceramics, has high chemical stability and does not show toxic properties. It is 

commonly used in load-bearing applications [68]. Zirconia (ZrO2) is more durable, 

dense than alumina, and better surface quality can be achieved. However, new 

zirconia-alumina composites have been developed with stronger strength and fracture 

toughness than alumina alone [69]. Bioactive ceramics are a type of material that 

creates direct chemical bonds with the bone or soft tissue of the organism. Two 
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examples of bioactive materials are bioglasses and HA.  Bioglasses are biomaterials 

containing low amounts of silica and high amounts of sodium and calcium. The biggest 

advantage of bioactive glasses is the high surface reaction rate that allows quick tissue 

binding. The most important disadvantage is mechanical weakness and low fracture 

toughness caused by a two-dimensional amorphous glass structure. Therefore, these 

glasses are not appropriate for use in applications requiring load-bearing [70]. 

Hydroxyapatite (Ca10(PO4)6(OH)2) is suitable for biomedical applications because 

they are biocompatible and bioactive. It is the basic mineral composition of natural 

bone. HA is also an osteoconductive and non-toxic substance. However, its mechanical 

properties are not sufficient for various applications. Therefore, HA ceramics cannot 

be used alone in areas exposed to heavy loads [71]. In addition, it was observed that 

these biomaterials had slower degradation rates in the body than the rate of bone 

formation. In some studies, it has been shown that HA is not resorbed in the body and 

stays as a foreign substance for a while [72].  

Natural polymers are divided into two groups either polysaccharide-based or protein-

based [73]. Protein-based biomaterials that are used in bone tissue engineering are 

fibrin, silk, and collagen [74]. Polysaccharide-based biomaterials that are used in bone 

tissue engineering chitosan, alginate, hyaluronan, and agarose [73]. Fibrin is a type of 

natural protein-based polymer found in the blood, composed of fibronectins and 

having a cross-linked, net-like structure. It is used in tissue engineering applications to 

enhance the wound healing process and in the form of scaffolds. For bone tissue 

regeneration, it has become an important biomaterial due to its high biocompatibility, 

easily controlled biodegradable structure and ability to be used for biomolecule and 

cell delivery [75]. Silk is a type of protein-based natural polymer that has properties 

such as long-term degradation, improved hydrophilicity, biocapacity, and fine 

mechanical strength that makes it a good participant in bone tissue application [73, 

76]. For bone tissue regeneration, it is usually used in the form of electrospun 

scaffolds. However, it is found to have a poor osteoinduction property, so generally 

used in a combination with other biomaterials and factors [77]. Collagen is a 

biomaterial found in the human body in bone, cartilage, dentin, and cement, also within 

the ECM to provide mechanical stability to cell and tissue structure. It also accounts 

for 89% of the organic matrix and 32% of the volume of the composition. For bone 

regeneration, it is used in various forms such as injectable hydrogel, membranes, and 
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films or scaffolds, in addition to being combined with other materials to overcome its 

poor mechanical properties [78, 79]. Chitosan is defined as a type of polysaccharide 

that is formed through the deacetylation of chitin molecule and usually found within 

the shells of marine creators, fungi cell walls and insect shells[80]. It is considered as 

a promising biomaterial in bone tissue engineering applications due to its 

biocompatible, biodegradable, and non-toxic properties. Chitosan is used in the form 

of scaffolds and hydrogels [81]. Alginate is another biomaterial that is polysaccharide-

based that can be found in brown seaweeds [81]. For bone tissue engineering, it is 

generally used in form of a scaffold by combining alginate with other biomaterials or 

as hydrogel one research group used it to provide a delivery system for growth factors 

to the host tissue [82, 83]. Agarose is algae and seaweed-based natural polymer that is 

generally used in cell culture applications to replace the cell medium. It is used in the 

form of a scaffold to promote cells and help them differentiate to the target cell line 

[84]. Hyaluronan is naturally found within the tissues of skin and cartilage, usually 

used as a treatment for osteoarthritis, glaucoma, and corneal transplantation [73]. For 

bone regeneration, it is used in the form of hydrogels[85], grafts[86], and as delivery 

vehicles [87]. Synthetic polymers such as polyglycolic acid (PGA), polylactide (PLA), 

and poly(lactic-co-glycolic) acid (PLGA) are mostly used biomaterials. They have 

good mechanical strength and they are cheap when compared with synthetic polymers. 

Synthetic polymers can be fabricated with desired architecture and also, their 

degradation rate can be controlled by controlling the composition of the synthetic 

polymer. Despite these advantages, synthetic polymers have poor cell distribution and 

adhesion since they have hydrophobic surfaces and because of that fewer cell-

recognition signals. Also, because of their acidic degradation products, they cause 

systemic or local reactions in the body. They have less bioactivity when compared 

with natural polymers. Because of that, there is an immune rejection possibility with 

synthetic polymers [88, 89]. PLGA is a type of biodegradable and biocompatible FDA-

approved copolymer that is used in various applications such as drug delivery, tissue 

engineering applications and sutures [90, 91]. PLGA is synthesized by the chemical 

reaction between lactic acid and glycolic acid monomers at different ratios. It has a 

good solubility range, can be easily shaped, semi crystalline, hydrophobic, altered in 

size and can be degraded via hydrolysis of the ester linkages [92]. The degradation of 

PLGA occurs in 4 steps: first water penetrates the amorphous part, disrupts the 
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hydrogen and van der Waals bonds (hydration), then the covalent bonds between the 

monomers begin to cleave, then the carboxylic end groups begin to autocatalyze and 

mass loss occurs within the covalent bonds of the backbone, and finally the final 

cleavage of segments in the solvent and their dispersion occurs [93]. 

1.2.2 Types of Scaffolds 

Hydrogels can be defined as 3D crosslinked networks of polymers, which can swell in 

water and keep huge liquid volumes within the swollen state. Hydrogels, which have 

a porous structure, can be modified with certain bioactive molecules such as growth 

factors, peptides, and proteins for the aim of providing functionality biochemically, 

and they are capable to mimic the 3D environment of tissue structures. The water 

ingredient of hydrogels is at elevated levels reaching up to 99% based on the 

concentration of polymeric composition of hydrogels [94]. Due to their high water 

holding capacity, they are highly hydrophilic and have viscoelastic mechanical 

properties [95]. The source and composition of polymers source denote whether the 

hydrogel is natural, synthetic. Natural hydrogels might be obtained from naturally 

occurring polysaccharides and their structure is similar to natural ECM. Hydrogels can 

be synthesis in 3 ways: by using a crosslinking agent, by crosslinking the polymers 

that already exist, or by combining both methods. Their performance is influenced and 

can be controlled by several properties. These properties are being sensitive to pH and 

temperature, having visco-elastic properties, percentage of porosity and pore size, 

presence of any functional groups, allowance to be shaped, sterilization capacity level, 

stability degree to reactions like hydrolysis, oxidation, and chemical behavior of 

crosslinks and backbone of the hydrogel. Hydrogels are generally used in bone 

regeneration applications due to their similarity with ECM structure, biodegradability, 

ability to use it to produce scaffold, and their ability to act as a carrier for cells and 

bioactive molecules [96]. 

Scaffolding materials with a nanofibrous structure are available to be used in the field 

of tissue engineering since they have a huge surface-area-to-volume rate and imitate 

the structure of natural ECM at the nano dimensions. Nanofibrous scaffolds have 

micro-scale porosity inside them which makes the cellular activities, adhesion, and 

differentiation easy. ECM has collagen filaments nearly 50-500 nm in diameter, and 
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nanofibrous scaffolds have similarities to the natural ECM collagen filaments [97]. 

Furthermore, the nanostructures produced via self-assembly can be turned into 

functional materials when some specific desired bioactive sequences are introduced, 

encouraging activeness and molecular selectiveness of these structures in this way [98, 

99]. The functionalization of self-assembled nanofibrous scaffolds is a good strategy 

to control cell behaviors such as cell attachment, spreading, migration, and 

differentiation. Researchers recently have focused on Self-assembled peptide 

functionalization through direct solid-phase synthesis extension at the amino-terminal 

to alter its biological activity as hydrogel scaffolds. 

1.2.3 Fabrication Techniques for Biomimetic Scaffolds  

The material and porous structure of the scaffold is important for tissue reengineering 

applications. To form a functional tissue, a scaffold should be fabricated with the 

proper method to promote cellular distribution and growth into three-dimensional 

space [100]. The conventional method of tissue engineering is the autograft which 

depends on the availability of donor tissues. Because of side effects such as pain and 

risks to patients, scaffold fabrication becomes prominent. There are several scaffold 

fabrication techniques. Commonly used scaffold fabrication techniques are solvent 

casting/particulate leaching, freeze-drying, gas foaming, phase separation, rapid 

prototyping, and electrospinning. 

In the solvent casting/ particulate leaching technique, salts are spilled in a mold. Then, 

the salt-filled mold is cast by the polymer-solvent solution. Then, the solvent 

evaporates. Salt particles are leached away by submerging the remaining matrix into 

the water to obtain porous scaffolds. This technique is low cost and the fabricated 

scaffolds have high porosity of up to 90%. However, this fabrication technique is time-

consuming and the solvents are very toxic [101, 102]. 

In the freeze-drying technique, also called lyophilization, first a proper solvent is used 

to dissolve the polymer. The solution is cooled to a temperature that is less than its 

freezing point and then, evaporated. Finally, a solid scaffold with an interconnected 

structure is obtained. By changing the freezing method, the pore sizes can be 

controlled. Disadvantages of the freeze-drying technique are high energy 

consumption, usage of cytotoxic solvents generation of pores with irregular size [103]. 
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In the gas foaming technique, firstly polymeric solution is prepared with water or 

fluorophore. Then, the polymeric solution is pressurized with carbon dioxide or 

nitrogen until the polymer is saturated. After the saturation of polymers, nucleation 

and gas bubbles occur. This situation causes to pore formation inside the fabricated 

scaffold. The obtained scaffold structures have high porosity up to %85 [104]. 

In phase separation, the polymer is dissolved in the solvent and a polymer solution is 

formed. Then the temperature is lowered and the polymer solution is separated into 

two phases: the low polymer phase and the high polymer phase. After the solvent 

portion is removed, the high polymer phase solidifies and a relatively porous 

framework structure is obtained. The phase separation technique is operated at low 

temperatures. The frameworks obtained by this technique have high porosity up to 

98% [105]. 

Rapid prototyping which is a computerized fabrication technique enables the rapid 

fabrication of framework structures using a computer-aided design model (CAD). This 

method allows the fabrication of scaffolds with control over the polymer structure to 

overcome some of the disadvantages of other fabrication techniques. Customized and 

patient-specific scaffolds can be fabricated using this technique. Rapid prototyping 

techniques include selective laser sintering (SLS), stereolithography, fused deposition 

modeling (FDM), and 3D printing [106]. 

Electrospinning technology can produce polymer nanofibers with diameters ranging 

from 3 nm to 5 μm. A basic electrospinning system consists of a collector, syringe 

pump, high voltage source, and syringe. First, a polymer solution is prepared using a 

suitable solvent. The polymer solution is pumped and results in a drop of the solution. 

Then, a high electric field is applied to the polymer solution, resulting in charge 

repulsion within the polymer solution. When the charge repulsion overcomes the 

surface tension of the polymer solution, the jet of polymer solution begins and is 

ejected from the tip of the needle. At the same time, the solvent portion evaporates and 

the polymer nanofibers are collected by the collector. Finally, a scaffold structure is 

obtained. The electrospinning technique can be used to produce nanofibrous scaffolds. 

However, obtaining scaffolds with sufficient pore size can be problematic. In addition, 

the solvents used to form the polymer solution can be toxic [107]. 
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Figure 1.4: Basic electrospinning setup [108] 

 

Self-assembly can be defined as a process in which disordered molecules, atoms, or 

components of a system are spontaneously organized into more ordered, defined 

structures through certain modes of interaction occurring between them [97, 109-111]. 

Self-assembly which is a dynamic procedure is a spontaneous phenomenon that 

occurred in nature for years. Small atoms or molecules interplay with each other and 

are put in order and so that supramolecular constructs are formed [97, 112]. Living 

systems and nature are very important for providing sources to create novel matters 

[113]. Nature provides an infinite resource to humans for designing and producing 

original substances and creating inventions [109]. It is well known that nature has 

mastered producing many nanostructures by using only twenty amino acids. Self-

assembly plays a crucial role in natural construct formation. Therefore self-assembly 

processes are good chances for humans to develop countless materials and substances 

at nano dimensions by mimicking the nature and natural procedures [98]. Assembly of 

collagen, silk, and keratin can be some samples for the self-assembly of molecules in 

nature [114]. Nowadays self-assembly can be considered an important method for the 

fabrication of nanostructures or structures containing nanofibers. It provides to 

produce useful and operational materials, especially the biomaterials and scaffolds for 

tissue engineering.  

Self-assembly is included in bottom-up systems. Self-assembly as a bottom-up process 

has many advantages over top-down processes in that it allows 3D assembly, 

achievement of near-atomic property sizes, manufacturing on a  large scale with 
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effective cost [98]. To obtain supramolecular practical systems and constructs, the 

process of self-assembly of small building blocks exists everywhere in nature. Peptide 

amphiphilic (PA) molecules and their self-assembly are good examples of such 

supramolecular biological constructs [115]. PA is the most important self-assembling 

substance known, it includes a peptide region and forms hydrogen bonds to form β-

sheets, and a hydrophobic region containing only a carbon tail [95, 110]. This peptide 

part is connected to a hydrophobic alkyl tail with a peptide bond [115]. PAs are 

biocompatible and biodegradable. Under physiological circumstances, PA molecules 

self-assemble into nanoscale one-dimensional constructs by forming nanofibers, and 

they are also known to be capable of forming hydrogels by water encapsulation and 

the self-assembly of PAs provides nanofiber production with a high-aspect-ratio [116]. 

This fiber system, which contains large water in its structure, can mimic the natural 

ECM. Biologically effective and active nanostructures can be formed with the addition 

of epitopes by the exchange of amino acid series. PAs have enormous potential for 

some interventions in the biomedical field, such as point-of-need drug delivery, wound 

healing, and processes for tissue engineering and regenerative medicine, and materials 

created by self-assembly of PA molecules are also finding a place in technology, 

materials science, and electronics [95]. PAs can also self assemble into cylindric 

nanofibers, globular micelles, or flat strips [113]. The final structure formed by the 

self-assembly of PAs can be diverse, such as nanofiber, nanoribbon, nanosphere, etc., 

and this diversity is due to the concentration, type, and sequence of the peptide. PAs 

have enormous potential for some interventions in the biomedical field, such as point-

of-need drug delivery, wound healing, and processes for tissue engineering and 

regenerative medicine, and materials generated by self-assembly of PA molecules are 

also finding a place in technology, materials science, and electronics and 

nanotechnology [111]. Moreover, PA molecules have the ability to make signs that 

induce a biological effect, and they could usher in the innovations for the future of 

medicine by enabling the production of gel-like meshes that entrap cells within the 

tissues into which they are injected by self-assembly of peptide segments [117]. 

Molecular self-assembly scaffolds mimic the structure and functions of the native 

ECM as in the body. The main point of self-assembly is molecular recognition. Self-

assembly can be used as a tool to generate synthetic compounds with specific 

properties and gradual structure. In the mechanism of self-assembly, disorganized 



25 

 

molecules organize themselves into some larger and ordered structures that have 

hierarchical arrangement and complication. The most essential features of the self-

assembly process are the complementary chemical and also structural compatibility 

via some interactions that are weak and non-covalent. Molecular self-assembly is a 

method that includes some non-covalent interactions such as hydrogen bonding, ionic 

bonding, metal-ligand interactions, water-mediated hydrogen bonding, electrostatic, 

hydrophobic, and van der Waals interactions to produce new materials. All these 

interactions and bonds are weak, dynamic, and sensitive, but when they come together 

and go into action, they can form structures that have good stability and they can 

manage the 3D arrangement of molecules such as proteins and determine their 

communication with other particles [117-119]. 

In the practice of tissue engineering science, self-assembly products behave like 3D 

synthetic scaffolds. They have important utilities; for example, they have an adaptable 

structure, they ensure gel media that are biologically suitable and degradable, that have 

a porous structure and biological activity when used in tissue regeneration studies. 

Moreover, these gels prepared by peptide self-assembly can be used as injectable gel 

substances. These cell-based injectable gel scaffolds can be used to transfer required 

cells into the defective part of the damaged tissue to accelerate tissue regeneration 

[120]. Peptide hydrogels prepared by self-assembly of PAs through cross-linking are 

biocompatible, conformable, invertible, and have favorable properties and the addition 

of biologically active peptide epitopes to the structures allows mimicking the ECM of 

the desired tissue [99]. Although various molecules may be available in self-assembly 

processes, peptides are very appealing due to their biodegradability, versatility, and 

biocompatibility, and scientists can control them to adopt different secondary 

structures. Peptide molecules are crucial for functional self-assembly because they 

have a more basic structure and different physical and chemical properties. The fact 

that they are very simple, adaptable or versatile, and purchasable makes peptide 

models good systems for self-assembly. It is well known that the two basic sources of 

peptide molecules are the naturally derived peptides and the chemically produced 

peptides. Naturally derived peptides have some limitations such as difficult 

availability, risk of contamination, and variability. On the other hand, peptides 

obtained by chemical synthesis do not have these problems and can be manipulated 

according to the desired necessities [109, 112, 121].  



26 

 

1.2.4 Scaffold Modification Techniques 

Scaffold interactions with cells are very crucial in tissue engineering. The property of 

the surface directly affects the cellular response and the rate and quality of new tissue 

formation may be affected. Surface chemistry and topography define whether protein 

molecules are adsorbed and the protein adsorption affects the way cells attach and 

proliferate. One disadvantage of biodegradable synthetic polymers for scaffolding 

materials is that they do not contain bioactive recognition molecules. Hydrophobic 

polymers cannot create an ideal environment for cell-biomaterial interactions. 

Therefore, surface modification of polymeric scaffolds is a recent important field of 

study. 

Chemical surface modification is used when conventional physical methods are 

inadequate to improve surface properties without changing the surface roughness. In 

chemical surface modification methods, the polymer is dipped in chemical, coated, or 

chemical pustules to improve the surface properties of the polymer. These wet 

procedures also eliminate germs and debris to sterilize for biomedical applications. 

Wet chemical etching induces the functional groups on the surface and thus increases 

the surface energy. Wet chemical etching is effective because the solvent penetrates 

deeply into the pores of the polymer matrix. In addition, materials can be processed 

selectively thanks to wet chemicals. For example, wet chemicals such as potassium 

permanganate and 2- (2-butoxyethoxy) ethanol increase the biomaterial surface 

roughness, while exhibiting additional etching of the surface [122]. The surface 

adhesion of nylon is increased by iodine-potassium iodide solution by increasing the 

crystallinity [123]. Sodium hydroxide, a strong base, was used to modify 

polypropylene networks without compromising their mechanical properties, and this 

modification increased cell attachment [124]. Polyethylene terephthalate (PET) films 

are modified using acetonitrile-permanganate-sulfuric acid, respectively, to form new 

carboxylic groups on the surface. While traditional wet chemical etching approaches 

can be economical and practical, they require expertise as the reaction rate depends on 

the material composition, the processing time, and the power of the reagent. In 

addition, these processes always exceed the amount of hazardous waste generated by 

additional procedures such as washing and drying. 
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Due to changes in surface chemistry, modification of polymer substrates with a laser 

by fluency under the ablation threshold improves cell attachment. Reactive radicals 

are revealed by the chemical bonds broken by laser irritation. The formation of these 

radicals occurs after the rapid reaction of the broken bonds with the surrounding 

atmosphere. As a result of oxidization of the polymer surface, it is formed in new 

functional groups such as new COOH and OH groups as well as reactive nitrogen 

species with a smaller number of amino groups [125]. As a result of changing the 

surface energy of polymers with laser, attachment, and proliferation of cells increase 

[126]. However, the fact that the excessive functional groups added to the surface and 

the reduction of attached cells by increasing the processing time indicates that this 

method is contra-efficient. Another disadvantage is that the material is deformed and 

lost as a result of increasing the fluidity above the ablation threshold during laser 

application. The purpose of the ablation process is to generate a groove where the cells 

line up themselves during attachment. Since the surface of these grooves becomes 

functional thanks to the oxygen groups and the roughness rises, it increases cell 

adhesion in the modified areas [127]. 

Free radicals and electrons, electrically excited species, reactive nitrogen (RNS) and 

oxygen species (ROS), and photons from the fourth state of matter, plasma. During 

plasma formation, ionization of the gas occurs due to the energy given to the gas. 

Electrical energy is usually applied to the gas to create plasma. When an external 

electric field created under high voltage is applied to the gas, the applied electric field 

accelerates the free electrons. Electrons accelerated by gas atoms and molecules allow 

electrons to be removed from gas molecule structures, causing electron avalanche and 

gas ionization. When the externally applied electric field accelerates free electrons and 

the free electrons acquire kinetic energy, their temperature can rise to thousands of 

Kelvins. The kinetic energy of free electrons is transferred to gas molecules during 

collisions between free electrons and gas molecules. Depending on the efficiency of 

energy transfer from electrons to heavier ions and neutral gas atoms and/or molecules, 

plasmas are classified as thermal (or hot or equilibrium) and non-thermal plasma (or 

cold or unstable). In a thermal plasma, there is a thermal equilibrium as the temperature 

is relatively homogeneous across electrons and heavy particles such as molecules, 

atoms, and ions. The underlying reason for this is that when thermal plasmas are 

produced, electrons perform fast and elastic collisions without loss of energy, and 
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heavy particles and electrons are given electrical energy due to their high mobility and 

high numbers [128]. In cold plasma, the cooling of heavier ions and neutral gas atoms 

and molecules occurs faster than the transfer of energy from electrons to them. Thus, 

the plasma remains at room temperature and therefore cold plasma heat-sensitive 

biological substrates and biomaterials can be applied. Cold atmospheric plasma (CAP) 

therapy is an emerging technique, and its various applications, including antimicrobial 

and anticancer activity, together with biomaterial modifications, have been reported in 

the literature due to its applicability on biological materials and biomaterials [129]. 

Along with free radicals generated during CAP formation, ROS and RNS can react 

with treated materials to achieve surface modification with no or minimal damage to 

the surface. Plasma-assisted surface modification has been shown to improve cell 

attachment due to increased hydrophilicity. 

1.2.5 Development of Bioactive Surfaces 

To improve the properties of native ECM, the development of bioactive surfaces on 

biomaterials is important to increase the capacity of biomaterials to support cell 

adhesion. Surface modification and development affect host response to biomaterial 

and cell interactions [130]. Proteins are the basic constituent of living organisms. It 

has various effects on cells. Proteins in the basal membrane play an important role in 

the behavior of cells. Usage of peptides is very popular in tissue engineering studies. 

Peptides allow for easier observation of the effects of the short active sequences in the 

long protein chains. They are effective on cell attachment, proliferation, growth, 

migration, adhesion, and differentiation. These effects can be stimulant or inhibitor, 

depending on the used cell and peptide type. Because of the wide impact scale of 

peptides, they have become the focus of different studies. Peptides are used in the 

research of new treatment methods and the development of existing methods. They are 

mostly used on nerve, cartilage, bone, vascularization, biomaterial surface and scaffold 

functionalization, and cancer therapy research areas [131, 132]. 

An amino acid is an organic substance that contains an amine (-NH2) and a carboxyl 

(-COOH) group throughout a side chain (R group). In nature, 20 amino acids are used 

to create proteins and peptides. Amino acids have an amino group attached to the 

carbon atom of the carboxyl group. Peptides are made by connecting these amino acids 
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by peptide bonds [133]. When more than 100 amino acids come together, they form 

proteins. Peptides can be synthesized in a solution utilizing a solid phase processor. In 

a solid phase peptide synthesis system, the protecting group is insoluble resin, while 

in the liquid phase peptide synthesis system, the protecting group has a soluble form 

in the solution in which the reaction occurs [134]. 

The introduction and use of the technique called “Solid Phase Peptide Synthesis” begin 

in 1963 with R. B. Merrifield. R. B. Merrifield used this technique to produce a 

tetrapeptide molecule by separately adding benzyloxy carbonyl amino acids to the 

polystyrene resin step by step. The benefits of solid-phase peptide synthesis are 

simplicity of the process, cheapness, and speed. [117, 135]. The starting point for 

peptide synthesis by this method is based on the binding of the first amino acid to the 

resin which is solid support containing a linker. Other amino acids are then added to 

lengthen the peptide chain [134]. To couple the first amino acid, structures called 

linkers with active and functional groups can be added to the structure of the resin used 

in the synthesis. The resin material should be able to swell in solutions used during 

peptide synthesis [133]. Solid-phase peptide synthesis mainly consists of three stages, 

deprotection, activation of carboxyl groups, coupling of amino acids via peptide bond 

creation [133]. First, deprotection of the resin is performed with chemicals such as 

piperidine, cyclo-hexylamine to remove protecting groups [117]. In the solid phase 

synthesis, Fmoc (9-fluorenylmethyloxycarbonyl) and Boc (tert-butyloxycarbonyl) are 

utilized mainly as protecting groups which are found in amino acids in the form of 

protecting group. Fmoc protecting group as a base labile group is temporary. In the 

deprotection step for creating the  free amino groups, Fmoc is eliminated at every 

stages of peptide synthesis by using the piperidine [136]. In order to produce peptide 

bonding, this amino group interacts with the carboxyl group that is activated. 

Sidechains and N-terminus in the structure of amino acids can be protected by 

protecting groups that prevent the amino acid side chains from reacting with each other 

and allows the synthesis of the desired sequence of peptides accurately. Unlike the 

Fmoc group of amine groups, side chains of amino acid residues also have protecting 

permanent groups. These permanent protecting groups are kept attached during the 

synthesis, but they are merely cleared in the final step in which cleavage takes place 

[133, 136]. Following the deprotection process, the initial amino acid is coupled to 

resin. Attachment of first amino acid to resin structure can be achieved over C-
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terminus. Solid-phase peptide synthesis that is notified by Merrifield is conducted from 

C-terminus to N-terminus. The N-protected amino acid is attached to resin with the 

carboxylic group and the C-terminus of that amino acid is attached to a solid support. 

After the coupling of the first amino acid to resin, other amino acids can be coupled 

and the sequence of the desired peptide is extended from C-terminus to N-terminus 

through a repeated sequence of deprotection and coupling of amino acids [134, 137]. 

