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Abstract 

Tissue engineering approaches typically involve an exogenous extracellular matrix (ECM) called 

a scaffold, isolated cells and biochemical signals. The design of the suitable exogenous ECM is 

essential for the success of tissue engineering since it regulates cell behavior, cell phenotype and 

tissue-specific gene expression and can mimic the functions of the native ECM of the host tissue. 

Hydrogels are attractive materials to develop exogenous ECM for tissue engineering applications 

since they possess microstructure and basic properties that resemble the native ECM in addition to 

being biocompatible. Alginate is one of the most widely used hydrogel-based biomaterials for 

tissue engineering applications because of its favorable ionic gelation property at mild conditions, 

which is suitable for the encapsulation of living cells and biomolecules. However, the slow and 

uncontrolled degradation and poor cell adhesion properties of alginate limit its applicability in 

tissue engineering. In the present study, an experimental approach was developed to overcome the 

drawbacks of alginate by designing a novel class of hydrogel. An alginate-gelatin crosslinked 

(ADA-GEL) hydrogel was synthesized through covalent crosslinking of alginate di-aldehyde 

(ADA) with gelatin (GEL). Using this approach the degradation of the matrix was found to be 

enhanced due to oxidation of alginate, which was carried out for ADA synthesis. Moreover, 

degradation of ADA-GEL could be controlled by changing the ratio between ADA and GEL 

moieties. In this study, two cell culture models (2D and 3D) based on the developed hydrogels 

were investigated. A 2D cell culture study was carried out on hydrogel films, in which normal 

human dermal fibroblasts (NHDF) and rat bone marrow derived stem cells (rBMSCs) were 

studied. Viability, attachment, spreading and proliferation of fibroblasts were significantly 

increased on ADA-GEL of different compositions compared to pristine alginate. Moreover, in 

vitro cytocompatibility of ADA-GEL was found to increase with increasing gelatin content. 

Similar outcomes were also observed for rBMSCs on ADA-GEL with and without 0.1% (w/v) 

bioactive glass nanoparticles (nBG). Moreover, two different 3D models were studied for in vitro 

cell culture, namely, microencapsulation and scaffolding approach using freeze-drying 

techniques. The first approach focused on the fabrication of microcapsules from ADA–GEL. The 

microencapsulation of cells in biodegradable hydrogels offers numerous attractive features for a 

variety of biomedical applications including tissue engineering. Microcapsules from ADA-GEL 

hydrogels of different compositions were achieved by tailoring the oxidation degree of ADA, 

crosslinking degree of ADA-GEL and concentrations and compositions of the hydrogels. From 

the in vitro cell study it was established that ADA-GEL hydrogels of different compositions 

supported spreading, migration and proliferation of encapsulated human adipose-derived 

mesenchymal stem cells (hADSCs), which, however, were found to be enhanced with increasing 
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gelatin content. The extensive spreading, high cell-cell and cell-material interactions of the cells 

encapsulated in the ADA-GEL hydrogels demonstrated in this study have not been achieved in 

alginate-based hydrogels before. Most importantly, osteogenic differentiation of hADSCs was 

achieved in ADA-GEL microcapsules of all compositions. A preliminary in vivo biocompatibility 

study was conducted (by collaborators) using a subcutaneous model in rat, in which no significant 

immune reaction was observed for ADA-GEL microcapsules with and without encapsulated 

rBMSCs. In analogy to the in vitro degradation study, in vivo degradation of ADA-GEL 

microcapsules was also apparent. In the second approach, freeze-dried scaffolds were fabricated 

from ADA-GEL without and with the addition of different amounts of bioactive glass (BG). The 

scaffolds were used as 3D templates for in vitro cell culture aiming at final applications in bone 

tissue engineering. Incorporation of bioactive glass into ADA-GEL drew significant effects on the 

properties of the hydrogel and hydrogel-derived scaffolds. Incorporation of BG enhanced the 

mechanical properties and in vitro bioactivity of ADA-GEL-derived scaffolds. Osteogenic 

differentiation of bone marrow stromal cell line (ST-2) was found to occur in the freeze-dried 

scaffolds even in the absence of any external osteogenic stimulating supplements. These outcomes 

make the developed materials promising candidates for applications in bone tissue engineering 

and warrant further in vivo investigations. 
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Kurzzusammenfassung 

Forschungen zur Gewebezüchtung beinhalten typischerweise die Synthese der extrazellulären 

Matrix (EZM) auch Scaffolds genannt, das Verhalten isolierter Zellen und biochemischen 

Signalen. Eine geeignete EZM ist entscheidend für den Erfolg der Gewebezüchtung, da Sie das 

Zellverhalten den Phänotyp der Zelle und die Expression gewebespezifischer Gene reguliert 

sowie die Funktion der natürlichen EZM des Empfängergewebes imitiert. Hydrogele sind 

attraktive Materialien, um EZM bei der Gewebezüchtung zu erzeugen, da sie die Mikrostruktur 

und wesentlichen Eigenschaften der natürlichen EZM besitzen. Zusätzlich weisen sie eine 

hervorragende Biokompatibilität auf. Alginat ist für Anwendungen in der Gewebezüchtung eines 

der am häufigsten verwendeten hydrogelbasierten Biomaterialien. Aufgrund seiner vorteilhaften 

Eigenschaften hinsichtlich der ionischen Gelierung unter milden Bedingungen ermöglicht es die 

Verkapselung von lebenden Zellen sowie bioaktiven Molekülen. Die langsame und 

unkontrollierte Degradation sowie die unzureichende Zelladhäsion an Alginat limitiert jedoch 

dessen Anwendbarkeit in der regenerativen Medizin. In dieser Arbeit wurden Versuche 

entwickelt, um das Alginat hinsichtlich seiner nachteiligen Eigenschaften zu verbessern. Durch 

die kovalente Bindung von Alginat Dialdehyd (ADA) mit Gelatine (GEL) wurde ein vernetztes 

Alginat-Gelatine (ADA-GEL) Hydrogel hergestellt. Durch die Oxidation des Alginats wurde die 

Degradation der Matrix optimiert. Ferner kann das Degradationsverhalten von ADA-GEL durch 

die Variation des Verhältnisses der funktionellen Gruppen des ADA und der GEL eingestellt 

werden. In dieser Arbeit wurden zwei Zellkulturmodelle (2D und 3D) mit den entwickelten 

Hydrogelen untersucht. Die 2D Zellkulturstudie wurde an Hydrogelfilmen durchgeführt, wobei 

normale humane dermale Fibroblasten (NHDF) und mesenchymale Stammzellen aus dem 

Knochenmark von Ratten (rBMSCs) analysiert wurden. Im Vergleich zum nicht modifizierten 

Alginat waren die Vitalität, die Adhäsion, die Spreitung und die Proliferation der Zellen bei 

verschiedenen Zusammensetzungen des ADA-GELs signifikant verbessert. Weiterhin wurde 

deutlich, dass die in-vitro Zytokompatibilität von ADA-GEL mit einem steigenden Anteil von 

Gelatine zunimmt. Ähnliche Resultate wurden für die rBMSCs auf ADA-GEL mit und ohne 0.1% 

(w/v) nanoskaliger bioaktiver Glaspartikel (nBG) erzielt. Desweiteren wurden zwei verschiedene 

3D Modelle für in vitro Zellkulturuntersuchungen herangezogen, nämlich der Ansatz der 

Mikroverkapselung sowie die Herstellung von Stützgerüsten mit Hilfe der 

Gefriertrocknungstechnik. Das erste Konzept zielte auf die Herstellung von Mikrokapseln aus 

ADA-GEL. Die Mikroverkapselung von Zellen in biodegradierbaren Hydrogelen eröffnet 

zahlreiche Möglichkeiten für eine Vielzahl an biomedizinischen Anwendungen einschließlich der 

Gewebezüchtung. Durch die Anpassung des Oxidationsgrades von ADA, des Vernetzungsgrades 
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von ADA-GEL und der Konzentration sowie der Zusammensetzung der Hydrogele wurden 

Mikrokapseln aus ADA-GEL mit verschiedenen Zusammensetzungen gezielt optimiert. Durch die 

in vitro Zellstudie wurde gezeigt, dass ADA-GEL Hydrogele mit verschiedenen 

Zusammensetzungen die Spreitung, Migration und Proliferation von verkapselten humanen aus 

dem Fettgewebe gewonnenen mesenchymalen Stammzellen (hADSCs) stimulieren, was durch die 

Erhöhung des Gelatineanteils noch gesteigert werden konnte. Die ausgiebige Spreitung, eine hohe 

Zell-Zell und Zell-Material Wechselwirkung der im ADA-GEL verkapselten Zellen, konnten 

durch Alginat-basierte Hydrogele vorher nicht erreicht werden. Besonders hervorzuheben ist die 

osteogene Differenzierung von hADSCs in ADA-GEL Mikrokapseln aller Zusammensetzungen. 

Ein Vorversuch der in vivo Biokompatibilitätsstudie wurde (von Kollaborateuren) unter 

Verwendung eines subkutanen Modells an Ratten durchgeführt, wobei keine signifikante 

Immunreaktion für ADA-GEL Mikrokapseln mit und ohne eingekapselte rBMSCs festgestellt 

wurde. Analog zur in vitro Degradationsstudie, war auch in vivo Degradation die ADA-GEL 

Mikrokapseln zu beobachten. In einem zweiten Ansatz wurden gefriergetrocknete ADA-GEL 

Scaffolds mit und ohne bioaktivem Glas (BG) hergestellt. Die Scaffolds wurden als 3D 

Gerüststrukturen für in vitro Zellkulturuntersuchungen herangezogen, mit dem Ziel, diese in der 

Knochengewebezüchtung einzusetzen. Das Einbringen von bioaktivem Glas in ADA-GEL führte 

zu signifikanten Effekten hinsichtlich der Eigenschaften des Hydrogels und der aus diesem 

hergestellten Scaffolds. Die Zugabe von BG erhöhte die mechanischen Eigenschaften und die in 

vitro Bioaktivität von ADA-GEL Scaffolds. Es zeigte sich, dass es in den gefriergetrockneten 

Scaffolds zur osteogenen Differenzierung der Knochenmark Stroma Zelllinie (ST-2) kommt, 

obwohl keine externen Zusätze zur osteogenen Differenzierung verwendet wurden. Diese 

Ergebnisse zeigen, dass die entwickelten Materialien vielversprechende Kandidaten für den 

Einsatz im Knochen Tissue engineering sind, erfordern jedoch weitere in vivo Untersuchungen. 
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Chapter 1 

Introduction 

 

1.1 Motivation: Importance of hydrogels in tissue engineering and 

current challenge 

Tissue and organ transplantation represent a generally accepted treatment for the millions of 

patients suffering from the loss or failure of tissues or organs as a result of accidents or diseases. 

This conventional approach is however extremely limited due to donor shortage [1]. Nowadays, 

tissue engineering is considered as an alternative revolutionary approach for the treatment of these 

patients that can solve the limitations of the conventional approach. In this approach cell-seeded 

scaffolding matrices with or without growth factors and biomolecules are employed to develop or 

regenerate tissue [2]. Designing scaffolds with appropriate mechanical, morphological and 

biological properties to mimic the native extracellular matrix (ECM) is one of the key challenges 

in the field of tissue engineering. Among the different types of biomaterials that are used for the 

fabrication of tissue engineering scaffolds, hydrogels are considered an important class of 

biodegradable materials since they can closely mimic the structure and some of the properties of 

the ECM of host tissues. ECM of soft and hard tissues consist mainly of a hydrogel-like phase; 

bone is formed by calcium phosphate and collagen [3], and most of the soft tissues consist of 

collagens, proteoglycans and glycosaminoglycans [2]. Both synthetic and naturally-derived 

hydrogels are used to tackle the task of generating suitable tissue engineering scaffolds. However, 

the poor cell adhesion properties of synthetic hydrogels which result from the lack of the relevant 

biological moieties usually limit their use in tissue engineering applications [4]. Naturally-derived 

hydrogels have attracted significant attention for biomedical applications due to their good cell 

interaction properties and high degree of biocompatibility [5]. Since the ECM is composed of 

sugar-based macromolecules and various amino acids [1], alginate- and gelatin-based materials 

are popular matrices in tissue engineering applications. Furthermore, naturally-derived hydrogels 

can serve as scaffolding templates for 3D cell culture, representing advanced cell culture systems, 

which possess huge advantages compared to the 2D approach. Cell culture in 3D environments 
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can stimulate the natural cell adhesion, proliferation, migration, and differentiation found in the 

host ECM [6]. Among the different approaches for 3D cell culture, scaffolding techniques are 

widely used, in which the cells are cultured in vitro to facilitate cell attachment, proliferation, and 

migration, leading to generate tissues [7]. Different techniques are applied to fabricate scaffolds 

from naturally-derived hydrogels for tissue engineering applications. Among these freeze-drying 

has become a widely used technique since a scaffold with interconnected porous structure, high 

degree of porosity and wide range of pore sizes can be developed using this simple approach [8]. 

Another popular strategy for culturing cells in 3D environments is cell encapsulation. Among the 

naturally derived hydrogels, alginate is a widely used material for cell encapsulation since the 

ionic gelation of alginate can be performed easily with divalent cations. This gelation process is 

mild and causes no detrimental effect on the encapsulated cells [9]. However, alginate does not 

promote cell-material interactions since it does not contain any biological moiety [10]. Moreover, 

the slow and relatively uncontrolled degradation of alginate limits its wide applications in the 

biomedical field since tailored degradation is one of the most important characteristics of 

biomaterials in tissue engineering as the degradation kinetic of a biomaterial should correlate with 

the rate of tissue regeneration [11,12]. Therefore, alginate should be chemically modified to 

facilitate its degradation behavior and biological moieties should be incorporated to promote cell 

adhesion. Balakrishnan et al. [13] introduced a covalently crosslinked alginate-gelatin hydrogel as 

a promising material for tissue engineering applications like drug delivery and cell ingrowth. In 

their study, the covalently crosslinked polysaccharide-protein system was shown as an injectable 

system, in which borax solution was used as the reaction medium to facilitate the crosslinking 

reaction. The high pH of borax solution enhanced the crosslinking between oxidized alginate and 

gelatin and reduced the gelling time to several seconds, which is a critical factor for many tissue 

engineering applications. Within a few seconds of mixing oxidized alginate and gelatin the 

resulted hydrogel becomes highly crosslinked and eventually stiff which reduced the migration 

and spreading of entrapped cells, which was observed for hepatocyte [13]. Similar rounded and 

aggregated cell morphology was also observed for encapsulated hepatocytes in pure alginate 

[14,15]. Therefore, no improvement was observed regarding cell morphology of entrapped cells in 

the alginate-gelatin crosslinked system compared to pure alginate. Though Balakrishnan et al. 