Then, deprotection is performed to remove the protecting group in the structure of the 

lastly added amino acid, thereby releasing the N-terminus. Also, acetylation can be 

performed as the final step to preserve the N-end of the peptide molecule. Lastly, the 

resulting peptide is separated from resin by cleavage [117, 133].  
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Chapter 2 

Aims of the Thesis 

The main focus of this dissertation is the development of a peptide-modified novel 

biomimetic approach to design scaffolds for bone tissue engineering. Biomimetic 

peptides were used as a tool to facilitate the bioactivity of engineered synthetic 

scaffolds for bone tissue engineering applications. For this purpose, biomimetic 

peptides were synthesized by the solid-phase peptide synthesis method according to 

the desired bioactivity such as osteogenic and vasculogenic differentiation. The effect 

of these peptides was examined after integrating the scaffolds produced with different 

fabrication techniques. The specific aims of the study were to (i) accelerate 

mineralization on nanofibers via cold atmospheric plasma assisted glutamic acid 

templated peptide conjugation (ii) enhance osteogenesis of human mesenchymal stem 

cells by self-assembled peptide hydrogel functionalized with glutamic acid templated 

peptides (iii) investigate the role of functionalized self-assembled peptide hydrogel on 

in vitro vasculogenesis (iv) develop self-assembled peptide hydrogel for accelerating 

the osseointegration period of dental implants by inducing both osteogenic and 

vasculogenic differentiation (v) develop peptide conjugated nanofiber reinforced self-

assembled peptide hydrogel for bone regeneration by inducing both osteogenic and 

vasculogenic differentiation 

The overall hypothesis is thus: bioactive peptides can be integrated into scaffolds and 

improve their osteogenic potential. These bioactive peptides have an impact on 

facilitating their usage in tissue engineering. Overall, the findings in this thesis will aid 

in further optimization of biofunctionalized biomaterials to support stem cell-based 

bone repair and regeneration. It is also believed that such findings will help researchers 

to design better biomimetic scaffolds to be translated into the clinic to improve bone 

healing processes. 
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Chapter 3 

Accelerated Mineralization on Nanofibers 

via Cold Atmospheric Plasma Assisted 

Glutamic Acid Templated Peptide 

Conjugation 

3.1 Introduction 

Scaffolds composed of hydroxyapatite (HA) and natural or synthetic polymers with 

tunable mechanical, chemical and physical properties can successfully mimic 

mineralized collagen nanofibers (NF) [138, 139]. To fabricate such biomimetic 

scaffold, many fabrication techniques have been utilized including electrospinning, 

solvent casting, freeze-drying, laser sintering, and 3D printing [140-142]. Among 

those techniques, electrospinning has been extensively used for developing bone ECM 

mimetic nanofibrous scaffolds by using natural or synthetic polymers [138, 143, 144]. 

Nanofibrous scaffolds not only resemble the assembly of bone ECM but also provide 

sufficient surface area for cell proliferation and differentiation [145, 146]. However, 

the major drawback of using electrospun nanofibrous scaffolds on bone tissue 

engineering is their inadequate mechanical properties [147, 148]. To overcome this 

limitation and also better imitate the mineralized bone tissue, composite scaffolds have 

been developed by combining HA with electrospun scaffolds by generally using 

blending electrospinning and biomineralizing in simulated body fluid (SBF) [149]. In 

the blending electrospinning technique, HA crystals can only bind physically on the 

surface of the NF and could be dissociated right after the fabrication of the scaffolds. 

It was previously reported that no significant difference was observed in the 
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mechanical properties of the electrospun scaffolds developed by blending 

electrospinning [149, 150]. However, in the biomineralization technique, composite 

nanofibrous scaffolds showed better biocompatibility and significantly higher 

mechanical properties of scaffolds due to the growth of nano-HA crystals that strongly 

attached to the surface of the NF [151, 152]. To initiate nano-HA growth on the surface 

of NF, biological cues that initiate the first step of the biomineralization known as the 

calcium chelating process should be present on the NF surface [145, 153]. 

Although natural polymers have biological cues that highly support scaffold 

mineralization as well as cell attachment and proliferation [154], there are some 

disadvantages such as less control over their mechanical properties and fast 

biodegradability [155, 156]. To address this issue some unmodified synthetic polymers 

have been preferred as scaffold material, but the absence of biological recognition cues 

on their surface limits their efficient use [157]. Therefore, the surface of the synthetic 

polymers needs to be modified to provide functional groups that initiate binding of 

biological cues that are known to induce biomineralization [158].  

There are several surface modification methods to associate biological function into 

synthetic NF scaffolds [159]. Typically, these methods are based on the chemical 

integration of cell directive molecules such as growth factors and peptides into the 

scaffold. The mechanical properties of the polymer should retain while biochemical 

signals ensure the activity following chemical modification [160]. Surface 

modification of the scaffolds by using bioactive proteins or peptides can induce the 

desired signaling pathways in cells. The diversity of functional groups on ECM 

proteins makes peptides a great choice for tissue engineering applications. Nucleation 

and growth of HA crystals on collagen NF are mediated via bone sialoprotein (BSP) 

and osteocalcin which are constituent of bone ECM. These non-collagenous protein 

structure involve ranging from 2 to 10 residues of acid (GLU) sequences mediate 

nucleation and growth of HA [161]. In a previous study, Osteogenic differentiation 

and the effect of HA deposition to aligned NF were investigated on 2-mer GLU peptide 

on PLGA NF by using rat marrow stromal cells (MSCs). Herein, to conjugate 

biomimetic peptide sequence to accelerate biomineralization, we synthesized low 

molecular weight acrylate poly (L-lactide) (PLAA), conjugate 2-mer GLU peptide to 

acrylate groups of PLAA and electrospun high molecular weight PLGA blended low 
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molecular weight PLAA-2-mer GLU compound. The results demonstrated that 2-mer 

GLU peptide on the surface of PLGA NF enhanced nucleation and growth of HA 

crystals resulting in accelerated osteogenic differentiation of MSCs and mineralization 

[152]. Moreover, Barati et al. added organic acids into modified SBF (mSBF) and 

investigated biomineralization content on GLU peptide modified Polylactic Acid 

(PLA) based nanofibers. It was reported that mineralized CaP content on NF was 

significantly increased by the addition of organic acids to mSBF [162].   

Synthetic polymers can be modified chemically with high reactive functional groups, 

such as carboxyl groups, for direct conjugation of bioactive peptide molecules [163]. 

Different polymer modification techniques such as pulsed laser deposition, ion beam 

deposition, covalent immobilization, photochemical modification, and oxygen plasma 

treatment have been carried out to enhance hydrophilicity and introduce functional 

groups on the polymeric scaffold surface to act as biological cues [164-166]. Several 

plasma-based technologies have provided an alternative approach to create thin porous 

coatings in the nanometre-thickness range that could promote cell attachment and 

proliferation [167, 168]. Non-Thermal atmospheric plasma (NTAP) or cold 

atmospheric plasma produces oxygen-containing functional groups on the polymer 

surface, mainly hydroxyl and carboxyl groups by reacting with polymers without 

altering mechanical properties [169]. Remarkably, when oxygen is inserted into the 

polymer matrix with NTAP treatment, the wettability of the polymer surface 

dramatically increases whereas no surface topography change is observed [170]. The 

introduction of carboxyl functional groups on the polymer surface can be useful for 

further conjugation with biofunctional peptides [171]. Therefore, we considered that 

it could be used as a pre-surface modification technique to effectively immobilize BSP 

mimetic GLU templated peptide onto the NF. 

In this study, we used NTAP treatment as a surface functionalization methodology for 

effectively conjugating GLU peptide directly to PLGA nanofiber instead of blending 

electrospinning which is then mineralized in SBF to resemble the biomineralization 

process and structure of bone. This study comprehensively investigated for the first 

time in the literature the following: (i) determine the effect of NTAP treatment on GLU 

peptide conjugation and biomineralizing in SBF to form composite scaffolds; (ii) 

characterization of the morphology, structure, and mechanical properties of these 
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surface-modified and mineralized scaffolds; (iii) observing MSCs morphology and 

proliferation capability on the composite scaffolds.  

3.2 Materials and Methods  

3.2.1 Peptide Synthesis 

All the peptide synthesis chemicals were provided from AAPPTEC (Louisville, KY, 

USA). EEEEEE (Glu-Glu-Glu-Glu-Glu-Glu) peptide was synthesized on 4-

Methylbenzhydrylamine (MBHA) resin (0.67mmol/g loading capacity) via Fmoc-

based solid-phase peptide synthesis manually as previously described [152, 168]. 

Briefly, amino acid coupling based on the loading capacity of the resin was done with 

the Fmoc-protected amino acid (2 equiv), hydroxybenzotriazole (HOBt, 2 equiv), and 

2-(1H-benzotriazol-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate (HBTU, 4 

equiv) in DMF for 3 hours. After each coupling reaction, remaining free amine groups 

were removed by adding to the resin with 10% acetic anhydride/DMF solution for 30 

minutes. Fmoc removal was performed by using 20% piperidine in DMF for 30 

minutes. Each coupling and deprotection reaction was controlled by the ninhydrin test. 

For fluorescein isothiocyanate (FITC) conjugation, Lysin (–Lys) was coupled to 

EEEEEE sequence to enhance the reaction of amino groups to isothiocyanates groups 

of FITC. After removing Fmoc protecting group of –Lys from EEEEEEK peptide 

(GLUK), the resins were treated with 5% (v/v) N,N-Diisopropylethylamine (DIEA) in 

dichloromethane (DCM). The FITC coupling solution containing 389.4 mg (FITC; 

Sigma Aldrich, St. Louis, MO, USA) and 256.8 μL DIEA in 3.0 mL DMF was added 

to the reaction vessel. The peptide was cleaved from the resin by using trifluoroacetic 

acid (TFA): triisopropylsilane (TIPS): water (H2O) solution at a ratio of 95:2.5:2.5. 

DCM and TFA were removed by using the rotary evaporator. The peptide was 

triturated with ice-cold diethyl cold ether three times and freeze-dried. The peptide 

was then characterized and purified by LCMS with preparative high-pressure liquid 

chromatography (HPLC, Agilent 1260 Quaternary LC) equipped with mass 

spectrometry (Agilent 6530 Q-TOF) with an electrospray ionization (ESI) source as 

previously described [168] (see liquid chromatography and mass spectra for GLU, in 

Figure A.1 , Figure A.2 and Table A.1, Appendix A). 
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3.2.2 Fabrication of Nanofibers 

The 50:50 poly (lactic-co-glycolic acid) (PLGA) (Mw ~ 90 kDa; Purasorb PDLG5010, 

Corbion Purac Biomaterials, Gorinchem, Netherlands) was used for electrospinning as 

described previously [152]. In brief, a blend of 7wt % PLGA in 1,1,1,3,3,3-hexafluoro-

2-propanol (HFP; Matrix Scientific; Columbia) was prepared as solvent. The polymer 

solution was transferred to a 10-ml syringe equipped with a 21-gauge needle by using 

a syringe pump. Aluminum foil was wrapped around the drum and coverslips in 13 

mm diameter were attached to the rotating wheel to collect aligned NF. The aligned 

NF were collected by an aluminum rotating wheel with previously optimized 

electrospinning conditions such as a syringe flow rate of a distance of 15 cm, 20 kV 

electrical potential, 1.0 ml/h, and rotation speed of 1200 rpm [152].  

3.2.3 Peptide Conjugation of Nanofibers 

Surface modification of the scaffolds was performed using 1-ethyl-3-(3-

dimethylaminopropyl)-carbodiimide and N-hydroxysuccinimide (EDC/NHS) 

chemistry after NTAP treatment. Briefly, NTAP was applied on electrospun NF at 

31kV of output voltage and 1.5 kHz frequency for 45 seconds with a fixed 1 mm 

discharge gap. After NTAP treatment, scaffolds were washed with distilled water three 

times. A solution containing EDC (2 mM) and NHS (5 mM) in 0.1 M MES buffer (pH 

5.3) was poured into NF and kept at 37 °C for 40 minutes. The activated NF were 

immersed with DI water three times to eliminate the unreacted solution. The NF were 

then treated with EEEEEE peptide solutions at a concentration of 1 mM in sterile PBS, 

followed by incubation at 4 °C for 24 h. The NF are rinsed with PBS before 

characterization.  

3.2.4 Calcium Phosphate Crystals Nucleation of Nanofibers 

All the chemicals used for simulated body fluid (SBF) preparation were purchased 

from Sigma-Aldrich (St. Louis, MO, USA). NFs were incubated in a modified 1.5-

fold concentrated SBF (1.5x SBF) for 1, 4, and 7 days. The SBF solution (pH 4.2) was 

prepared as previously described [172] by adding monosodium phosphate (NaH2PO4), 

sodium bicarbonate (NaHCO3), magnesium chloride hexahydrate (MgCl2.6H2O), 
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calcium chloride monohydrate (CaCl2.H2O), potassium chloride, and sodium chloride 

in deionized water. The NF were washed three times with deionized water after 

incubation. 

3.2.5 Characterization of Nanofibers 

Scanning electron microscope (SEM; Carl Zeiss Microscopy, Germany) was used to 

characterize the fiber diameter of electrospun PLGA NF. The NF were acquired with 

3 kV accelerating voltage after coating with gold (QUORUM; Q150 RES; East Sussex; 

United Kingdom) for 60 seconds at 20 mA. NFs were analyzed with ImageJ software 

to measure the average fiber size by using the scale bars in the images obtained from 

the SEM software. 

Peptide conjugation on nanofibers was assessed as previously described [152]. Briefly, 

NF, NTAP treated NF (pNF), GLU peptide conjugated NF (GLU-NF), and NTAP 

treated and peptide conjugated NF (GLU-pNF) were treated with 5 mg/ml FITC 

solution prepared in phosphate-buffered saline for 4 hours. FITC can chemically 

couple with only reactive amine side chains of GLUK peptide due to the reaction of 

primary amine groups of GLUK peptide with carboxyl groups of NFs which are 

exposed via NTAP treatment. After conjugation, all groups were dissolved in 

dimethylsulphoxide (DMSO; Sigma-Aldrich, St. Louis, Missouri, USA) and emission 

wavelength of 520 nm and excitation wavelength of 495 nm was used to measure 

fluorescent intensity by Microplate Reader (Synergy™ HTX Multi-Mode, BioTek, 

Winooski, VT, USA). 

Effect of GLU peptide conjugation and NTAP treatment on the hydrophilicity of NF, 

pNF, GLU-NF, and GLU-pNF surface was evaluated by contact angle measurements 

using KSV Attension Theta goniometer (Biolin Scientific, Stockholm, Sweeden). 

Briefly, 4 μl deionized water was dropped to the NF, pNF, GLU-NF, and GLU-pNF 

surface, photographed. The average of the measurements was defined as the contact 

angle (θ). 

The surface topography of NF, pNF, GLU-NF, and GLU-pNF were analyzed by an 

Easyscan 2 (Nanosurf AG, Liestal, Switzerland) Atomic Force Microscopy (AFM) 

with the Nanosurf Easyscan 2 software operating in tapping mode employing a silicon 
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cantilever probe Tap190Al-G (Buged Sensors, Sofia, Bulgaria) with a constant force 

of 48 N/m and resonance frequency of 190 kHz. In dry conditions, fibers were directly 

deposited on a mica substrate and scanned. 

The calcium phosphate (CaP) nucleation amount on the NF was assessed by calcium 

assay (QuantiChrom, Bioassay Systems, Hayward, CA, USA). Briefly, the NF 

contained calcium was dissolved in 1 M HCl. Next, the sample was added to the 

working solution. The wavelength of 612 nm was used to measure absorbance. A 

calibration curve was created with reference calcium solutions and the intensity values 

were associated with the equivalent calcium values. The quantity of CaP content based 

on NF mass (wt%) was calculated as described previously [152, 162]. Total CaP 

mineralized deposition on NFs was calculated at 1., 4. and 7 days. On day 7, the CaP 

crystal structure on mineralized NF, pNF, GLU-NF, and GLU-pNF was investigated 

by X-ray diffractometer (XRD; X'Pert Pro, Philips, Eindhoven, The Netherlands) with 

CuKα radiation source at 30 kV as previously demonstrated [152]. The background 

spectra of neat PLGA NF were subtracted from each group to better identify CaP 

peaks. Commercial nano HA (Sigma Aldrich, St. Louis, MO, USA) was also analyzed 

with XRD. 

The tensile modulus of CaP nucleated NF, pNF, GLU-NF, GLU-pNF (20×5 mm) was 

measured with a testing machine (Autograph 194 AG-IC Series, Shimadzu Corp., 

Kanagawa, Japan) as previously described [152]. The strain rate was defined as 0.03 

s-1. The linear region in the stress-strain curve was used to calculate the slope which 

was defined as tensile modulus. 

3.2.6 Cell Attachment and Proliferation Analysis 

hMSC cell line (HMSC-AD-500, Lot#102) was purchased from CLS cell lines Service 

(Eppelheim, Germany) and cultivated in DMEM containing Fetal Bovine Serum 

(FBS;10%), penicillin-streptomycin (100 units/mL), amphotericin-B (250 ng/mL), 

and gentamicin (50 µg/mL). Cell culture medium was replaced with fresh medium at 

intervals of two days. UV radiation exposed to the NF for 1 hour and inserted in 70% 

ethanol for 30 minutes for sterilization [152]. The hMSC suspension was seeded on 

NFs which were attached to 13 mm circular glass coverslips (1×105 cells/cm2) and 

cultivated in 5% CO2 for up to 7 d.  
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For the cell proliferation analysis of hMSCs that were seeded on the NFs, 3- (4, 5-

dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide (MTT) (Vybrant® MTT Cell 

Proliferation Assay Kit, Invitrogen, Waltham, MA, USA) was performed at 1 d, 4 d, 

and  7 d [173]. First, cell medium was removed and 10% MTT solution in DMEM was 

added to each sample. The procedures with MTT were carried out in the dark. 

Encapsulated cells were incubated in the MTT for 4 hours at 37℃ and 5% CO2. Then, 

MTT dye was removed from the samples, and dimethyl sulfoxide (DMSO, Sigma-

Aldrich, Steinheim, Germany) was added for dissolving formazan crystals. A 

microplate reader (Biotek Synergy HTX, Winooski, VT, USA) was used to measure 

the absorbance value by setting the wavelength to 570 nm. Focal adhesion staining 

(FAK100, Merck Millipore, Billerica, MA, USA) was carried out to observe actin 

filaments and nuclei in hMSCs by using phalloidin and 4',6-Diamidino-2-Phenylindole 

(DAPI), respectively [168]. hMSCs seeded NFs were rinsed with Phosphate Buffered 

Saline (PBS). The fixation was performed by 4% paraformaldehyde. 0.1% Triton X-

100 in PBS was used to permeabilize to allow DAPI and phalloidin to access 

intracellular epitopes. 1.5% bovine serum albumin (BSA) in PBS was used to eliminate 

unspecific binding within the cell. Then, NFs were incubated in phalloidin in PBS for 

1h and DAPI for 5 min. The fluorescent microscope was used for imaging. 

3.2.7 Statistical Analysis 

All obtained data were statistically analyzed using two-way ANOVA (SPSS 12.0, 

SPSS GmbH, Germany) and the Student-Newman-Keuls technique as a post hoc test. 

At least three samples from each experimental group (n = 3) were tested, and each 

experiment had at least three replicates. All the average values, standard deviations, 

and standard error values were calculated. p values were used to define meaningful 

group distinctions (***p < 0.001, **p < 0.01, *p < 0.05). 

3.3 Results 

3.3.1 Characterization of Peptide Conjugated Nanofibers 

GLU peptide conjugation onto the surface of NTAP treated and non-treated NF was 

schematically shown in Figure 3.1. The SEM photomicrograph of PGLA electrospun 



40 

 

NF is given in Figure 3.2a. NF diameter distribution histogram (see Figure 3.2b) was 

calculated by using ImageJ. The diameter of NF used throughout the study ranged 

from 76 nm to 374 nm and the mean diameter was calculated as 266 ± 14 nm. After 

incubation in 1.5x SBF for 7 d, the images of the NF, pNF, GLU-NF, and GLU-pNF 

are depicted in Figure 3.2c, d, e, and f, respectively. Although CaP crystals were 

observed in both groups, maximum CaP deposition was achieved in GLU-pNF. 

 

 

Figure 3.1: Schematic diagram of NTAP assisted conjugation of glutamic (E) acid 

templated peptides on PLGA nanofibers with EDC/NHS chemistry. Experimental 

groups are neat NF, NTAP treated NF (pNF), GLU peptide conjugated NF (without 

NTAP treatment) (GLU-NF) and NTAP treated GLU peptide conjugated NF (GLU-

pNF) 
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Figure 3.2: Scanning electron microscopy images of (a) PLGA nanofibers (NF) 

(scale bar represents 1 µm), (b) histogram showing nanofiber diameters distribution, 

(c) mineralized neat NF (NF), (d) mineralized NTAP treated NF (pNF), (e) 

mineralized GLU peptide conjugated NF (without NTAP treatment) (GLU-NF), (f) 

mineralized NTAP treated GLU peptide conjugated NF (GLU-pNF) (scale bar 

represents 1 µm) 

 

The peptide conjugation efficacy on NF surface was compared by measuring the FITC 

intensity of dissolved FITC labeled GLU peptide. Briefly, FITC labeled GLU peptides 

were conjugated on the electrospun NF and NTAP treated NF to show the amount of 

peptide coverage. Then, fibers were dissolved, and FITC intensities of NF, pNF, GLU-

NF, and GLU-pNF were measured. The mean fluorescence intensity of each sample 

was also measured by using three different samples. As shown in Figure 3.3a, the 

maximum fluorescence intensity was observed with GLU-pNF, whereas no 

fluorescence was observed in negative controls (NF and pNF). 
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Water contact angle (θ) measurement was evaluated to indicate the impact of peptide 

conjugation on NTAP treated and non-treated PLGA NF on hydrophilicity. The 

contact angle measurements were conducted on NF, pNF, GLU-NF, and GLU-pNF 

(see Figure 3.3b-e). Results demonstrated that after NTAP treatment the water contact 

angle of NF dropped from 123.70 ± 5.73º to 71.78 ± 2.41º. Furthermore, after 

conjugation of GLU peptide, the water contact angle (θ) of non-NTAP treated NF 

decreased from 123.70 ± 5.73º to 74.81 ± 8.54º, while NTAP treated NF dropped from 

71.78 ± 2.41º to 54.50º ± 3.49º. 

 

Figure 3.3: (a) Mean of Fluorescence Intensity of neat NF, pNF, GLU-NF, and GLU-

pNF after dissolving in DMSO. Measurement of contact angle of (b) NF, (c) pNF, 

(d) GLU-NF (e) GLU-pNF 

 

Roughness analysis of NF, pNF, GLU-NF, and GLU-pNF was conducted by using 

AFM. The mean surface roughness (Sa) for NF group was 199.5 ± 2.4 nm (see Figure 

3.4a). After NTAP treatment, the surface roughness dramatically increased to 304.3 ± 

11.6 nm (see Figure 3.4b). Additionally, GLU peptide conjugation on NF showed a 

slight increase in roughness (251.1 ± 9.6) (see Figure 3.4c). Similarly, GLU peptide 

conjugation after NTAP treatment increased the Sa value from 304.3 ± 11.6 nm to 

381.1 ± 8.2 nm (see Figure 3.4d). 
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Figure 3.4: Representative 3D topographical view of (a) neat NF, (b) NTAP treated 

NF (pNF), (c) GLU peptide conjugated NF (without NTAP treatment) (GLU-NF), 

(d) NTAP treated GLU peptide conjugated NF (GLU-pNF) obtained by AFM 

 

3.3.2 Biomineralization of Peptide Conjugated Nanofibers 

Calcium content deposited on NF, pNF, GLU-NF, and GLU-pNF after incubation in 

1.5x SBF for 1, 4, and 7 days is shown in Figure 3.5a. CaP content wt% on both groups 

constantly increased as incubation time changed from 1 to 4 and 7 days and similar 

patterns were observed on each time point. In detail, calcium content on GLU-pNF at 

day 1 (53.1 ± 4.8 wt%) was significantly high compared to NF (9.9 ± 2.1 wt%; 

p<0.001), GLU-NF (17.5 ± 4.7 wt%; p<0.001), and pNF (22.1 ± 1.1 wt%; p<0.001). 

A similar pattern was found at 4 d where GLU-pNF (67.3 ± 2.1 wt%) had significantly 

high calcium content compared to NF (16.8 ± 1.7 wt%; p<0.001), GLU-NF (30.7 ± 

2.1 wt%; p<0.001), and pNF (33.5 ± 2.8 wt%; p<0.001), respectively. At day 7, the 

calcium content on pNF (41.7 ± 1.6 wt%; p<0.001), GLU-NF (34.9 ± 2.3 wt%; 

p<0.001), and GLU-pNF (81.7 ± 5.1 wt%; p<0.001) significantly higher than NF (23.2 
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± 2.1 wt%). It was also observed that GLU-pNF had a significantly high content of 

calcium at day 7 compared to NF (p<0.001), pNF (p<0.001), and GLU-NF (p<0.001). 

The XRD spectra of commercial HA (red), NF (purple), pNF (blue), GLU-NF 

(orange), and GLU-pNF (green) after 7 days of incubation in 1.5x SBF are shown in 

Figure 3.5b. Results showed that the crystal deposition only in GLU-pNF showed 

characteristics of HA which peak centered at 25.8° and 31.8° [174] while NF, pNF, 

and GLU-NF showed slight peaks that did not match specific HA peaks.  

Mechanical characterization of CaP deposited NF, pNF, GLU-NF, and GLU-pNF was 

conducted and the tensile modulus of each group is presented in Figure 3.5c. The 

tensile modulus of CaP deposited NF, pNF, GLU-NF, and GLU-pNF were measured 

as 206 ± 14 MPa, 426 ± 23 MPa, 433 ± 69 MPa, and 742 ± 41 MPa, respectively.  

 

Figure 3.5: (a) Calcium content of calcium phosphate (CaP) deposited on NF, pNF, 

GLU-NF, and GLU-pNF within 7 days incubation in 1.5xSBF, (b) X-ray diffraction 

spectrum of NF, pNF, GLU-NF and GLU-pNF for CaP deposition after 7 days 

incubation in 1.5xSBF (c) Tensile modulus of neat NF, NTAP treated NF (pNF), 

GLU peptide conjugated NF (without NTAP treatment) (GLU-NF) and NTAP 

treated GLU peptide conjugated NF (GLU-pNF) 

 

3.3.3 Cell Proliferation and Morphology on Nanofibers 

At 1d, 4d, and 7d, an MTT assay was performed to evaluate cell proliferation on CaP 

nucleated NFs (see Figure 3.6a). The percentage of cell number raised on NF (5 ± 3%), 

GLU-NF (55 ± 8 %), pNF (106 ± 2%) and GLU-pNF (130 ± 4%) at 1 day. The ratio 
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of cell number was increased on GLU-pNF, pNF, GLU-NF, and NF groups to 168± 

11%, 139±14%, 87 ± 2%, and 37 ± 6% at day 4. Additionally, cell number increase on 

GLU-pNF (209± 3%; p < 0.001) were significantly higher than pNF (170 ±5), GLU-

NF (110 ± 11), and NF (55 ± 14) at day 7. 

The morphology of the hMSCs on CaP nucleated NF, pNF, GLU-NF, and GLU-pNF 

was examined after culturing in basal medium for 7 days using fluorescence 

microscopy (see Figure 3.6b-e). Fluorescence microscope images showed that hMSCs 

effectively attached and spread on each group. Although the number of cells changed 

within groups and with respect to culture time, there was no difference observed in 

hMSCs morphology when seeded on CaP deposited NF, pNF, GLU-NF, and GLU-

pNF. 

 

 

 

Figure 3.6: (a) The percentage of increase in cell number at 1, 3, and 7 days after 

seeding cells on neat NF, NTAP treated NF (pNF), GLU peptide conjugated NF 

(without NTAP treatment) (GLU-NF), and NTAP treated GLU peptide conjugated 

NF (GLU-pNF). Morphology of human marrow stromal cells (hMSCs) seeded on (b) 

NF, (c) pNF, (d) GLU-NF, and (e) GLU-pNF (BIV). PLGA NF incubated in basal 

media for 7 days. Phalloidin (red) and 4,6-diamidino-2-phenylindole (DAPI; blue) 

represent cytoskeletal actin and cell nuclei in the image (Scale bar represents 50µm) 
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3.4 Discussion 

There is a growing demand for biomimetic synthetic scaffolds with improved 

biological properties for accelerated bone regeneration due to the requirement of 

enhanced differentiation as well as cell adhesion, proliferation [175, 176]. Composite 

nanofibrous scaffolds have been extensively used for bone tissue engineering 

applications and named as one of the most ideal scaffolds since they can mimic the 

structure of bone and presents an extensive surface area for cell adhesion [177, 178]. 

One of the important drawbacks defined for synthetic nanofibrous scaffolds is the 

difficulty of CaP nucleation exactly on the structure of nanofibers which directly 

affects mechanical properties and biological response [179]. Herein, the PLGA NF 

surface was modified with NTAP treatment to increase GLU peptide conjugation and 

characterize the influence of such modification on biomineralization as well as hMSCs 

adhesion, proliferation, and morphology.  

Micrographs of NF, pNF, GLU-NF, and GLU-pNF after biomineralization are shown 

in Figure 3.2b-e. The results demonstrated that CaP crystals were in the average size 

of 110 nm ± 12 and increased by conjugation of GLU peptide on the NF. It was also 

observed that NTAP treatment caused a higher deposition of CaP on NF. Our results 

were consistent with Kim et al. where they reported increased mineralization of CaP 

crystals via NTAP treatment on poly(ε-caprolactone) (PCL) scaffolds [180]. GLU-

pNF group showed high content of CaP crystals compared to NF, pNF, and GLU-NF 

groups. Moreover, it could be observed from the SEM micrographs that GLU peptides 

act as nano-CaP crystals nucleation points as in biomineralization.  

The fluorescence intensity of GLU-pNF group showed significantly high fluorescence 

intensity compared to GLU-NF due to facilitated peptide conjugation (see Figure 

3.3a). It is speculated that increased carboxyl groups on the NF surface following 

NTAP treatment resulted in higher peptide conjugation. These results are also 

consistent with contact angle measurements. Contact angle results indicated that 

surface hydrophilicity increased by NTAP treatment and negatively charged GLU 

peptide conjugation. As shown in Figure 3.3b-e, the contact angle (θ) dropped from 

123,70±5,23° to 54,50±3,49° in NTAP treated NF, whereas the contact angle (θ) 

following GLU peptide conjugation dropped from 123,70±5,23° to 74,81±8,54°. It 
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was considered that a lower contact angle could directly be related to higher GLU 

peptide conjugation with the help of NTAP treatment. These results were confirmed 

by Rezaei et al. who observed that oxygen DBD plasma treatment resulted in the 

breakdown of C-C and C-H bonds on the PMMA surface leading to the introduction 

of carbon radicals and production of functional oxygen-containing groups such as 

COOH and O-H on the PMMA surface [181]. It is important to maximize the 

introduction of –COOH groups to polymer surfaces to enhance peptide conjugation. 

For that purpose, NTAP treatment increased peptide conjugation by producing 

functional oxygen-containing groups such as COOH and OH. Hence, effective peptide 

conjugation might have resulted in increased hydrophilicity in addition to NTAP 

related functional oxygen groups on the surface. Similar to our results, Yang et al. and 

Karaman et al. demonstrated that peptide immobilized NF became more hydrophilic 

[152, 182]. Therefore, with the support of these results, it is speculated that NTAP 

assisted GLU peptide conjugation significantly increased GLU peptide content on NF 

leading to increased CaP content. 

Surface topographies of NF, pNF, GLU-NF, and GLU-pNF were demonstrated in 

Figure 3.4 a–d, respectively. According to the results, NTAP application and GLU 

peptide conjugation improved the surface roughness of NF. In addition, the surface 

roughness increase is higher on pNF to GLU-pNF than NF to GLU-NF. It might be 

considered that NTAP treatment resulted in efficient peptide conjugation on NF 

surface. In a recent study, Man et al fabricated peptide conjugated electrospun fibers 

using a polyvinyl pyrrolidone/bovine serum albumin/rhTGF-β1 composite solution 

and PCL to develop a co-delivery system of rhTGF-β1 and MSCs affinity peptide. 

They reported that peptide conjugation on scaffolds resulted in increased roughness 

[183, 184]. In another study, Deng et al. prepared a peptide-decorated PCL 

nanofibrous microenvironment with electrospinning technique and conjugated it with 

vitronectin peptide to enhance the osteogenic potential of hPSCs in vitro. Their results 

demonstrated that the addition of peptides also increased the surface roughness of the 

modified PCL substrates [183, 184].  

Calcium assay results suggested that GLU-pNF showed significantly higher CaP 

deposition than NF, pNF, and GLU-NF (see Figure 3.5a). It was speculated that 

enhanced negatively charged functional groups produced after NTAP treatment 
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following with GLU conjugation caused a sharp increase in calcium content. In our 

previous study, PLAA-GLU peptide conjugate was blended with high MW PLGA and 

electrospun fibers were fabricated. CaP content ratio based on NF mass results 

indicated that on single layer GLU-NF nanofibers maximum of 49.2±2.1 % CaP 

content was obtained [152]. However, with NTAP assisted conjugation we conducted 

in this study, significantly higher CaP content (81.7±5.1 %) was determined. These 

results confirmed that effective peptide conjugation with initial NTAP treatment 

significantly increased the amount of CaP content mineralized on the surface of the 

NF.  

NTAP treatment of synthetic nanofibers exposes a variety of functional groups on 

them, including amino, carboxyl, and hydroxyl groups [185]. Cui et al. reported that 

among developed functional amino, carboxyl, and hydroxyl groups on Poly(DL-lactide) 

(PDLLA) fibers, carboxyl groups have a more potent influence on HA nucleation and 

growth in SBF due to the strong electrostatic attraction of carboxyl groups and calcium 

ions [186]. Our results are consistent with Sarvestani et al., where they investigated 

the effect of 6-mer glutamic acid peptide (Glu6) conjugated to synthetic hydrogel to 

improve mechanical properties by enhancing interaction with CaP nanocrystals. The 

results indicated that conjugation of Glu6 peptide increased carboxylic groups on the 

hydrogels due to the available carboxyl group on each glutamic acid and higher 

interaction of Glu6 peptide with CaP crystals enhanced shear modulus of composite 

hydrogel [187]. All these studies and our results suggest that GLU peptide conjugation 

after NTAP treatment causes the formation of a significantly higher number of 

carboxyl groups on NF compared to NF, pNF, and GLU-NF groups, which enhances 

interaction with calcium ions in SBF and CaP mineralization. 

The CaP crystal characteristics were determined via XRD analysis. The results 

demonstrated that only GLU-pNF group resembled HA characteristic CaP crystals on 

the nanofibers (see Figure 3.5b). Based on these findings we considered that enhanced 

GLU peptide conjugation not only increased the content of CaP crystals but also guide 

the calcium ions adhesion and further reaction to transform into HA crystals known to 

be the stoichiometrically stable phase of CaP and major content of bone inorganic 

phase. Although GLU-NF and GLU-pNF groups theoretically directed mineralization 

through conjugated GLU peptides, limited GLU peptide conjugation was observed on 
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GLU-NF group due to the lack of available carboxyl groups (see Figure 3.3a). 

Therefore, CaP crystal characteristics were influenced and shifted the HA-specific 

XRD spectrum to brushite [188]. As already stated, the substrate surface adsorbs 

calcium ions and initial nucleation sites are aggregated near the surface during 

mineralization [189].  It is speculated that limited carboxyl groups due to less GLU 

peptide conjugation inhibit the formation of HA which is a stoichiometrically stable 

form of CaP crystals [152]. In a previous study, Tavafoghi et al. investigated the effect 

of a negatively charged Glutamic acid and positively charged Arginine. It was reported 

that negatively charged functional groups were more effective than neutral and 

positive groups in HA precipitation of due to hydrogen bond, carboxyl groups, and 

electrostatic attraction [190].  

Tensile modulus of CaP deposited NF, pNF, GLU-NF, and GLU-pNF are presented 

in Figure 3.5c. Results showed that increased nano-CaP deposition on GLU-pNF 

significantly enhanced tensile modulus compared to NF, pNF, and GLU-NF. It was 

also indicated that CaP deposited pNF and GLU-NF significantly higher tensile 

modulus levels than NF. One possible explanation for such a trend is the increase and 

homogenous deposition of nano-CaP influence mechanical properties of NF [191, 

192]. Compared to the direct addition of CaP into electrospinning solution to develop 

CaP deposited NF scaffolds, nucleating the nano-CaP on NF was reported as a more 

effective technique due to the cause of immediate precipitation of nano-CaP before 

ejection [193, 194]. For instance, a negatively charged surface enhances the nucleation 

of CaP, leading to a more uniform, thick, dense coating and subsequently improved 

mechanical properties which are considered important for bone tissue engineering 

applications. 

The proliferation of hMSCs on CaP nucleated NF, pNF, GLU-NF, and GLU-pNF was 

presented in Figure 3.6a. The faster proliferation of hMSCs was observed with 

increasing the CaP content on NF. It could be related to higher CaP content by 

modifying the surface with NTAP treatment and GLU peptide conjugation following 

with mineralization formed the better biomimetic surface structure of bone ECM. It 

was previously noted that surface properties of scaffolds including wettability, 

roughness, and chemical functionalities with bioactive molecules directly affect cell 

attachment and proliferation [195]. Our results were consistent with those of Birhanu 
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et al. where they applied NTAP treatment following CaP deposition on electrospun 

composite PLLA/P123 NF and demonstrated that increased hydrophobicity and 

roughness positively influence cellular adhesion and proliferation [196]. The higher 

surface area created by rough surfaces improves the interaction between integrin-

binding points of the cells and NF surface [197]. Although different proliferation 

profiles were observed on NF, pNF, GLU-NF, and GLU-pNF, there was no significant 

difference in morphology of hMSCs suggesting that hMSCs kept their stemness ability 

and most likely did not start differentiation when cultured in basal media. 

Promoting biomineralization via effective conjugation of biomimetic peptides on 

synthetic nanofibers could potentially be a strong alternative to scaffolds for guided 

bone regeneration in tibial and mandibular defects [198]. Mesenchymal stem cells 

seeded mineralized electrospun scaffolds would be acting as a barrier to prevent 

invasion of soft tissue towards bone defect at the same time accelerate bone 

regeneration due to biocomposite structure of the scaffold. 

3.5 Conclusion 

In this study, the effect of NTAP treatment mainly on GLU peptide conjugation, 

mineralization of NF, mechanical properties, and hMSC proliferation were 

investigated. NTAP treated and non-treated PLGA NF were conjugated with GLU 

peptide and mineralized in the SBF. The results revealed that NTAP treatment 

significantly increased GLU peptide conjugation which further enhanced CaP 

nucleation on NF. Mechanical properties of NF improved by increasing the deposition 

of nano-CaP on NF. In addition, increasing the CaP content on NF NTAP treatment 

and GLU peptide conjugation enhanced the proliferation of hMSCs. All these results 

together implied that NTAP application and GLU peptide conjugation can be a 

potentially promising method to develop efficient CaP nucleated NF for bone tissue 

engineering applications. 
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Chapter 4 

Enhanced Osteogenesis of Human 

Mesenchymal Stem Cells by Self-

assembled Peptide Hydrogel 

Functionalized with Glutamic Acid 

Templated Peptides 

4.1 Introduction 

Successful bone tissue repair or replacement is a major ongoing challenge in the 

regenerative medicine field. Tissue engineering has been proposed approaches by 

making use of synthetic scaffolds for replacement or regeneration of the damaged 

tissue come through the insufficiencies of current tissue repair strategies. The highly 

hierarchical and complex structure of bone requires scaffolds that provide architectural 

support and form mineral phases. Extracellular matrix (ECM) proteins such as 

osteonectin, osteopontin, and bone sialoprotein play an essential role in mineralization 

by regulating bone development. Although soluble ECM proteins have been 

implicated in tissue scaffolds, the lack of knowledge about the function and the 

distribution of these proteins incorporated in the biological mineralization of bone 

tissue is considered a limitation [199]. Furthermore, ECM proteins which have 

multiple functions and whose function may change in different distribution, have 

limitations such as the risk of triggering an immune response and transmitting diseases 

[200]. As an alternate approach, the incorporation of small peptides within a scaffold 

that can guide biomineralization has been proposed due to these peptides’ capability 
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of high resistance to pH or temperature changes and precise control over the chemical 

composition. A glutamic acid-rich peptide (sequences of glutamic acids) derived from 

bone ECM proteins such as osteonectin, osteocalcin, osteopontin, and bone 

sialoprotein, mimics the terminal region of the glycoprotein of bone and acts as a 

calcium ion nucleation point [187, 201]. Furthermore, glutamic acid-rich peptide 

conjugated electrospun nanofibers significantly enhanced the osteogenic 

differentiation of human bone marrow-derived mesenchymal stem cells (hMSCs) 

[152, 201]. Since the relatively two-dimensional (2D) structure of nanofibers has been 

reported to remain an insufficient environment for bone tissue regeneration, 

researchers have been focused to develop three-dimensional(3D) scaffolds that 

enhance the precise formation and mineralization of functional bone tissues. 

Hydrogels with 3D interconnected porous structure and high-water content mimic 

trabecular bone extracellular matrix and have been widely used in bone tissue 

engineering. Hydrogels can be classified into two groups based on their natural or 

synthetic origins. Natural hydrogels remain incapable of cell-matrix interaction to 

enhance cell adhesion, proliferation, and differentiation into specific lineage 

osteogenesis as well due to the absence of bioactive factors. Thus, it is an urge to 

develop a bioactive synthetic hydrogel scaffold that can induce osteogenesis. Although 

inadequate mechanical properties of hydrogels became a major problem for bone 

tissue engineering, hydrogels are promising injectable scaffolds which are used for 

regeneration of non-load bearing trabecular bone defects [202]. Self-assembled 

peptide (SAP) hydrogels mimicking the structural and functional properties have 

considerable potential for bone tissue engineering applications. SAP hydrogels are 

emergent biomaterials for bone regeneration due to the spontaneous formation in the 

absence of chemical crosslinkers or physical stimulation such as heat and UV 

exposure. SAP hydrogels can not only provide a temporary 3D network but also guide 

bone repairing and increase the bioactivity of the matrix by functionalizing with 

different peptide epitopes [203]. 

The regeneration capacity of the bone may be insufficient in large defects and multi-

part fractures. In such cases, the filling of the bone defect with hydrogels gains great 

importance in terms of triggering bone healing and providing structural and 

mechanical support in this process. SAP hydrogel has been recently used as injectable 
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material for tissue repair. Kisiday et al, designed and synthesized KLD 

(KLDLKLDLKLDL-NH2, K: Lysin, L: Leucine, D: Aspartic acid) peptide consisting 

of a short sequence of 12 amino acids which is easy to modify and able to be used in 

an injectable form by self-assembling at different concentrations with tunable 

mechanical properties [204, 205]. Furthermore, the potential of KLD SAP hydrogels 

in the promotion of chondrogenesis and osteogenesis has been reported [206]. The 

functionalization of SAP hydrogels is a good strategy to control cell behaviors such as 

cell attachment, spreading, migration, and differentiation. Researchers recently have 

focused on SAP functionalization through direct solid-phase synthesis extension at the 

amino-terminal to alter its biological activity as hydrogel scaffolds. Many self-

assembling peptides, such as E1Y9 (Ac-EYEYKYEYKY-NH2), RADA16, and KLD 

have been used to functionalized with a biological motif for tissue regeneration. 

Tsutsumi et al. constructed peptide hydrogels using E1Y9 that were functionalized 

with bioactive sequences DGR (DGRDSVAYG) selected from osteopontin, PRG 

(PRGDSGYRGDS) selected from type IV collagen, RGD (RGDS) selected from 

fibronectin and all of the E1Y9/E1Y9-derivative mixed hydrogels exhibited a good 

adhesion ability and compatibility for MC3T3-E1 cells, a mouse pre-osteoblast cell 

line [207].  He et al. was applied the functional motif RGD to modify peptide d-

RADA16 for designing peptide d-RADA16-RGD and reported that d-RADA16-RGD 

were found to significantly promote bone regeneration [203]. Bian et al. created a 

fusion of the N-cadherin mimetic peptide (HAVDI) and KLD and referred to as “KLD-

Cad”, to fabricate self-assembled hydrogels that promote chondrogenesis of human 

mesenchymal stem cells (hMSCs) [208]. Biomineralization and osteoinductive 

capability of synthetic SAPs can be increased by the functionalization of bioactive 

motifs of EEEEE and EEGGC. Even though some studies are showing the individual 

osteoinductive capacity of EEGGC and EEEEE templated peptides when conjugated 

with synthetic scaffolds, no study in the literature compares the osteoinductive 

capacity of the two peptides integrated on 3D SAP hydrogels to the best of our 

knowledge. In this study, first the functional glutamic acid peptides (EEGGC and 

EEEEE) were applied to modify KLD peptide for designing and fabricating KLD-

EEGGC and KLD-EEEEE and self-assembled in different concentrations (0.5%, 1%, 

and 2%). The performance of functionalization of KLD Self-assembled peptide with 

different glutamic acid templated peptides in different concentrations was investigated 
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and then, the influence of the EEGGC and EEEEE peptide sequences which are 

previously reported as osteogenesis and biomineralization inducing epitopes [201]. 

Next, the concentration of hydrogels on bone regeneration was evaluated with respect 

to mRNA expression and immunofluorescence analysis. The incorporation of glutamic 

acid peptides in SAP hydrogels significantly increases the expression of osteogenic 

markers and the production of bone ECM matrix by encapsulated hMSCs. The 

conjugated glutamic acid peptide increases the expression of osteogenic markers and 

biomineralization, according to our findings from q-PCR, and immunofluorescence 

staining, alizarin red assay. 

4.2 Materials and Methods 

4.2.1 Peptide Synthesis 

KLD (the peptide with the sequence of Ac-Lys-Leu-Asp-Leu-Lys-Leu-Asp-Leu-Lys-

Leu-Asp-Leu-NH2), KLD-EEGGC (the peptide with the sequence of Ac- Lys-Leu-

Asp-Leu-Lys-Leu-Asp-Leu-Lys-Leu-Asp-Leu-Glu-Glu-Gly-Gly-Cys-NH2), and 

KLD-EEEEE (the peptide with the sequence of Ac- Lys-Leu-Asp-Leu-Lys-Leu-Asp-

Leu-Lys-Leu-Asp-Leu-Glu-Glu-Glu-Glu-Glu-NH2) were synthesized on 4-

Methylbenzhydrylamine (MBHA) resin (0.67mmol/g loading capacity) by using 9-

fluorenylmethoxycarbonyl (Fmoc) chemistry as previously described by using the 

automated peptide synthesis device (AAPPTEC Focus Xi, Louisville, KY, USA) 

[201].  All amino acid was coupled with 2 equivalents (based on the loading capacity 

of resin) of Fmoc-protected amino acid, 2-(1H-benzotriazol-1-yl)-1,1,3,3-

tetramethyluronium hexafluorophosphate (HBTU; 2 equiv), hydroxybenzotriazole 

(HOBt; 2 equiv) and N, N-diisopropylethylamine (4equiv; DIEA) HBTU in N,N-

Dimethylformamide (DMF) for 3 hours. The Fmoc-protecting group was removed for 

30 minutes with 20 percent piperidine in DMF. To acetylate the unreacted amine 

groups in each coupling step, a 10% acetic anhydride-DMF solution was used. The 

ninhydrin test was used to verify each coupling and deprotection reaction. The peptide 

was cleaved from the resin by using trifluoroacetic acid (TFA): triisopropylsilane 

(TIPS): H2O solution at a ratio of 95:2.5:2.5. TFA was evaporated on the rotary 

evaporator. The peptide was washed with ice-cold diethyl ether three times and then 
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the suspension was centrifuged to discard the supernatant following with 

lyophilization of the peptide at -80 °C (Biobase Biodustry Bk-FD10P, Shandong, 

China). Further, purification of peptides was conducted via preparative high-

performance liquid chromatography (HPLC, Agilent 1200 series) system equipped 

with Zorbax Extend-C18 2.1 × 50 mm column. The gradient of 0.1% TFA/water and 

0.1% TFA/acetonitrile were used with the mobile phase and the detection wavelength 

was selected as 220 nm. Mass spectrums of KLD, KLD-EEGGC (KLD-O1), and 

KLD-EEEEE (KLD-O2) peptides were characterized via mass spectrometry (Agilent 

6530 Q-TOF) with an electrospray ionization (ESI) source (see liquid chromatography 

and mass spectra for KLD, KLD-O1, and KLD-O2 in Figure A.1, Figure A.2 and Table 

A.1, Appendix A). 

4.2.2 Self-assembled Hydrogel Fabrication  

KLD, KLD-EEGGC, and KLD-EEEEE, Biogelx (Biogelx Inc., Scotland, UK) peptide 

powders were separately dissolved in sterilized deionized water (0.5%, 1%, and 2% 

w/v), and sonicated for 30 minutes prior to use. To prepare the KLD hydrogel, KLD 

solution was mixed with sterilized Dulbecco′s Modified Eagle′s Medium (DMEM) 

cell culture medium with 25 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 

(HEPES) buffer without Fetal Bovine Serum (FBS). It should be noted that 2% w/v 

concentration was selected as the highest concentration due to the complete solubility 

problem of KLD, KLD-EEGGC, and KLD-EEEEE peptides over 2% w/v in sterilized 

deionized water. 

4.2.3 Cell Culture and Hydrogel Encapsulation 

hMSC cell line (HMSC-AD-500, Lot#102) was purchased from CLS cell lines Service 

(Eppelheim, Germany) and cultivated in DMEM containing FBS (10%), penicillin-

streptomycin (100 units/mL), gentamicin (50 µg/mL) and, amphotericin-B (250 

ng/mL). Cell culture medium was replaced with fresh medium at intervals of two days. 

The hMSCs suspension was encapsulated in hydrogel (5x106 cells/ml) in a basal 

medium. After incubation for 24 hours, the medium was changed by using osteogenic 

media which contains basal media consisting of dexamethasone (100 nM), ascorbic 

acid (50 µg/mL), ß-glycerophosphate (10 mM) and cultivated in a humidified 5% CO2 
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incubator for 28 d. MSCs encapsulated KLD incubated in the osteogenic medium were 

used as the negative control group. 

4.2.4 Osteogenic Differentiation of hMSCs in Hydrogels 

4.2.4.1 Quantitative Real-time PCR Analysis 

Total cellular RNA isolation was carried out by using the Blood/Cell Total RNA Mini 

Kit (Geneaid, Sijhih City, Taiwan) at each time point (7, 14, 21, and 28 d). Then, the 

purified RNA extraction was converted to cDNA with M-MuLV First Strand cDNA 

Synthesis Kit (Biomatik, Ontario, Canada). The cDNA obtained was subjected to Step 

One Plus Real-time PCR system (Applied Biosystems, Foster City, USA) 

amplification with gene-specific primers. Forward and reverse primers for RT-qPCR, 

including alkaline phosphatase (ALP), Collagen type I (COL-1), osteopontin (OPN), 

osteocalcin (OCN), and glyceraldehyde 3-phosphate dehydrogenase (GAPDH) 

demonstrated in Table 4.1 were purchased from Sentegen Biotechnology (Ankara, 

TURKEY) and used to evaluate gene expression [209]. The differential expression of 

genes ALP, COL-1, OPN, and OCN were quantified by StepOne Software v2.3 and 

Ct values were classified by the 2(-ΔΔCt) method described elsewhere [210]. Every 

group was experimented with in qPCR as doublet and repeated as triplicate (n = 6). 

Table 4.1: Forward and reverse primers. Alkaline phosphatase (ALP), Collagen Type 

I (Col-1), Osteopontin (OPN), Osteocalcin (OCN), and glyceraldehyde 3-phosphate 

dehydrogenase (GAPDH; housekeeping gene) (GAPDH) used to assess hMSCs 

differentiation in qRT-PCR amplification 

GENES Forward Primer Reverse Primer 

Alkaline 

Phosphatase 

5′- GTG GAG TAT GAG AGT 

GAC GAG AA- 3′ 

5′-AGA TGA AGT GGG 

AGT GCT TGT AT-3′ 

Collagen 

Type I 

5′-TGA CGA GAC CAA GAA 

CTG-3′ 

5′-TCA GCC TTA GAC 

GCC TCA AT-3′ 

Osteopontin 5′-ATG AGA TTG GCA GTG 

ATT-3′ 

5′-TTC AAT CAG AAA 

CTG GAA-3′ 

Osteocalcin 5′-TGT GAG CTC AAT CCG 

GAC TGT-3′ 

5′-CCG ATA GGC CTC 

CTG AAG C-3′ 

GAPDH 5′-AAA TCC CAT CAC CAT CTT 

CC-3′

5′-CCA GCA TCG CCC 

CAC TT-3′ 
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4.2.4.2 Immunofluorescent Staining 

Immunofluorescence staining was carried out to observe protein expression and nuclei 

in hMSCs by using primary and secondary antibodies and phalloidin and 4',6-

Diamidino-2-Phenylindole (DAPI), respectively [197]. Cell-encapsulated KLD SAP 

hydrogels and Biogelx were rinsed with PBS. The fixation was performed by 4% 

paraformaldehyde. 0.1% Triton X-100 in PBS was used to permeabilize to allow DAPI 

and antibodies to access intracellular epitopes. 1.5% bovine serum albumin (BSA) in 

PBS was used to eliminate unspecific binding within the cell. Then, samples were 

incubated in primary antibodies in PBS containing 1% BSA overnight at 4°C. Primary 

antibodies (Santa Cruz Biotechnology Inc., Santa Cruz, California, USA) were used 

included mouse monoclonal antibody against COL-1 (cat. no sc-59772; 1:50), mouse 

monoclonal against OPN antibody (cat. no. sc-21742; 1:50), and mouse monoclonal 

antibody against OCN (cat. no. sc-365797; 1:500). Fluorescence secondary antibodies 

(Santa Cruz Biotechnology Inc., Santa Cruz, California, USA) included m-IgG kappa 

BP-FITC (cat. no. sc-516140; 1:200) and m-IgG kappa BP-PE (cat. no. sc-21742; 

1:200) were diluted with 1% BSA. The fluorescent microscope (Olympus CKX41, 

Tokyo, Japan) was used for imaging. 

4.2.5 Alizarin Red Staining 

Calcium deposition on hMSCs encapsulated hydrogels over 28 d were evaluated by 

Alizarin Red staining (Alizarin Red S, Sigma Aldrich, St. Louis, MO, USA).  Briefly, 

hMSCs were fixed for 15 minutes using 4 % PFA followed by wash steps using PBS 

(1x), and the staining solution (1% Alizarin Red S in ddH2O) was applied for 30 

minutes followed by imaging using the inverted microscope (Olympus CKX41, 

Tokyo, Japan).  

4.2.6 Statistical Analysis 

All the data that are obtained, were statistically analyzed with two-way ANOVA 

(SPSS 12.0, SPSS GmbH, Germany) and the Student-Newman-Keuls technique as a 

post hoc test. At least three samples from all experimental groups were tested (n = 3) 

and experiments were at least three replicates. Average values, standard deviations, 
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and standard error values of all results were determined. Meaningful distinctions 

among groups were defined at p values (***p < 0.001, **p < 0.01, *p < 0.05). 