[13] reported that the presence of borax (0.1 M ≈ 38 mg/ml) did not exhibit cytotoxic effect, 

Landolph [16] showed that refined borax and borax ores were cytotoxic to V79 Chinese hamster 

cells, C3H/lOTl/2 mouse embryo fibroblasts, and diploid human foreskin fibroblasts even at very 

low concentration (0.1 mg/ml). Therefore, improvement of the properties of this promising 

hydrogel system would be of great benefit for enhancing high cell-material interactions, cell 

migration and spreading, leading to tissue formation.  
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1.2 Aims and Objectives 

The aim of this research project was to develop an alternative, novel alginate-gelatin based 

hydrogel system, based on the previous approach [13] by tailoring the matrix stiffness and 

degradation kinetics to enable cell migration and cell spreading in 3D environment. The advanced 

hydrogel system was developed in such a way that it can be used simultaneously as 2D template 

and 3D scaffolding matrix for cell attachment, proliferation, migration, and differentiation for 

applications in soft and hard tissue engineering. The hypothesis was that the conjugated gelatin in 

the hydrogel initially would support cell adhesion since gelatin contains RGD sequences and upon 

degradation of the hydrogel matrix cell migration and proliferation would be facilitated and 

eventually the extracellular matrix would be formed. The designing of a hydrogel with controlled 

degradation kinetics that can simultaneously promote typical cell activity (adhesion, migration, 

proliferation and differentiation) was critically considered as a core of this research. Development 

of microcapsules from the covalently crosslinked alginate-gelatin hydrogel was one of the main 

objectives of this study since microcapsules are known as simple model for investigation of cell 

behavior in 3D in alginate-based material, which however has never been achieved before in this 

type of alginate-gelatin systems. Microcapsules were developed from the alginate-gelatin 

crosslinked (ADA-GEL) hydrogel by tailoring the oxidation degree and crosslinking degree of 

oxidized alginate (ADA) and ADA-GEL hydrogel, respectively. Simultaneously, the ADA-GEL 

hydrogel was used for 2D cell study to evaluate the cell behavior on the hydrogel surface. This 

hydrogel system was also brought into the freeze-drying approach to fabricate solid freeform 

porous scaffolds. In addition, novel composite hydrogels were also developed. In this part of the 

study, bioactive glass nanoparticles and microparticles were incorporated into hydrogel films and 

scaffolds, respectively, to enhance the osteogenic potential of the matrix. 

This thesis is organized in the following manner, after the “State of the Art and Literature 

Review” chapter (Chapter 2), the synthesis of the ADA-GEL hydrogels and evaluation of the 

physico-chemical properties, which are the key parameters for designing a hydrogel system for 

tissue engineering applications, are discussed in Chapter 3. As a simple model for understanding 

cell behavior on 2D surface, hydrogel films were fabricated from ADA-GEL hydrogels, in which 

primary normal human dermal fibroblasts and rat bone-marrow derived mesenchymal stem cells 

were used and the studies are reported in Chapter 4. Development of microcapsules from ADA-

GEL hydrogels and their properties are reported in Chapter 5. In this chapter encapsulation of 

primary human adipose derived mesenchymal stem cells in the hydrogels is highlighted, which 

was conducted to understand the effect of materials on cell behavior and to detect the optimum 

hydrogel composition regarding cell activity, migration, proliferation, and osteogenic 

differentiation in 3D environment. As stated above, a novel 3D hydrogel-based cell culture model 
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was studied, which is discussed in Chapter 6. In this part of the research, highly porous scaffolds 

were prepared using conventional freeze-drying technique, in which rat bone-marrow derived 

mesenchymal stromal cell-line was employed for applications in bone tissue engineering 

considering also the presence of bioactive glass to promote mineralization. Finally Chapter 7 

includes the conclusion and scope for future work. The hydrogel based tissue engineered scaffolds 

with three different structures and cell-materials interactions in 2D and 3D investigated in this 

project as scaffolding matrices are schematically shown in Figure 1.1. 

 

Figure 1.1. Schematic overview of the approaches followed in this research project outlining 

advanced hydrogel based tissue engineered scaffolds investigated exhibiting three different 

structures and cell-materials interactions in 2D and 3D scaffolding matrices. 
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Chapter 2 

State of the Art and Literature Review 

 

2.1 Tissue engineering and hydrogels 

Loss, failure and dysfunction of organ and tissue which occurred as the results of accidents or 

diseases are extensive problems in the health sector all over the world. The conventional current 

therapy to treat these patients is tissue or organ transplantation. However, the severe shortage of 

donor tissue or organs has become the main obstacle to expand the transplantation approach [1,2]. 

The generation of biological or semi-biological organs or tissues known as tissue engineering 

could be an alternative approach to solve the problem of organ shortage. The term “tissue 

engineering” was first proposed by the attendees of the National Science Foundation (NSF) 

sponsored meeting in 1988 and defined as “the application of the principles and methods of 

engineering and life sciences toward fundamental understanding of structure-function relationship 

in normal and pathological mammalian tissues and the development of biological substitutes for 

the repair or regeneration of tissue or organ function” [17,18]. In 1993, “tissue engineering” has 

also been defined by Langer and Vacanti as “an interdisciplinary field that applies the principles 

of engineering and life sciences toward the development of biological substitutes that restore, 

maintain or improve tissue or organ function” [19].  

Bioengineered tissues or organs can be potentially fabricated with a number of different 

strategies. The conventional tissue engineering approach comprises the combination of host cells, 

engineered scaffolds and bio-macromolecules or growth factors. In this approach, tissue-specific 

cells are isolated from a small tissue biopsy from the patient and expanded in vitro. After 

achieving the specific confluence, the cells are subsequently incorporated into three-dimensional 

scaffolds that act as analogues to the natural extracellular matrices (ECM) found in tissues. The 

cell seeded scaffolds are then either allowed to develop into a new tissue in vitro or transplanted 

into a defect site of the patient to regenerate tissue that is structurally integrated with the body. 

These scaffolds are designed as exogenous ECM to bring the desired cell types into contact in an 

appropriate three-dimensional (3D) environment providing specific signals to guide the gene 
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expression of cells forming the new tissue and potentially control the structure and function of the 

engineered tissue [1,19–21]. The most important part in tissue engineering approaches is the 

design of an exogenous ECM that can mimic the functions of the ECM naturally found in tissues. 

These native ECM act as a scaffolding matrix to support cell adhesion, proliferation and 

differentiation in order to facilitate tissue formation. Moreover it controls the tissue structure and 

regulates the cell phenotype and tissue-specific gene expression [22]. The native soft tissues are 

composed mostly of collagens, proteoglycans and glycosaminoglycans; the collagens act as 

supporting structure of the whole ECM and provide mechanical strength; proteoglycans fills the 

extracellular space, creating a space for the tissue while allowing the diffusion of nutrients, 

metabolites and growth factors [22–24]. Hydrogels are the obvious choice as exogenous ECM for 

tissue engineering since their microstructure resembles the nature of native ECM and moreover, 

they exhibit excellent biocompatibility and promote cell adhesion and proliferation [25]. An 

exciting alternative approach to the transplantation of preformed cell-seeded scaffolds for cell 

delivery or cell transplantation in tissue regeneration applications is the encapsulation of the 

required cells into hydrogels that can be injected into defective site of the host body in a 

minimally invasive manner. This approach has also been widely used to deliver drugs, growth 

factors and required biomolecules [26,27].  

 

Figure 2.1. Number of publications on hydrogels from the year 2000 to 2014 according to the 

Web of Science database, showing the number of publications on hydrogels has been constantly 

increasing over the years.  

The first application of hydrogel in the medical sector was published in 1960, when Wichterle and 

Lim introduced the hydrophilic networks of cross-linked poly(2-hydroxyethyl methacrylate) 

(pHEMA) as soft contact lens material [28]. Since then, hydrogels have gained increasing interest 
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as promising biomaterials for applications in biomedical sectors which is indicated by the 

increasing number of papers on hydrogel-based materials published in the last 15 years 

(Figure 2.1). A large variety of definitions exists for hydrogels. The most frequently referred 

definition is the one given by Peppas [29]. According to his definition, hydrogels are three-

dimensional, hydrophilic, polymeric networks capable of imbibing large amounts of water or 

biological fluids and the polymeric networks are comprised of homopolymer or copolymers that 

are insoluble due to the presence of physical crosslinks (chain entanglements or crystallites), or 

chemical crosslinks (covalent bonds produced by the reaction of one or more comonomers), or 

association bonds including hydrogen bonds or strong van der Waals interactions between chains. 

Hydrogels are formed by crosslinking of their precursor, in which a sol-gel transition process is 

occurred. This sol-gel transition is known as gelation, where the sol state (water-based solution of 

a hydrogel precursor) transforms to the gel state (non-flowing phase) by physical, chemical or 

biochemical processes. This gelation process of the hydrogels is very crucial for tissue 

engineering since all involved processes must be compatible with cell survival and should induce 

minimal stress to the embedded cells. Thermal, ionotropic, photo or pH induced polymerization, 

chemical modification, covalent crosslinking and enzymatic reactions are commonly applied 

gelation processes to synthesize hydrogels for tissue engineering applications [30]. 

 

Figure 2.2. Schematic presentation of desirable properties of a suitable hydrogel for biomedical 

applications. 

Hydrogels can be classified into different categories depending on various parameters such as the 

overall charge of the functional groups in the polymeric network, the preparation method, and the 
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structural characteristics. On the basis of the charge of the functional groups in the polymeric 

network, hydrogels can be classified as neutral, anionic, or cationic [31]. They can be classified as 

homopolymer and copolymer hydrogels on the basis of preparation method [32]. They can also be 

classified as amorphous, semicrystalline, hydrogen-bonded, supramolecular, or hydrocolloidal 

according to the physical structure [29,33]. However, hydrogels that are used with potential 

applications in the field of tissue engineering are classified into two categories according to their 

origin such as, synthetic hydrogels and naturally-derived hydrogels. Hydrogels for tissue 

engineering applications must meet some basic requirements (as shown in Figure 2.2) that can 

facilitate new tissue generation, such as they should possess controlled biodegradability, support 

cell adhesion, and most importantly exhibit biocompatibility [1]. Biocompatibility is a critical 

parameter for implant materials, relates to the material’s ability to perform with an appropriate 

host response in a specific application without having any negative effect on the adjacent host 

cells or lead to significant scarring or otherwise elicit a response that detracts from its desired 

function that can be caused of inflammatory response to the implanted material can affect the 

immune response toward the transplanted cells and vice versa [34]. However, biocompatibility 

relates not only to the property of implant materials but also to the physiological environment or 

surrounding tissue of host’s implant site [35,36]. Synthetic polymer based hydrogels may elicit 

significant negative responses from the host body, while the hydrogels which are naturally 

originated demonstrate adequate biocompatibility. 

2.2 Hydrogel forming materials 

The choice between synthetic and naturally derived hydrogels depends on the aspired material 

properties and applications. Synthetic as well as naturally derived hydrogels offer advantages and 

disadvantages which will be summarized in the following sections. However, the main area of 

interest of my current research is naturally derived hydrogel which will be discussed in more 

detail below. 

2.2.1 Synthetic hydrogel forming materials 

Synthetic hydrogels are used for tissue engineering applications because of their reproducible and 

controllable chemistry and properties, such as molar mass, polymeric structure, crosslinking 

degree etc. [2,37]. Synthetic polymeric materials, which are able to form hydrogels, have been 

widely used as exogenous ECM in tissue engineering, such as (i) poly(acrylic acid) (PAA) and its 

derivatives such as poly(2-hydroxyethyl methacrylate) (PHEMA), and poly(N-

isopropylacrylamide) (PNIPAAm), (ii) poly(ethylene oxide) (PEO) and its co-polymers, (iii) 

polyesters of α-hydroxy acids such as poly(glycolic acid) (PGA), poly(L-lactic acid) (PLLA) and 
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co-polymers of poly(lactic-co-glycolic acid) (PLGA), (iv) poly(ethylene glycol) (PEG) and its co-

polymers such as poly(propylene fumarate-co-ethylene glycol) (P(PF-co-EG)), (v) poly(vinyl 

alcohol) (PVA), (vi) polyphosphazenes, and (vii) polypeptides [1,2,37]. Among them PEO, PGA, 

PLLA, and PLGA have gained the approval of the US Food and Drug Administration for human 

clinical applications including tissue engineering [2,37]. 

The major advantage of synthetic hydrogels is their reproducibility in large scale with specific 

molar mass and degree of crosslinking. Conventional polymerization reactions of synthetic 

hydrogels occur in the presence of multifunctional crosslinking reagents. Among the reaction 

schemes free radical polymerization is the most widely used method where a polymer chain 

propagates through the consumption of vinyl monomers. This method is advantageous in many 

tissue engineering applications because of its convenience for in situ polymerization and its well-

defined gelation kinetics [38]. Thermal or photoinitiated free radical initiators are used to conduct 

polymerization of acrylate-based derivatives, where uncontrolled polymerization reaction is 

occurred, resulting in inhomogeneous properties of the synthesized hydrogels [31]. Besides the 

stated advantages of synthetic hydrogels like reproducibility and well-defined properties, certain 

characteristics of synthetic hydrogels need to be considered due to their potential risks and 

harmful effects on biological species. All types of synthetic hydrogel forming polymerization 

reactions, in which the involving chemical crosslinkers, thermal or photoinitiated free radical 

initiators exhibit toxicity that might have detrimental effect on embedded or encapsulated cells 

and surrounding host tissues at implanted site. Moreover, the byproducts generated during 

degradation of the hydrogels may also exhibit toxicity, cause inflammation reactions, giant cell 

reactions etc. Moreover the pH of the physiological microenvironment can be imbalanced due to 

the high acidic characteristics of the byproducts generated during degradation of the hydrogels 

like α-hydroxy acids based polyesters [39]. Another major limitation of this type of hydrogels as 

tissue engineering ECM is the lack of cytocompatibility. Synthetic hydrogels do typically not 

support cell adhesion, migration, proliferation, tissue in-growth and cell-mediated biodegradation 

due to the absence of cell adhesion biomolecules or ligands [32,39].  

2.2.2 Naturally derived hydrogel forming materials 

Regarding biocompatibility, cytocompatibility and biodegradability, naturally derived hydrogel 

forming materials are the obvious choice as exogenous ECM for applications in tissue 

engineering. Hydrogels derived from natural materials compose similar structure to the ECM of 

many native tissues. The polymeric structure of these hydrogels is similar to the biological 

macromolecules engineered by nature to perform specific functions in a demanding environment 

[1,30]. A wide variety of naturally derived hydrogel forming materials are used for biomedical 
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applications, among these agarose, alginate, chitosan, gellan gum, hyaluronic acid, collagen, 

gelatin, elastin, fibrin, carrageenan, silk are widely used that are mostly carbohydrates and 

proteins [1,30,31,40–42].  

2.2.2.1 Alginate 

Alginate (ALG) has become a very important class of biomaterials for biomedical applications. 

The main advantage of ALG is its rapid ionic gelation which occurs at mild pH and temperature 

conditions, suitable for living cells and also for sensitive biomolecules like proteins and nucleic 

acids. It is one of the most abundant biosynthesized materials, which is extracted from brown 

algae (Phaeophyceae), including Laminaria hyperborea, Laminaria digitata, Laminaria japonica, 

Ascophyllum nodosum, and Macrocystis pyrifera [43,44] and also extracted from bacteria 

including Pseudomonas aeruginosa [45]. 

However, current commercial production of ALGs is based entirely on marine algal sources. 

ALGs occur as gel in the intracellular matrix of brown algae containing various ions such as 

sodium, calcium, magnesium, strontium and barium. The first step in the extraction process 

involves removal of the soluble metal ions by proton exchange process using mineral acid (0.1-

0.2 M). Then the generated insoluble alginic acid is solubilized by neutralization with alkali such 

as sodium hydroxide or sodium carbonate and sodium ALG is formed. Various purification 

techniques such as flotation, centrifugation and filtration are applied to remove foreign 

particulates. After that alcohol, calcium chloride or a mineral acid are used to precipitate ALG 

which is then dried and milled. ALG obtained by this commercial process contains several 

mitogens and cytotoxic impurities making them unsuitable for biomedical applications [46]. 