4.3 Results 

4.3.1 Osteogenic Differentiation of hMSCs in Self-assembled Hydrogels 

Expression of osteogenic markers ALP, Col-1, OPN, and OCN with incubation time 

for MSC-encapsulated peptide hydrogels is shown in Figures 4.1a-d, respectively. For 

the KLD control group, expression of ALP, Col-1, OPN, and OCN was significantly 

less than for all groups. ALP mRNA expression for all groups followed their 

corresponding ALP activity, peaking at day 14 and returning to the baseline level at 

day 28.  mRNA expression for OPN, OCN, and Col-1 increased gradually with 

incubation time. Expression of osteogenic markers ALP, Col-1, OPN, and OCN 

increased with a concentration in all groups. Furthermore, ALP, Col-1, OPN, and OCN 

expression was highest for 2% KLD-O2 at each time point. For example, Col-1 

expression for 2% KLD-O2 at day 28 was 46,32±1,57 while that for KLD, Biogelx 

and KLD-O1 was 12,35±0,64, 15,6±1,32, and 24,67±2,24 (p***<000.1) respectively; 

OPN expression for 2% KLD-O2 at day 28 was 53,29±1,32 while that for KLD, 

Biogelx and KLD-O1 9,02±0,27, 13,8±1,92, 33,33±0,68 and (p***<000.1) 

respectively; and OCN expression for 2% KLD-O2 at day 28 was 26,06±1,33 while 

that for KLD, Biogelx and KLD-O1 3,44±0,25, 7,6±1,23 and 13,94±0,84 

(p***<000.1) respectively; expression of ALP for KLD-O2 at day 14 was 38,51 ± 4,31 

while that for KLD, Biogelx and KLD-O1 was 7,24±2,  11,13±3, and 28,80±3,05 

(p***<000.1) respectively.  
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Figure 4.1: RT-PCR analysis of gene expression of osteogenic markers of (a) 

alkaline phosphatase (ALPase), (b) type 1 collagen (COL-1), (c) osteopontin (OPN), 

(d) osteocalcin (OCN) for hMSCs encapsulated in 0.5%, 1%, 2% KLD, KLD-O1,

KLD-O2, and Biogelx and incubated in osteogenic medium for up to 28 days. The

error bars indicate the mean SE (n = 3) of the data. [One-way ANOVA was used to

assess significant differences.] [(*p\0.05, **p\0.01, ***p\0.001) Newman–Keuls 

multiple contrast test] 

Immunostained images of hMSCs encapsulated 2% KLD, KLD-O1, KLD-O2, and 

Biogelx are depicted in Figure 4.2. Briefly, cells were incubated in an osteogenic 

medium for 28 d and then chemically fixed for immunostaining. Lastly, proteins were 

stained using first primary antibodies against and then labeled with secondary 

antibodies to be visualized using inverted fluorescence microscopy. Columns a to c are 

COL-1(green), OCN (red), and OCN (green), respectively, and rows 1–4 are Biogelx 

as a positive control, KLD as a negative control, KLD-O1and KLD-O2. The 
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expression of these osteogenic maturation-related proteins was drastically higher for 

hMSCs on KLD-O2 than those on KLD-O2, Biogelx, and KLD, respectively. 

Immunofluorescence staining of differentiated hMSCs also confirmed q-PCR results. 

 

 

Figure 4.2: Immunofluorescent staining revealed the expression of osteogenic 

markers COL-I (first column: green), OPN (second column: red) and OCN (third 

column: green) in 2% (a) KLD, (b) Biogelx, (c) KLD-O1, (d) KLD (O2) after 28 

days incubation. 4′,6-diamidino-2-phenylindole (DAPI; blue) was used to indicate 

cell nuclei (Scale bar represents 50 µm) 

 

4.3.2 Alizarin Red Staining 

Sections of the hydrogel's culture matrix on the 28th day showed matrix nodules 

stained with Alizarin Red and markedly mineralized (see Figure 4.5). Although the 

sign of mineralization in control cultures is less than in the other groups, the color 
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intensity in the KLD-O2 group shows that the mineralization is more than in the other 

groups. Overall, the 2% KLD-O2 group showed the greatest staining for Alizarin Red. 

Figure 4.3: Alizarin red staining for mineral deposition of   hMSCs encapsulated in 

0.5 % (first column), 1% (second column) and 2% (third column) (a) Biogelx, (b) 

KLD, (c) KLD-O1, (d) KLD-O2 after 28 days’ incubation in osteogenic medium. 

(Scale bar represents 50 µm) 

4.4 Discussion 

Short SAPs as essential nano-biomaterials are being applied to integrated biological 

processes in living systems [211, 212]. KLD can self-assemble to form nanofibers and 

this property has been utilized in bone and cartilage tissue engineering [213]. Herein, 
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our objective was to enhance osteogenesis and biomineralization of injectable SAP 

hydrogels with controlled mechanical properties so that the peptide also becomes 

capable of being injected into bone defects which commonly occur acutely because of 

trauma, infection, or surgical resection. For this purpose, we have designed two 

variants of KLD that contained variable numbers of glutamic acid which are O1 

(EEGGC) and O2 (EEEEE), and produced the hydrogels in different concentrations 

(0.5%, 1%, and 2%). The major findings of this study include: (1) addition of glutamic 

acid residues to KLD did not affect self-assembling process (2) addition of glutamic 

acid residues to KLD significantly enhanced osteogenesis and biomineralization of 

hMSCs (3) KLD-O1 and KLD-O2 induced osteogenic gene (ALP, Col-1, OPN, and 

OCN) expression. 

Molecular self-assembly is a spontaneous process that includes disordering molecules 

or systems and the formation of more defined structures as a result of intermolecular 

interactions [214]. To form a SAP hydrogel, intermolecular interactions and balance 

between hydrophobicity and hydrophilicity of a peptide often play a significant role 

[215]. The functionalization of SAP hydrogels is a good strategy to control cell 

behaviors such as cell attachment, spreading, migration, and differentiation. 

Furthermore, the addition of functional peptide group charge at the N-terminus of SAP 

may influence peptide self-assembly into nanofibers which is essential for hydrogel 

formation [216]. Herein, the addition of negatively charged glutamic residues to KLD 

sequence increased its net negative charge resulting in an introduction of hydrophilic 

groups to its variants. Even after the addition of glutamic acid residues at the N-

terminus of KLD, the ability of hydrogel formation of the peptides was not affected.  

Differentiation of hMSCs into osteoblast is a complex process, which includes hMSCs 

proliferation, differentiation, maturation, and mineralization. During osteogenic 

differentiation, COL-1 mineralizes in the presence of calcium ions into calcium 

phosphate which makes up approximately 70% of bone matrix, whereas ALP enzyme, 

OPN, and OCN proteins mediate nucleation and stabilization of calcium phosphate 

crystals [217]. ALP is a key enzyme in the bone matrix that supplies mineral nucleation 

sites with free phosphate ions by cleaving organic phosphate esters [218]. ALP 

expression profile is generally associated with a peak during the early differentiation 

of progenitor cells into immature osteoblasts. Increasing ALP level up to the 14th day 
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supports bone formation and osteoblast activation. As that the progenitor cells are 

maturated, the ALP level typically decreases and COL-1, OPN, OCN expression 

increases, indicating a late-osteoblast state [219]. The expressions of COL-1, OPN, 

and OCN are expected to rise throughout the 28 days of incubation considering their 

crucial role in bone mineralization [220]. Herein, osteogenic differentiation was also 

evaluated with respect to the expression of osteogenic markers including ALP, COL-

1, OPN, and OCN using real-time PCR. The results demonstrated KLD-O2 

significantly induced expression of these markers as compared to KLD-O1, Biogelx, 

and KLD indicating that five glutamic acids containing O2 peptide are more effective 

on osteogenic differentiation of hMSCs compared to two glutamic acids containing 

O1 peptide. The expression of all the markers on KLD only was the lowest, indicating 

the positive impact of the two glutamic acid peptides for bone mineralization. 

Nudelman et al. indicated that negatively charged glutamic acid peptides act as a 

calcium ion nucleation points in collagen nanofibers during biomineralization and 

significantly promoted the interaction with positively charged calcium ions [221]. Ca2+ 

with varying affinity depending on pH ions can bind to amino acids. Therefore, it could 

be indicated that increased glutamic acid in the SAP hydrogel stabilized more CaP 

resulting in higher ALP activity, Ca content as well as higher expression of osteogenic 

gene markers [221]. Considering the inductive effect of mineralization on osteogenic 

differentiation, this might be one of the reasons for a higher level of osteogenic gene 

marker expression with KLD-O2 than KLD-O1. Immunofluorescence staining of 

differentiated hMSCs also confirmed gene expression results. The expression of these 

osteogenic maturation-related proteins such as COL-1, OPN, and OCN, was 

drastically higher for hMSCs in KLD-O2 than those in KLD-O1, Biogelx, and KLD, 

respectively. In consistent with real-time PCR results, cells on KLD-O1 showed an 

elevated expression of these markers compared to those on KLD, highlighting the 

osteogenic inductive effect of glutamic acid residue. In our previous study, we 

demonstrated that two and six glutamic acid sequences including ECM mimetic 

peptides facilitated the mineralization process and significantly increased gene 

expression and secretion of COL-I, OCN, and OPN [152].  

The calcium deposition during biomineralization was examined using alizarin red S 

staining analysis because it can specifically bind with calcium ions at low pH. After 

28 days, darker red dots and red ribbons, which indicated higher calcium deposition 
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inside of hydrogel, were observed in 2% KLD-O2 groups. In contrast, KLD exhibited 

poor calcium deposition. It could be related to higher CaP content by modifying KLD 

SAP with glutamic acid templated peptide conjugation formed the better biomimetic 

surface structure of bone ECM. Promoting biomineralization via functional bioactive 

peptides on synthetic SAP could potentially be a strong alternative to hydrogel 

scaffolds for guided bone regeneration. 

4.5 Conclusion 

 In summary, KLD SAP was successfully functionalized with biomimetic glutamic 

acid templated peptides through direct solid-phase synthesis extension at the amino-

terminal. We found that although the addition of glutamic acid templated peptide to 

KLD SAP increases hydrophilicity, SAP hydrogel was successfully formed. Glutamic 

acid templated peptides improved the osteoinductive capacity of the KLD SAPs. 

Moreover, five glutamic acids templated peptides containing KLD sharply increased 

ALP activity, calcium content, and expression of key osteogenic markers of ALP, 

COL-1, OPN, and OCN compared to two glutamic acids templated peptide containing 

KLD. It was further depicted that glutamic acid residue is the major fragment that 

influences mineralization and osteogenic differentiation in non-collagenous proteins 

of bone extracellular matrix. Our findings revealed that KLD SAP functionalized with 

EEEEE templated peptides had more potential for inducing osteogenesis. Several 

studies are emphasizing the importance of enhancing the bioactivity of synthetic SAP 

hydrogels for better bone tissue regeneration. It is believed that such findings will aid 

in further optimization of biofunctionalized biomaterials to support stem cell-based 

bone repair and regeneration. 
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Chapter 5 

Role of Functionalized Self-Assembled 

Peptide Hydrogel on In Vitro 

Vasculogenesis  

5.1 Introduction 

Most successes in regenerative medicine have been limited due to unassisted delivery 

of oxygen and nutrients removal of the waste products in avascular tissue constructs 

when it is implanted to the patient [222]. Developing larger and complex tissues 

requires rapid and stable vascular formation for sustaining cell viability and function 

[223]. The majority of the tissue construct with inadequate vascular network fails 

because the nutrient diffusion is limited up to 100–200 µm from the host vasculature 

[224]. The process of vascularization is based upon the complicated interactions 

between endothelial cells (ECs), the interstitial extracellular matrix (ECM), and the 

neighboring mural cell types such as mesenchymal stromal cells (MSCs) via various 

growth factors which enable regeneration [225]. The matrix interplay is crucial for the 

ECs to develop blood vessels by the proliferation, migration, and differentiation. 

Synthetic scaffolds might be tailored to provide a micro-environment to cells for 

guiding and supporting blood vessel formation in clinically relevant tissues based on 

this interaction [226]. 

One strategy for improving the survival of tissue-engineered construct involves the 

coculture of  ECs with MSCs [227]. Although the interaction between ECs and MSCs 

and their functions in-building cellular networks are not clearly understood, ECs have 

been reported to form microcapillary structures in vitro [228]. Initially, vascular 
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endothelial growth factor (VEGF) activates ECs for proliferation and secretion of 

various enzymes to degrade ECM and the basement membrane. Tubular structures 

were built by migration of ECs and stabilized by the enrolment of mural cells such as 

MSCs, which deposit new ECM proteins form basal lamina by differentiation into 

pericytes [225]. A range of coculture systems of the ECs and MSCs were investigated 

since they are inherently linked during vasculogenesis [227, 229]. For instance, Liu et 

al encapsulated human bone marrow stromal cells (hMSCs) and human umbilical vein 

endothelial cells (HUVECs) in a 3D gelatin-methacrylate (Gel-MA) hydrogels with 

microspheres and observed that hMSC/HUVEC  co-culture enhanced vascularization 

compared to HUVEC or hMSC monoculture [227].  

ECM proteins such as collagen, fibronectin, and laminin, play an essential role in 

vasculogenesis [230]. Laminins, which compose the basement membrane between the 

endothelial cell layer and mural cells in vascular lumen, make up a heterotrimeric 

glycoprotein family, with each protein-containing one α, β, and γ subunit [231]. These 

subunits determine the properties and functions of the laminin proteins [232]. Integrin 

ligand interaction is determined by the α chain, while multiple signaling pathways in 

focal adhesion are affected by the β subunit connection to the cytoskeleton. Several 

laminin-derived peptides such as IKVAV, and YIGSR amino acid sequences, have 

been investigated for modulation of cell attachment and migration to the surrounding 

ECM in the microvascular matrix during physiological vasculogenesis. One of the α-

chain of laminin-derived peptides IKVAV has been reported to improve endothelial 

cell attachment, following tubule formation including capillary branching, and vessel 

formation [233]. YIGSR peptide derived from the laminin β chain has been widely 

considered as a mediator of cell adhesion [234]. Recent studies have depicted that 

YIGSR improves endothelial cell attachment and tubule formation. Many researchers 

focused on the integration of laminin-derived peptides to synthetic scaffolds to achieve 

extensive vascularization as an alternative approach to protein loading, since these 

functional peptides are specifically intended to stimulate significant regulation 

cascades by binding to the same receptor as their originated protein [235, 236].  

Self-assembled peptide (SAP) hydrogels have significant potential for tissue 

engineering applications since robust gels are formed through supramolecular 

interactions and crosslinked physically like natural proteins in ECM without 



67 

 

comprehensive chemical cross-linking to form a nanofibrous structure. Ease of 

fabrication, the capability of biofunctionalization, and superior biocompatibility 

properties make SAP hydrogels an ideal tissue engineering scaffold compared to 

synthetic polymeric hydrogels, which do not bear any functional biological motifs. 

Furthermore, by altering SAP composition, the mechanical, chemical, and biological 

properties can be tuned to improve the utility in a variety of applications. Peptides can 

also be incorporated into the hydrogels and released to facilitate vascularization. 

Hydrogels have been used to engineer vascularized tissue constructs to assemble into 

micro-capillary networks with co-cultured ECs and MSCs by drawing the evolutionary 

memory of ECs. Bioactive peptide incorporation into the hydrogels has great potentials 

to improve vascularization and develop vascular structure. Self-assembled peptides 

(SAP) are capable of functionalization with bioactive peptides by attachment to the N-

terminal and SAP hydrogels are formed through supramolecular interactions without 

any chemical cross-linking procedure consist of UV exposure and additional 

crosslinkers which are toxic for the cells. Therefore, SAP hydrogels which are 

crosslinked physically like natural proteins in ECM, are ideal candidates for tissue 

engineering scaffold compared to synthetic polymeric hydrogels, which need a 

chemical cross-linking procedure. However, hydrogel formation of biofunctionalized 

SAPs might be challenging since the addition of functional peptide group charge at the 

N-terminus of peptide might have the negative effect of the peptide on water solubility 

and self-assembly process. Therefore, appropriate bioactive epitopes should be 

selected for the appropriate SAP peptides. For instance, Kim et al. developed 

substance P (GRPKPQQFFGLM) modified KLD SAP hydrogel and confirmed that 

cell migration capacity of MSCs in the KLD12-SP was higher than KLD-12 group 

[206]. Although, the best-recruiting ability of KLD12-SP was stated compared to 

KLD12 and related with wound-healing processes, the angiogenic potential of 

KLD12-SP just considered by comparing SP-modified RADA16 peptide hydrogel 

which enhanced angiogenesis and prevented fibrosis and apoptosis in the injured site 

after the application to a mouse hind limb ischemia model and the tendency of KLD-

12 SP to angiogenesis was not evaluated. Although there is no gold standard motif to 

functionalize SAPs for vasculogenic differentiation, short functional sequences similar 

to vascular ECM might be effective.  
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Herein, we functionalized KLD Self-assembled peptide hydrogel (hereafter denoted 

KLD hydrogel) with laminin-derived short peptides which are IKVAV (V1) and 

YIGSR (V2), and self-assembled in different concentration to mimic the laminin in 

native ECM. To the best of our knowledge, the potential of KLD SAP on hydrogel 

formation after functionalization with IKVAV and YIGSR peptides by attachment to 

the N-terminal has not been reported. This is a comparative study that evaluates the 

effect of IKVAV and YIGSR on vasculogenesis when used to modify the KLD SAP 

was performed after successful hydrogel formation as an alternative to the other 

IKVAV and YIGSR functionalized synthetic polymers exist in the literature (for the 

schematic of the study see Figure 5.1). In our previous study, KLD 

(KLDLKLDLKLDL-NH2, K: Lysin, L: Leucine, D: Aspartic acid) peptide consisting 

of a short sequence of 12 amino acids was modified by osteogenic epitopes and 

improved osteogenic differentiation-inducing characteristic [237]. In this study, we 

functionalized KLD Self-assembled peptide hydrogel (hereafter denoted KLD 

hydrogel) with laminin-derived short peptides which are IKVAV (V1) and YIGSR 

(V2), and self-assembled in different concentration to mimic the laminin in native 

ECM. Biogelx, which is sold in Biogelx Ltd., a UK-based biomaterials company, was 

preferred as a positive control due to its bioactivity and short structure as reported to 

compare with KLD hydrogels [238]. To the best of our knowledge, it is the first-time 

approach for a combination of short KLD SAP hydrogels and two different bioactive 

short bioactive peptides and assessing the efficacy of this functionalization on 

vasculogenesis. We have designed two SAP which is KLD-V1 and KLD-V2 and 

produced the hydrogels 0.5% and 1% concentrations. The proliferation of 

hMSC/HUVEC co-culture increased with the addition of laminin derived peptides to 

KLD. The immunofluorescent staining and RT-qPCR were performed to analyses 

PECAM, and vWf proteins and genes expression, respectively. The results revealed 

that KLD-V2 hydrogel significantly improved vasculogenesis in hMSC/HUVEC co-

culture compared to KLD-V1, Biogelx and KLD because YIGSR in KLD-V2 

increased cell population and ECM secretion by the interaction with cells and induced 

vasculogenesis. 
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Figure 5.1: Laminin derived peptide integrated Self-assembled peptide hydrogels 

significantly enhanced vascularisation of human umbilical vein endothelial cells 

(HUVECs) and human mesenchymal stem cells (hMSCs) coculture 

 

5.2 Materials and Methods 

5.2.1 Peptide Synthesis 

The peptide synthesis chemicals were obtained from AAPPTEC (Louisville, KY, 

USA). KLD (Ac-Lys-Leu-Asp-Leu-Lys-Leu-Asp-Leu-Lys-Leu-Asp-Leu-NH2), 

KLD-IKVAV (Ac-Lys-Leu-Asp-Leu-Lys-Leu-Asp-Leu-Lys-Leu-Asp-Leu-Ile-Lys-

Val-Ala-Val-NH2) and KLD-YIGSR (Ac-Lys-Leu-Asp-Leu-Lys-Leu-Asp-Leu-Lys-

Leu-Asp-Leu-Tyr-Ile-Gly-Ser-Arg-NH2), IKVAV (Ile-Lys-Val-Ala-Val-NH2) and 

Tyr-Ile-Gly-Ser-Arg-NH2) were synthesized on 4-Methylbenzhydrylamine (MBHA) 

resin (0.67mmol/g loading capacity) by using 9-fluorenylmethoxycarbonyl (Fmoc) 

chemistry at the automated peptide synthesis device (AAPPTEC Focus Xi, Louisville, 

KY, USA) as previously described [237].  Briefly, Fmoc-protected amino acids (2 

equiv), hydroxybenzotriazole (HOBt; 2 equiv), 2-(1H-benzotriazol-1-yl)-1,1,3,3-

tetramethyluronium hexafluorophosphate (HBTU; 2 equiv), and N, N-

diisopropylethylamine (4equiv; DIEA) HBTU in N,N-Dimethylformamide (DMF) 

were reacted with resins for 3 hours. 20% piperidine was used for the removal of 

Fmoc-protecting group. 10% acetic anhydride/DMF solution was used for acetylation 



70 

 

of unreacted amine groups for each coupling stage during peptide synthesis. For the 

amino acid coupling and deprotection steps, a ninhydrin test was conducted to check 

and control each coupling and deprotection reaction. The subsequent amino acids were 

also coupled using the same method until the desired sequence was completed. When 

all amino acids were coupled, the cleavage solution including trifluoroacetic acid 

(TFA): triisopropylsilane (TIPS): water (H2O) at a ratio of 95:2.5:2.5 was poured into 

the resins. After two hours, the solution was poured into cold diethyl ether and the 

peptide was filtered. After that step, the peptide suspension was centrifuged and the 

supernatant was discarded. The remaining ether was removed with the rotary 

evaporator. Finaly, the peptide was lyophilized by freeze-drying method at -80 °C 

(Biobase Biodustry BkFD10P, Shandong, China). The peptides were purified by using 

a preparative high-performance liquid chromatography system (HPLC, Agilent 1200 

series). Agilent Zorbax 300SB-C18 4.6 × 150 mm column was used together with 

mixture of two different solutions of 0.1% (v/v) TFA/water and 0.1% (v/v) 

TFA/acetonitrile for mobile phase and detection wavelength was selected as 220 nm 

[237]. Mass spectrums of KLD, KLD-IKVAV (KLD-V1), and KLD-YIGSR (KLD-

V2) peptides were characterized via mass spectrometry (Agilent 6530 Q-TOF) with 

an electrospray ionization (ESI) source. (see liquid chromatography and mass spectra 

for KLD, KLD-V1, and KLD-V2 in Figures A1 and 2 and Table A1, Supporting 

Information). 

5.2.2 Self-assembled Hydrogel Fabrication and Characterization 

0.5% and 1% w/v KLD, KLD-IKVAV, and KLD-YIGSR, Biogelx (Biogelx Inc., 

Scotland, UK) hydrogels were produced by dissolving peptide powders in sterilized 

deionized water prior to use. Peptide solutions were mixed with sterilized Dulbecco′s 

Modified Eagle′s Medium (DMEM) cell culture medium with 25 mM 4-(2-

hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) buffer containing no Fetal 

Bovine Serum (FBS). To highlight the importance of anchoring peptides onto SAP 

hydrogel for the cell proliferation, we performed MTT assay additionally for KLD-

unconjugated V1 and KLD-unconjugated V2 by adding unconjugated (IKVAV) V1 

and V2 (YIGSR) in KLD with the same molar ratio in peptide conjugated hydrogel 

(hereafter KLD-unconjugated V1 and KLD-unconjugated V2 denoted as KLD+V1 

and KLD+V2, respectively). 
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The hydrogel samples completely degraded in vitro at 37ºC in simulated body fluid 

(SBF) which was prepared by dissolving  NaHCO3 (4.2 mM), K2HPO4 (1.0 mM), 

NaCl (136.8 mM), KCl (3.0 mM), CaCl2 (2.5 mM), MgCl2.6H2O (1.5 mM) and NaSO4 

(0.5 mM) in deionized water  [239]. The pH of SBF was arranged to 7.4 with 60 mM 

NaHCO3 solution. After the SAP hydrogels with a diameter of 12 mm were shaken 

continuously in an orbital shaker at 100 rpm in SBF, the hydrogels were lyophilized 

and weighed at intervals of 7 days and mass losses were measured [240] 

The nanofiber surface topography of SAP hydrogels was investigated by Atomic Force 

Microscopy (AFM) (Easyscan 2, Nanosurf AG, Liestal, Switzerland) via the Nanosurf 

Easyscan 2 software. The scanning procedure was operated in tapping mode using a 

silicon cantilever probe Tap190Al-G (Buged Sensors, Sofia, Bulgaria) with the 

following parameters; a force constant of 48 N/m and resonance frequency of 65 kHz. 

For the sample preparation, 1 µL of hydrogels were mixed with 19 µL deionized water 

and the samples were spread on the mica substrate. After the samples were gelled, 

SAPs were dried by lyophilization. Self-assembled nanofibers were scanned in dry 

conditions. 

The self-assembled nanofibrous structure was observed with a Scanning Electron 

Microscope (SEM; Carl Zeiss Microscopy, Germany) with an accelerating voltage of 

3kV after coating with gold in the rotary pumped coater (QUORUM; Q150 RES; East 

Sussex; United Kingdom) at 20 mA for 60 seconds. The SAP structures were prepared 

with the sample preparation method for AFM imaging. After the scale bars of images 

were obtained from SEM software and the average fiber size were calculated with 100 

different peptide fiber diameter in the image with ImageJ software (National Institutes 

of Health, Bethesda, MD, USA). 

Disk-shaped hydrogel samples were cut with a 20-mm cork borer and put on discovery 

hybrid rheometer-2 (HR2, TA Instruments, New Castle, DE). The storage (G' ) and 

loss moduli (G'') were recorded with the parameters following parameters:  the gap of 

0.5 cm, a shear strain of 1%, and angular frequency of 0,1-10 rad/s, as previously 

described [240]. 
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5.2.3 Cell Culture and Proliferation Analysis 

hMSCs (HMSC-AD-500, CLS cell lines Service, Lot#102, Eppelheim, Germany) and 

HUVECs (kindly donated from Ege University Research Group of Animal Cell 

Culture and Tissue Engineering Laboratory) were cultivated in DMEM containing 

FBS (10%), penicillin-streptomycin (100 units/mL), amphotericin-B (250 ng/mL), and 

gentamicin (50 µg/mL). Cell culture medium was replaced with fresh medium with 

intervals of two days.  The hMSCs/HUVECs (1:1) suspension was encapsulated in 

hydrogel (5x106 cells/ml). After incubation for 24 hours for cell adhesion, the medium 

was replaced with vasculogenic medium (EGM-2 Bullet Kit (Lonza, Walkersville, 

USA) contained hydrocortisone, epidermal growth factor (hEGF), fibroblast growth 

factor (hFGF-B), ascorbic acid, insulin-like growth factor (R3-IGF-1), heparin, 

ascorbic acid, GA-1000 (gentamicin, amphotericin-B), with 10% FBS) and cultured 

in a humidified 5% CO2 incubator for up to 7 d. The negative control group was 

determined as hMSCs/HUVECs (1:1) encapsulated KLD incubated in the 

vasculogenic medium. 

For the cell proliferation analysis of HUVECs/MSCs that were encapsulated into the 

hydrogels, 3- (4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide (MTT) 

(Vybrant® MTT Cell Proliferation Assay Kit, Invitrogen, Waltham, MA, USA) assay 

was performed at 1., 4. and 7.  days of the culture as previously described [201]. First, 

the cell medium was removed and 10% MTT dye in the culture medium was added to 

each sample. The procedures with MTT were carried out in the dark. Encapsulated 

cells were incubated in the MTT dye for 4 hours at 37℃ and 5% CO2. Then, MTT dye 

was removed from the samples, and 500 µl dimethyl sulfoxide (DMSO, Sigma-

Aldrich, Steinheim, Germany) was added for dissolving formazan crystals. Hydrogel 

structures were smashed by pipetting and the absorbance was measured at 570 nm 

using a microplate reader (Biotek Synergy HTX, Winooski, VT, USA).  