Ultrapure and amitogenic ALG that is suitable for in vitro cell study and biomedical applications 

is produced by more rigorous extraction processes and by applying additional purification 

techniques such as free flow-electrophoresis [45]. 

Being a family of unbranched polysaccharides, alginic acid consists of 1→4 linked β-D-

mannuronic acid and its C-5 epimer α-L-guluronic acid. Therefore, ALG is a salt of alginic acid 

that is structurally a block copolymer of 1→4 linked β-D-mannuronate (M) and α-L-guluronate 

(G) residues. The blocks of ALG are composed of homopolymeric regions of M and G residues 

that are known as M- and G-blocks, respectively, and heteropolymeric regions consisting of 

alternating M and G residues that are known as MG-blocks [44,47,48]. In the homopolymeric 

blocks, G-residues are in 
1
C4 conformations, while M-residues are in 

4
C1 conformation [49]. In the 

polymeric conformation of ALG four possible glycosidic linkages are available: diaxial (GG), 

diequatorial (MM), axial-equatorial (GM), and equatorial-axial (MG) (see Figure 2.3). The 

viscosity and stiffness of ALG depend on the ratio of M and G residues present in the block 
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copolymer and follows the order GG>MM>MG. The diaxial linkage of G-blocks hinder the 

rotation around the glycosidic linkage, which may increase the viscosity or stiffness of the 

polymer [50]. 

 

Figure 2.3. Structural characteristics of ALG: (a) structural monomers of ALG, (b) chain 

conformation, (c) block distribution of copolymeric structure. 

Generally, ALG hydrogels are prepared from the precursor (an aqueous solution of ALG) by ionic 

crosslinking with divalent cations. In the presence of divalent cations, gelation occurs when the 

G-blocks interact with the divalent cations to form ionic bridges [48]. Therefore, the physical 

properties of ALG hydrogels are strongly depend on the M/G ratio, sequence of M and G blocks, 

length of G blocks as well as molar mass [51]. The mechanism of the ionic gelation of ALG can 

be explained by the so-called “egg-box” model [52], where the ALG chains form a zigzag 

conformation due to the ionic interaction between anionic groups of ALG and the divalent 

cations. In this model, calcium ions, one of the divalent cations located between the 21 helical 

chains of ALG, where the 10 oxygen atoms of G chains involve in the coordination with calcium 

ions [53] as presented in Figure 2.4. Donati et al [54] demonstrated that not only G blocks but 

also random GM blocks take part in ionic gelation. The affinity of ALGs towards divalent cations 

decreases in the following order: Pb > Cu > Cd > Ba > Sr > Ca > Co, Ni, Zn > Mn [55]. Ca
2+

, 
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however is the most commonly used cations to form ALG hydrogel because of low cytotoxicity 

and immunogenicity of calcium ALG [56,57]. 

 

Figure 2.4. Schematic presentation of the “egg box model” describing the calcium ion 

coordination by the guluronate chains in calcium ALG hydrogels. The dark circles represent the 

oxygen atoms involved in the coordination of the calcium ion. Reproduced with permission [53]. 

Copyright © 2001, American Chemical Society. 

Due to the rapid ionic gelation and the mild gelation conditions ALG is widely used for the 

encapsulation of cells, drugs, enzymes and biomolecules as well as for the biofabrication of tissue 

or organ like structures. However, ALG hydrogels do not degrade, but rather disintegrate when 

the coordinated divalent cations are replaced by monovalent cations present in the surrounding 

fluids. The interactions between the ALG chains and the monovalent cations lead to the 

dissolution of the gels. The unbounded polymer chains cannot be degraded by the biological 

activity of the mammalian hosts. Even if the gel dissolves in physiological environment of 

mammals, the molecules of ALG cannot be completely removed from the body since the average 

molecular weights of commercially available ALGs are higher than the renal clearance threshold 

of the kidneys [58]. However, ALG can be degraded by the specific enzyme alginase, which is not 

present in mammals [30]. In addition, Another drawback of ALG is its lack of cell adhesion 

motifs and the resulting failure of cell attachment leading to very poor cell-material interactions 

both in 2D and 3D environments[10]. Moreover, ALG hydrogels promote minimal protein 

adsorption due to its hydrophilic nature. Consequently mammalian cells are unable to interact 

with the hydrogel through serum proteins [59]. Cell anchorage or cell-material interaction is the 

key factor for cell survival in 2D and 3D cultures and orchestrates most of the cellular functions 

including migration, proliferation, differentiation, and apoptosis [10,60]. Moreover, a high 

mechanical stress is exerted on the cells embedded in ALG hydrogel that impedes elongation and 
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migration of active viable cells. Therefore, since ALG hydrogels do not promote cell adhesion 

and migration, the cells cultured on the surface (2D) or inside (3D) of ALG hydrogel form 

multicellular aggregates [61]. The drawbacks of ALG as an emerging biopolymer for biomedical 

applications can be overcome by some approaches, such as by enhancing its degradation through 

chemical modification, like partial oxidation [30,44] or gamma irradiation [62], and by 

introducing cell binding motifs, like RGD-containing peptides or proteins, which can be 

conjugated with ALG to promote cell adhesion [10]. However, designing an ALG-based hydrogel 

system, which can support cell anchorage and promote typical cellular functions including 

elongation, migration, proliferation and differentiation in 3D environments suitable for tissue 

engineering applications remains challenging. 

2.2.2.2 Gelatin 

Gelatin is an important hydrocolloidal polypeptide that has found widespread use in food, 

photographic and pharmaceutical industries over the years, where it fulfills various roles as 

stabilizer, thickener, texturizer etc. [63–65]. Nowadays, it becomes a very important biopolymer 

for biomedical applications [30,66,67]. Gelatin contains mostly protein, which is in between 85 

and 92%. Gelatin is produced by partial hydrolysis of native collagen, the major constituent of 

animal connective tissue. To date, 27 types of collagen have been identified in mammals. Among 

these type I collagen occurs most widely and is the major structural protein of most connective 

tissues such as skin, hides, bone, and tendons that are mostly used to synthesize gelatin. Collagen 

contains 20 amino acids, among these nine are essential for the human body [68]. Gelatin 

constitutes almost all amino acids of collagen except tryptophan and very low amount of 

methionine, cystine and tyrosine due to the degradation during hydrolysis [69]. The type, content 

and sequence of amino acids in gelatin differ from one source to another, however, all types of 

gelatin consist of large amounts of glycine, proline and hydroxyproline [64]. The typical sequence 

of amino acids in gelatin is (Gly-X-Y)n, where glycine is the most abundant amino acid; X and Y 

are mostly proline and hydroxyproline, respectively, however X and Y can accommodate any 

other amino acid, as shown in Figure 2.5 [65,70]. Most of the commercially available gelatin is 

synthesized from skin and hides of two animal species, bovine and porcine. Gelatin that is 

synthesized from porcine skin by applying acidic treatment is known as type A gelatin, while type 

B gelatin is produced from bovine skin by alkaline treatment [65,68]. The molecular structures of 

type A and type B gelatins are different due to their different amino acid compositions 

(Table 2.1). Both types of gelatin contain a high amount of glycine, which is the major 

constituent of type I collagen. Most importantly, the composition of the three amino acids 

arginine, glycine and aspartic acid of the RGD sequence in type A gelatin is more similar to the 

composition of type I collagen. Since type I collagen is the major constituent of native ECM 
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where RGD sequences act as cell adhesion integrins, type A gelatin is the better choice as 

exogenous ECM for the applications in tissue engineering. Though collagen is the major 

structural protein of native ECM, gelatin is the superior biomaterial as an exogenous ECM for 

tissue engineering due to exhibiting of a lower antigenicity than collagen [71]. 

Gelatin is a thermo-responsive polymer that undergoes a reversible sol–gel transition. By cooling 

below the upper critical solution temperature (UCST) of 35 °C the aqueous solution of gelatin 

forms a physical thermoreversible gel. During gelling the random coils of aqueous gelatin 

solution undergo a conformational disorder–order transition and partly regenerate the triple-helix 

structure of collagen. The thermoreversible triple-helix conformation of gelatin is stabilized by 

hydrogen bonds that form in the junction zones of associating helices [72]. This effect is known as 

renaturation. The renaturation of gelatin depends not only on the temperature but also on the 

concentration of the gelatin solution. The renaturation is completely intramolecular at very low 

concentrations and becomes intermolecular at high concentrations [73]. At physiological 

temperature gelatin becomes liquid and degrades very rapidly limiting its applications as 

exogenous ECM in tissue engineering. These limitations have already been overcome by chemical 

crosslinking of gelatin using different crosslinkers such as genipin [74,75] and glutaraldehyde 

[76] that however, can cause inflammatory reactions at the implanted site of the host [75]. As an 

alternative approach covalent crosslinking of gelatin with polysaccharides is very effective way to 

design gelatin-based biocompatible and biomimetic hydrogels without exhibiting strong 

inflammatory reactions. 

 

Figure 2.5. Chemical structure of gelatin composed of different amino acids including arginine, 

glycine and aspartic acid, which are the components of the cell adhesion peptide, RGD. 

Reproduced with permission [77]. Copyright © 2009 Taylor & Francis. 
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Table 2.1. Amino acid composition of type A and type B gelatins and type I collagen [68], 

residues per 1000 total amino acid residues. 

Amino acid Gelatin (Type A) Gelatin (Type B) Collagen (Type I) 

Alanine 112 117 114 

Arginine* 49 48 51 

Asparagine 16 0 16 

Aspartic acid* 29 46 29 

Glutamic acid 48 72 48 

Glutamine 25 0 25 

Glycine* 330 335 332 

Histidine 4 4.2 4.4 

Hydroxyproline 91 93 104 

Hydroxylysine 6.4 4.3 5.4 

Isoleucine 10 11 11 

Leucine 24 24.3 24 

Lysine 27 28 28 

Methionine 3.6 3.9 5.7 

Phenylalanine 14 14 13 

Proline 132 124 115 

Serine 35 33 35 

Threonine 18 18 17 

Tyrosine 2.6 1.2 4.4 

Valine 26 22 22 

* RGD sequence constituting amino acids. 

2.3 Bioactive glasses and hydrogels 

The combination of inorganic and organic materials is the obvious choice as scaffolding matrix 

for the applications in bone tissue engineering since bone is mainly composed of calcium 

phosphate and collagen [3]. Polymeric materials, especially naturally-derived hydrogels exhibit 

several drawbacks especially for the applications in bone tissue engineering, such as their weak 

mechanical properties and their inability to promote the nucleation and subsequent growth of 

calcium phosphate crystals on the surface [78]. These limitations of polymeric hydrogels can be 

overcome by the incorporation of inorganic materials. Some inorganic materials such as 

hydroxyapatite (HA) [79–81], calcium phosphates [80,82], and bioactive glasses (BGs) [81,83,84] 

are referred as bioactive in the field of bone tissue engineering due to their calcification capacity,. 
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Among these inorganic bioactive materials BGs are widely used as potential candidates for the 

applications in bone tissue engineering, since they possess a high surface reactivity which 

enhances the capability to promote the nucleation and subsequent growth of calcium phosphate 

crystals, more specifically bone-like apatite crystals on their surface when exposed to 

physiological fluids [81,85,86]. BGs are considered as the excellent class of bioactive, 

osteoconductive and osteoinductive materials. Additionally, they have the potentiality to bind to 

bone through the formation of bone-like apatite crystals on their surface [81,87]. Among the 

different compositions silicate-based BGs such as 45S5 Bioglass®, are widely used in bone tissue 

engineering since they release and exchange soluble Si, Ca, P and Na ions which can induce 

extracellular and intracellular responses and for example promote rapid bone formation [88–90]. 

The oldest and widely used composition of silicate-based BGs is known as 45S5 Bioglass®, 

discovered by Hench in 1971 [88,89], consists of a silica network (45 wt% SiO2), in which 

24.5 wt% Na2O, 24.5 wt% CaO and 6 wt %P2O5 are used as network modifiers. This composition 

of BG exhibits a high degree of bioactivity, which has been described by the formation of 

hydroxycarbonate apatite on its surface both in vitro [91] and in vivo [90]. Moreover, the 

dissolution products of 45S5 Bioglass® may induce mitogenic growth factor, insulin-like growth 

factor II (IGF-II) of osteoblasts and enhance osteogenic stimulation of mesenchymal stem cells, 

leading to enhance new bone formation [92,93]. Among the naturally-derived hydrogels collagen 

was widely used for the development of engineered composite constructs in combination with BG 

since collagen is the most abundant protein in mammals [78]. However, collagen exhibits 

antigenicity and immunogenicity, which are the major drawbacks of its applications in tissue 

engineering [94,95]. As discussed above, gelatin, a hydrolyzed product of collagen, drew a 

significant attraction for tissue engineering applications since it does not evoke any antigenic and 

immunogenic response. A good number of studies have been carried out regarding gelatin and BG 

based tissue engineering constructs for the applications in soft [96] and hard [97–99] tissue 

engineering. As stated in the previous section (2.2.2.2) the crosslinkers, which are generally used 

for network-formation of gelatin, are cytotoxic and can cause inflammatory responses. Therefore, 

the covalent crosslinking between two polymers, e.g., gelatin with polysaccharides (ALG, 

chitosan etc.) without the use of any external crosslinker is an alternative approach for the design 

of tissue engineering constructs. As discussed before among the wide range of polysaccharides, 

ALG is a very promising biomaterial in the field of tissue engineering. However, very limited 

studies have been conducted about the combination of BG and ALG for tissue engineering 

applications. Srinivasan et al. [100] developed a composite scaffold for the applications in bone 

tissue engineering containing bioactive glass nanoparticles (nBG) and ALG using freeze-drying 

technique. nBG incorporated ALG scaffolds supported cell attachment and osteogenic expression 

of osteosarcoma (MG-63) cells, which however was not significantly enhanced compared to pure 
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ALG. Since ALG does not promote strong cell attachment, cell adhesion proteins or peptides are 

need to be incorporated into ALG/BG scaffolds in order to develop advanced tissue engineering 

constructs which can promote the typical cell activities leading to tissue formation.  

2.4 Cell-material interactions 

Cell-material interactions are considered as the key factors in modern tissue engineering concept, 

in which the physico-chemical properties of the material (matrix) and proteins and integrins of the 

cells are strongly involved [101]. Two models are widely used to evaluate cell-matrix interactions, 

namely in vitro and in vivo investigations. In vivo test typically involves animal models which are 

used for the evaluation of the interactions between the implanted material and the host tissue. The 

major limitations of the in vivo models are related with animal welfare issues and the low rate of 

successful translation from animal models to clinical bench due to the complex physiological 

condition of human [102]. The in vitro cell culture model, which is generally used prior to in vivo 

studies, is comparatively simple. In the present era of tissue engineering the in vitro cell culture is 

considered as one of the basic studies, which will be discussed in more detail in the next 

following paragraphs. 

2.4.1 In vitro cell culture 

In vitro cell culture refers to the isolation of cells from an animal or plant and their subsequent 

growth in a favorable artificial environment, which is a very important approach for biomedical 

and biological studies. Very possibly, the first in vitro cell culture study has been performed by 

Loeb [103] in 1897, when the first successful transplantation of the skin fragments of a guinea pig 

embryo into agar, on coagulated blood serum and into the organism of an adult animal has been 

accomplished [104]. Since then an enormous amount of studies has been conducted in order to 

develop the methodology of cell culture and to translate the observations from simple incubator 

experiments to the complexity of the human body. Nowadays, in vitro cell culture has become the 

most important part in tissue engineering and regenerative medicine. In the field of tissue 

engineering, different terms are frequently used to describe cell culture experiments. According to 

Freshney’s manual the following terms apply [105]. The generic term, tissue culture that is used 

frequently, pertains to both organ culture and cell culture. An organ culture is defined as the 

three-dimensional culture of disaggregated tissue to maintain the natural histological behavior of 

the native tissue. By contrast, cell culture is related to the culture of dispersed cells, isolated from 

the native tissue and disaggregated by enzymatic, chemical or mechanical means, which are 

known as primary cells or cell lines and cell strains that have already been established. According 

to Adams’s manual [106], cell culture is divided into three categories based on the cell type: a 
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primary cell culture where cells are involved which have directly been isolated from the 

organism. Their further cultivation allows obtaining cell lines, which are generally heterogeneous 

in composition and robust in nature in terms of morphological behavior and apoptotic pathway. A 

subpopulation of a cell line which is positively selected from the culture by cloning or some other 

genetic modification method becomes a cell strain.  

The establishment of cell lines has been indispensable for biological research for several decades 

due to various advantages including higher levels of reproducibility, long term survival, less 

sensibility to extraneous environments and morphological robustness in experiments compared to 

primary cells [105]. However, the disadvantages of cell lines are that they are usually derived 

from normal, benign or malignant tumor tissues, which makes a substantial controversy of their 

applications and adaptation to growth in culture is very challenging [6,107]. Cell-cell interaction, 

secretion, and other typical functions of cell lines often abolish due to their heterogeneous 

composition. Cell lines, thereby lose tissue-specific functions and acquire a molecular phenotype, 

which is quite different from the cells of native tissue [107]. The limitations of cell lines can be 

solved by using primary cells, which have a number of advantages: firstly, primary cells possess 

similar genotype or phenotype as the native tissue since they are directly isolated from native 

tissues or primary organisms. Additionally, they are relatively less complex in adaptation to 

growth in two-dimensional primary culture [107]. Moreover, the primary cells preserve their 

initial tissue organization in three-dimensional culture and allow maximal approximation of 

experiment conditions to those of the organism. However, availability and reproducibility are the 

major limitations that need to be considered when using primary cells for in vitro cell culture in 

tissue engineering applications [6].  

The availability of accurate informative in vitro cell culture assays is an increasingly important 

challenge facing the tissue engineering research community. Research in tissue engineering 

frequently depends on in vitro cell culture that is guided by several key factors. The dimension of 

the cell culture microenvironment is one of the most important decisive factors for cell-material 

interactions and phenotypic morphology of the cells [108]. Two dimensional (2D) cell culture 

system which has been widely used in the field of tissue engineering has been replaced by three 

dimensional (3D) system in the current era of regenerative medicine in order to mimic the in vivo 

environment of the native ECM. The advantages and disadvantages of both systems will be 

discussed in the next paragraphs. 

2.4.1.1 Conventional 2D cell culture 

The conventional two dimensional (2D) cell culture model is extensively used in the field of 

tissue engineering or regenerative medicine because of its simplicity and reproducibility. This 
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model is generally used to evaluate cellular properties, the mitotic potential, physiological and 

biochemical characteristics of cells and their functional activity under the impact of specific 

factors [6]. This model has proven to be very useful to evaluate for example the cytotoxicity of 

relevant materials. The simplicity, convenient of analysis have made 2D cell culture a key method 

for tissue engineering research [109].  

 

Figure 2.6. Schematic presentation of cellular distribution in two- and three-dimensional (2D and 

3D) microenvironments.  

In 2D cell culture model, the cells are expected to attach to the surface of the biomaterial and 

remain viable over the short cultivation period, by which the cytotoxicity of the material is 

generally investigated. If the material causes specific destructive action on the target cells which 

will eventually lead to cell death, the material is considered as cytotoxic. On the other hand, if the 

seeded cells are attached on the surface of the material and eventually grow and proliferate, the 

material is considered as cytocompatible and can be considered as a potential candidate for tissue 

engineering applications. In between the two lines (cytocompatibility and cytotoxicity), another 

class of materials that does not promote cell adhesion to their surface, but they do not exhibit any 

detrimental effect on the applied cells. This type of materials exhibit inertness to the cells, which 

are in contact with the surface of the material, where the cell-cell interactions are getting stronger 

than the cell-material interactions and eventually cluster of cells is formed.  
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However, the limitations of 2D cell culture have become increasingly recognized and many 

researchers came to the conclusion that this model is far behind from the environments found in 

native tissues of mammals. In real life tissues, the complex ECM acts as a scaffolding matrix, in 

which the cells are anchored and the matrix promotes cell–cell interactions through the secretion 

of a plethora of cytokines and trophic factors [110]. On the contrary, many of the physical and 

chemical cues are generally absent in 2D cell culture model, where cells are grown in confined 2D 

geometry. In the 2D culture, only one side of cell can come in contact with the surface of the 

material and eventually cell attachment is possible through the conjunction between the cell 

adhesion ligands present on the surface of the material and the receptors present only in the 

contact area of the cell. Due to the one sided adherence, the anchored cells become elongated and 

flat, which is a unnatural morphology for cells [111] (Figure 2.6). Moreover, unnatural cell-cell 

interactions are developed in 2D culture that are completely different from interactions exhibited 

in real tissue.  

 

Figure 2.7. The scheme outlining the physiology of the typical artery and vein [112]. Source: 

http://wurstwisdom.com/picsbehd/artery-and-vein-structure. 

However, the application of 2D cell culture model in the study of skin tissue engineering of 

mammals proved to be successful [113]. Skin generating cells, especially keratinocytes, are able 

to mimic their natural morphology found in vivo in 2D cultures [113]. When epithelial cells, such 

as keratinocytes and corneal epithelial cells are cultured on 2D flat substrates in the appropriate 

culture media, their natural multilayer stratified sheets-like structures are formed and the 

differentiated 3D histoarchitectural morphology is observed [114,115]. Moreover, blood vessel 
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forming cells, particularly endothelial cells, are naturally grown in monolayer with cobblestone-

like morphology having distinct cell-cell interactions which forms the inner blood vessel layer, 

tunica intima, to facilitate blood flowing (Figure 2.7) [116]. It has been observed that endothelial 

cells express von Willebrand factor, an important differentiation factor, and secret their own ECM 

when they are cultured in 2D condition [117]. However, other two major blood vessel forming 

cells, fibroblasts (in tunica externa) and smooth muscle cells (in tunica media) are normally grown 

like 3D tissue-like morphologies with stratification of the layers as shown in Figure 2.7. The 

stratification of layers of fibroblasts with their typical bipolar morphology can also be achieved in 

2D cell culture on appropriate biomaterials. The combination of 2D and 3D cell culture models 

using cultivated keratinocytes and fibroblasts is an alternative approach to obtain artificial 

analogues of skin which has been successfully implicated by many research groups [6,113]. 

2.4.1.2 Advanced 3D cell culture 

As discussed in the previous section 2D cell culture models have several drawbacks in terms of 

various applications in tissue engineering. The cells grown on flat 2D surfaces of biomaterials 

exhibit different behaviors considering their morphology, cell-matrix and cell-cell interactions, 

and differentiation pathway from those grown in more physiological relevant 3D environments 

[101,108,114,118–120]. Animal models are considered as monumental in vivo models for the 

evaluation of the biocompatibility of the implant system in the field of tissue engineering. 

However, in vivo models possess completely different conditions than traditional 2D in vitro cell 

culture systems. In vitro 3D cell culture models span the gap between conventional in vitro 2D 

cell culture models and in vivo animal models [114,121]. Compared to 2D cell culture, 3D culture 

simulates natural cell adhesion, proliferation, migration, and differentiation, resulting in an 

increasing shift in vitro cell culture research, where 3D cell culture systems are replacing 2D cell 

culture systems, and in translating 2D in vitro research to 3D before or as an alternative approach 

to testing using in vivo animal models [122,123].  

Different in vitro 3D models are used in the field of tissue engineering. Among these, one widely 

used strategy is the propagation of isolated cells, e.g., from cell lines, dissociated tissues, or stem 

cells in conventional polystyrene tissue-culture plates and then implant the cells with or without 

growth factors in a 3D scaffolding matrix as either single cells or as tissue-like aggregates [120]. 

Organic and inorganic biomaterials are used to develop these 3D scaffolding matrices using 

different fabrication techniques. However, naturally derived hydrogels are the choice of materials 

for the scaffolding matrix in 3D cell culture models since they embody tissue-like flexibility while 

possessing viscoelastic properties, interstitial flow and diffusive transport characteristics similar to 

native ECM as already discussed in the previous sections.  
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Cell adhesion and migration in 3D environment is completely different and more complex than 

that on 2D surface. On 2D surfaces, the cell adhesion mechanism is well known. Three major 

types of adhesion structures have been defined, termed focal complexes, focal adhesions and 

fibrillar adhesions. Focal complexes and focal adhesions comprise integrin αvβ3 and some proteins 

such as focal adhesion kinase (FAK), vinculin, and paxillin, whereas fibrillar adhesions contain 

predominantly α5β1 integrin and tensin protein [124]. On the contrary, relatively little has been 

revealed about the cell-matrix interactions in 3D matrices. In 3D environment, paxillin and α5 

have been observed to be co-localized inducing cell-matrix anchorage parallel to the extracellular 

fibers, which is a completely different adhesion pattern compared to conventional 2D cell-matrix 

adhesion [101]. Cell migration pathways are also different in the two different environments, 

where mesenchymal and amoeboid type cell migrations are generally observed, depending on 

biological situation. On flat 2D surfaces, cell migration kinetics are determined by cell-matrix 

adhesion, which is based on the integrin-dependent anchorage [125]. A more complex behavior of 

cell migration is observed in 3D matrices. Here, the cell migration depends on the sterical and 

mechanical properties of the matrix [126]. Additionally, both the composition and stiffness of 

scaffolding matrices surrounding the embedded cells have major effects on cellular behavior, 

especially adhesion, migration, elongation, proliferation, and as well as cell signaling [127–129].  

Stiffness, also termed as rigidity, elasticity, or pliability, is a determining factor for cell fate 

especially in 3D environment where the cells are surrounded by matrices. The substrate stiffness 

is sensed by cells through bidirectional ways: cells exert stresses on the surrounding matrix during 

tissue regeneration, morphogenesis and differentiation, and natural function through the ligand-

integrin interactions between cells and the surrounding matrix. Simultaneously, the surrounding 

matrix exerts stress on the embedded cells, which depends not only on the cell-matrix bonds but 

also on the stiffness and density of the matrix. The stiffness of the surrounding matrix and the 

cell-matrix interactions through the ligand-integrin bonds, dictate the extent to which the 

embedded cells can contract the matrix [120,130,131]. The degree of contraction of the 

surrounding matrix by the embedded cells is one of the determining factors of cell migration, 

proliferation and spreading in 3D matrices. The physical barrier imposed by the surrounding 

matrix must be overcome by the embedded cells in order to migrate, proliferate and spread [132]. 

Cells encounter less resistance in softer and compliant matrices than in stiffer matrices, which has 

been demonstrated by Bott et al. [133]. In their study, it has been shown that fibroblasts exhibit 

higher spreading and proliferation within softer (storage modulus, G´ < 250 Pa) than 

comparatively stiffer (G´ > 1200 Pa) PEG hydrogels. However, a high stiffness can promote some 

cellular functions of certain cells like endothelial organization [114,134]. The stiffness of the 

surrounding matrix also guides the cell adhesion kinetics. Diffusive and dynamic adhesion 
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complexes of anchored cells are observed in soft matrices, whereas stable focal adhesions are 

detected in stiffer matrices [127]. Ligand-integrin bonds generated between cells and matrix play 

the key role in adhesion and migration kinetics of cells. Thereby, the density of ligands present in 

the matrix is an important factor. It is important to note that cells exhibit optimal migration speed 

at lower ligand densities in soft matrix compared to the migration in a stiff matrix [135]. The 

stiffness of the matrices can be tuned by changing the degree of crosslinking and altering the 

degradation kinetics of the material, especially in case of hydrogels. Degradability is one of the 

major important characteristics of biomaterials for tissue engineering and should be matched to 

the tissue regeneration process [12,136]. Moreover, degradation of hydrogel-based biomaterials 

can promote cell migration by lowering the stiffness of the matrix, where cells can easily contract 

the surrounding matrix and migrate through it. In addition, degradation generally enhances the 

porosity and pore size of the matrix, which creates the space for the cells to migrate, proliferate 

and as well as develop their pericellular and extracellular matrices [12]. 

Different approaches have been used for 3D cell culture; among these scaffolding techniques, 

where expanded cells were seeded onto the prefabricated scaffolds have been mostly applied 

[129]. Synthetic or naturally derived polymeric biomaterials and inorganic bioactive materials are 

generally used for the fabrication of tissue engineering scaffolds [80,137]. Among the wide 

variety of biomaterials, hydrogels are considered as an important class of biomaterials for the 

fabrication of scaffolds with different structural morphologies, such as fibrous scaffolds and 

porous scaffolds [138]. There are different conventional techniques applied to fabricate solid free-

form scaffolds from hydrogel-based materials with interconnected porosity [139]. Among the 

different approaches of 3D cell culture, cell encapsulation within hydrogels has become an 

important and popular technique for culturing cells and towards the development of tissue 

engineering constructs [140]. In the next paragraphs one of the conventional scaffolding 

approaches and the advanced cell encapsulation techniques will be discussed. 

Porous scaffolds: a conventional model for 3D cell culture 

Since the last decades, porous scaffolds with a high degree of porosity and an interconnected 

porous structure are considered as ideal tissue engineering scaffolds. Several techniques are 

applied to fabricate porous 3D hydrogels-based polymeric scaffolds, such as gas foaming, solvent 

casting and salt leaching, freeze-drying, electrospinning and rapid prototyping. [141]. Rapid 

prototyping is an advanced technique in the field of tissue engineering [142]. Among the 

conventional techniques freeze-drying is widely used for fabrication of tissue engineering 

scaffolds from hydrogel-based materials, which is discussed here. 
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Freeze-drying technique 

Freeze-drying, also known as lyophilization, is a widely used technique for the fabrication of solid 

free-form tissue engineering scaffolds from synthetically and naturally-derived polymers, 

especially hydrogel-type materials. The method is based on rapid cooling of the material under 

freezing temperature to generate thermal instabilities within the system which cause phase 

separation and sublimation of the solvent under vacuum resulting in voids in the space it 

previously occupied [143]. Among the various parameters freezing temperature, freezing rate, and 

freezing process before the lyophilization have a major impact on the porous structure (overall 

porosity, pore size, and pore morphology) of the resulting scaffolds [8,78,143]. Generally, the 

porosity and pore size of freeze-dried scaffolds increase with increasing freezing temperature. 

This phenomenon can be attributed to the formation of ice crystals which are larger in size and 

lower in number at higher freezing temperature than at lower freezing temperature. During the 

freeze-drying process, the larger ice crystals push and expand the biopolymer to a greater extent 

leading to the formation of highly porous scaffolds with large pore sizes [144]. Scaffolds with 

open pore structures are generated at high freezing temperature (between 20 °C and 80 °C), 

whereas the scaffolds with parallel sheet-like morphology are obtained at very low freezing 

temperature (196 °C in liquid N2) [143]. In another study three different freezing techniques with 

different cooling rates were used to fabricate alginate scaffolds by freeze-drying techniques [8]. 