5.2.4 Quantitative Real-time PCR Analysis 

Total cellular RNA in each sample was isolated at each time point (1, 4, and, 7d) by 

using the Blood/Cell Total RNA Mini Kit (Geneaid, Sijhih City, Taiwan). cDNA was 

converted from the extracted purified RNA by using M-MuLV First Strand cDNA 
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Synthesis Kit (Biomatik, Ontario, Canada). The cDNA was subjected to Step One Plus 

Real-time PCR system (Applied Biosystems, Foster City, USA) amplification with 

gene-specific primers. Forward and reverse primers for RT-qPCR, shown in Table 5.1, 

including platelet/endothelial cell adhesion molecule-1 (PECAM-1) [241], von 

Willebrand factor (vWF)[242], vascular endothelial cadherin (VE-cadherin) [241],  

and glyceraldehyde 3-phosphate dehydrogenase (GAPDH) were purchased from 

Sentegen Biotechnology (Ankara, TURKEY) and used to evaluate gene expression 

[209]. The differential expression of genes PECAM-1, vWF, and VE-cadherin was 

quantified by StepOne Software v2.3 and Ct values were classified by the 2(-ΔΔCt) 

method described elsewhere [210, 243]. Every group was experimented with in qPCR 

as doublet and repeated as triplicate (n = 6). 

Table 5.1: Forward and reverse primers. PECAM-1, Ve-Cadherin, vWF, and 

glyceraldehyde 3-phosphate dehydrogenase (GAPDH; housekeeping gene) 

(GAPDH) used to assess vasculogenic differentiation in qRT-PCR amplification 

GENES Forward Primer Reverse Primer 

PECAM-1 GCTGACCCTTCTGCTCT

GTT 

TGAGAGGTGGTGCTGACA

TC 

VE-Cadherin TCACCTGGTCGCCAATC

C 

AGGCCACATCTTGGGTTC

CT 

vWF CCCATTTGCTGAGCCTT

GT 

GGATGACCACCGCCTTTG 

GAPDH GAAATCCCATCACCAT

CTTCC 

CCAGCATCGCCCCACTT 

5.2.5 In vitro Angiogenesis Assay 

To determine the pro-angiogenic activity of SAP hydrogels, in vitro angiogenesis 

assay was performed to examine the inducing angiogenesis effect of SAP hydrogels. 

The 100 µL of 1% (w/v) KLD-V1, KLD-V2, KLD, and Biogelx peptide solution was 

poured into wells of 96-well multi-well plate. 200 µL DMEM cell culture medium 

with 25 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) buffer 

containing no Fetal Bovine Serum (FBS) was gently added on the top of peptide 

solution for 2 hours gelation. After the excess DMEM was removed, 104 
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hMSCs/HUVECs (1:1) suspension was seed on SAP hydrogels and cultured with 

EGM-2 in a humidified 5% CO2 to enable capillary-like formation in the hydrogels for 

7 d. Cells were then fixed with PBS containing 0.2% glutaraldehyde and 1% 

paraformaldehyde. The images were acquired using an inverted microscope and 

analyzed using a program developed for the ImageJ software with the “Angiogenesis 

Analyzer” plugin [244, 245]. 

5.2.6 Immunofluorescent Staining 

Immunofluorescence staining was carried out to observe protein expression and nuclei 

in HUVEC/hMSC by using primary and secondary antibodies and phalloidin and 4',6-

Diamidino-2-Phenylindole (DAPI), respectively [197]. Cell-encapsulated KLD SAP 

hydrogels and Biogelx were rinsed with PBS. The fixation was performed by 4% 

paraformaldehyde. 0.1% Triton X-100 in PBS was used to permeabilize to allow DAPI 

and antibodies to access intracellular epitopes. 1.5% bovine serum albumin (BSA) in 

PBS was used to eliminate unspecific binding within the cell. Then, samples were 

incubated in primary antibodies in PBS containing 1% BSA overnight at 4°C. Primary 

antibodies (Santa Cruz Biotechnology Inc., Santa Cruz, California, USA) were used 

included mouse monoclonal antibody against PECAM-1 (cat. no. sc-376764; 1:50), 

and mouse monoclonal antibody against vWF antibody (cat. no. sc-365712; 1:50). 

Fluorescence secondary antibodies (Santa Cruz Biotechnology Inc., Santa Cruz, 

California, USA) included m-IgG kappa BP-FITC (cat. no. sc-516140; 1:200) and m-

IgG kappa BP-PE (cat. no. sc-21742; 1:200) were diluted with 1% BSA. The 

fluorescent microscope (Olympus CKX41, Tokyo, Japan) was used for imaging. 

5.2.7 Statistical Analysis 

All the data that are obtained, were statistically analyzed with two-way ANOVA 

(SPSS 12.0, SPSS GmbH, Germany) and the Student-Newman-Keuls technique as a 

post hoc test. At least three samples from all experimental groups were tested (n = 3) 

and experiments were at least three replicates. Average values, standard deviations, 

and standard error values of all results were determined. Meaningful distinctions 

among groups were defined at p values (***p < 0.001, **p < 0.01, *p < 0.05). 
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5.3 Results 

5.3.1 Characterization of Hydrogels 

KLD, KLD-IKVAV, KLD-YIGSR, and Biogelx hydrogels were produced and 

characterized on KLD, KLD-IKVAV (KLD-V1), and KLD-YIGSR (KLD-V2) 

groups. Vasculogenic differentiation of HUVECs/hMSCs was assessed on 0.5% and 

1% w/v KLD (control), KLD-IKVAV (KLD-V1), and KLD-YIGSR (KLD-V2), 

Biogelx (positive control) groups. 

AFM analyses were assessed for the topography of SAP structures (see Figure 5.2). 

Moreover, SEM imaging was used to confirm the self-assembled nanofiber network 

in the SAP hydrogel structures (see Figure 5.3). 0.5 % KLD, KLD-V1, and KLD-V2 

were used to observe structure because the hydrogels in higher concentration disabled 

to observe the fiber topography morphology in both AFM and SEM imaging. The 

average diameter of nanofibers was approximately 19±3, 19±1, and 18+1 nm in the 

KLD, KLD-V1, and KLD-V2, respectively in the AFM and SEM images.  

Figure 5.2: Representative 3D topographical view of (a) KLD-V1, (b) KLD-V2 Self-

assembled peptide (SAP) nanofibers obtained by Atomic Force Microscopy 
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Figure 5.3: Scanning electron microscopy images of (a) KLD-V1, (b) KLD-V2 Self-

assembled peptide (SAP) nanofibers (scale bar represents 200 nm). 

 

The macroscopic properties of SAP hydrogels were evaluated by rheology 

measurements (see Figure 5.4). The same rheological properties were observed in 

KLD-V1 and KLD-V2. The crossover points between the storage modulus (G') and 

the loss modulus (G") observed at the same frequencies in equal peptide 

concentrations. The maximum storage modulus remained below 1000 Pa for all 

solutions. G' and G" has increased with concentration and remained relatively constant 

as a function of frequency. In rheology analysis, KLD hydrogels containing two 

different vasculogenic epitopes (IKVAV and YIGSR) are expressed in the form of 

KLD-V as they are rheologically similar. The value of storage modulus (G') was 

observed in 1% KLD-V1 and 0.5% KLD-V1 as between 215-260 Pa and 160-200 Pa, 

respectively. The value of loss modulus (G") was observed in 1% KLD-V1 and 0.5% 

KLD-V1 as between 30-60 Pa and 20-35 Pa, respectively.  
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Figure 5.4: Rheology analysis of 0.5%, and 1% (a) KLD-V1, (b) KLD-V2 Self-

assembled peptide (SAP) hydrogels. G' and G" represents storage and loss modulus, 

respectively 

The biodegradation of hydrogels was calculated every 7 d (see Figure 5.5). The 

duration required for complete degradation was similar in KLD, KLD-V1, and KLD-

V2 groups in equal concentration. 0.5% and 1% hydrogels completely degraded after 

35 d and 42 d respectively. The difference in biodegradation time was not statistically 

significant between KLD, KLD-V1, and KLD-V2 groups.  

Figure 5.5: Biodegradation of 0.5% and 1% KLD-V1, KLD-V2 Self-assembled 

peptide (SAP) hydrogels (Time periods: 7,14,21,28, 35,42,49,56, and 63 days) 
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5.3.2 Proliferation of HUVEC/MSC in SAP Hydrogels 

The viability and proliferation of HUVEC/hMSC in KLD, KLD-V1, KLD-V2, 

KLD+V1, KLD+V2, and Biogelx peptide hydrogels were assessed by MTT assay with 

respect to incubation time of 1, 4, and 7 d (see Figure 5.6). The cell number of 0.5% 

and 1% KLD, KLD-V1, KLD-V2 KLD+V1, KLD+V2, and Biogelx increased slightly 

with incubation time. The cell number of the 1% KLD-V2 group was significantly 

higher than KLD, KLD-V1, and Biogelx at each time point. At Day 7, the ratio of cell 

number in 1% KLD-V2 was 7,393,333±89,876 while 3,630,000±116,237 

(p***<0,001), 2,280,000±51,316 (p***<0,001), and 2,165,000±147,460 

(p***<0,001) in KLD-V1, Biogelx and KLD, respectively. 

Figure 5.5: Cell number of HUVEC/hMSC encapsulated in 0.5% (A), 1% (B) KLD-

V1, KLD+V1, KLD-V2, KLD+V2, and Biogelx and incubated in vasculogenic 

medium for up to 7 days. The error bars indicate the mean SE (n = 3) of the data. 

[One-way ANOVA was used to assess significant differences.] [(*p\0.05, **p\0.01, 

***p\0.001) Newman–Keuls multiple contrast test] 

 

5.3.3 Quantitative Real-time PCR Analysis 

Expression of PECAM-1, vWF, and VE-cadherin as vasculogenic markers with 

incubation time for HUVEC/MSC-encapsulated SAP hydrogels is depicted in Figures 

5.7a-f, respectively. Expression of PECAM-1, vWF, and VE-cadherin in the KLD 

control group was significantly lower than for Biogelx, KLD-V1, and KLD-V2. 

PECAM-1 expression, peaking at day 1 and 4, returning to the baseline level at day 7.  

vWF and VE-cadherin expression increased gradually with incubation time. Higher 
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expression of vasculogenic markers PECAM-1, vWF, and VE-cadherin was observed 

in 1% concentration for all groups. Furthermore, PECAM-1, vWF, and VE-cadherin 

expression was highest for 1% KLD-V2 for each time point. For instance, vWF 

expression for 1% KLD-V2 at day 7 was 28,80±1,52 while that for KLD, Biogelx and 

KLD-V1 was 2,25±1,06, 7,93±0,03, and 11,58±0,28 (p***<000.1) respectively; VE-

cadherin expression for 1% KLD-V2 at day 7 was 17,57±0,98 while that for KLD, 

Biogelx and KLD-V1 11,42±0,80, 11,73±1,05, 11,42±0,50 and (p***<000.1) 

respectively; and expression of PECAM-1 for KLD-V2 at day 4 was 33,26 ± 0,57 

while that for KLD, Biogelx and KLD-V1 was 7,72±1,45  8,55±0,18, and 14,16±1,93 

(p***<000.1) respectively. 

Figure 5.6: The mRNA expression levels (as fold difference) of (a) PECAM-1, (b) 

VE-Cadherin, (c) vWF, in 0.5 % and (d) PECAM-1, (e) VE-Cadherin, (f) vWF in 1 

% KLD, KLD-V1, KLD-V2, and Biogelx after HUVEC/hMSC encapsulation and 

incubation in vasculogenic medium for up to 7 days. The error bars indicate the mean 

SE (n = 3) of the data. [One-way ANOVA was used to assess significant 

differences.] [(*p\0.05, **p\0.01, ***p\0.001) Newman–Keuls multiple contrast test] 

5.3.4 In vitro Angiogenesis Assay 

The pro-angiogenic activity of laminin-derived peptide conjugated KLD SAP 

scaffolds after 7 d was evaluated by an in vitro tube formation assay (see Figure 5.8). 
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hMSCs/HUVECs (1:1) were seed onto SAP cell culture dishes and the angiogenic 

response measured on the capillary-like network formed after 7 d incubation with the 

parameters of mean mesh size, total meshes area, number of meshes, total length, 

number of junctions, number of nodes. Each parameter of the capillary-like network 

was higher in the KLD-V2 group compared to KLD-V1, Biogelx, and KLD groups. 

Figure 5.7: Capillary-like tube formation assay. Representative microscopic images 

of the capillary network of 1 % (a) KLD, (b) KLD-V1, (c) KLD-V2, (d) Biogelx 

after HUVEC/hMSC encapsulation and incubation in vasculogenic medium for up to 

7 days. (Scale bar represents 200 µm). Histogram representing (e) Mesh mean size 

(f) Total tube length (g) Number of meshes (h) Number of junctions (i) Total mesh

area (J) Number of nodes of the capillary-like network as calculated from image the

analysis. The error bars indicate the mean SE (n = 3) of the data. [One-way ANOVA

was used to assess significant differences.] [(*p\0.05, **p\0.01, ***p\0.001) 

Newman–Keuls multiple contrast test] 

5.3.5 Immunofluorescent Staining 

Immunostaining images of HUVEC/MSC encapsulated in 1% KLD, KLD-V1, KLD-

V2, and Biogelx are shown in Figure 5.9 a-d which represents the groups of Biogelx 

as a positive control (a), KLD as negative control (b), KLD-V1 (c) and KLD-V2 (d) 

respectively stained with PECAM-1(red) and, vWF (green). The expression of these 
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vasculogenic related proteins was drastically higher for HUVEC/hMSC on KLD-V2 

than those on KLD-V1, Biogelx, and KLD, respectively. KLD group showed weak 

staining for both markers while vasculogenic epitope containing groups showed 

moderate to strong staining for vasculogenic markers PECAM-1, and vWF. 

Immunofluorescence staining of differentiated HUVEC/MSC also confirmed q-PCR 

results. The expression pattern of PECAM-1, and vWF in HUVEC/hMSC were 

determined by immunofluorescent staining at day 7 and the results were consistent 

with q-PCR results. 

 

 

Figure 5.8: Expression pattern of vasculogenic markers PECAM-1(red), and vWF 

(green) for HUVEC/hMSC encapsulated in 1% (a) Biogelx, (b) KLD, (c) KLD-V1 

(d) KLD-V2 after 7 days incubation in vasculogenic medium. (Scale bar represents 

100 µm). 

 

5.4 Discussion 

In a cell-based engineered tissue construct, the ability to accomplish mass transfer is 

critical to increasing the availability of nutrient and oxygen supply. Well-orchestrated 

interactions between the ECM and cells have involved the formation of the vascular 

network in tissues and are affected by biochemical and mechanical cues. Synthetic 
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scaffolds have been tailored to resemble the micro-environment of cells and 

microvascular structure. Short SAPs hydrogel scaffolds which are being integrated 

into biological processes, can be designed with functional sequences to improve 

cellular response. For instance, KLD as a short SAP has been utilized due to self-

assembling property and functionalization capability for tissue engineering 

applications [246]. To mimic the laminin in native ECM, we designed SAP hydrogel 

functionalized with laminin-derived short peptides which are IKVAV (V1) and 

YIGSR (V2). To the best of our knowledge, it is the first-time approach for a 

combination of short KLD hydrogel and two short and bioactive peptides resulting in 

improved vasculogenesis. Our objective was to improve vasculogenesis with SAP 

hydrogels with controlled mechanical properties thereby the hydrogels also enable to 

support nutrient and oxygen delivery. We have designed two SAP which are KLD-V1 

and KLD-V2 and produced the hydrogels in 0.5% and 1% concentrations. The results 

revealed that the self-assembling process was not affected by the addition of laminin-

derived residues to KLD and increasing peptide concentration affected mechanical 

properties of KLD-V1 and KLD-V2 hydrogels. Furthermore, the addition of laminin-

derived peptides to KLD significantly improved proliferation and vasculogenesis of 

hMSC/HUVEC co-culture by inducing PECAM-1, VE-cadherin, and vWF genes and 

proteins expression.  

The self-assembly process of SAP hydrogels is intermolecular and spontaneous and 

the balance between hydrophilicity and hydrophobicity of a peptide often plays a 

significant role to form a hydrogel structure and affects the solubility of SAPs [215]. 

Although the functionalization of SAPs with bioactive epitope is used as an approach 

to direct cell behavior, the functionalization of SAP hydrogels by the addition of 

functional peptide group charge at the N-terminus of the peptide can affect hydrogel 

formation by self-assembling into nanofibers in water. Herein, the addition of 

hydrophobic IKVAV, as well as hydrophilic YIGSR to KLD sequence to the N-

terminus of KLD, the hydrogel formation ability of the SAP, was not affected and the 

hydrogel formation of KLD-V2, KLD-V1, and KLD was confirmed by AFM and 

SEM. In a previous study, Jain et al. designed collagen inspired peptide sequence with 

a combination of the collagen withNap-FF (napthoxy-diphenylalanine) and aromatic 

dipeptide gelator and functionalized with IKVAV and YIGSR by attachment to the N-

terminal [235]. However, these functionalized peptides were reported as insoluble in 
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water due to the extensive hydrophobicity and intermolecular interaction which avoids 

forming an organized network structure in water, and peptides were solved in 10% 

DMSO in DI water. Further, since DMSO concentrations above 1% can decrease cell 

proliferation significantly [247], solvent exchange methods for post-gelation were 

performed to avoid the toxic effect of DMSO.  

SAP hydrogels gained importance as a potential scaffold for vascularization [248]. By 

increasing peptide concentration, variable SAP hydrogel stiffness could be obtained to 

control cell attachment, proliferation, and differentiation [249]. Herein, the 

equilibrium hydrogel modulus changed depending on concentration and vasculogenic 

epitopes and KLD hydrogels containing V1 and V2 epitopes showed similar 

rheological gel properties. At higher concentrations, KLD self-assembled nanofibers 

further assemble into a fibrillar hydrogel network, different vasculogenic epitopes (V1 

and V2) did not significantly affect the rheological properties of the gels. The impact 

of higher concentration (1%) on equilibrium gel modulus was fundamentally attributed 

to intense network topology and results in higher storage modulus. Previous studies 

have demonstrated that hydrogels with improved mechanical properties enhance both 

cell proliferation and vascularization [250, 251]. Lee et al. produced hydrogels that 

contained gelatin−hydroxyphenyl propionic acid (GH) which can be cross-linked to 

enhance the angiogenic potential of MSCs and reported that GH hydrogels with 

increased mechanical properties supported functional vascularization of MSCs [250]. 

Similarly, Lee et al. improved mechanical stiffness by using hydrogen peroxide and 

speculate that the GH with a more effective biomechanical structure increased cell 

viability and subsequently maintained vascularization of hMSCs [251]. Herein, since 

KLD-V1 and KLD-V2 possess similar mechanical features, the effect of mechanical 

properties of hydrogels was eliminated on cell proliferation and vascularization. 

The degradation rate of SAP hydrogels is changed depending on the charge of 

hydrogel components and confirms the stability of hydrogels during vascularization. 

Rapid degradation by proteases commonly limits the effectiveness of hydrogels in 

long-term cell culture, while peptides can be easily incorporated within the hydrogels 

[252]. The hydrogels should allow degradation at a rate similar to tissue formation for 

secretion of ECM [253]. The degradation profile of KLD hydrogel without any epitope 

was previously reported [237] and the degradation profile of KLD-V1 and KLD-V2 
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compared with KLD. The degradation time of 0.5% and 1% KLD hydrogels were 35, 

and 42, respectively and there is no significant difference between KLD and laminin-

derived peptide containing KLD groups. Additionally, the degradation duration to 

confirm the stability of designed KLD hydrogels in vivo can be considered adequate 

to support in-situ tissue formation such as skin, skeletal muscle, and bone tissues [254-

256]. 

The cell number of laminin-derived peptide anchored groups (KLD-V1 and KLD-V2) 

were significantly higher than the groups in which laminin-derived peptide mixed 

groups (KLD+V1 and KLD+V2) at each time point. These results highlighted the 

importance of anchoring peptides onto SAP hydrogel. MTT assay depicted that 

increased SAP hydrogel concentration and the addition of laminin-derived peptides 

resulted in increased cell number and. Increased vasculogenesis due to the addition of 

IKVAV and YIGSR has demonstrated the potential of these two-laminin-derived 

peptides on adhesion, differentiation of ECs [236, 257]. Herein, the effect of 

IKVAV(V1) and YIGSR(V2) laminin-derived peptides on proliferation was 

determined based on MTT assay. MTT assay results revealed that KLD-V2 and KLD-

V1 facilitated the proliferation of HUVEC/hMSC significantly compared to Biogelx, 

and KLD throughout the 7 days of the incubation period. These findings suggest that 

the addition of laminin derived peptides induces cell proliferation. Furthermore, KLD-

V2 consists of YIGSR was found more effective on HUVEC/hMSC proliferation 

compared to KLD-V1 consist of IKVAV. Our results are consistent with an early 

report that showed YIGSR conjugated poly(ethylene glycol) diacrylate (PEGDA) had 

a better influence on endothelial cell adhesion compared to IKVAV conjugated 

PEGDA [236]. However, Ali et al. conjugated IKVAV and YIGSR peptides to 

PEGDA synthetic polymers and formed hydrogel structure by cross-linking procedure 

consists of UV exposure and N-vinyl-2-pyrrolidone (NVP) crosslinker which is toxic 

for the cells [258]. Therefore, SAP hydrogels which are crosslinked physically like 

natural proteins in ECM, are ideal candidates for tissue engineering scaffold compared 

to synthetic polymeric hydrogels such as PEGDA, which need the chemical cross-

linking procedure. This toxic effect may have inhibited the effect on cell proliferation 

and vasculogenic differentiation of the conjugated bioactive isotopes. However, SAP 

hydrogels which are crosslinked physically like natural proteins in ECM might be an 

alternative to photoinitiated polymerization of biomaterials in terms of ease of 
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fabrication, the capability of biofunctionalization, and superior biocompatibility 

properties. Herein, the addition of IKVAV and YIGSR at the N-terminus of KLD 

peptide did not affect the water solubility of SAP and a similar trend was observed 

when the effect of YIGSR and IKVAV on proliferation and endothelial vascular 

formation. ECs binding to collagen IV and laminin is facilitated by integrins and 

affects the adhesion and proliferation of cells by the αvβ3 integrin and αvβ3 integrin 

enhance ECs attachment in response to IKVAV and YIGSR peptides. Ali et al. 

demonstrated the deposition of collagen IV and laminin is higher in YIGSR conjugated 

PEGDA compared to IKVAV conjugated PEGDA throughout 28 days. Herein, the 

more expression of ECM proteins such as laminin and collagen IV in KLD-V2 might 

provide more attachment points for αvβ3 integrin compared to KLD-V1. 

Vascularization of tissue constructs is important for clinical application. The scaffolds 

should support endothelial cells to maintain new vessel formation. During vessel 

formation, endothelial cells secrete vascular endothelial growth factors, angiogenic 

growth factors, and angiopoietins insignificant levels to improve early capillary 

network formation [259]. HUVECs have been known to form capillary-like networks 

by expressing mature endothelial cell markers such as PECAM-1 (CD31), vWF, and 

VE-cadherin in vitro [260]. Gene expression results showed V1 and V2 laminin-

derived peptides containing KLD hydrogels improved vasculogenic differentiation in 

HUVECs/hMSCs compared to KLD hydrogel. Nevertheless, the expression of 

PECAM, Ve-cadherin, and vWf mRNA in KLD-V2 is higher compared to KLD-V2 

at each time point. However, it is interesting to remark on the enhanced expression of 

PECAM, Ve-cadherin, and vWf mRNA in increased hydrogel concentration for each 

time point.  PECAM-1, which is a cell adhesion molecule from trans-membrane 

glycoprotein member of the Ig superfamily, expressed in endothelial cells at the cell-

cell interface, and the expression of PECAM is used to specify the microcapillary-like 

structure or lumina [246, 261]. HUVECs secrete PECAM-1 for vessel formation and 

maintenance [262]. Our results showed that strong PECAM-1 expression can be 

observed on KLD-V1 and KLD-V2. The ability of HUVECs to form lumina depends 

on the properties of the ECM, which can influence the migration of HUVECs [263].  

Nevertheless, the continuous PECAM-1 expression by the HUVECs was not observed. 

On day 7, PECAM-1 expression was decreased, whereas the continuous trend was 

observed up to day 4 for all groups. It is generally considered that MSCs generally 
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affect negatively PECAM expression [264]. However, VE-cadherin and vWF 

expression was increased up to 7 days for all groups. VE-cadherin is present at 

endothelial adherent junctions and plays an important role in the intercellular adhesion, 

differentiation, growth, and migration of HUVECs [265]. The expression of VE-

cadherin can be regulated depending on the mechanical properties of the environment 

around endothelial cells [266] and bioactive molecules [267]. In this study, increased 

concentration of SAP hydrogels and addition of bioactive peptides (V1 and V2) 

resulted in increased Ve-cadherin expression which regulated depending on 

mechanical and biological properties of the matrices around the cells. VWF is a 

multifunctional glycoprotein that regulates blood formation. VWF is expressed in ECs 

to regulate the levels of αvβ3 and its internalization. The cell-binding motifs presented 

IKVAV, and YIGSR is commonly used as a cell adhesion motif that is known to bind 

through αVβ3 [268]. Herein, αVβ3 internalization of IKVAV and YIGSR in KLD-V1 

and KLD-V2, respectively can be related increased VWF expression. 

Laminin-derived peptide containing SAP hydrogels could significantly enhance the 

expression of PECAM-1, and vWF proteins, which is of great importance for 

vascularization because of the multifunction of these factors in different stages of 

nerve regeneration. 1% Biogelx and KLD showed moderate staining for vasculogenic 

proteins such as PECAM, and vWF, while 1% KLD-V2 and KLD-V1 hydrogel groups 

showed strong staining for the vasculogenic proteins. This pattern is probably due to 

the increased HUVECs/hMSCs population found by cell proliferation analysis and 

probably decreased HUVECs/hMSCs population in control groups led to the inability 

of HUVECs to contact and form a microcapillary-like structure. The bioactivity of 

scaffolds to induce vasculogenesis was usually assessed by evaluating the ability of 

scaffolds to release vasculogenic growth factors from endothelial cells such as 

PECAM, and vWF. The expression of these vasculogenesis-related proteins such as 

PECAM, and vWF was drastically higher for hMSCs in KLD-V2 than those in KLD-

V1, Biogelx, and KLD, respectively. In consistent with real-time PCR results, 

HUVECs/hMSCs on KLD-V1 showed higher expression of these markers compared 

to those on KLD, highlighting the vasculogenic inductive effect of laminin-derived 

peptides. Based on these protein expression trends, we suggest that it may be that 

HUVECs/hMSCs can benefit from laminin-derived peptides for 7 days while the cells 
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are adapting to their environment and release paracrine signals which are vital during 

the early stages of vasculogenesis.  

5.5 Conclusion 

In summary, KLD hydrogel was successfully functionalized with laminin-derived 

peptides through direct solid-phase synthesis extension at the amino terminal. SAP 

hydrogels were successfully formed and laminin-derived peptide-functionalized 

improved the vasculogenesis potential of the KLD hydrogels. Moreover, YIGSR(V2) 

containing KLD sharply increased proliferation compared to IKVAV(V1) peptide 

containing KLD. Our findings revealed that KLD hydrogel functionalized with YIGSR 

templated peptides had more potential on inducing vasculogenesis and these laminin-

derived peptides could improve the blood vessel formation in the tissue construct. 

Improving vascularization can recompense the loss of function in tissues or organs by 

promoting the survival of transplanted cells [269]. 
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Chapter 6 

Self-assembled peptide Hydrogel for 

Accelerating the Osseointegration Period 

of Dental Implants  

6.1 Introduction 

Since the 1980s, dental implants have become an integral part of the treatment of 

partially and completely edentulous patients due to improved grafting materials [270, 

271]. However, the issues that lead to osseointegration failures, such as insufficient 

bone formation around the implant and the development of direct implant-bone 

interaction, have been continuing to be the most difficult obstacles to the clinical 

effectiveness of oral implants [272, 273]. Biomechanical integration, as well as 

biological interactions via biochemical bonding, are needed for the osseointegration of 

bone tissues. Researchers have recently concentrated on methods to enhance 

osseointegration by biological mediators and coating methods [274]. 