By applying a freezing condition with slow cooling rates and low freezing temperatures (20 °C) 

in a freezer the resulting scaffolds show spherical, interconnected and isotropic pores. In contrast, 

scaffolds with inhomogeneous porous structure were formed when the samples are frozen in an 

oil bath (35 °C) or in liquid nitrogen (196 °C). The pores of the fabricated scaffolds generated 

by the oil bath freezing technique were found to be unidirectional, whereas the direction of the 

generated pores was not as specific for the scaffolds fabricated using the liquid nitrogen 

technique. Jackson and Shaw reported that the lyophilized scaffolds produced by solid-liquid 

phase separation exhibited larger pore structure compared to those produced by liquid-liquid 

phase separation [145]. They displayed that during the freezing process solid-liquid phase 

separation generally occurs when the solvent of the polymer solution crystalizes before the liquid-

liquid phase separation occurs. When liquid-liquid phase separation occurs before solid-liquid 

phase separation a porous structure having micro-pores (<10 µm) and fiber-like morphology is 

formed. It can be thus stated that using the freeze-drying technique scaffolds with a wide range of 

porosities (micro to macro), variable pore architectures (e.g., isotropic spherical, anisotropic 

ladder-like or sheet-like structure) can be achieved by changing polymer concentration and 

freezing regime. One of the major advances of this technique is that no aqueous washing, by 

which the loss of incorporated drug or proteins can be reduced, is required to prepare a porous 
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structure like in case of salt leaching techniques since the pores are formed by sublimation of ice 

crystals in freeze-drying approach. Furthermore, in contrast to gas foaming techniques surfactants 

are not required in this freeze-drying technique, which is beneficial for tissue engineering 

applications since the surfactants can inhibit cell metabolism [146].  

This technique was used to fabricate porous scaffolds with interconnected pores from ionically 

crosslinked ALG hydrogel [8,48,147]. However, it is well known that the scaffolds from pure 

ALG do not provide enough biocompatibility to support cell adhesion and cell metabolism due to 

lack of cell adhesion motifs in its polymer network [48,148]. Therefore, in order to promote cell 

adhesion and cell metabolism different polymers, proteins or peptides were introduced to ALG, 

such as chitosan [149,150], gelatin [151], especially peptides having sequences like 

G4SPPRRARVTY, G4SPPLLALVTY, G4RGDY etc. which are known to promote cell adhesion 

[148]. However, the proteins and carbohydrates were simply blended prior to the fabrication of 

the scaffolds. This preparation technique might not have a significant effect on cell attachment to 

the matrices and on cell metabolism. Very few studies have been conducted to design freeze-dried 

scaffolds from oxidized alginate which was chemically crosslinked with chitosan [152] and 

gelatin [153] to improve cell behavior for hard and soft tissue engineering. Incorporation of 

inorganic phases into the covalently crosslinked alginate-protein based hydrogels will be of great 

befits to bone tissue engineering applications since inorganic phases can enhance the mechanical 

properties of resulted scaffolds. In the study of Cai et al. [153] tri-calcium phosphate (TCP) was 

incorporated into the oxidized alginate-gelatin hydrogels in order to induce bone formation by 

osteoblasts for the application in bone tissue engineering. It has also been proven that the TCP 

incorporated oxidized alginate-gelatin hydrogels can be used as a potential drug delivery carrier. 

Apart from TCP no other inorganic phase was studied in combination with the covalently 

crosslinked alginate-gelatin hydrogel for applications in the field of tissue engineering.  

Cell encapsulation: an advanced approach of 3D cell culture 

Cell encapsulation technique aims to embed viable cells within a biocompatible matrix in order to 

provide the entrapped cells with a 3D tissue like environment, mimicking in vivo condition. In 

addition to biocompatibility, a suitable matrix for cell encapsulation must possess semi-

permeability that allows the exchange of oxygen, nutrients and metabolites and simultaneously 

protects the encapsulated cells from the toxic foreign bodies [30,154]. Due to their ability to 

protect the encapsulated cells from antibodies and the host immune system, this technique has 

drawn attention in clinical applications as delivery system enabling the transport of specific cells 

to the target site in vivo. Allotransplantation and xenotransplantation have been conducted using 

cell-loaded microcapsules for the treatment of endocrine diseases, such as diabetes [26,45,155], 
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anaemia [156], dwarfism [157], haemophilia B [158], kidney [159] and liver [160] failure, and 

nervous system insufficiencies [161]. 

In spite of the simplicity of this approach, the progress in this field during the past decades could 

not meet the high expectations due to the questions about biocompatibility, biodegradability and 

cytocompatibility of the matrixes that are used for cell encapsulation. Hydrogels are commonly 

used as matrices for cell encapsulation since they provide a number of features which are 

advantageous for the biocompatibility as extensively discussed in the previous sections. 

Synthetically and naturally-derived hydrogels are used for cell encapsulation, such as ALG [162], 

chitosan [163], agarose [164], silk [42], poly(hydroxyethyl methacrylate-methyl methacrylate) 

(HEMA-MMA) [165], copolymers of acrylonitrile (AN69) [166], and poly- ethylene glycol 

(PEG) [167]. Among these ALG is widely used for the encapsulation of cells and biomolecules 

due to its excellent ionic gelation properties with divalent cations occurs under mild, non-toxic 

conditions for the encapsulated cells. Microencapsulation of cells using ALG has been originally 

done by Lim and Sun [162].  

 

Figure 2.8. A schematic presentation of the required properties of microcapsules used for cell 

encapsulation. Reproduced with permission [30]. Copyright 2014, the Royal Society Publishing. 

Designing hydrogels for microencapsulation techniques, especially for cell or tissue 

encapsulation, is the major challenge in this field. Initially this approach was proposed as a mean 

to protect the encapsulated cells from the external environment, thereby preventing the rejection 
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by the host immune system [168]. For the applications in tissue engineering, this property is not 

only the major requirement. Permeability of smaller molecules like oxygen, nutrients, growth 

factors, and metabolites are equally important for cell survival inside the matrix and these 

properties must be possessed by ideal microcapsule used for tissue engineering applications, 

especially for cell encapsulation (Figure 2.8). Furthermore equilibrated mass transfer through the 

whole microcapsule is very important. If the dimension of the pores and the porosity of matrix are 

not sufficient for the diffusion through the matrix the cells that are far from the surface of the 

microcapsule may receive a lower amount of nutrients at a given time [30]. Moreover, the matrix 

of the microcapsules must be biodegradable to provide enough space for cell migration and 

proliferation, leading to build the ECM [129]. Another important factor is the mechanical stiffness 

of the matrix that should be optimized to protect the encapsulated cells from external stress. 

However, the matrix should not exert high pressures on the embedded cells, which can inhibit 

normal cellular behavior [12].  

 

Figure 2.9. A scheme outlining the cell encapsulation using pneumatic extrusion technique. 

In order to encapsulate cells, the hydrogel precursors and the gelation strategies should be 

combined with adequate technologies. Microcapsules should be spherical or near to spherical in 

shape since spherical shapes open a wide range of applicability in tissue engineering and other 

biomedical applications [169]. Microcapsules are produced using different technologies, such as 

extrusion, microfluidics, emulsion, lithography, and using superhydrophobic surfaces [170]. 

Among these extrusion is the easiest and most frequently used technique for cell encapsulation. 

There are different extrusion mechanisms like gravitational extrusion [171], pneumatic extrusion 
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[172], and electrostatic extrusion [173] available. Among the three extrusion techniques the 

pneumatic approach will be highlighted here.  

In this approach a pressure generating device is connected with an extrusion cartridge system. 

Cells immobilized hydrogel precursors are filled into the cartridge, which is connected with a 

precision pressure generator device at one end and a precision tip at the other end. As 

schematically presented in Figure 2.9 the precursors solution is extruded by applying a specific 

pressure. The generated droplets are collected in a rotating bath containing hardening solution. 

During gelation of the hydrogel precursors the separated single droplets form a round shape due to 

surface tension [173]. Several factors influence the size and shape of the microcapsules, such as 

concentration of the hydrogel precursors, ionic concentration of the hardening solution, applied 

air pressure, inner diameter and length of the precision tip, distance between the end point of 

precision tip and the surface of the hardening solution, and rotation speed of the hardening bath. 
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Chapter 3 

Alginate-Gelatin Crosslinked (ADA-GEL) 

Hydrogel and Physico-Chemical 

Characteristics 

 

3.1 Introduction 

Alginate (ALG) is a naturally occurring anionic polymer generally obtained from brown marine 

algae, and has been extensively investigated and used for many biomedical applications, due to its 

biocompatibility, low toxicity, low immunogenicity, and relatively low cost. ALG is a sodium salt 

of alginic acid which is a polysaccharide and composed of β-D-mannuronic acid and α-L-

guluronic acid units arranged in blocks of poly(mannuronate) and poly(guluronate) [174,175]. It 

is widely used in cell encapsulation [168,175–177] and biofabrication [142,178–181] because of 

its rapid and mild ionic gelation characteristic with divalent cations which is achieved through the 

poly(guluronate) portion [11,182]. More importantly, the morphology of ALG hydrogel is very 

similar to the structure of extracellular matrix of living tissue allows a wide possibility of 

applications in tissue engineering [10,44]. However, it possesses several major limitations for the 

applications in tissue engineering. Due to the lack of the enzyme (i.e., alginase), ALG is 

inherently non-degradable in mammals. However, ionically cross-linked ALG hydrogels can be 

dissolved by release of the divalent cations into the surrounding media due to exchange reactions 

with monovalent cations such as sodium ions. Since the ionically crosslinked ALG hydrogels 

dissolve rather than degrade, the average molecular weights of the dissolved ALGs are higher 

than the renal clearance threshold of the kidneys, and likely will not be completely removed from 

the body [44,58]. Moreover, usually ALG does not promote efficient cell attachment leading to 

very low cell-material interaction [11,183–185]. These limitations of ALG can be overcome by 

incorporation of gelatin through covalently cross-linking with alginate di-aldehyde (ADA) 

[13,186]. ADA is a partially oxidized product of ALG which facilitates the covalent crosslinking 
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with gelatin through the Schiff’s base formation due to the reaction of free amino groups of lysine 

or hydroxylysine amino acid residues of gelatin and available aldehyde groups of ADA [13,187]. 

The partial oxidation cleaves the carbon-carbon bond of the cis-diol group in the uronate residue 

of ALG and alters the chair conformation to an open-chain adduct, which facilitates degradation 

of the ALG [188]. Moreover, the biodegradability of alginate-gelatin cross-linked hydrogel can be 

tuned by using ADA of different degrees of oxidation which can control the hydrolysis property 

of ALG [188,189] and also by changing the ratio of ADA and gelatin. 

Gelatin is a biodegradable protein, produced by acidic or basic hydrolysis of collagen, which 

involve breaking of collagen’s triple helix structure into random coils [190]. The sol state of 

gelatin transforms to the gel state upon cooling of aqueous solution of gelatin, which involves a 

partial rearrangement of gelatin structure from random coil into triple helix [72,191,192]. Gelatin 

is widely used in biomedical application, for example in tissue engineering, wound dressing, gene 

therapy, and drug delivery due to its high biocompatibility and biodegradability [193]. Moreover, 

it possesses cell adhesion peptides, RGD sequence  (Arg-Gly-Asp) of collagen, which promotes 

cell adhesion [71,194].  However, gelatin’s poor mechanical properties, which limit its wider 

possible applications, can be overcome by covalent crosslinking with ADA [187]. 

Therefore the main goal of this investigation was the synthesis of Alginate-gelatin crosslinked 

hydrogel (ADA-GEL) aiming to fabricate microcapsules from ADA-GEL. Various parameters, 

such as oxidation degree of ADA, crosslinking degree of ADA-GEL, ratio of ADA and gelatin, 

reaction medium, gelation time of ADA-GEL were optimized during synthesis of ADA-GEL in 

order to fabricate microcapsules. Fabrication of microcapsules from ADA-GEL of different 

compositions is elaborately discussed in Chapter 5. 

In this chapter, synthesis of ADA-GEL of various compositions under optimized parameters and 

physico-chemical characterization are focused.   

3.2 Materials and methods 

Sodium ALG (sodium salt of alginic acid from brown algae, suitable for immobilization of micro-

organisms, guluronic acid content 65-70 %), gelatin (Bloom 300, Type A, porcine skin, suitable 

for cell culture) were obtained from Sigma-Aldrich, Germany. Sodium metaperiodate, calcium 

chloride di-hydrate (CaCl2.2H2O), absolute ethanol and ethylene glycol (relative density 1.115) 

were purchased from VWR international, Germany. Silver nitrate was purchased from Alfa Aesar, 

USA. 
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3.2.1 Synthesis of alginate di-aldehyde (ADA) 

Alginate di-aldehyde (ADA) was synthesized by controlled oxidation of sodium ALG in equal 

volume of ethanol-water mixture to facilitate crosslinking of sodium ALG with gelatin 

[187,188,195,196]. Briefly, 5 g of ALG were dispersed in 25 ml ethanol and 1.605 g of sodium 

metaperiodate was dissolved in 25 ml ultrapure water to get 7.5 mmol periodate solution. The 

periodate solution was slowly added to the sodium ALG dispersion, which was continuously 

stirred in dark condition at room temperature. The reaction was quenched after 6 hours by adding 

5 ml of ethylene glycol under continuous stirring for 30 minutes. The resultant suspension was 

dialyzed against ultrapure water (Direct-Q
®
, Merck Millipore, Germany) using a dialysis 

membrane (MWCO: 6000-8000 Da, Spectrum Lab, USA) for 7 days with several changes of 

water until the dialysate was periodate free. The absence of periodate was checked by adding a 

0.5 ml aliquot of the dialysate to 0.5 ml of a 1% (w/v) solution of silver nitrate and ensuring the 

absence of any precipitate. The ADA solution was then frozen and lyophilized. 

3.2.2 Synthesis of ADA-GEL 

The lyophilized ADA and gelatin were dissolved in phosphate buffered saline (PBS) and ultrapure 

water, respectively to get 5% (w/v) solutions of each. Gelatin solution was added slowly in the 

solution of ADA under continuous stirring to facilitate crosslinking between ADA and gelatin. 

The weight ratio of ADA and gelatin in the final hydrogels were 70/30, 60/40, 50/50, 40/60 and 

30/70 and their compositions are shown in Table 3.1. 

Table 3.1 Labels used for different samples as a function of their composition 

Weight ratios (%) Final Concentration (w/v %) 
Labels for composition 

ADA Gelatin ADA Gelatin 

70 30 3.5 1.5 ADA70-GEL30 

60 40 3 2 ADA60-GEL40 

50 50 2.5 2.5 ADA50-GEL50 

40 60 2 3 ADA40-GEL60 

30 70 1.5 3.5 ADA30-GEL70 

3.2.3 Evaluation of physico-chemical properties of ADA 

3.2.3.1 Determination of oxidation degree of ADA 

The degree of oxidation was determined by measuring the unconsumed sodium metaperiodate 

before quenching the reaction with ethylene glycol by UV-Vis absorption spectroscopy using 

soluble starch indicator [197]. The indicator solution was prepared by mixing equal volumes of 

20% (w/v) KI and 1% (w/v) soluble starch solutions, using phosphate buffer (pH 7) as solvent. 



Chapter 3: Alginate-Gelatin Crosslinked (ADA-GEL) Hydrogel and Physico-Chemical Characteristics 

 

32 | P a g e  
 

1 mL aliquot of the reaction mixture was diluted to 250 ml with DI water before adding the 

quencher into the reaction. Then 3 ml of the diluted solution were mixed with 1.50 mL of 

indicator solution and the volume was completed to 5 ml with DI water. The absorbance of 

triiodine–starch complex was instantly measured with a UV-Vis spectrophotometer (Specord 40, 

analytik Jena, Germany) at 486 nm. The periodate concentration in the sample was obtained using 

the molar absorption coefficient previously calculated from absorbance of the complex versus 

IO4¯
 
concentration (0.8–3.5×10

-5
 M). The difference between initial and final amount of IO4¯, 

reacted with sodium ALG and oxidized the corresponding hydroxyl groups led to transformation 

into aldehyde groups. 

3.2.3.2 NMR study 

Solid-state NMR (nuclear magnetic resonance) experiments of ALG and ADA were carried out 

using a Bruker AVANCE 400 spectrometer with frequencies of 100.613 MHz (magnetic field 

strength 9.4 T) for 
13

C. The experiments were carried out using a 4 mm MAS (magic angle 

spinning) probe at a spinning speed of 10 kHz at room temperature (298 K). 
13

C CPMAS NMR 

(cross-polarization under magic angle spinning nuclear magnetic resonance) spectra were 

recorded using the 90° pulse lengths of 7.2 µs and the contact time was 2 ms. The recycle delays 

for ALG and ADA were 2 s and 4 s, respectively. All the spectra were referenced to 

tetramethylsilane (TMS) using Tyrosine (carboxylic carbon 172.48 ppm from TMS) as secondary 

references for 
13

C. 

3.2.3.3 Molar mass analysis 

The molar mass of ALG and synthesized ADA were determined using the viscosity method [198–

200]. Sodium ALG was dissolved in 0.1 M NaCl solution to get the final concentrations 0.05, 0.1 

and 0.15% (w/v). For ADA, the concentrations of solutions were 0.1, 0.2, 0.3 and 0.4% (w/v). 

The experiment was carried out at 25 °C with Ubbelohde viscometer (Schott-Geräte GmbH, 

Germany). The viscosity average molar mass ( M ) of sodium ALG and ADA were calculated 

from its measured intrinsic viscosity [ ]  according to the following Mark-Houwink equation by 

adapting a and K values from SmidsrØd [200] 

  5 1.02.0 10 M            (Eq. 3.1) 

assuming that it holds for ALG and synthesized ADA. 
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3.2.4 Evaluation of physico-chemical properties of ADA-GEL 

3.2.4.1 Crosslinking degree of ADA-GEL 

The degree of crosslinking of synthesized ADA-GEL of different compositions was determined 

with ninhydrin assay [201,202]. ADA-GEL hydrogels (1 ± 0.1 g) were heated with 2 %(w/v) 

ninhydrin (Sigma Aldrich, Germany) solution (dissolved in absolute ethanol) at 100 °C for 

20 min. The optical absorbance of the resulting solution was recorded at 570 nm using a UV-Vis 

spectrophotometer (Specord 40, analytik Jena, Germany). The amount of free amino groups in the 

crosslinked hydrogels which are reacted with ninhydrin is proportional to the optical absorbance 

of the solution. The concentration of free amino groups in the crosslinked hydrogels was 

determined from a standard curve of glycine concentration vs. absorbance. Alginate-gelatin blend 

samples without crosslinking were used as control materials. The degree of crosslinking was 

calculated by the following equation: 

2 2

2

( ) ( )
Degree of crosslinking (%) 100

( )


 nc c

nc

NH NH

NH
   (Eq. 3.2) 

where, 
2( )ncNH and 

2( )cNH are the mole fraction of free amino groups in non-crosslinked and 

crosslinked samples, respectively. 

3.2.4.2 Gelation time 

The test tube inverting method was applied to determine the gelation time according to Nguyen et 

al. [203]. Gelatin solution was slowly added to ADA solution in a narrow beaker (length 7 cm and 

inner diameter 3.4 cm) under stirring. The chemical coupling between ADA and gelatin occurred 

during cross-linking. The hydrogel was observed by inverting the beaker and gelation time was 

recorded when the hydrogel stopped flowing. Gelation time was recorded at room temperature. To 

support this study, gelation time of one of the compositions of ADA-GEL hydrogels was analyzed 

by rheological study of ADA50-GEL50 hydrogel. A Discovery Hybrid Rheometer Series 3 

(DHR-3) (TA Instruments, England) was used for the rheological analysis of ADA-GEL 

hydrogel. A cone plate geometry with a cone diameter of 40 mm and a cone angle of 2° was used 

and the measurement gap was fixed at 65 µm. A peltier plate with a diameter of 40 mm combined 

with a thermostat was used to maintain the temperature at 25 °C. Solvent trap was used during the 

measurement to prevent drying out the sample. The oscillation time sweep experiment was 

performed to record the storage modulus (G´) and loss modulus (G´´) of ADA50-GEL50 to 

achieve the crosslinking point. The oscillation frequency was set at 10 rad/s and applied shear 

stress at 2 Pa. 
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3.2.4.3 FTIR study 

A Fourier transform infrared (FTIR) spectrometer (Nicolet 6700, Thermo Scientific, USA) was 

used to evaluate the crosslinking between ALG and gelatin. Dried films were used to record 

attenuated total reflectance Fourier transform infrared (ATR-FTIR) spectra. Films of ALG, ADA, 

gelatin and ADA-GEL materials were made by casting the corresponding hydrogels into a 

polystyrene Petri dish and allowed to dry for 3 days at room temperature.  

3.2.4.4 XRD analysis 

The diffraction patterns of ALG, gelatin, ADA and ADA-GEL (different compositions) dried 

films were analyzed by X-ray scattering using a Rigaku Ultima+ diffractometer using Cu Kα 

radiation. The diffraction intensity was recorded within the range of 5-30° at a scanning rate of 

5°/min. 

3.2.4.5 Thermogravimetric analysis 

Thermogravimetric analysis was carried out with a SETARAM SETSYS TG-DTA 16/18 

instrument. Samples were placed in alumina crucibles. An empty alumina crucible was used as 

reference. ALG, ADA, gelatin and ADA-GEL (different compositions) films were heated from 

ambient temperature to 1000 °C in a 50 ml/min flow of N2 at a heating rate of 10 °C/min. 

Continuous recordings of sample temperature, sample weight and heat flow were taken. 

Thermogravimetric analysis experiments were also performed for microcapsules of ALG, ADA 

and ADA-GEL (different compositions). The microcapsules of each hydrogel were heated in 

alumina crucibles from ambient temperature to 275 °C in a 50 ml/min flow of N2 at a heating rate 

of 10 °C/min. 

3.3 Results and discussion 

3.3.1 Physico-chemical properties of ADA 

3.3.1.1 Oxidation mechanism of sodium ALG and degree of oxidation 

Partial oxidation of ALG by using periodate as oxidizing agent specifically cleaves the vicinal 

diols in polysaccharide to form their dialdehyde derivatives. One molecule of periodate is 

consumed by each α-glycol group and the rate of the reaction is dependent on the stereochemistry 

of the α-glycol group under given conditions [13]. Sodium ALG was oxidized by sodium 

metaperiodate in ethanol-water (1:1) mixture at room temperature during 6 hours in dark 

condition. ALG forms very viscous solution in aqueous medium even at very low concentration 

which is very difficult to handle and yields a small quantity of oxidized product. On the other 
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hand a small quantity of solvent is needed to carry out the reaction in ethanol-water mixture even 

for getting a large quantity of the oxidized product, which makes the reaction handier. It has been 

reported that the oxidation reaction that occurs in ethanol-water medium gives 50-60 % yield of 

the oxidized product, as compared to the yield (25-35%) in aqueous medium [204]. In the 

oxidation reaction, hydroxyl groups on carbon 2 and 3 of repetitive units were oxidized by sodium 

metaperiodate (Figure 3.1) leading to the formation of two aldehyde groups in each oxidized 

monomeric unit by cleaving the carbon-carbon bond. ADA of different oxidation degrees can be 

obtained by changing the ratio of sodium metaperiodate and sodium ALG. The equivalent weight 

of sodium metaperiodate to sodium ALG was 32.1% in the current study. The oxidation degree of 

the synthesized ADA was found to be 33.0 ± 0.6 %, presented in Table 3.2. It has been revealed 

that sodium metaperiodate is not completely consumed during oxidation due to the hemiacetal 

formation between oxidized and unoxidized ALG residue [205]. 

 

Figure 3.1. Scheme for synthesis of ADA from ALG by periodic oxidation. Reproduced from 

[206] by permission of the Royal Society of Chemistry. 

Table 3.2. Degree of oxidation of ADA obtained by periodate oxidation of sodium ALG. 

Periodate equivalent (wt%) Degree of oxidation of ADA (%) 

32.1 33.0 ± 0.6 
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3.3.1.2 FTIR study 

ATR-FTIR spectra of sodium ALG, gelatin, ADA and ADA50-GEL50 are shown in Figure 3.2. 

The spectrum of sodium ALG demonstrates the characteristic absorption bands of its 

polysaccharide structure, 1318 cm
-1

 (CO stretching), 1126 cm
-1

 (CC stretching), 1021 cm
-1

 

(COC stretching) and 947 cm
-1

 (CO stretching) [207–209]. The absorption bands at around 

1590 and 1414 cm
-1

 are assigned to asymmetric and symmetric stretching peaks of carboxylate 

salt groups of ALG.
42

 The symmetric vibration of aldehyde at 1735 cm
-1

 is not detected in the 

FTIR spectrum. This can be attributed due to hemiacetal formation of free aldehyde groups [210]. 

 

Figure 3.2. ATR-FTIR spectra of sodium ALG, ADA, gelatin and ADA50-GEL50. Reproduced 

from [206] by permission of the Royal Society of Chemistry. 

3.3.1.3 NMR study 

The formation of aldehyde groups in ADA was confirmed by 
13

C NMR spectroscopy, as shown in 

Figure 3.3. 
13

C CPMAS NMR was performed to characterize ALG and ADA. The carbon spectra 

of ALG and ADA can generally be divided into three main regions: pyranose carbon (60-90 

ppm), anomeric carbon (90-110 ppm) and carboxyl carbon (172-180 ppm) [211]. The signals in 

the spectra were assigned to identify the corresponding carbon of mannuronate (M) and 

guluronate (G) units of ALG and ADA, according to Salomonsen et al. [211,212] as presented in 

Table 3.3. The signals corresponding to G1, G4, G3 and G5 of ADA became smaller compared to 

there of ALG. However, the signals corresponding to M did not change significantly, which 
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indicates that G units of ALG oxidized preferentially [197]. Moreover, the new signal at 92.2 ppm 

appeared in the spectrum of ADA, which can be attributed to hemiacetalic carbons corresponding 

to aldehyde groups [197]. 

 

Figure 3.3. 
13

C CPMAS NMR spectra of ALG and ADA. Reproduced from [206] by permission 

of the Royal Society of Chemistry. 

Table 3.3. Assignments of the resonances in the 
13

C CPMAS spectra of ALG and ADA 

(Figure 3.3) 

 

13
C resonances 

Carboxyl Anomeric Pyranose Aldehyde 

Notation in 

Figure 3.3 
A B D E F G H C 

Assignment of 

M & Ga 
G6 M6 G1 G4 M4 M5 M3 M2 G3 G5 G2 

 

Chemical 

shiftb of ALG 

(ppm) 

176.2 102.4 82.8 76.5 71.1 68.2 65.4 
 

Chemical 

shiftb of ADA 

(ppm) 

176.1 102.2 80.9 72.5 68.2 65.2 92.2 

a
 Assignment of mannuronate (M) or guluronate (G) and the number belongs to the position: G2 and M2 are 

the C2 carbon atoms of the guluronate and mannuronate units, respectively. 

b
 The carboxylic resonance at 172.48 ppm from TMS was used as external reference.  
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3.3.1.4 Molar mass 

The molar mass of ALG and synthesized ADA was analyzed by the intrinsic viscosity method as 

shown in Table 3.4. The intrinsic viscosity of ALG and ADA was measured by plotting the 

reduced and inherent viscosities which are presented in Figure 3.4. The molar mass of ALG 

decreased significantly after periodate oxidation, which depends on the periodate equivalent used 

for oxidation reaction [153]. In the present study, 30 mol% equivalent of periodate was used for 

oxidation of ALG. This result is attributed to the scission of polysaccharide chain of ALG during 

oxidation. The periodate oxidation preferentially cleaves the vicinal diols in guluronate unit of 

ALG to form dialdehyde derivatives [197]. 

 

Figure 3.4. Reduced and inherent viscosities for (a) ALG and (b) ADA of various concentrations. 

© 2014 Sarker et al. [213]. 

Table 3.4. Intrinsic viscosity and calculated molar mass of ALG and ADA 

Materials Intrinsic viscosity (dL/g) Molar mass (kDa) 

ALG 8.5 ± 0.1 422.3 ± 5.3 

ADA 3.71 ± 0.06 185.5 ± 2.8 

 

3.3.2 Physico-chemical properties of ADA-GEL 

3.3.2.1 Crosslinking mechanism of ADA-GEL and degree of crosslinking 

Crosslinking mainly occurs due to Schiff’s base formation through the interaction between the ε-

amino groups of lysine or hydroxylysine of gelatin and the available aldehyde groups of ADA 

(Figure 3.5). The free ε-amino groups of lysine or hydroxylysine of gelatin form imine bonds 
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(=C=N) with the available aldehydes groups of ADA, which is known as Schiff’s base 

compound (secondary aldimine), derived with the general formula RCH=NR' [214]. The degree 

of crosslinking of ADA-GEL hydrogels was calculated from the moles of the reacted ε-amino 

groups. The results reported in Table 3.5 indicate that the ADA-GEL with lower amount of 

gelatin show higher degree of crosslinking. The degree of crosslinking of ADA50-GEL50, 

ADA40-GEL60 and ADA30-GEL70 decreases significantly. The high degree of crosslinking of 

ADA-GEL with lower gelatin content can be explained by the availability of more reactive 

aldehyde groups of ADA. High ADA content can promote the extent of crosslinking with the free 

amino groups of gelatin. On the other hand the ADA50-GEL50, ADA40-GEL60 and ADA30-

GEL70 contain 50, 40 and 30% ADA, respectively which have comparatively less amount of 

reactive aldehyde groups. Thus high amount of ε-amino groups are left as uncrosslinked. 

 

Figure 3.5. Schematic presentation of crosslinking of ADA and gelatin and possible coordination 

of ADA molecules with gelatin chain. Reproduced from [206] by permission of the Royal Society 

of Chemistry. 
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Table 3.5. Degree of crosslinking of ADA-GEL expressed as percent of free ɛ-amino groups 

consumed after crosslinking as a function of hydrogel composition. 