Hydrogels have a 3-D  and interrelated structure, which can provide a biocompatible 

ECM environment for the cells to attach and proliferate while supporting bone 

formation at the defect area [275]. Injectable hydrogels should be capable of non-

invasively filling irregularly-shaped spaces as a less invasive alternative bone tissue 

engineering strategy to the painful and long invasive surgery [276]. Hydrogels used as 

a bone filler substitute should induce osseointegration by allowing the growth factors 

to release and enhancing osteogenesis. Hydrogel solutions containing biomolecules 

or/and cells are introduced to the defect area can resemble the surrounding 

environment [277]. Self-assembling peptide hydrogels (SAP) with structural and 
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functional properties similar to bone tissue have significant potential for applications 

in bone tissue engineering. SAP hydrogels are emerging biomaterials for bone 

regeneration because they develop spontaneously in the absence of chemical 

crosslinkers or physical stimuli such as heat or UV irradiation. By functionalizing with 

different peptide epitopes, SAP hydrogels can not only form a temporary 3D network 

but also guide bone regeneration and increase the bioactivity of the matrix [207]. In 

our previous work, we developed injectable five glutamic acids templated KLD 

(KLDLKLDLKLDL) SAP hydrogel which improved the osteoinductive capacity of 

KLD SAP hydrogels [237]. 

In dental applications, both achieving an optimal cell response at the implant-tissue 

interface and penetration of the implant into the surrounding tissue affect the ultimate 

performance of implants [278]. In several physiological conditions such as bone 

growth and fracture curation, as well as bone regeneration and the osseointegration of 

implanted implants, angiogenesis is an important mechanism for the formation of new 

vascular capillaries [279]. The implant materials should promote peri-implant bone 

formation and angiogenesis. Blood vessel development in vivo is a dynamic 

mechanism that requires the coordination of multiple growth factors and events. 

PECAM-1, vWF, and Ve-cadherin are among several known growth factors that 

contribute to the initiation and regulation of angiogenesis around the implant site 

[280]. The involvement of vascular networks regulates bone growth and regeneration 

since bone is a highly vascularized tissue [281].  

The objective of the study is to develop and characterize in situ multifunctional SAP 

hydrogels, which can support osteogenic and vasculogenic differentiation and 

determine the efficacy of multifunctional SAP hydrogel on the dental implant 

osseointegration process (see Figure 6.1). The novelty of this study is to develop 

multifunctional SAP hydrogels that induce both osteogenic and vasculogenic 

differentiation of MSCs and HUVECs with their functional epitopes and develop 

multifunctional SAP hydrogels on dental implant osseointegration. Herein, SAP 

hydrogels that can induce both osteogenesis and vasculogenesis were developed. The 

effect of epitopes that were added to SAP structure on inducing osteogenesis and 

vasculogenesis of hMSC cocultured with HUVEC were evaluated by biochemical, 

immunostaining, and gene expression analysis. The efficacy of using multifunctional 
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SAP hydrogel on dental implant osseointegration was determined with resonance 

frequency analysis, reverse torque testing, right after in vitro studies. Multifunctional 

SAP hydrogel enhanced both osteogenesis and vasculogenesis in vitro. Furthermore, 

SAP hydrogels improved the mechanical stability of titanium implants in vivo studies 

using a tibial defect rabbit model. Injectable multifunctional scaffolds that were 

developed in this study could be used in clinics to accelerate dental implant 

osseointegration. 

Figure 6.1: Schematic illustration of multifunctional self-assembled peptide (SAP) 

hydrogel for dental implant osseointegration 

6.2 Materials and Methods 

6.2.1 Peptide Synthesis 

Ac-Lys-Leu-Asp-Leu-Lys-Leu-Asp-Leu-Lys-Leu-Asp-Leu-NH2 (KLD), KLD-

EEEEE (KLD-Glu-Glu-Glu-Glu-Glu-NH2), KLD-YIGSR (KLD-Tyr-Ile-Gly-Ser-

Arg-NH2) were synthesized on MBHA resin as described in Chapter 2 by using the 

automated peptide synthesis device.  Briefly, all amino acids were coupled by 

removing the Fmoc-protecting group of amino acids. For each coupling step, the amine 

groups which were not reacted were acetylated. Each deprotection and coupling 

reaction was monitored by the Kaiser test. The peptides were separated from resin. 

The peptides were purified via preparative HPLC system and mass spectrums of KLD, 
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KLD-EEEEE (KLD-O), and KLD-YIGSR (KLD-V) peptides were characterized (see 

liquid chromatography and mass spectra for KLD, KLD-O2, and KLD-V2 in Figure 

S1 and 2 and Table S1, Supporting Information). 

6.2.2 Self-assembled Hydrogel Fabrication 

2% w/v multifunctional SAP hydrogel (KLD-O-V) were prepared by mixing KLD-O 

and KLD-V at the same molar ratio. 2% KLD-O-V, KLD, and Biogelx (Biogelx Inc., 

Scotland, UK) were produced by dissolving in di water and mixed with sterilized 

DMEM with 25 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) 

buffer containing no FBS. The highest concentration for KLD-O-V, KLD-O, KLD, 

Biogelx was selected as 2% w/v due to the complete solubility problem of peptides 

over 2% w/v in di water.  

6.2.3 In vitro Cell Differentiation 

6.2.3.1 Cell Seeding and Proliferation Analysis 

hMSCs and HUVECs were cultivated in containing FBS (10%), penicillin-

streptomycin (100 units/mL). Fresh medium was added to cultures at intervals of 2 

days. 5x106 cells/ml hMSCs and HUVEC/ hMSCs (1:1) co-culture were encapsulated 

in SAP hydrogels by using basal medium. After 24 h, the medium was replaced with 

a mixture of osteogenic medium and vasculogenic medium (1:1). The osteogenic 

medium contains basal medium supplemented with 50 µg/mL ascorbic acid, 100 nM 

dexamethasone, 10 mM ß-glycerophosphate. The vasculogenic medium was prepared 

by using EGM-2 (Lonza, Walkersville, USA) contained ascorbic acid, hydrocortisone, 

insulin-like growth factor (R3-IGF-1), fibroblast growth factor (hFGF-B), epidermal 

growth factor (hEGF), gentamicin, amphotericin-B, heparin with 10% FBS. Cells for 

osteogenic differentiation and vasculogenic differentiation were cultured at 5% CO2 

for 28 d, and 7 d, respectively. 

For the cell proliferation analysis of HUVECs/MSCs that were encapsulated into the 

hydrogels, 3- (4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide (MTT) 

(Vybrant® MTT Cell Proliferation Assay Kit, Invitrogen, Waltham, MA, USA) assay 
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was performed at 1., 4. and 7.  days of the culture as previously described [173]. First, 

the cell medium was removed and 10% MTT dye in the culture medium was added to 

each sample. The procedures with MTT were carried out in the dark. Encapsulated 

cells were incubated in the MTT dye for 4 hours at 37℃ and 5% CO2. Then, MTT dye 

was removed from the samples, and 500 µl dimethyl sulfoxide (DMSO, Sigma-

Aldrich, Steinheim, Germany) was added for dissolving formazan crystals. Hydrogel 

structures were smashed by pipetting and the absorbance was measured at 570 nm 

using a microplate reader (Biotek Synergy HTX, Winooski, VT, USA).  

6.2.3.2 Osteogenic differentiation in multifunctional hydrogels 

At each time point (7, 14, 21, and 28 d), double-stranded DNA content, ALPase 

activity, and calcium content of the samples of cell-encapsulated hydrogels were rinsed 

with PBS.10 mM Tris containing 0.2% triton in PBS was used to take lysate for 

measurement of DNA content, ALPase activity, and calcium content. [201]. DNA 

Quantification Kit was purchased from Sigma Aldrich (St. Louis, MO, USA), and 

ALPase assay and Calcium Assay were purchased from Bioassay Systems (Hayward, 

CA, USA). Briefly, bisBenzimide H 33258 Solution was prepared and added on lysed 

samples in a 96-well plate. Fluorescence (excited at a wavelength of 360 nm) was 

measured using a spectrophotometer (BioTek, Winooski, VT, USA) at an emission 

wavelength of 460 nm, at ambient temperature. ALP activity was measured by p-

nitrophenylphosphate (pNPP) at 405 nm in alkaline solution using ALP kit. Briefly, 

50 μL of lysed sample to 200 μL total reaction volume were used for initiating the 

reaction by the addition of assay buffer, 5 mM magnesium acetate, and 10 mM pNPP 

in a 96-well plate. Optical density (OD) in 405 nm was measured at initial time (t= 0) 

and after 4 min (t= 4 min) on multi-plate reader (BioTek, Winooski, VT, USA). The 

calcium content of hydrogels was measured by adding 50 μL of the suspension to 150 

μL of the working solution. The wavelength of 612 nm was used to measure 

absorbance. A calibration curve was created with reference calcium solutions and the 

intensity values were associated with the equivalent calcium values. The calcium 

deposit and ALP activity were calculated by normalizing by dividing DNA content at 

each time point. 
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Total cellular RNA was isolated at 7 d, 14 d, 21 d, and 28 d for q-PCR analysis. Briefly, 

SAP hydrogels were rinsed with PBS and incubated in trypsin. Then, the samples were 

centrifuged at 850 rpm for 5 min. RNA isolation Kit (Geneaid, Sijhih City, Taiwan) 

was applied to all samples according to the manufacturer’s instruction. The samples 

were reacted with reaction buffer for lysis. RNAs were collected in RNase Free Water 

after washing with W1, wash buffer solution, respectively. The RNA sample 

concentration was measured with nanodrop (Nanodrop 2000, Thermo Scientific, 

Wilmington, DE) and stored at -20°C. After total cellular RNA was resuspended in 

water (nuclease-free) and remaining genomic DNA contaminations were digested by 

TURBO DNAse (Ambion, Austin, TX) by incubating for 30 min at 37°C and 

incubated in DNase Inactivation Reagent for 5 min at 37°C. RNAs were centrifuged 

in 10000 RCF for 2 min to precipitate DNA molecules. cDNA converted by cDNA 

Synthesis Kit Protocol (Biomatiks, K5147). Briefly, after 1 μl Oligo dT (10 μM), 1 μl 

Random Primer (10 μM), 1 μl dNTP Mix, 14.5 μl Nuclease Free Water were added 

into 1 ng-2 μg/rxn RNA incubated at 65°C for 5 min. RNase Inhibitor, RT Buffer, M-

MuLV Reverse Transcriptase were mixed and all components (20 μl) were collected 

by brief centrifugation and incubated at 25°C for 10 min, at 42°C 50 min, at 85°C for 

5 min. and stored at -20°C. Forward and reverse primers including glyceraldehyde 3-

phosphate dehydrogenase (GAPDH), alkaline phosphatase (ALP), Collagen type I 

(COL-1), osteocalcin (OCN), and osteopontin (OPN) purchased from Sentegen 

Biotechnology (Ankara, TURKEY), shown in Table 3.1 in Chapter 3. Power SYBR 

Green PCR Master Mix (Applied Biosystems, Foster City, USA) and Step One Plus 

Real-time PCR system (Applied Biosystems, Foster City, USA) were used to 

quantifying ALP, COL-1, OPN, and OCN. GAPDH differential expression is used for 

housekeeping gene and other primers were normalized according to GAPDH. Briefly, 

200 nmol primers (0,1mM), SYBR Master Mix, cDNA was mixed and diluted 1:10 

ratio with water. qPCR was formed with the following stages: Holding Stage at 95°C 

for 10 min., Cycling Stage at 95 °C for 15 sec. and at 64,4 °C for 1 min, Cycling Stage 

includes at 64,4 °C, Melt Curve Stage at 95 °C 15 sec, at 60 °C and 95°C for 15 sec. 

The Ct values obtained from experiments (n=6) were classified by the 2(-ΔΔCt) method. 

Immunofluorescence staining was carried out to observe protein expression and nuclei 

in hMSCs by using primary and secondary antibodies and phalloidin and 4',6-

Diamidino-2-Phenylindole (DAPI), respectively [197]. Cell-encapsulated KLD SAP 
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hydrogels and Biogelx were rinsed with PBS. The fixation was performed by 4% 

paraformaldehyde. 0.1% Triton X-100 in PBS was used to permeabilize to allow DAPI 

and antibodies to access intracellular epitopes. 1.5% bovine serum albumin (BSA) in 

PBS was used to eliminate unspecific binding within the cell. Then, samples were 

incubated in primary antibodies in PBS containing 1% BSA overnight at 4°C. Primary 

antibodies (Santa Cruz Biotechnology Inc., Santa Cruz, California, USA) were used 

included mouse monoclonal antibody against COL-1 (cat. no sc-59772; 1:50), mouse 

monoclonal against OPN antibody (cat. no. sc-21742; 1:50), and mouse monoclonal 

antibody against OCN (cat. no. sc-365797; 1:500). Fluorescence secondary antibodies 

(Santa Cruz Biotechnology Inc., Santa Cruz, California, USA) included m-IgG kappa 

BP-FITC (cat. no. sc-516140; 1:200) and m-IgG kappa BP-PE (cat. no. sc-21742; 

1:200) were diluted with 1% BSA. The fluorescent microscope (Olympus CKX41, 

Tokyo, Japan) was used for imaging. 

Calcium deposition on hMSCs encapsulated hydrogels over 28 d were evaluated by 

Alizarin Red staining (Alizarin Red S, Sigma Aldrich, St. Louis, MO, USA).  Briefly, 

hMSCs were fixed for 15 minutes using 4 % PFA followed by wash steps using PBS 

(1x), and the staining solution (1% Alizarin Red S in ddH2O) was applied for 30 

minutes followed by imaging using the inverted microscope (Olympus CKX41, 

Tokyo, Japan). 

6.2.3.3 Vasculogenic differentiation of in multifunctional hydrogels 

The RT-qPCR analysis was performed in each sample was isolated at each time point 

(1, 4, and, 7d) as described in the osteogenic differentiation part. Forward and reverse 

primers for RT-qPCR, shown in Table 4.1 in Chapter 4, including platelet/endothelial 

cell adhesion molecule-1 (PECAM-1) [241], von Willebrand factor (vWF) [242], 

vascular endothelial cadherin (VE-cadherin) [241],  and glyceraldehyde 3-phosphate 

dehydrogenase (GAPDH) were purchased from Sentegen Biotechnology (Ankara, 

TURKEY) and used to evaluate gene expression [209]. The differential expression of 

genes PECAM-1, vWF, and VE-cadherin was quantified by StepOne Software v2.3 

and Ct values were classified by the 2(-ΔΔCt) method described elsewhere [210, 243]. 

Every group was experimented with in qPCR as doublet and repeated as triplicate (n 

= 6). 
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Immunofluorescence staining was carried out to observe protein expression and nuclei 

in HUVEC/hMSC by using primary and secondary antibodies and phalloidin and 4',6-

Diamidino-2-Phenylindole (DAPI), respectively [197]. Cell-encapsulated KLD SAP 

hydrogels and Biogelx were rinsed with PBS. The fixation was performed by 4% 

paraformaldehyde. 0.1% Triton X-100 in PBS was used to permeabilize to allow DAPI 

and antibodies to access intracellular epitopes. 1.5% bovine serum albumin (BSA) in 

PBS was used to eliminate unspecific binding within the cell. Then, samples were 

incubated in primary antibodies in PBS containing 1% BSA overnight at 4°C. Primary 

antibodies (Santa Cruz Biotechnology Inc., Santa Cruz, California, USA) were used 

included mouse monoclonal antibody against PECAM-1 (cat. no. sc-376764; 1:50), 

and mouse monoclonal antibody against vWF antibody (cat. no. sc-365712; 1:50). 

Fluorescence secondary antibodies (Santa Cruz Biotechnology Inc., Santa Cruz, 

California, USA) included m-IgG kappa BP-FITC (cat. no. sc-516140; 1:200) and m-

IgG kappa BP-PE (cat. no. sc-21742; 1:200) were diluted with 1% BSA. The 

fluorescent microscope (Olympus CKX41, Tokyo, Japan) was used for imaging. 

6.2.4 In vivo Evaluation 

6.2.4.1 Replacement of the Dental Implants 

9 months old adult male New Zealand rabbits with an average weight of 3-3.5 kg were 

used for implantation. The control group consists of rabbits in which only dental 

implants were placed and no injection was made afterward. In Figure 6.2, the 

placement of dental implants is schematized. Titanium dental implants with a diameter 

of 4 mm and a length of 6 mm with SLA (Sandblasted, Large-grit, Acid-etched) 

surface were placed in the tibia bone of rabbits (2 implants to each tibia). Surgical 

procedures required for cell isolation and dental implant placement were carried out 

under the supervision of the veterinarian and performed according to an animal study 

protocol approved by the Ege University Local Ethics Committee of Animal 

Experiments (approval no 2019-110). All surgical procedures were performed at Ege 

University Center for Research on Laboratory Animals (EGEHAYMER) under sterile 

surgical conditions by paying attention to asepsis, antisepsis, and sterilization rules. 

Animals fasted before surgery and 40 mg/kg Ketamine HCl (Alfamine®, Egevet, 

Turkey), and 5 mg/kg Xylazine (Alfazine®, Egevet, Turkey) were injected into muscle 
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for general anesthesia. After the skin in the proximal regions of the tibia bone on both 

sides was shaved, hemostasis and local anesthetics containing articaine HCl (Ultraca 

DS Fort Aventis Pharma, Turkey) for postoperative pain control were injected. The 

surgical field was cleaned with the antiseptic solution following intramuscular 

prophylactic antibiotic and prophylactic antibiotic (50 mg/kg Cefazolin) and analgesic 

drug 1 mg/kg Tramadol HCl injections. Subcutaneous and muscle layers were passed 

through by blunt dissection following the 2 cm skin incision extending from medial to 

distal from the proximal metaphysis of the tibia. After the tibia metaphyseal bone 

surface was reached by the periosteal incision, the implant nests were prepared with 

the driller in the implant system. Multifunctional SAP was injected into the area 

between the dental implant and the bone surface for modeling the osseointegration 

process. The implant nests were replaced at 2/3 coronal with a gap of at least 2.5 mm 

and at the 1/3 apical in the vestibule area of the implant to ensure the stability of the 

implants.  

Figure 6.2: Implantation of titanium into the tibia of a New Zealand. (a) SAP 

hydrogel insertation, (b) installation of titanium dental implants into the tibia 

6.2.4.2 Resonance Frequency Analysis 

Resonance Frequency Analysis (RFA) was performed to determine the degree of 

osseointegration biomechanically (see Figure 6.3a). Osstell® (Osstell AB, Göteborg, 

Sweden) device was used for RFA method. Measurements were carried out at two 

different periods such as the first placement and sacrification periods. The 

measurement results were recorded in terms of ISQ (implant stability quotient) at 

values between 0-100. These values obtained were compared statistically. After 
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sacrification, the implants were resected with 3-4 mm of bone around them and these 

samples were fixed in an acrylic mold. The bone blocks in the acrylic mold obtained 

were fixed to the standard test setup to be formed.  

6.2.4.3 Reverse Torque Test 

Reverse torque tests (RTT) were performed to determine the degree of 

osseointegration biomechanically (see Figure 6.3 b). After the digital torque meter 

(Checkline MTT03 10Z, NY, USA) probe was fixed on the implant bearing parts, an 

anti-clockwise extraction force was applied slowly and gradually. The procedure is 

completed when the implant begins to rotate in the bone socket. The highest torque 

value recorded on the graph and digital screen and obtained at the moment of the break 

was recorded in N.cm. The values obtained were compared statistically. 

Figure 6.3: (a) Resonance frequency analysis (b) Reverse torque measurements of 

dental implants before the removal 

6.2.5 Statistical Analysis 

All the data that are obtained, were statistically analyzed with two-way ANOVA 

(SPSS 12.0, SPSS GmbH, Germany) and the Student-Newman-Keuls technique as a 

post hoc test. At least three samples from all experimental groups were tested (n = 3) 

and experiments were at least three replicates. Average values, standard deviations, 

and standard error values of all results were determined. Meaningful distinctions 

among groups were defined at p values (***p < 0.001, **p < 0.01, *p < 0.05). 
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6.3 Results 

6.3.1 Proliferation of HUVEC/hMSC in SAP Hydrogels 

The viability and proliferation of HUVEC/hMSCs in hydrogels were evaluated by 

MTT assay with respect to incubation time of 3, 7, 14, 21, and 28 d (see Figure 6.4). 

The cell number of KLD, KLD-O, KLD-O/KLD-V, and Biogelx increased slightly 

with incubation time. The cell number for KLD-O/KLD-V was significantly higher 

than that of KLD, KLD-O, and Biogelx at all each time point. Cell numbers in all 

groups suggested that the self-assembled hydrogels did not have a toxic effect on the 

encapsulated cells and the increase in cell number was related to hydrogel 

concentration and glutamic acid (see the Discussion section). At Day 28, the ratio of 

cell number in KLD-O/KLD-V was 19,566,666±814,452 while 17,733,333±814,452 

(p*<0,05), 17,166,666±680,685 (p**<0,01), and 15,633,333±321,455 (p***<0,001) 

in KLD-O, Biogelx and KLD, respectively. 

Figure 6.4: Cell number of HUVEC/hMSC encapsulated in KLD, KLD-O, KLD-

O/KLD-V, and Biogelx and incubated in osteogenic/vasculogenic (1:1) medium for 

up to 28 days. The error bars indicate the mean SE (n = 3) of the data. [One-way 

ANOVA was used to assess significant differences.] [(*p\0.05, **p\0.01, 

***p\0.001) Newman–Keuls multiple contrast test] 
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6.3.2 Osteogenic Differentiation in Multifunctional Hydrogels 

HUVEC/hMSCs were encapsulated and incubated in KLD, KLD-O, KLD-O/KLD-V, 

and Biogelx for 7, 14, 21,28 d for osteogenic differentiation. DNA content, ALP 

activity, and calcium deposition over 28 d were quantified. The measured ALP 

activities and calcium contents were normalized to cell numbers by dividing them into 

DNA contents at each time point. The DNA content was correlated with cell number 

(see Figure 6.5 a). All other groups incubated in the osteogenic medium had their ALP 

activity peak after 14 days and then return to baseline by day 28, which is consistent 

with previous reports (see Figure 6.5 b) [201]. The ALP activity increased significantly 

with the increased concentration and glutamic acid in peptide hydrogels. For example, 

peak ALP activity of KLD, Biogelx, and KLD-O increased to 1509,46±34,89, 

1784,71±88,88, 5042,98±69,82 IU/mg DNA, respectively, while that of KLD-

O/KLD-V was 6435,91±291,60 IU/mg(p***<000.1). The extent of mineralization 

of the hMSCs increased gradually from day 7 to day 28, with KLD-O/KLD-V having 

the highest mineralization after 28 d of incubation in osteogenic medium, as shown in 

Figure 6.5 c. The calcium content of the hMSCs in KLD-O/KLD-V, KLD-O, Biogelx, 

and KLD incubated in an osteogenic medium increased slightly with time. For 

example, the calcium content of hMSCs encapsulated KLD-O/KLD-V after 28 d was 

68596,63±718,26 mg/mg DNA, while those of KLD-O, Biogelx and KLD were 

46801,13±1640,84, 31199,37±756,12, and 25275,39±592,08 mg/mg DNA 

(p***<000.1), respectively. 
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Figure 6.5: (a) DNA content, (b) ALP activity, (c) Calcium content of 

HUVEC/hMSCs encapsulated in KLD, KLD-O, KLD-O/KLD-V, and Biogelx and 

incubated in osteogenic/vasculogenic (1:1) medium for up to 28 days. The error bars 

indicate the mean SE (n = 3) of the data. [One-way ANOVA was used to assess 

significant differences.] [(*p\0.05, **p\0.01, ***p\0.001) Newman–Keuls multiple 

contrast test] 

Expression of osteogenic markers ALP, Col-1, OPN, and OCN with incubation time 

for MSC-encapsulated peptide hydrogels is shown in Figures 6.6 a-d, respectively. For 

the KLD control group, expression of ALP, Col-1, OPN, and OCN was significantly 

less than for all groups. ALP mRNA expression for all groups followed their 

corresponding ALP activity, peaking at day 14 and returning to the baseline level at 

day 28.  mRNA expression for OPN, OCN, and Col-1 increased gradually with 

incubation time. Expression of osteogenic markers ALP, Col-1, OPN, and OCN 

increased with all groups. ALP, Col-1, OPN, and OCN expression were highest for 

KLD-O/KLD-V in each time point. For example, Col-1 expression for KLD-O/KLD-

V at day 28 was 186,808±7,154 while that for KLD, Biogelx and KLD-O were 

118,516±5,783, 131,686±9,933, and  145,700±6,244 (p***<000.1) respectively; OPN 

expression for  KLD-O/KLD-V at day 28 was 217,269±12,507while that for KLD, 

Biogelx and KLD-O 78,646±2,496, 80,326±2,907, 132,383±9,164 and (p***<000.1) 

respectively; and OCN expression for KLD-O/KLD-V at day 28 was 199,325±2,475  

while that for KLD, Biogelx and KLD-O 147,430±9,489, 7,6±1,23 and 94,369±2,392 

(p***<000.1) respectively; expression of ALP for KLD-O/KLD-V at day 14 was 

173,280 ± 7,308  while that for KLD, Biogelx and KLD-O was 94,730±0,642,  

62,042±1,829, and 134,372±2,483 (p***<000.1) respectively. 
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Figure 6.6: The mRNA expression levels (as fold difference) of (a) alkaline 

phosphatase (ALPase), (b) type 1 collagen (COL-1), (c) osteopontin (OP), (d) 

osteocalcin (OC) for HUVEC/hMSCs encapsulated in KLD, KLD-O, KLD-O/KLD-

V and Biogelx and incubated in osteogenic/vasculogenic (1:1) medium for up to 28 

days. The error bars indicate the mean SE (n = 3) of the data. [One-way ANOVA 

was used to assess significant differences.] [(*p\0.05, **p\0.01, ***p\0.001) 

Newman–Keuls multiple contrast test] 

Immunostaining images of HUVEC/MSC encapsulated in KLD-O/KLD-V, KLD-O, 

KLD and Biogelx are shown in Figure 6.7 a-d which represents the groups of KLD-

O/KLD-V (a), KLD-O (b), KLD as negative control (c) and Biogelx as a positive 

control (d) respectively stained with COL-I (green), OPN (red) and, OCN (green). The 

expression of these osteogenic related proteins was drastically higher for 

HUVEC/hMSC on KLD-O/KLD-V than those on KLD-O, Biogelx, and KLD, 

respectively. KLD group showed weak staining for three markers while osteogenic 

epitope containing groups showed moderate to strong staining for osteogenic markers 

COL-I, OPN, and OCN. Immunofluorescence staining of differentiated HUVEC/MSC 

also confirmed q-PCR results. The expression pattern of COL-1, OPN, and OCN in 

HUVEC/hMSC was determined by immunofluorescent staining at day 28 and the 

results were consistent with q-PCR results. 
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Figure 6.7: Expression pattern of osteogenic markers type 1 collagen (COL-I) (green, 

first column), osteopontin (OP) (red, second column) and osteocalcin (OC) (green, 

third column) for HUVEC/hMSCs encapsulated in (a) KLD-O/KLD-V (a 1-3), (b) 

KLD-O (b1-3), (c) KLD (1-3) and (d) Biogelx (d 1-3) after 28 days’ incubation in 

osteogenic/vasculogenic (1:1) medium. Cell nuclei in the images are stained with 

4′,6-diamidino-2-phenylindole (DAPI; blue) (Scale bar represents 100 µm) 

 

Sections of the hydrogel's culture matrix on day 28 showed matrix nodules stained 

with Alizarin Red and markedly mineralized (see Figure 6.8). Although the sign of 

mineralization in control cultures is less than in the other groups, the color intensity in 

the KLD-O/KLD-V group shows that the mineralization is more than in the other 

groups. Overall, the KLD-O/KLD-V group showed the greatest staining for Alizarin 

Red. 
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Figure 6.8: Alizarin red staining for mineral deposition of   HUVEC/hMSCs 

encapsulated in (a) Biogelx, (b) KLD, (c) KLD-O (C), and KLD-O/KLD-V (D) after 

28 days incubation in osteogenic/vasculogenic (1:1) medium. (Scale bar represents 

50 µm) 

6.3.3 Vasculogenic Differentiation of SAP Hydrogels 

Expression of vasculogenic markers VE-Cad, VWF, and Pecam-1 with incubation 

time for MSC-encapsulated peptide hydrogels is shown in Figures 6.9 a-c, 

respectively. For the KLD control group, expression of VE-Cad, VWF, and Pecam-1 

was significantly less than for all groups.  mRNA expression for VE-Cad, VWF, and 

Pecam-1 increased gradually with incubation time. Expression of vasculogenic 

markers VE-Cad, VWF, and Pecam-1 increased with all groups. Furthermore, VE-

Cad, VWF, and Pecam-1 expression were highest for KLD-O/KLD-V in each time 

point. For example, VE-Cad expression for KLD-O/KLD-V at day 7 was 

306,446±19,745 while that for KLD, Biogelx and KLD-O was 139,800±4,471, 

151,053±3,885, and 176,710±7,963 (p***<000.1) respectively; VWF expression for 

KLD-O/KLD-V at day 7 was 218,186±13,692 while that for KLD, Biogelx and KLD-

O 158,430±11,824, 160,730±13,925, 172,609±9,498 and (p***<000.1) respectively; 

and Pecam-1 expression for KLD-O/KLD-V at day 28 was 305,234±14,134 while that 

for KLD, Biogelx and KLD-O 207,063±8,383, 183,167±28,325 and 

258,921,94±25,648 (p***<000.1) respectively. 
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Figure 6.9: The mRNA expression levels (as fold difference) of (a) Ve-Cadherin, (b) 

vWF, (c) Pecam-1 for HUVEC/hMSCs encapsulated in KLD, KLD-O, KLD-

O/KLD-V, and Biogelx and incubated in osteogenic/vasculogenic (1:1) medium for 

up to 28 days. The error bars indicate the mean SE (n = 3) of the data. [One-way 

ANOVA was used to assess significant differences.] [(*p\0.05, **p\0.01, 

***p\0.001) Newman–Keuls multiple contrast test] 

 

Immunostaining images of HUVEC/hMSC encapsulated in KLD-O/KLD-V, KLD-O, 

KLD, and Biogelx are shown in Figure 6.10 a to d which represents the groups of 

KLD-O/KLD-V (a), KLD-O (b), KLD as negative control (c) and Biogelx as a positive 

control (d) respectively stained with PECAM-1(red) and, vWF (green). The expression 

of these vasculogenic related proteins was drastically higher for HUVEC/hMSC on 

KLD-O/KLD-V than those on KLD-O, Biogelx, and KLD, respectively. KLD group 

showed weak staining for both markers while vasculogenic epitope containing groups 

showed moderate to strong staining for vasculogenic markers PECAM-1, and vWF. 