Hydrogels Degree of Crosslinking (%) 

ADA70-GEL30 52.0 ± 8.2 

ADA60-GEL40 51.3 ± 9.4 

ADA50-GEL50 34.8 ± 6.1 

ADA40-GEL60 40.9 ± 4.1 

ADA30-GEL70 36.9 ± 2.3 

3.3.2.2 Gelation time 

The gelation time is defined as the time required for the completion of crosslinking reaction 

between ADA and gelatin. After mixing the ADA and gelatin solution, an opaque viscous 

hydrogel was formed after certain time, which varies for different composition of ADA and 

gelatin. Figure 3.6(a) shows the gelation time of ADA-GEL with different compositions of ADA 

and gelatin. Gelation time of ADA-GEL decreased with increasing gelatin content in ADA-GEL, 

which ranged from 19 to 4 minutes. However, the gelation time of ADA40-GEL60 and ADA30-

GEL70 presents similar values. Gelation time of ADA50-GEL50 is found to be around 8 minutes, 

presenting a similar value to that obtained with rheological analysis. In the time sweep study of 

rheological analysis (Figure 3.6(b)), the storage modulus (G´) and loss modulus (G´´) were 

monitored with respect to time in order to determine the rate and extent of crosslinking. The 

crossover point of G´ and G´´, where G´ is equal to G´´, is defined as the state of gel formation 

[215,216]. For ADA50-GEL50, the crossover point of G´ and G´´ was found to be about 

220 seconds (about 3.7 minutes) and the processing time (time required to mix ADA and gelatin 

and to start the experiment) was about 4.5 minutes. Thus the total time required to achieve the 

crossover point was about 8.2 minutes, which is almost similar to the value that was observed 

during the experiment of gelation time measurement by test tube inverting method of ADA50-

GEL50. 
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Figure 3.6. Gelation time obtained by (a) test tube inverting method of alginate-gelatin 

crosslinked hydrogel with different compositions and (b) by analyzing storage moduli (G´) and 

loss moduli (G´´) of ADA50-GEL50 hydrogel as function of time after mixing of ADA and 

gelatin under constant shear rate at 25°C. Reproduced from [206] by permission of the Royal 

Society of Chemistry. 

3.3.2.3 FTIR study 

The ATR-FTIR spectrum of gelatin (Figure 3.2) shows the characteristic absorption bands of its 

protein structure, e.g. the bands at 1630 and 1543 cm
-1 

are assigned to the NH stretching 

vibration peaks for amide I and amide II, respectively [217–219]. The spectrum of ADA50-

GEL50 (one of the compositions of alginate-gelatin cross-linked hydrogel) exhibits the absorption 

bands at 1621 and 1557 cm
-1 

due to v(C=N) suggesting the formation of Schiff’s base [220–222]. 

The band at 1621 cm
-1 

due to Schiff’s base is broad probably because of overlapping with the 

band at 1630 cm
-1 

of amide I of uncrosslinked gelatin. Moreover, the band at 1543 cm
-1 

due to 

amide II, which is characteristic of gelatin, is completely absent in the spectrum of ADA50-

GEL50, proving the involvement of this group in the crosslinking reaction. 

3.3.2.4 XRD analysis 

The XRD patterns of ALG, gelatin, ADA and ADA-GEL (different compositions), as dried films, 

are shown in Figure 3.7. The diffractogram of ALG consists of two crystalline peaks at 2θ=13.4° 

and 22.7° [223] while the spectrum for gelatin exhibits one wide peak at 2θ=20.4° indicative of its 

high amorphous content and a small peak at 2θ=7.8°, which can be ascribed to the triple-helical 

crystalline structure of collagen renatured in gelatin [224]. The diffractograms of the ADA-GEL 

films are consistent with their composition. Initially, the low-angle peak of gelatin at 2θ=7.8° 

which is related to the diameter of the triple helix of collagen molecular structure, seems to be 
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intensified at the diffractograms of the ADA-GEL samples and especially for the samples with 

high gelatin content. This behavior has previously been reported by Boanini et. al. [187] and it is 

associated with the increase in the content of the triple helix structure of gelatin. The broad peak 

of gelatin at 2θ=20.4° can be detected in the ADA-GEL with high gelatin content (>50%), while 

below that concentration the peak almost disappears. The strong interactions between ALG and 

gelatin have destroyed the close packing for the formation of regular crystallites and this fact can 

explain the absence of the ALG characteristic peak at 2θ=13.4° in the ADA-GEL samples. 

Furthermore, the decreased intensity of the peaks in the diffractograms of ADA-GEL indicates a 

reduction in the degree of crystallinity and this is likely due to the covalent crosslinking between 

gelatin and ADA. 

 

Figure 3.7. XRD patterns of (a) ALG, (b) ADA, (c) ADA70-GEL30, (d) ADA60-GEL40, (e) 

ADA50-GEL50, (f) ADA40-GEL60, (g) ADA30-GEL70 and (h) gelatin. Reproduced from [206] 

by permission of the Royal Society of Chemistry. 

3.3.2.5 Thermogravimetric behavior 

During the thermogravimetric (TG) analysis of the dried films, the samples were heated up to 

1000 °C with a heating rate of 10 °C/min under N2 atmosphere. The mass loss curves of sodium 

ALG, ADA and gelatin are presented in Figure 3.8. From the thermograms, it can be seen that all 

three materials exhibit different thermal behavior. Initially sodium ALG presents three 

degradation steps. The first one occurs at almost 120 °C and corresponds to the dehydration of the 

sample, while the second occurs at an inflection point of 250 °C and indicates the decomposition 

of ALG by the dehydration of the saccharide rings, breaking up of CH bonds and breaking of the 
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COC glycoside bonds in the main polysaccharide chain. During the third and final degradation 

step, Na2CO3 and other carbonaceous materials were formed [225]. ADA exhibits different 

thermal behavior. The first degradation step of ADA is quite fast and corresponds to the 

elimination of absorbed and bound water from the samples along with low molecular mass 

compounds. The same applies also for the first degradation step of gelatin, at significantly slower 

rates. In addition, the second and main degradation stage of ADA is probably associated with the 

structural degradation on the main chain along with the liberation of volatile compounds. 

According to Pawlicka et. al. [226] this degradation step corresponds to endothermic hydrolysis 

and oxidation process followed by exothermic reaction, which starts at 345 °C and corresponds to 

the final pyrolysis. On the other hand, the second decomposition stage of gelatin is related to the 

main degradation and represents a complex process including protein chain breakage and peptide 

bond rupture zone [227]. Finally, the third degradation step of gelatin can be attributed to the 

decomposition of more thermally stable structures which were produced from crosslinking 

reactions during heating.  

 

Figure 3.8. TG curves of ALG, ADA and gelatin at heating rate of 10 °C/min. Reproduced from 

[206] by permission of the Royal Society of Chemistry. 

The decomposition curves of the ADA-GEL films (Figure 3.9) demonstrate that they are not 

strictly the sum of the combination of the two independent starting materials, ADA and gelatin. 

For the ADA-GEL films with high ADA content (ADA70-GEL30 and ADA60-GEL40), the 
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thermal stability is lower compared to other compositions for the temperatures up to 370 °C. 

However, the thermal stability of ADA-GEL films with high content of ADA is enhanced at 

higher temperatures (>370 °C). On the other hand, the composites which consist of high amount 

of gelatin (ADA30-GEL70 and ADA40-GEL60) show exactly the opposite behavior. At lower 

temperatures (<370 °C), their thermal stability is higher than that of the other ADA-GEL films. 

Higher amount of gelatin remained uncrosslinked in ADA30-GEL70 and ADA40-GEL60, and 

this is reason why these hydrogels exhibit higher thermal stability at lower temperatures. 

However, after that point, their thermal stability drops significantly. It is interesting to notice that 

for the ADA-GEL films with 60% and 70% gelatin, the thermal stability was found to be even 

lower than that of pure gelatin at higher temperatures (>653 °C). This phenomenon is also 

observed at the primary stages of degradation of the ADA-GEL films with high ADA 

concentration, which present low thermal stability, even lower than that of their two components, 

ADA and gelatin. The consistency of the samples is once again confirmed from the fact that the 

presence of ADA and gelatin has pronounced effects on the patterns of the TG curves of ADA-

GEL films, depending on the concentration of each component during the whole degradation 

process. Thus, at the early stages of degradation, the slopes of the TG curves of ADA-GEL films 

with high ADA content are steeper than those with high gelatin content, while at the end of the 

degradation process the break of the TG curve which is pronounced at ADA, is also visible at the 

ADA-GEL but at higher temperatures. 

 

Figure 3.9. Mass loss (%) (left) and DTG (right) curves of dry films fabricated from ALG, ADA 

and ADA-GEL of different compositions. Reproduced from [206] by permission of the Royal 

Society of Chemistry. 
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3.4 Conclusions 

In this chapter, synthesis and physico-chemical characterization of covalently crosslinked 

alginate-gelatin hydrogels of different compositions were highlighted. Successful partial oxidation 

of ALG was confirmed by 
13

C NMR showed the formation of aldehyde groups, which later 

formed Schiff’s base during covalent crosslinking with amino groups of gelatin. Crosslinking of 

ADA and gelatin was confirmed by FTIR analysis. Crosslinking degree of ADA-GEL hydrogels 

was successfully tailored by changing the ratio of ADA and gelatin that might influence the 

degradation behavior of the hydrogels, which will be discussed in the next chapter. Gelation time 

of hydrogel is very important for biofabrication or cell encapsulation to understand the window of 

material’s handling time for bioprocessing technique. It is worth that the gelation time of ADA-

GEL hydrogels was tunable by changing the ratio of ADA and gelatin. In most of the previous 

studies, ADA-GEL has been synthesized in the presence of borax that increases the pH of reaction 

medium and reduces the gelation time of hydrogel. The short gelation time makes the handling 

time shorter, which is not feasible for cell encapsulation and moreover high pH could inhibit cell 

viability. In the present study, we synthesized ADA-GEL in PBS which maintained the pH at 

around 7.4 that increased the gelation time of hydrogel that facilitated the fabrication of 

microcapsules. Moreover the pH around 7.4 is helpful for better cell attachment, migration and 

proliferation. The study of the fabrication of microcapsules from ADA-GEL hydrogels, cell 

encapsulation and cytocompatibility of this hydrogel in 2D and 3D will be evaluated in the next 

chapters. 
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Chapter 4 

Physical Characteristics and in vitro 

Cytocompatibility of ADA-GEL: 2D 

 

4.1 Introduction 

Highly biocompatible materials are the obvious choice for the application in tissue engineering. 

Currently, various materials of natural and synthetic origin are used for experimental work in the 

field of tissue engineering. The cell-material interaction is the critical phenomenon for evaluating 

the biocompatibility of a material for tissue engineering applications, which is determined by the 

effect of the biomaterial properties on cell attachment, proliferation, spreading as well as cell 

differentiation [228]. Physico-chemical surface properties of biomaterials, involving chemical 

composition and presence of functional groups, microstructure, topography, wettability, porosity, 

crystallinity as well as mechanical properties in particular stiffness, have strong influence on the 

cell-material interaction [229–232]. Accordingly, it has been demonstrated that the cell-material 

interaction can be improved by physico-chemical modifications of the surface of biomaterials, e.g. 

by plasma treatment, laser nano-patterning, coatings and functionalization with chemical 

functional groups like amine, hydroxyl, and carboxyl groups [233–237]. Among the commonly 

used chemical modifications, immobilization of biomolecules, such as cell adhesive peptides with 

the RGD sequence (Arg-Gly-Asp) has been widely used [41,42,238–241]. As a soft matrix, 

alginate (ALG) is a popular as a basic biomaterial because of its biocompatibility and rapid ionic 

gelation property with divalent cation making it useful for cell encapsulation and biofabrication 

strategies [11,182]. There are however some significant drawbacks of pure ALG, therefore 

alginate-gelatin crosslinked (ADA-GEL) hydrogels have been synthesized, as described in detail 

in the previous chapter. 

It was already stated in the last chapter that this form of hydrogel could solve the two major 

limitations of ALG, because oxidized ALG possesses comparatively high degradability [188] and 

gelatin possesses the RGD sequence of collagen which is relevant to promote cell adhesion 
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[71,194]. Further characterization of ADA-GEL-based hydrogels is considered in this chapter, 

namely the degradation behavior of ADA-GEL hydrogel films of different compositions is 

investigated in detail. Gelatin release phenomena of the films are also addressed to investigate the 

correlation with the degradation property of the hydrogels.  

 

Figure 4.1. Schematic diagram showing stratified layers of fibroblasts, smooth muscle cells and 

endothelial cells of a blood vessel wall. Source: https://beyondthedish.wordpress.com. 

Moreover, comparative cytocompatibility of ADA-GEL hydrogels of different compositions are 

focused using primary human dermal fibroblast cells. Fibroblasts are the most abundant cells in 

various tissues and play an important role in wound healing, angiogenesis and tissue regeneration 

[242–245]. As shown in the Figure 4.1 fibroblasts form the external layer (tunica externa) of 

blood vessel wall, proving their importance in blood vessel regeneration [112]. As discussed in 

the Section 2.4.1.1 fibroblasts, smooth muscle cells and endothelial cells are the three key vessel 

forming cells, form three stratifying layers tunica externa, tunica media and tunica intima, 

respectively [246]. Fibroblasts secrete various growth and angiogenic factors, i.e. fibronectin, 

transforming growth factor (TGF-β1), basic fibroblast growth factor (bFGF), collagen I and III, 

connective tissue growth factor etc., and this feature makes them the key players in the control of 

the extracellular environment, as well as in the regulation of the neighboring cell behavior and 

their response to the environment [242,247–249]. Indeed to investigate the in vitro 

cytocompatibility of a biomaterial in a 2D environment, fibroblasts are the better choice because 

of their stratified layer forming characteristic in 2D culture conditions. In the present study, to 

elucidate the influence of different compositions of the hydrogels on fibroblast cells, cell growth 

was observed over 7 days. Using biochemical and microscopic assays, questions related to cell 

growth and spreading on the hydrogels are addressed. In line with previous studies, it was found 

that different compositions and physico-chemical properties of the hydrogels affect cell behavior, 
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morphology and functions. In this chapter, the results are discussed in the context of cell behavior 

with respect to different hydrogel compositions for the purpose of tissue regeneration. 

4.2 Experimental 

4.2.1 Fabrication of ADA-GEL films 

ALG was dissolved in PBS to obtain 2.5% (w/v) solution and sterilized by filtration through 

0.45 µm filter (Carl Roth GmbH + Co. KG, Germany). ADA and gelatin solutions of 5% (w/v) 

concentration were also sterilized by filtration through 0.45 µm and 0.22 µm filter, respectively 

prior to synthesizing ADA-GEL hydrogels. ADA-GEL hydrogels of different compositions were 

prepared as described before. ALG and ADA-GEL hydrogels were casted in sterile Petri dishes 

separately, followed by the addition of calcium chloride solution (0.1 M) and incubation for 

15 minutes to allow ionic gelation. The hydrogels were then washed with serum-free Dulbecco’s 

modified Eagle's medium (DMEM) (Gibco®, Germany) and cut by punching to produce the films 

of desired size and shape (circular, diameter 13.5 mm and thickness 1.5 mm). The whole process 

was done under sterile conditions in a laminar flow hood (SCANLAF MARS Bio-safety cabinet 

class 2, LaboGene
TM

, Denmark). 

4.2.2 Physical properties of ADA-GEL films 

4.2.2.1 Surface topography of films 

The surface topography of the films fabricated from ALG and ADA-GEL having different ratios 

of ADA and gelatin was investigated using a scanning electron microscope (SEM) (Zeiss Auriga, 

Zeiss, Jena, Germany). The samples were prepared for SEM analysis through the three 

consecutive processes, fixation, dehydration and drying. Given the protein content in the hydrogel 

films, these were fixed using glutaraldehyde and paraformaldehyde based fixative solution and 

then a series of ethanol (from 30 to 100 v%) was used to dehydrate the films. Critical point drying 

technique was used to dry the samples using a critical point dryer (Leica EM CPD300, Germany) 

followed by sputter-coating with gold using a sputter coater (Q150T Turbo-Pumped Sputter 

Coater/Carbon Coater, Quorum Technologies Ltd, UK) prior to SEM analysis. 