Immunofluorescence staining of differentiated HUVEC/MSC also confirmed q-PCR 

results. The expression pattern of PECAM-1, and vWF in HUVEC/hMSC were 

determined by immunofluorescent staining at day 7 and the results were consistent 

with q-PCR results. 
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Figure 6.10: Expression pattern of vasculogenic markers PECAM-1(red), and vWF 

(green) for HUVEC/hMSC encapsulated in (a) Biogelx, (b) KLD, (c) KLD-V1, (d) 

KLD-V2 after 7 days incubation in osteogenic/vasculogenic (1:1) medium. (Scale 

bar represents 100 µm) 

6.3.4 In vivo Evaluation 

Implant stability quotient values (ISQ) for both control and test groups increased after 

8 weeks of healing (see Figure 6.11 a). ISQ values for control implants increased from 

37±3 to 60±4 (p<0.01), while multifunctional KLD-O/KLD-V hydrogel treated 

implant increased from 51±2 to 71±2 (p<0.01) and ISQ values were higher for test 

implants compared to control implants 8 weeks after surgery. 

After the subjects were sacrificed, the highest torque values obtained during the 

removal of the relevant implants were calculated in N.cm. Reverse torque values for 

both control and test groups increased after 8 weeks of healing (see Figure 6.11 b). 

Reverse torque values for control implants increased from 41±3 to 60±5 (p<0.01), 

while multifunctional KLD-O/KLD-V hydrogel treated implant increased from 51±2 

to 81±2 (p<0.01), and reverse torque values were higher for test implants compared to 

control implants 8 weeks after surgery. 
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Figure 6.11: (a) Resonance frequency analysis (RFA) (b) Reverse Torque values 

comparing control and KLD-O/KLD-V hydrogel treated implants at surgery and 

after 8 weeks healing 

 

6.4 Discussion 

Implanted biomaterials with good biocompatibility and containing bioactive 

molecules to enhance osteogenesis can integrate well with host bone tissue and provide 

fast fixation, long-term stabilization, and eventually stable implantation [282]. Due to 

their superior biocompatibility and mechanical properties, titanium implants have 

shown considerable promise as an embedded biomaterial in dental applications [283]. 

However, since titanium is bioinert, it prevents successful osteogenesis and 

osseointegration [284]. Many attempts have been made to improve the bioreactivity of 

titanium to facilitate osteogenic activity and osseointegration, such as the use of 

bioactive fillers and surface modification. Among the synthetic bone substitutes as a 

bone filler material to enhance osseointegration, bioactive hydrogels are considered a 

promising candidate. However, using synthetic hydrogels alone has a negligible 

impact on bone ingrowth and osseointegration. The ability of bone graft substitutes to 

facilitate both rapid osteogenesis and vascularization is considered the gold standard. 

Herein, we demonstrated that SAP hydrogel scaffold containing both vasculogenic and 

osteogenic differentiation inducing bioactive peptides had excellent biocompatibility, 

osteogenic and vasculogenic potential. These encouraging in vitro findings laid the 

groundwork for in vivo studies performed on rabbit femur model based on the usage 
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of multifunctional SAP as a filler between titanium implant the bone tissue and showed 

promising results for enhancement of osseointegration. 

hMSC differentiation to osteogenic lineage is a dynamic mechanism involving the 

spreading, differentiation, maturation, and mineralization [285]. The first stage in bone 

regeneration is cell proliferation which affects directly the maturation and mineralizing 

processes. Bone-mimetic peptide sequences can regulate proliferation and osteogenic 

differentiation and thus bioinert synthetic SAP hydrogel can become osteoinductive 

by the addition of these bioactive sequences. In our previous study, we demonstrated 

that five repetitive glutamic acid epitope containing KLD SAP (KLD-O) increased 

proliferation and osteogenic differentiation of hMSCs due to the role of glutamic acid 

in integrin-binding motif [237]. Herein, five repetitive glutamic acid-containing KLD 

SAP were mixed with a laminin-derived peptide containing KLD SAP (KLD-V) which 

was previously demonstrated as an effective hydrogel on vasculogenic differentiation 

to develop multifunctional hydrogels. Accelerated proliferation and osteogenic 

differentiation of HUVEC/hMSC was observed with the addition of KLD-V to KLD-

O SAP hydrogel compared to bare KLD-O. Enhanced osteogenic differentiation can 

be accomplished through addition of laminin derived peptide which enhanced 

proliferation and vasculogenesis of HUVECs. MSCs–HUVECs co-culture is an 

efficient method for achieving osteogenic differentiation [286].  The involvement of 

ECs with MSCs is deeply influenced by their development, differentiation, and 

consequent angiogenesis and osteogenesis. The potential of KLD-O/KLD-V in 

osteogenesis can be related to the presence and more influential role of laminin derived 

peptides in increased vasculogenic differentiation and biological cues of HUVECs. 

One of the most significant barriers to using synthetic bone substitutes to enhance 

osseointegration of implants is their slow neovascularization after implantation [287]. 

A robust microvascular network delivers oxygen and nutrients to the surrounding bone 

tissue around the implant, allowing them to expand, differentiate, and function 

properly [288]. To enhance bone ingrowth and osseointegration, functional 

vascularization is particularly important for osseointegration. Despite rapid advances, 

osteogenesis and vascularization of bone grafts remain a significant obstacle to the 

clinical implementation of bone substitutes or tissue engineering scaffolds. For 

instance, Tomlinson et al. demonstrated that a single local simvastatin/poloxamer 407 
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injection induces autogenous expression of BMP-2 and VEGF and increases bone 

growth [288]. However, the injectable thermosensitive hydrogel poloxamer 407 does 

have low mechanical properties, preventing its use as a bone replacement. Lyu et al. 

implanted rhBMP-2 into mandibular defects of dental implants with porous ß-TCP 

microsphere-hyaluronate powder base gel composite and the hydrogel promoted new 

bone formation in the mandible bone defect and improved osseointegration between 

the host tissue and dental implant [289]. It has been suggested that BMP-2 has potential 

in neovascularization and improved osseointegration could be related to both induced 

vasculogenesis and osteogenesis at the implant site due to BMP-2 [290]. In our 

previous work, we demonstrated that glutamic acid-containing KLD SAP induced 

osteogenesis of hMSC. Herein, YIGSR which is one of the most effective laminin-

derived peptide sequences on vasculogenesis was added to glutamic acid-containing 

KLD SAP and HUVEC/hMSC encapsulated into this multifunctional hydrogel. 

Although KLD-O was an effective SAP hydrogel on osteogenic differentiation, KLD-

O/KLD-V was performed improved characteristics on bone formation. Although 

KLD-O is an effective SAP hydrogel on osteogenic differentiation, KLD-O/KLD-V is 

more effective in bone formation. KLD-O/KLD-V SAP hydrogel promoted new bone 

formation around the dental implant and improved osseointegration between the host 

tissue and dental implant. The improved osseointegration is considered due to both 

induced bone formation caused by GLU and improved vasculogenesis caused by the 

YIGSR sequence. 

The efficiency of the ISQ and reverse torque values are critical for the evaluation of 

early osseointegration [291]. Some studies have shown that low RFA and reverse 

torque values after surgery could be a signal for elevated risk for a potential implant 

failure [292]. The simulation of short-term healing times in implants might be related 

to higher initial ISQ and reverse torque values. Herein, resonance frequency and 

reverse torque values have evaluated the quantitative assessment of bone tissue-

implant integration. Although, ISQ and reverse torque values are increased in both the 

control and test group, multifunctional SAP hydrogel increased both ISQ and reverse 

torque values compared to the control group.  
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6.5 Conclusion 

The osteogenic and vasculogenic epitope containing multifunctional SAP hydrogel 

can promote osseointegration by enhancing bone and vascular formation between the 

dental implant and host tissue. In vitro studies confirmed that the developed 

multifunctional SAP showed excellent biocompatibility, osteogenic activity, and 

vascular formation, demonstrating great potential for orthopedic applications. The in 

vivo study conducted in a rabbit femoral cavity defect model showed that 

multifunctional SAP had the greatest reverse torque and implant stability values, 

indicating the significantly promoted osteogenesis and osseointegration after surface 

modification. In conclusion, multifunctional SAP hydrogel as a dental implant filler 

has demonstrated its ability to actively modulate cellular responses and 

osseointegration.  
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Chapter 7 

Peptide Conjugated Nanofiber Reinforced 

Self-assembled peptide Hydrogel for Bone 

Regeneration  

7.1 Introduction 

Bone tissue transplantation applications are widely used to treat bone cancer, skeletal 

trauma, and bone loss due to infection, bone fractures, and congenital deformities. 

Extensive bone injuries are commonly treated by autograft and allograft procedures. 

These methods have many limitations, such as immune system response, damage to 

the tissue removal area, and limited graft availability [293, 294]. Therefore, 3D bone 

grafts have been developed with tissue engineering techniques. Bone grafts fabricated 

with tissue engineering approaches need to mimic the bone extracellular matrix (ECM) 

that supports the attachment of cells and their functions during bone formation [295, 

296].  

Hydrogels with a three-dimensional interconnected porous surface and a high-water 

content have been widely used in bone tissue engineering [297]. Hydrogels are 

classified into two types: natural and synthetic. Due to the lack of bioactive factors, 

natural hydrogels are unable to promote cell adhesion, proliferation, and differentiation 

into complex lineage osteogenesis. Therefore, there is a strong desire to create a 

bioactive synthetic hydrogel scaffold capable of inducing osteogenesis. Self-

assembling peptide hydrogels (SAP) with structural and functional similarities with 

the bone tissue have significant potential for bone tissue engineering applications. SAP 

hydrogels are emerging biomaterials for bone regeneration due to spontaneous self-
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assembling without chemical crosslinkers or physical stimuli such as heat or UV 

exposure [298]. However, the ability to interact with a large amount of water and the 

tendency to swell makes SAP hydrogels mechanically insufficient for bone tissue 

engineering applications. Both the biological value of improved ECM rigidity and 

mechanical problems of SAP hydrogels in clinic application for bone regeneration, 

mechanical properties of SAP hydrogels are enhanced by increasing the peptide 

concentrations, changing the ionic strength of the gelation environment, or stiffening 

which can be accomplished over weeks through natural ECM secretion by cells in 

culture [204, 299, 300]. However, each of these methods has disadvantages such as 

solubility problem, the addition of chemicals that affect the self-assembling process, 

and taking a long time.  

Current tissue engineering approaches rarely return damaged tissue to its natural state 

due to the limited capacity to reconstruct the anisotropic composition and function of 

native bone tissue. The cellular phenotypes, extracellular matrix (ECM) structure, 

fibrous architectures, and mechanical properties of native bone tissue very spatially. 

The bone structure consists of aligning collagen nanofiber (NF) structures coated with 

HA [298, 299]. Electrospinning is commonly used to manufacture NF from natural 

and synthetic polymers to produce bone ECM mimetic scaffolds. The properties of 

electrospun NF can be easily tuned to mimic the natural structure of a bone with ideal 

physical properties, such as high porosity and broad surface area, which can improve 

cellular behaviors including cell adhesion, proliferation, and differentiation [301]. 

Non-collagenous bone proteins contain the 2 to 10 repetitive glutamic acid (GLU) 

residues that are known to act as a nucleation point for calcium phosphate (CaP) 

mineralization. Sarvestani et al. used six repeat sequences of glutamic acid as the 

binding agent to poly (lactic ethylene oxide fumarate) (PLEOF) hydrogel structure and 

observed that GLU entered the hydrogel structure and interacted with HA crystals 

resulting in increased mechanical properties [189]. By incorporating GLU peptide 

conjugated highly porous electrospun PLGA NF with well-controlled 3D architecture 

hydrogels, the mechanical properties of SAP hydrogels can be improved. 

Tissue engineering approaches for highly vascularized tissues such as bone often fail 

due to insufficient vascularization to reconstruct large skeletal defects [301]. The 

oxygen and nutrient transfer are required to maintain tissue viability and functionality 
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[302]. The maximum distance between capillaries should be 200 mm to maintain the 

viability of bone tissue due to oxygen and nutrient diffusion restrictions in the body 

[303]. Providing vascularization within the tissue scaffolds increases the diffusion area 

and provides optimum nutrient/waste transfer. Co-cultivation of endothelial cells 

(ECs) and mesenchymal stem cells (MSCs) into designed tissue scaffolds have been 

shown to effectively increase vascularization [304]. Several laminin-derived peptides, 

including YIGSR sequences, have been studied for their ability to modulate cell 

attachment and migration to the surrounding ECM in the microvascular matrix during 

physiological vasculogenesis. Many researchers focused on the incorporation of 

laminin-derived peptides into synthetic scaffolds to achieve widespread 

vascularization as an alternative path to protein loading, since these functional peptides 

are precisely designed to activate major regulatory cascades by binding to the same 

receptor as their originating protein [235, 236].  

One of the major challenges in the reconstruction of bone defects is the inadequate 

ability to design biomimetic scaffolds that induces differentiation of osteoprogenitor 

cells by cell-matrix interaction at the nanoscale, as well as ensuring microvascular 

structure. Due to the inadequate mechanical properties, there are only a few studies on 

building bone matrix mimetic scaffolds by SAP hydrogels. Therefore, there is still a 

tremendous need for new approaches and strategies for developing vascularized bone 

tissue. In this study, GLU conjugated NFs and SAP hydrogel functionalized with 

YIGSR that can induce osteogenesis and vasculogenesis developed. The mechanical 

properties of the NF reinforced SAP hydrogels were evaluated by rheological 

measurements and the effect of motifs that added to SAP structure on inducing 

osteogenesis vasculogenesis were evaluated by biochemical, immunostaining, and 

gene expression analysis (see Figure 7.1). The mechanical properties of SAP hydrogels 

were improved and GLU conjugated NFs reinforced SAP hydrogel functionalized with 

YIGSR enhanced both osteogenic and vasculogenic differentiation. The scaffold that 

was developed in this study could be used in clinics for bone regeneration. 
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Figure 7.1: Schematic diagram of PLGA electrospun nanofiber reinforced self-

assembled hydrogel with increased mechanical properties, osteogenesis, and 

vascularization 

 

7.2 Materials and Methods 

7.2.1 Peptide Synthesis 

KLD-YIGSR (Ac-Lys-Leu-Asp-Leu-Lys-Leu-Asp-Leu-Lys-Leu-Asp-Leu-Tyr-Ile-

Gly-Ser-Arg-NH2), EEEEEC (Glu-Glu-Glu-Glu-Glu-Cys) were synthesized as 

previously described in Chapter 2. Synthesized peptide sequences were purified by 

high-performance liquid chromatography (Agilent Technologies, Agilent 1200), and 

their characterization was performed by using mass spectrometry. 

7.2.2 Fabrication and Characterization of Nanofibers 

The lyophilized EEEEEC peptide was conjugated to poly (lactide) acrylate (PLAA, 

MA = 4000 Da) by Michael's addition reaction between the acryl group of PLAA and 

the sulfhydryl group of the cysteine amino acid in the peptide structure [152]. The 

peptide-PLAA polymer mixture (2: 1 molar ratio) was dissolved in DMF-distilled 

water (1: 1 volumetric ratio) and reacted at 30 Cº for 24 h in an orbital shaker. Then 
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the mixture was dialyzed in di water and the remaining mixture was lyophilized [152]. 

Electrospinning solution was prepared by dissolving PLGA (7wt%) and PLAA-

EEEEEC conjugate (1.5% of the PLGA amount) in HFIP as previously explained 

[152]. The polymer solution was transferred to a 5 ml syringe through a 21-gauge 

needle and replaced with a syringe pump. The needle was connected to a high-voltage 

power supply with the positively charged electrode and an aluminum rotating wheel 

powered by a high-speed DC motor was connected to the ground electrode. 

PLGA/PLA-GLU fibers hereafter denoted GLU-NF were produced with previously 

optimized electrospinning conditions such as a flow rate of a distance of 15 cm, 20 kV 

electrical potential, 1.0 ml/h, and rotation speed of 1200 rpm and 38 mm diameter 

samples were cut with the help of cork borer which is a round-shaped cutting tool. 

7.2.3 Fabrication of Nanofiber Reinforced Hydrogels 

2 wt % KLD-YIGSR hydrogels were prepared by dissolving 0.5 mg peptide in 100 μl 

deionized water. The self-assembling process was initiated by the addition of an equal 

volume of Dulbecco′s Modified Eagle′s Medium (DMEM) cell culture medium with 

25 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) buffer without 

Fetal Bovine Serum (FBS). For the self-assembling process, 200 µl peptide solution 

were being poured into a 5 ml syringe, and 38 mm in diameter NF was added to the 

solution. This process was repeated until three layers of SAP solution and two layers 

of NF are placed in the syringe. 

7.2.4 Mechanical Properties  

Mechanical properties of the hydrogels were determined by using a discovery hybrid 

rheometer-2 (HR2, TA Instruments, New Castle, DE). The elastic modulus was 

calculated from the toe (0–50% strain) and linear regions (200–250% strain) of the 

stress-strain curve. The fractured stress and strain were also determined from the 

stress-strain curve. Compressive properties were determined by subjecting the samples 

to a crosshead speed of 0.01 mm/s by using a 20 mm parallel plate geometry at room 

temperature (22 °C). Compressive modulus was calculated by determining the slope 

from the initial region (0–10% strain) of the stress-strain curve. Recovery was 

calculated by dividing the unloading curve by the loading curve. 
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7.2.5 Cell Culture  

Human bone marrow-derived mesenchymal stem cells (hMSCs) (HMSC-AD-500, 

CLS cell lines Service, Lot#102, Eppelheim, Germany) and HUVECs (kindly donated 

from Ege University Research Group of Animal Cell Culture and Tissue Engineering 

Laboratory) were cultured at 37 °C and 5% CO2 with DMEM containing FBS (10%), 

penicillin-streptomycin (100 units/mL), amphotericin-B (250 ng/mL), and gentamicin 

(50 µg/mL). The cells at passage three were used by keeping in exponential phase. 

NFs were sterilized by ultraviolet (UV) radiation for 1 hour and immersed in 70% 

ethanol for 30 minutes as described previously for cell seeding [173]. After 

sterilization, NFs were conditioned in basal medium containing FBS (10%), penicillin-

streptomycin (100 units/ml) for 1 hour. 1×105 cells/cm2 hMSCs were seeded on the 

NF and incubated for 2 hours to attach on the NF surface. The hMSCs suspension was 

encapsulated in hydrogel (5x106 cells/ml) in a basal medium. For the self-assembling 

process, 200 µl cell encapsulated peptide solution was be poured into a 5 ml syringe 

and 38 mm in diameter, and cell-seeded NF were added to the solution. This process 

was repeated until three layers of SAP solution and two layers of NF are placed in the 

syringe. After incubation for 24 hours for cell adhesion, the medium has replaced the 

mixture of osteogenic medium and vasculogenic medium (1:1). The osteogenic 

medium contains basal medium supplemented with 50 µg/mL ascorbic acid, 100 nM 

dexamethasone, 10 mM ß-glycerophosphate. The vasculogenic medium was prepared 

by using EGM-2 (Lonza, Walkersville, USA) contained ascorbic acid, hydrocortisone, 

insulin-like growth factor (R3-IGF-1), fibroblast growth factor (hFGF-B), epidermal 

growth factor (hEGF), gentamicin, amphotericin-B, heparin with 10% FBS. Cells for 

osteogenic differentiation and vasculogenic differentiation were cultured at 5% CO2 

for 28 d, and 7 d, respectively. MSCs and HUVECs encapsulated KLD incubated in 

the mixture of osteogenic medium and vasculogenic medium (1:1) was used as the 

negative control group.  

7.2.6 In vitro Osteogenic Differentiation 

At each time point (7, 14, 21, and 28 d), double-stranded DNA content, ALPase 

activity and calcium content of the samples of NF reinforced cell-encapsulated 
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hydrogels were rinsed with PBS.10 mM Tris containing 0.2% triton in PBS was used 

to take lysate for measurement of DNA content, ALPase activity, and calcium content. 

[201]. DNA Quantification Kit was purchased from Sigma Aldrich (St. Louis, MO, 

USA), and ALPase assay and Calcium Assay were purchased from Bioassay Systems 

(Hayward, CA, USA). Briefly, bisBenzimide H 33258 Solution was prepared and 

added on lysed samples in a 96-well plate. Fluorescence (excited at a wavelength of 

360 nm) was measured using a spectrophotometer (BioTek, Winooski, VT, USA) at 

an emission wavelength of 460 nm, at ambient temperature. ALP activity was 

measured by p-nitrophenylphosphate (pNPP) at 405 nm in alkaline solution using ALP 

kit. Briefly, 50 μL of lysed sample to 200 μL total reaction volume were used for 

initiating the reaction by the addition of assay buffer, 5 mM magnesium acetate, and 

10 mM pNPP in a 96-well plate. Optical density (OD) in 405 nm was measured at 

initial time (t= 0) and after 4 min (t= 4 min) on multi-plate reader (BioTek, Winooski, 

VT, USA). The calcium content of hydrogels was measured by adding 50 μL of the 

suspension to 150 μL of the working solution. The wavelength of 612 nm was used to 

measure absorbance. A calibration curve was created with reference calcium solutions 

and the intensity values were associated with the equivalent calcium values. The 

calcium deposit and ALP activity were calculated by normalizing by dividing DNA 

content at each time point. 

7.2.7 Quantitative Real-time PCR Analysis  

Total cellular RNA was isolated at 7 d, 14 d, 21 d, and 28 d for q-PCR analysis. Briefly, 

SAP hydrogels were rinsed with PBS and incubated in trypsin. Then, the samples were 

centrifuged at 850 rpm for 5 min. RNA isolation Kit (Geneaid, Sijhih City, Taiwan) 

was applied to all samples according to the manufacturer’s instruction. The samples 

were reacted with reaction buffer for lysis. RNAs were collected in RNase Free Water 

after washing with W1, wash buffer solution, respectively. The RNA sample 

concentration was measured with nanodrop (Nanodrop 2000, Thermo Scientific, 

Wilmington, DE) and stored at -20°C. After total cellular RNA was resuspended in 

water (nuclease-free) and remaining genomic DNA contaminations were digested by 

TURBO DNAse (Ambion, Austin, TX) by incubating for 30 min at 37°C and 

incubated in DNase Inactivation Reagent for 5 min at 37°C. RNAs were centrifuged 

in 10000 RCF for 2 min to precipitate DNA molecules. cDNA converted by cDNA 
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Synthesis Kit Protocol (Biomatiks, K5147). Briefly, after 1 μl Oligo dT (10 μM), 1 μl 

Random Primer (10 μM), 1 μl dNTP Mix, 14.5 μl Nuclease Free Water were added 

into 1 ng-2 μg/rxn RNA incubated at 65°C for 5 min. RNase Inhibitor, RT Buffer, M-

MuLV Reverse Transcriptase were mixed and all components (20 μl) were collected 

by brief centrifugation and incubated at 25°C for 10 min, at 42°C 50 min, at 85°C for 

5 min. and stored at -20°C. Forward and reverse primers including glyceraldehyde 3-

phosphate dehydrogenase (GAPDH), alkaline phosphatase (ALP), Collagen type I 

(COL-1), osteocalcin (OCN), and osteopontin (OPN), (PECAM-1), von Willebrand 

factor (vWF), vascular endothelial cadherin (VE-cadherin) were purchased from 

Sentegen Biotechnology (Ankara, TURKEY), shown in Table 6.1. Power SYBR 

Green PCR Master Mix (Applied Biosystems, Foster City, USA) and Step One Plus 

Real-time PCR system (Applied Biosystems, Foster City, USA) were used to 

quantifying ALP, COL-1, OPN, OCN, PECAM-1, vWF, VE-cadherin. GAPDH 

differential expression is used for housekeeping gene and other primers were 

normalized according to GAPDH. Briefly, 200 nmol primers (0,1mM), SYBR Master 

Mix, cDNA was mixed and diluted 1:10 ratio with water. qPCR was formed with the 

following stages: Holding Stage at 95°C for 10 min., Cycling Stage at 95 °C for 15 

sec. and at 64,4 °C for 1 min, Cycling stage includes at 64,4 °C, Melt Curve Stage at 

95 °C 15 sec, at 60 °C and at 95°C for 15 sec. The Ct values obtained from experiments 

(n=6) were classified by the 2(-ΔΔCt) method.  

7.2.8 Immunofluorescence Staining 

For immunofluorescence staining, cell-encapsulated hydrogels were rinsed twice in 

PBS and fixed with 4% paraformaldehyde (Sigma Aldrich, St. Louis, MO, USA) at 

4°C for 30 minutes. Next, samples were immersed with 0.1% Triton X-100 in PBS for 

1 hour and blocked with 1.5% Bovine Serum Albumin (BSA) in PBS for 2 hours. 

Then, samples were incubated with primary antibodies in PBS containing 1% BSA 

overnight at 4°C according to the manufacturer’s instructions. Primary antibodies 

(Santa Cruz Biotechnology Inc., Santa Cruz, California, USA) were used included 

mouse monoclonal antibody against COL-1 (cat. no sc-59772; 1:50), mouse 

monoclonal against OPN antibody (cat. no. sc-21742; 1:50), and mouse monoclonal 

antibody against OCN (cat. no. sc-365797; 1:500). Fluorescence secondary antibodies 

(Santa Cruz Biotechnology Inc., Santa Cruz, California, USA) included m-IgG kappa 
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BP-FITC (cat. no. sc-516140; 1:200) and m-IgG kappa BP-PE (cat. no. sc-21742; 

1:200) were diluted with 1% BSA. It should be noted that each sample was stained 

with 4,6-diamidino- 2-phenylindole (DAPI, Sigma Aldrich, St. Louis, MO, USA) to 

image the cell nuclei and one of the antibodies for COL-I, OCN, and OPN. The 

expression pattern of COL-1, OPN, and OCN with the same exposure time and light 

intensity were characterized via capturing images using an inverted fluorescence 

microscope (Olympus CKX41, Tokyo, Japan). 

7.2.9 Statistical Analysis 

All the data that are obtained, were statistically analyzed with two-way ANOVA 

(SPSS 12.0, SPSS GmbH, Germany) and the Student-Newman-Keuls technique as a 

post hoc test. At least three samples from all experimental groups were tested (n = 3) 

and experiments were at least three replicates. Average values, standard deviations, 

and standard error values of all results were determined. Meaningful distinctions 

among groups were defined at p values (***p < 0.001, **p < 0.01, *p < 0.05). 

7.3 Results 

7.3.1 Characterization of Fiber Reinforced Hydrogels 

SEM imaging was used to confirm self-assembled hydrogels (see Figure 7.2a). The 

SEM photomicrograph of PGLA electrospun NF is given in Figure 7.2b. The 

confirmation of peptide conjugation was characterized via observing FITC intensity 

by using a fluorescence microscope. FITC labeled GLU peptides were used to show 

the NF surface coverage with peptides. As shown in Figure 7.2c-d, the fluorescence 

was observed with GLU-NF and NF only were used as a negative control, and as 

expected no fluorescence was observed, which confirms that the fluorescence 

observed in GLU-NF images came from the label FITC. 
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Figure 7.2: Scanning electron microscopy images of (a) KLD-V self-assembled 

peptide (SAP) (b) electrospun PLGA nanofiber (NF) Fluorescent microscopy images 

of (c) PLGA NF (d) fluorescein isothiocyanate (FITC) labeled glutamic acid peptide 

conjugated NF (GLU-NF) 

 

The PLGA electrospun NF reinforced SAP hydrogels fabricated from laminin-derived 

peptide YIGSR containing KLD (KLD-V2) maintain the cylindrical shape of the mold 

as integrated after removal from the mold, indicating good mechanical stability (see 

Figure 7.3a). Young's modulus of KLD-V, KLD-V/NF, and KLD-V/GLU-NF 

hydrogels were significantly different under compression (see Figure 7.3b). The 

young’s modulus of KLD-V, KLD-V/NF, and KLD-V/GLU-NF was 1.16 ± 0.10 Pa, 

2.19±0.41 Pa (p<0.001), and 5.04±0.41 (p<0.05), respectively. The compression tests 

showed that the KLD-V/GLU-NF had the highest compressive strength of 7.7x10-4 

MPa at 77 % compression strain (see Figure 7.3c), which is higher than that of KLD-

V/NF hydrogel, and KLD-V. The compressive strength of KLD-V/NF was 1.5x10-4 

MPa at 55 % compression strain (see Figure 7.3d), while the compressive strength of 

KLD-V was 8x10-5 MPa at 32 % compression strain (see Figure 7.3e). 
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Figure 7.3: (a) Picture of electrospun PLGA nanofiber (NF) reinforced SAP hydrogel 

(d=38 mm, h=20 mm) (b) Young’s modulus of hydrogels under compression, (c) 

Compression stress-strain curves of KLD-V, (d) KLD-V/NF (e) KLD-V/ GLU-NF 

hydrogels 

The biodegradation of hydrogels was calculated every 7 days (see Figure 7.4). The 

duration required for complete degradation was similar in KLD-V/ NF, and KLD-

V/GLU-NF. KLD-V/ NF and KLD-V/GLU-NF completely degraded after 49 d, while 

KLD-V completely degraded after 42d. 

Figure 7.4: Biodegradation of KLD-V, KLD-V/NF, and KLD-V/GLU-NF hydrogels 

(Periods: 7,14,21,28, 35,42,49) 
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7.3.2 Osteogenic Differentiation in Hydrogels 

hMSCs seeded and HUVEC encapsulated KLD-V, KLD-V/NF, and KLD-V/GLU-NF 

hydrogels incubated in osteogenic/vasculogenic (1:1) medium for 7, 14, 21,28 d for 

osteogenic differentiation. DNA content, ALP activity, and calcium deposition over 

28 d were quantified. The measured ALP activities and calcium contents were 

normalized to cell numbers by dividing them into DNA contents at each time point. 

The DNA content was correlated with cell number (Figure 7.5a). The ALP activity of 

all other groups incubated in osteogenic/vasculogenic (1:1) medium peaked after 14 d 

and returned to baseline level at day 28 (Figure 7.5b). The ALP activity increased 

significantly with the increased concentration and glutamic acid in peptide hydrogels. 

For example, peak ALP activity of KLD-V and KLD-V/NF increased to 1,735.32 ± 

194.39, and 4,422.97 ± 101.93 IU/mg DNA, respectively, while that of KLD-V/GLU-

NF was 5,669.95 ± 84.77 IU/mg(p***<000.1).  The extent of mineralization of the 

HUVEC/hMSCs increased gradually from day 7 to day 28, with KLD-V/GLU-NF 

having the highest mineralization after 28 d of incubation in osteogenic/vasculogenic 

(1:1) medium, as shown in Figure 7.5c. The calcium content of the HUVEC/hMSCs 

in KLD-V, KLD-V/NF, and KLD-V/GLU-NF incubated in osteogenic/vasculogenic 

(1:1) medium increased slightly with time. For example, the calcium content of hMSCs 

encapsulated KLD-V after 28 d was 28,454.04 ± 612.27 mg/mg DNA, while those of 

KLD-V/NF, and KLD-V/GLU-NF were 51,196.88 ± 1,015.47, and 76,863.50 ± 

1,346.42 mg/mg DNA (p***<000.1), respectively. 

Figure 7.5: (a) DNA content (b) ALP activity (c) Calcium content of 

HUVEC/hMSCs encapsulated in KLD-V, KLD-V/NF, KLD-V/GLU-NF incubated 

in osteogenic/vasculogenic (1:1) medium for up to 28 days. The error bars indicate 

the mean SE (n = 3) of the data. [One-way ANOVA was used to assess significant 

differences.] [(*p\0.05, **p\0.01, ***p\0.001) Newman–Keuls multiple contrast test] 
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Expression of osteogenic markers ALP, Col-1, OP, and OC with incubation time for 

HUVEC encapsulated, hMSC seeded hydrogels is shown in Figures 7.6a-d, 

respectively. For the KLD-V control group, expression of ALP, Col-1, OP, and OC 

was significantly less than for all groups. ALP mRNA expression for all groups 

followed their corresponding ALP activity, peaking at day 14 and returning to the 

baseline level at day 28.  mRNA expression for OP, OC, and Col-1 increased gradually 

with incubation time. Expression of osteogenic markers ALP, Col-1, OP, and OC 

increased with all groups. Furthermore, ALP, Col-1, OP, and OC expression were 

highest for KLD-V/GLU-NF at each time point. For example, Col-1 expression for 

KLD-V/GLU-NF at day 28 was 961.17 ± 60.65 while that for KLD-V and KLD-V/NF 

was 163.94 ± 36.28, and  394.80 ± 75.99 (p***<000.1) respectively; OP expression 

for  KLD-V/GLU-NF at day 28 was 605.39±17.12 while that for KLD-V and KLD-

V/NF 148.59±36.28, and 210.82±58.95 (p***<000.1) respectively; and OC 

expression for KLD-V/GLU-NF at day 28 was 5,408.08±110.31 while that for KLD-

V and KLD-V/NF 2,365.25±583.51, and 3,350.00±666.53 (p***<000.1) respectively; 

expression of ALP for KLD-V/GLU-NF at day 14 was 91.89±0.73while that for KLD-

V and KLD-V/NF 21.01±0.47, and 43.09±0.14 (p***<000.1) respectively. 
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Figure 7.6: The mRNA expression levels (as fold difference) of (a) alkaline 

phosphatase (ALPase) (b) type 1 collagen (COL-1) (c) osteopontin (OP) (d) 

osteocalcin (OC) (D) for HUVEC/hMSCs encapsulated in KLD-V, KLD-V/NF, 

KLD-V/GLU-NF and incubated in osteogenic/vasculogenic (1:1) medium for up to 

28 days. The error bars indicate the mean SE (n = 3) of the data. [One-way ANOVA 

was used to assess significant differences.] [(*p\0.05, **p\0.01, ***p\0.001) 

Newman–Keuls multiple contrast test] 

Immunostaining images of hMSCs seeded and HUVEC encapsulated KLD-V, KLD-

V/NF, and KLD-V/GLU-NF hydrogels are shown in Figure 7.7 a to c which represents 

the groups of KLD-V/GLU-NF (A), KLD-V/NF (B), KLD-V as negative control (C) 

respectively stained with COL-I (green), OPN (red) and, OCN (green). The expression 

of these osteogenic related proteins was drastically higher for HUVEC/hMSC on 

KLD-V/GLU-NF than those on KLD-V/NF, and KLD-V, respectively. KLD-V group 

showed weak staining for three markers while the osteogenic epitope containing group 

(KLD-V/GLU NF) showed moderate to strong staining for osteogenic markers COL-

I, OPN, and OCN. Immunofluorescence staining of differentiated HUVEC/MSC also 

confirmed q-PCR results. The expression pattern of COL-1, OPN, and OCN in 
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HUVEC/hMSC was determined by immunofluorescent staining at day 28 and the 

results were consistent with q-PCR results. 

Figure 7.7: Expression pattern of osteogenic markers type 1 collagen (COL-I)(green, 

first column), osteopontin (OP) (red, second column), and osteocalcin (OC) (green, 

third column) for HUVEC/hMSCs encapsulated in KLD-V/GLU-NF  (AI–III), KLD-

V/NF (BI–III), KLD (CI–III) after 28 days incubation in osteogenic/vasculogenic 

(1:1) medium. Cell nuclei in the images are stained with 4′,6-diamidino-2-

phenylindole (DAPI; blue) (Scale bar represents 100 µm) 

7.3.3 Vasculogenic Differentiation in Hydrogels 

Expression of vasculogenic markers VE-Cad, VWF, and Pecam-1 with incubation 

time for hMSCs seeded and HUVEC encapsulated KLD-V, KLD-V/NF, and KLD-

V/GLU-NF hydrogels are shown in Figures 7.8 a to d, respectively. For the KLD-V 

control group, expression of VE-Cad, VWF, and Pecam-1 was significantly less than 

for all groups.  mRNA expression for VE-Cad, VWF, and Pecam-1 increased gradually 

with incubation time. Expression of vasculogenic markers VE-Cad, VWF, and Pecam-

1 increased with all groups. Furthermore, VE-Cad, VWF, and Pecam-1 expression 
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were highest for KLD-V/GLU-NF in each time point. For example, VE-Cad 

expression for KLD-V/GLU-NF at day 7 was 89.02 ±1.99 while that for KLD-V and 

KLD-V/NF was 42.21±8.86, and 59.54 ±10.38 (p***<000.1) respectively; VWF 

expression for KLD-V/GLU-NF V at day 7 was 223.,08±5.71while that for KLD-V 

and KLD-V/NF 132.14 ±5.54, and 155.16 ± 0.67 (p***<000.1) respectively; and 

Pecam-1  expression for KLD-V/GLU-NF at day 7 was 2,802.34±283.35 while that 

for KLD-V and KLD-V/NF 2,070.63±372.50, and 2,589.21±256.48 (p***<000.1) 

respectively.  

 

 

Figure 7.8: The mRNA expression levels (as fold difference) of (a) Ve-Cadherin (b) 

vWF (c) osteopontin (OP) Pecam-1 for HUVEC/hMSCs encapsulated in KLD-V, 

KLD-V/NF, KLD-V/GLU-NF and incubated in osteogenic/vasculogenic (1:1) 

medium for up to 28 days. The error bars indicate the mean SE (n = 3) of the data. 

[One-way ANOVA was used to assess significant differences.] [(*p\0.05, **p\0.01, 

***p\0.001) Newman–Keuls multiple contrast test] 

 

Immunostaining images of HUVEC encapsulated hMSC seeded KLD-V, KLD-V/NF, 

KLD-V/GLU-NF are shown in Figure 7.9 a-c which represents the groups of KLD-

V/GLU-NF (a), KLD-V/NF (b), KLD-V (c), respectively stained with PECAM-1(red) 

and, vWF (green). The expression of these vasculogenic related proteins was 

drastically higher for HUVEC/hMSC on KLD-V/GLU-NF than those on KLD-V/NF, 

and KLD-V, respectively. KLD-V group showed weak staining for both markers while 

NF containing groups showed moderate to strong staining for vasculogenic markers 

PECAM-1, and vWF. Immunofluorescence staining of differentiated HUVEC/MSC 
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also confirmed q-PCR results. The expression pattern of PECAM-1, and vWF in 

HUVEC/hMSC were determined by immunofluorescent staining at day 7 and the 

results were consistent with q-PCR results. 

 

 

Figure 7.9: Expression pattern of vasculogenic markers PECAM-1(red), and vWF 

(green) for HUVEC/hMSC encapsulated in (a) KLD-V/GLU-NF (b) KLD-V/NF (c) 

KLD-V (C) after 7 days incubation in osteogenic/vasculogenic (1:1) medium (Scale 

bar represents 100 µm) 

 

7.4 Discussion 

SAP hydrogels are emergent biomaterials for bone regeneration since they can be 

functionalized with different peptide epitopes to provide a temporary 3D network, as 

well as direct bone repair and increase matrix bioactivity [203]. To successfully 

regenerate bone tissue, the SAP hydrogel scaffold must allow for long-term tissue 

development and integration with surrounding tissue in vivo. However, SAP hydrogels 

mechanically insufficient for bone tissue engineering applications. Due to the 

inadequate mechanical properties, there are only a few studies on building bone matrix 

mimetic scaffolds by SAP hydrogels. Additionally, there is still a tremendous need for 

new approaches and strategies for developing vascularized bone tissue. Herein, a 

vascularized bone tissue model by using GLU peptide conjugated stem cell-laden 

electrospun NF reinforced SAP hydrogels with a vasculogenic epitope (YIGSR), 

which can support osteogenic and vasculogenic differentiation in vitro was proposed 

for bone defects. 
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SAP hydrogel self-assembly is an intermolecular and spontaneous process, and the 

balance of a peptide's hydrophilicity and hydrophobicity often plays a key role in 

forming hydrogel structure and affecting SAP solubility [215]. While functionalization 

of SAPs with bioactive epitopes is used to direct cell behavior, functionalization of 

SAP hydrogels by adding functional peptide group charge at the N-terminus of the 

peptide has a huge impact on hydrogel formation by self-assembling into nanofibers 

in water. Previously, we reported that the addition of hydrophobic YIGSR to KLD 

sequence to the N-terminus of KLD, the hydrogel formation ability of the SAP was 

not affected and the hydrogel formation of KLD-V was confirmed by AFM and SEM. 

However, these functionalized peptides were reported soluble in water instead of 

organic toxic solvents such as DMSO [247]. Herein, we also confirmed the hydrogel 

formation of KLD-V by SEM. GLU peptide conjugated PLGA electrospun NF was 

integrated into the hydrogel structure for both reinforcing YIGSR conjugated SAP 

hydrogels and improving osteogenic differentiation via GLU residues. The GLU 

peptide was conjugated via a reaction of Ac-PLA conjugated PLGA by Michael's 

addition reaction between acrylate groups on the PLGA and the cysteine's sulphydryl 

group on the GLU peptide. Even though we previously used EDC and NHS chemistry 

for effective conjugation, this method did not allow to functionalize NFs without 

attaching to a glass slide to avoid shrinking of the NF area. The use of a glass slide 

made it difficult to separate the NF from the glass surface before using the NFs as 

hydrogel reinforcement. Previously, Karaman et al. confirmed –Cys containing GLU 

peptides were successfully conjugated to PLGA surface [152]. We also confirmed the 

efficacy of peptide conjugation by observing the fluorescence intensity of FITC 

conjugated GLU peptides via a fluorescence microscope. FITC labeled GLU peptides 

were used to show the NF surface coverage with peptides. The images were then 

compared to those of NF. No fluorescence on NF without GLU conjugation which was 

used as a negative control was detected as expected, which confirms that the 

fluorescence observed in the GLU-peptide came from the label FITC. 

Native bone tissue is subjected to considerable mechanical forces; thus, the mechanical 

characteristics of bone scaffolds must endure the same stresses. The ECM of bone is 

stratified, including collagen-rich areas and non-collagenous proteins. This layered 

structure contributes to the phenotype's heterogeneity. Previous research has 

discovered that the compressive pressures exerted during bone movement are 



128 

 

distributed differently [305]. Our composite approach mimics the heterogeneous 

structure of native bone tissue by recapitulating the collagenous layers via the fibrous 

GLU conjugated PLGA NFs, which offers mechanical strength, while also providing 

a 3D ECM-like structure via YIGSR containing SAP hydrogels. The cells can remodel 

this model to generate a diverse bone phenotype. Herein, we reported that the 

mechanical properties of SAP hydrogels were enhanced with the addition of two layers 

of NFs. Furthermore, GLU conjugated nanofiber contributed to the reinforcement of 

SAP hydrogels more compared to bare NF. The difference in mechanical endurance 

can be explained by increased strength caused by the addition of GLU peptides to 

PLGA.  Kim et al. reported that nanofibrous scaffolds are mechanically reinforced 

with the conjugation with mussel adhesive proteins [306]. 

To maintain SAP hydrogel stability during tissue regeneration, the degradation rate of 

SAP hydrogels, which is governed by the charge of hydrogel matrices, should be 

comparable to the production rate of new bone tissue-specific ECM for ECM secretion 

[253]. Bioactive hydrogels for bone regeneration, as previously reported in the 

literature, stimulate bone layer growth in vivo within 28 to 42 days [307]. Herein, the 

degradation times of KLD-V hydrogels were 42 days, while KLD-V/NF and KLD-

GLU-NF degraded in 49 days. We hypothesize that KLD-V/NF and KLD-V/GLU-NF 

degraded slower due to the addition of PLGA NFs. Furthermore, the degradation time 

required to assure the stability of hydrogels in vivo is sufficient to sustain bone 

regeneration. 

During osteogenesis, calcium ions turn into calcium phosphate on collagen type I 

mineralizes and mineralized structure accounts for approximately 70% of bone matrix, 

whereas ALP enzyme, OP, and OC proteins facilitate calcium phosphate crystal 

nucleation and stabilization [217]. One of the crucial enzymes in the bone ECM is 

ALP that delivers free phosphate ions to mineral nucleation sites by cleaving organic 

phosphate esters [218]. The ALP expression trend is often associated with a surge 

during the early differentiation of progenitor cells into immature osteoblasts. 

Increasing ALP levels until the 14th-day aids in bone growth and osteoblast activation. 

ALP levels normally drop in mature progenitor cells, while COL-1, OP, and OC 

expression increases, indicating a late-osteoblast condition [219]. The expressions of 

COL-1, OP, and OC are expected to rise during the 28-day incubation period in the 
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bone mineralization stage. Herein, osteogenic differentiation was assessed in terms of 

the expression of osteogenic markers such as ALP, COL-1, OP, and OC via q-PCR 

and immunofluorescent staining. The findings showed that KLD-V/GLU-NF 

considerably increased the expression of these markers when compared to KLD-V/NF 

and KLD, showing that a GLU peptide conjugated on the NF contributed to osteogenic 

differentiation of hMSCs. The expression of all markers on KLD-V was the lowest, 

showing that PLGA nanofibers have an impact on bone mineralization. According to 

Nudelman et al., negatively charged glutamic acid peptides operate as calcium ion 

nucleation locations in collagen nanofibers during biomineralization and greatly 

increase contact with positively charged calcium ions [221]. Ca2+ ions can bind to 

amino acids with varied affinity depending on pH and stabilized more CaP. The 

increased calcium amount indicated that GLU on the PLGA NF stabilized more CaP, 

resulting in enhanced ALP activity, Ca content, and osteogenic gene marker 

expression [221]. We previously investigated that five glutamic acid sequences after 

conjugation on PLGA NFs aided mineralization and dramatically enhanced gene 

expression and secretion of COL-I, OC, and OP [201]. The contribution of GLU 

peptide on the NF reinforced SAP hydrogel system increased the bioactivity on 

osteogenic differentiation and rendered the model more effective for bone 

replacement. 

The expression of vasculogenic markers PECAM-1, vWF, and VE-cadherin increased 

with incubation time in all HUVEC/MSC-containing SAP hydrogel groups. However, 

the expression of PECAM-1, vWF, and VE-cadherin was significantly lower in the 

KLD-V control group than in the KLD-V/NF and KLD-V/GLU-NF groups. KLD-

V/GLU-NF had higher levels of the vasculogenic markers PECAM-1, vWF, and VE-

cadherin. Vascularization of bone tissue constructs is critical for clinical applications. 

Endothelial cells should be supported by the scaffolds to maintain new vessel creation. 

Endothelial cells release considerable amounts of vascular endothelial growth factors, 

angiogenic growth factors, and angiopoietins during vessel formation to promote early 

capillary network creation [259]. In vitro expression of mature endothelial cell markers 

such as PECAM-1 (CD31), vWF, and VE-cadherin by HUVECs has been shown to 

create capillary-like networks [260]. Previously, we demonstrated that YIGSR (V) 

laminin-derived peptides incorporating KLD hydrogels increased vasculogenic 

development in HUVECs/hMSCs compared to IKVAV containing KLD and bare 
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KLD hydrogels [308]. Although, KLD-V showed promising results on vasculogenesis 

the contribution of GLU-NF and NF integration to KLD-V provided more efficient 

results. Enhanced vasculogenic differentiation can be related to increased osteogenic 

differentiation of hMSCs and released growth factors as a result of osteogenesis. Co-

culture of MSCs and HUVECs is an effective technique for inducing osteogenic 

differentiation [286]. The involvement of MSCs with HUVECs is deeply influenced 

to the development, differentiation, and consequent angiogenesis and osteogenesis. 

The potential of KLD-V-GLU-NF in vasculogenesis can be related to the presence and 

more influential role of GLU peptide in increased osteogenic differention and 

biological cues of hMSCs. 

7.5 Conclusion 

This study is a significant step towards the growth of highly tunable NF fiber-

reinforced bioactive SAP by integrating highly porous PLGA electrospun NF and 

conjugating bioactive GLU peptides. The stiffness of the engineered SAP hydrogels 

was dramatically increased with the reinforcement with PLGA NF, and this reinforcing 

effect can be modulated by conjugating GLU peptides on PLGA NFs. The cell-

response, significantly higher mineralization rates, osteogenic and vasculogenic gene 

expressions were observed with the fiber-reinforced SAP hydrogels. The engineered 

scaffolds could be a promising bone mimetic approach for clinical applications.  
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Chapter 8 

Concluding Remarks 

The main goal of the thesis is to produce peptide-based scaffolds for creating an 

appropriate matrix for bone tissue engineering applications. Bone tissue engineering 

aims to develop bone-mimetic structures functionalized with biomimetic peptides and 

integrated with MSCs to restore bone defects. Biomimetic peptides were used as a tool 

to facilitate the bioactivity of engineered synthetic scaffolds for bone tissue 

engineering applications due to the advantages such as functioning with the minimum 

immunological response, high resistance to pH or temperature changes, and precise 

control over the chemical composition. For this purpose, biomimetic peptides were 

synthesized by the solid-phase peptide synthesis method according to the desired 

bioactivity such as osteogenic and vasculogenic differentiation. The effect of these 

peptides was examined after integrating the scaffolds produced with different 

fabrication techniques. Furthermore, tissue-engineered structures for bone 

regeneration need to be gained certain properties such as ease of implantation, suitable 

mechanical and physical features, biodegradability, osteoconductivity, and 

biocompatibility. Since tissue-engineered constructs are intended to be used for 

treating complex bone defects, scaffolds should have bone ECM mimetic structure and 

function. It should also contain a central microvascular channel structure to ensure 

proper nutrient/waste transport to the bone tissue. Considering all these needs, we 

designed different scaffolds in five different studies. In the first part, we implied that 

NTAP application and GLU peptide conjugation can be a potentially promising 

method to develop efficient CaP nucleated NF for bone tissue engineering 

applications. In the second part, the results revealed that KLD SAP functionalized with 

EEEEE templated peptides had more potential for inducing osteogenesis. In the third 

part, we found that KLD hydrogel functionalized with YIGSR templated peptides had 

more potential on inducing vasculogenesis and these laminin-derived peptides could 
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improve the blood vessel formation in the bone tissue construct. Improving 

vascularization with this potential model can recompense the loss of function in bone 

tissue by promoting the survival of transplanted cells. In the fourth part, 

multifunctional SAP hydrogel as a dental implant filler has demonstrated its ability to 

actively modulate cellular responses such as vasculogenic and osteogenic 

differentiation and osseointegration in vivo. In the last part, the cell-response, higher 

mineralization rates, osteogenic and vasculogenic gene expressions were observed 

with the fiber-reinforced SAP hydrogel model and this engineered scaffold could be a 

promising bone mimetic approach for clinical applications. Overall, promising results 

were obtained for the clinical use of these materials as engineering scaffolds. As an 

ongoing study, it is planning to evaluate in vivo studies with an animal model such as 

femoral defect. Scaffolds will be cultured in a bioreactor after integrating with 

MSCs/ECs and implanted into a critically sized bone defect. Immunohistochemical 

analysis will be used for the determination of the bone tissue regeneration and 

quantitatively determine the bioactivity of scaffolds. In this thesis, the potential of 

bone-mimetic scaffolds for bone regeneration will be useful for clinical applications. 
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Appendix A 

The Characterization Data of Peptides 

Table A.1: Sequences, observed and calculated molecular weight of synthesized 

peptides 

Name Sequence Calculated Observed 

GLU EEEEEE 792.71 793.17 

KLD KLDLKLDLKLDL 1425,78 1422,68 

KLD-O1 KLDLKLDLKLDL-EEGGC 1901,26 1900,08 

KLD-O2 KLDLKLDLKLDL-EEEEEE 2071,35 2070,32 

KLD-V1 KLDLKLDLKLDL-IKVAV 1936,45 1935,42 

KLD-V2 KLDLKLDLKLDL-YIGSR 2002,43 2002,00 
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Figure A.1: Liquid chromatography spectra of A) GLU, B) KLD, C) KLD-O1, D) 

KLD-O2, E) KLD-V1, and F) KLD-V2 
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Figure A.2: Ionization mass spectra of A) GLU, B) KLD, C) KLD-O1, D) KLD-O2, 

E) KLD-V1, and F) KLD-V2
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