4.2.2.2 Water uptake behavior 

Water uptake  studies of films prepared from different hydrogels were performed in DMEM 

supplemented with 10% (v/v) fetal calf serum (FCS) (Sigma-Aldrich, Germany ) and 1% (v/v) 

antibiotic-antimycotic (Gibco
®
, Germany) at 37 °C. The fabricated films of different hydrogels 

were dried with a critical point dryer (Leica EM CPD300, Germany). The weight of the critical 
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point dried films (
dW ) was recorded prior to the immersion in DMEM. At different time points, 

the DMEM was removed and the surface of the films was blotted with blotting paper to remove 

adherent DMEM, following which the films were weighed (
sW ). Fresh culture medium was then 

added to the films. The water uptake was calculated using the following equation: 

Water uptake (w%) 100s d

d

W W

W


       (Eq. 4.1) 

4.2.2.3 Swelling and degradation behavior 

The weighed (
iW ) as fabricated films of ALG and ADA-GEL of all compositions were incubated 

in 3 ml DMEM supplemented with 10% (v/v) FCS and 1% (v/v) antibiotic-antimycotic at 37 °C 

with a controlled atmosphere of 5% CO2 and 95% relative humidity. The medium was changed 

every two days. After specific time intervals, surface culture medium was removed from the 

samples and weighed (
tW ). The fresh culture medium was then added to the samples. The 

swelling and degradation of the films were calculated according to the following equation:  

Swelling (w%) or Degradation (w%) 100t i

i

W W

W


     (Eq. 4.2) 

where positive values are considered as swelling (w%) and negative values are considered as 

degradation (w%). 

4.2.2.4 Gelatin release study 

Weighed films (125 mg) prepared from ADA-GEL hydrogels were immersed in 2 ml of L-

glutamine, phenol red and serum free DMEM and incubated at 37 °C. At selected time points, the 

medium was removed and collected for gelatin release analysis, and fresh DMEM (2 ml) was 

added to the films. The gelatin concentration in the released medium was determined by 

colorimetric protein assay using the Lowry method [250,251], with bovine serum albumin (BSA) 

as a standard. The absorbance of each solution at 750 nm was measured using a UV-Vis 

spectrophotometer (Specord 40, Analytik Jena, Germany). The release (%) of gelatin from the 

films was calculated as follows:  

sup tan[ ]
Gelatin release (%) 100

[ ]
 

erna t

total

Gelatin

Gelatin
     (Eq. 4.3) 

where, [ ]totalGelatin is the initial concentration of gelatin (in films) and sup tan[ ] erna tGelatin is the 

final gelatin concentration in the medium at different time points. 
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4.2.3 In vitro cytocompatibility of ADA-GEL films 

4.2.3.1 Cell seeding and cultivation 

The primary cells, normal human dermal fibroblasts (NHDF) (Promocell, Germany), were 

cultured in DMEM supplemented with 10% (v/v) FCS and 1% (v/v) antibiotic-antimycotic, at 

37 °C, with a controlled atmosphere of 5% CO2 and 95% relative humidity. Monolayer of NHDF 

in their growth phase (~90% confluence) was detached using trypsin/1 mM 

ethylenediaminetetraacetic (EDTA) (Life Tech., Germany) in PBS, centrifuged and resuspended 

in complete cell culture medium. Cells were counted using trypan blue exclusion method (Sigma-

Aldrich, Germany) before seeding on hydrogels. 

The prepared circular films of ALG and ADA-GEL hydrogels were placed in the wells of 24-well 

plates (VWR Int., Germany) and washed with DMEM. For analysis of cell adhesion, 

85000 cells/film were seeded and incubated in a humidified atmosphere of 95% relative humidity 

and 5% CO2, at 37 °C. Culture medium was changed on the next day after seeding, and then every 

two days. 

4.2.3.2 Mitochondrial activity 

Mitochondrial activity of seeded NHDF on different hydrogel films was assessed through the 

enzymatic conversion of tetrazolium salt (WST-8 assay kit, Sigma Aldrich, Germany) after 4 and 

7 days of cultivation. After specific cultivation periods, the films were placed into new wells of 

24 well-plate in order to prevent the influence of the cells, which were adhered on the surface of 

well-plate during cultivation. Subsequently, freshly prepared culture medium was added into the 

well containing 1 v% WST-8 assay kit, prior to the incubation for 2 hours. 100 µl of supernatant 

from each samples was transferred into a well of a 96 well-plate and measured the absorbance at 

450 nm with a microplate reader (PHOmo, autobio labtec instruments co. Ltd. China). 

4.2.3.3 Cell staining and fluorescence microscopy 

To assess the viability of cells, live staining was performed with calcein acetoxymethyl ester 

(Calcein AM, Invitrogen, USA) after 4 and 7 days of cultivation, and nuclei were visualized by 

blue nucleic acid stain, DAPI (4',6-diamidino-2-phenylindole, dilactate, Invitrogen, USA) which 

preferentially bind to A (Adenine) and T (Thymine) regions of DNA. To investigate the cell 

morphology after 4 and 7 days of cultivation, cells were stained with rhodamine phalloidin 

(Invitrogen, USA), which selectively stains F-actin and nuclei were visualized with green nucleic 

acid stain, SYTOX (Invitrogen, USA). The images of calcein-DAPI and phalloidin-SYTOX 
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stained cells were taken by fluorescence microscope (FM) (Axio Scope A.1, Carl Zeiss 

Microimaging GmbH, Germany). 

4.2.3.4 Cell counting 

Automatic cell counting in the fluorescence images, taken as described above, was performed 

using the ImageJ software (version 1.47v, National Institutes of Health, Bethesda, MD, USA). Six 

images of two different magnifications (10× and 20×) per sample were used to analyze the cell 

number by counting the nuclei of cells. The entire area of the image was calculated and the result 

was presented as number of cells per unit area of sample. 

4.2.3.5 SEM analysis 

In subsets of experiments, the cell morphology on hydrogel films after 4 and 7 days of cultivation 

was analyzed by SEM (LEO 435 VP, LEO Electron Microscopy Ltd, Cambridge, UK). Briefly, 

after 4 and 7 days of cultivation, NHDF seeded films were fixed and dehydrated in a graded 

ethanol series (30, 50, 70, 80, 90, 95, and 99.8 v%). Then the samples were critical-point dried 

with a critical point dryer (Leica EM CPD300, Germany) and coated with gold sputter before 

SEM examination. 

4.2.4 Comparative study of in vitro cytocompatibility of ADA-GEL and ALG-GEL 

The main goal of this study is the investigation of in vitro cytocompatibility of ALG gelatin 

covalently crosslinked hydrogel (ADA-GEL) and alginate-gelatin blend hydrogel (ALG-GEL) in 

order to compare the two procedures, namely covalent crosslinking and simple blending in their 

suitability for preparation of alginate-gelatin hydrogels in terms of cell viability, attachment, 

proliferation, mitochondrial and metabolic activities. ADA40-GEL60, one of the most suitable 

compositions in terms of viability, attachment, proliferation, and mitochondrial activity of NHDF 

that was characterized in the previous study (Section 4.3.2), was chosen as the representative 

material for ADA-GEL. The composition, ALG40-GEL60, was used as alginate-gelatin blend 

material in order to compare with the crosslinked composition, ADA40-GEL60. Moreover, pure 

ALG was used as control material for this study. 

4.2.4.1 Preparation of films and morphological analysis 

Sodium ALG and gelatin was dissolved in PBS and ultrapure water, respectively to prepare 

5% (w/v) solutions of both. ALG and gelatin solutions were prepared at 37 °C and 50 °C, 

respectively. The ALG and gelatin solutions were sterilized by filtration through 0.45 µm and 

0.22 µm filter, respectively prior to mixing. Sterilized gelatin solution was slowly added to ALG 
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solution in the volume ratio of 40 to 60 (ALG to gelatin) under continuous stirring. The final 

concentration of ALG and gelatin in the prepared hydrogel precursor solution is 2% (w/v) and 

3% (w/v), respectively. The hydrogel precursor solution was casted in sterile Petri dish, followed 

by the addition of sterile calcium chloride solution (0.1 M) and incubation for 15 minutes to allow 

ionic gelation. The hydrogels were then washed with serum-free DMEM and cut by punching to 

produce films of desired size and shape (circular, diameter 13.5 mm and thickness 1.5 mm). 

ADA40-GEL60 films were prepared according to the similar procedure that was described in the 

Section 4.2.1. As control material ALG films were also prepared by casting of 2% (w/v) ALG 

solution, followed by ionic gelation with 0.1 M CaCl2 solution and punching. The whole 

fabrication process was accomplished under sterile condition. The surface morphology of the 

films was analyzed by SEM as described in the Section 4.2.2.1. 

4.2.4.2 In vitro cell study 

A cell culture experiment was performed as described in detail in the Section 4.2.3. In brief, 

NHDF were cultivated in DMEM supplemented with 10% (v/v) FCS and 1% (v/v) antibiotic-

antimycotic, at 37 °C, with a controlled atmosphere of 5% CO2 and 95% relative humidity. 

7.5×10
4
 cells within 500 µL of medium were seeded on each hydrogel film. Culture medium was 

changed on the next day after seeding, and then every two days. Mitochondrial and metabolic 

activities of the cells growing on ALG, ALG-GEL and ADA-GEL films were determined by 

WST-8 and lactate dehydrogenase (LDH) assays, respectively after 1, 3 and 7 days of cultivation. 

WST-8 assay was conducted similarly as described in the Section 4.2.3.2. 

For the LDH-activity analysis, a commercially available LDH-activity quantification kit (TOX7, 

Sigma-Aldrich, Germany) was used to quantify the LDH enzyme activity in cell lysate. After 

specific period of incubation (1, 3 and 7 days) the hydrogel films were placed into new wells of 

24 well plates and subsequently washed with HBSS, and lysis buffer was added to the films 

(1 mL/film) and incubated for 30 min. Lysates were centrifuged at 2000 rpm for 5 min and 

140 µL from the supernatant solutions were transferred to 1 mL cuvettes. 60 µL of master-mix 

(equal amounts of substrate solution, dye solution, and cofactor solution for LDH assay) were 

added to each cuvette and incubated for 30 min. The reaction was stopped with 300 µL 1N HCl, 

and 500 µL water were added. The absorbance of each solution was measured at 490 and 690 nm 

using a UV-Vis spectrophotometer (Specord 40, Analytik Jena AG, Jena, Germany). 

To assess the viability of cells, live staining was performed with Calcein AM and nuclei staining 

was done with DAPI. To investigate the cytoskeleton, F-actin of cells was stained with rhodamine 

phalloidin and nuclei were visualized with green nucleic acid stain, SYTOX. The images of 

calcein-DAPI and phalloidin-SYTOX stained cells were taken by fluorescence microscope. The 
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cell number on films at different cultivation times was calculated by counting the number of cell 

nuclei by Image J software, as described previously (Section 4.2.3.4).  

4.2.5 Effect of incorporation of bioactive glass into ADA-GEL 

The aim of this part of the study is to investigate the effect of incorporating bioactive glass 

nanoparticles (nBG) into the ADA-GEL hydrogel on cellular behavior, especially cell viability, 

attachment, proliferation, as well as mitochondrial and metabolic activities. Bioactive glass 

composes a wide variety of cations and anions that might exert specific effects, such as 

cytotoxicity on adjacent cells [252]. This study was conducted to investigate cytocompatibility of 

the hydrogels with and without nBG using rat bone marrow derived stem cells (rBMSCs) prior to 

in vivo investigation. 

4.2.5.1 Preparation of films 

ADA and gelatin solutions were sterilized by filtration through 0.45 µm and 0.22 µm filter (Carl 

Roth GmbH + Co. KG, Karlsruhe, Germany), respectively, prior to mixing. Sterilized ADA and 

gelatin solutions were mixed in equal volume ratio. nBG of nominal 45S5 composition 

(synthesized by flame pyrolysis [91], particle size 20–60 nm and received from ETH, Zurich, 

Switzerland) were sterilized by dry heat sterilization technique. Sterilized nBG were added to 

ADA solution prior to mixing with gelatin to prepare ADA-GEL-nBG hydrogels that contained 

0.1% (w/v) nBG.  

ALG, ADA-GEL and ADA-GEL-nBG hydrogels were casted in sterile Petri dishes. Ionic gelation 

of the casted films was conducted with calcium chloride (CaCl2) solution (0.1 M). Serum free 

DMEM (Gibco
®
, Darmstadt, Germany) was used to wash the hydrogel films, which were cut by 

punching to make the films of desired size and shape (circular, diameter 13.5 mm and thickness 

1.5 mm). For the in vitro study, ADA-GEL and ADA-GEL-nBG hydrogels along with ALG 

(control hydrogel) were used. 

4.2.5.2 In vitro cell study 

Rat bone-marrow derived mesenchymal stem cells (rBMSCs) were isolated from an adult male 

Lewis rat (collaboration with the group of PD Dr. med Andreas Arkudas, Department of Plastic 

and Hand Surgery, University Hospital of Erlangen, Friedrich Alexander University of Erlangen-

Nuremberg). The animal was deeply anesthetized using isoflurane in pure oxygen, and both 

femora and tibiae were aseptically explanted. Each bone marrow cavity was flushed with 15 mL 

MACS buffer (PBS+2% fetal calf serum), and the resulting cell suspension was centrifuged at 

1400 rpm for 4 min. The supernatant was discarded and the cell pellets were resuspended in 
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DMEM supplemented with Ham’s F-12 (Biochrom, Germany) in ratio of 1:1, 20% (v/v) FCS 

(Biochrom, Germany), and 1% (v/v) L-Glutamine (Gibco, Germany). The cell pellets were 

filtered through a 100 µm pore size cell strainer (BD, Germany). Mononuclear cells were isolated 

using density gradient centrifugation (Histo-Paque 1077, Sigma Aldrich, Germany). Cells were 

seeded into the wells of a standard plastic 24 well plate (Greiner Bio-One, Germany) at a density 

of 2 × 10
6
 cells/well. After 36 h, the non-adherent cells were removed by washing each well with 

PBS, and fresh medium was supplied.  

Cells were monitored daily, and medium was changed every 2–3 days; passaging was done at 

70%–80% confluency (after 5–6 days). Cells were detached using trypsin/EDTA solution 

(Biochrom, Germany) for 4 min, and seeded at 5000 cells/cm
2
 (P1, P2) or 3000 cells/cm

2
 (P3 and 

following passages) onto standard plastic cell culture flasks (Greiner Bio-One, Germany).  

The prepared circular films of ALG, ADA-GEL and ADA-GEL-nBG hydrogels were transferred 

into a 24-well plate (VWR int., Leuven, Germany). MSCs were seeded at a density of 1×10
5
 

cells/film, cultured in DMEM (Gibco
®
, Germany) supplemented with 10% (v/v) FCS (Sigma-

Aldrich, Germany) and 1% (v/v) penicillin-streptomycin (Gibco
®
, Germany) and incubated in a 

humidified atmosphere of 95% relative humidity and 5% CO2, at 37 °C. The culture medium was 

changed the day after seeding and then every two days. 

Mitochondrial activity and metabolic activity determination, fluorescence staining and 

microscopy and counting of MSCs on ALG, ADA-GEL and ADA-GEL-nBG films after 48 hours 

of cultivation were conducted in the same manner as described in the previous Sections (4.2.3 and 

4.2.4.2).  

4.3 Results and discussion 

4.3.1 Physical properties of ADA-GEL films 

4.3.1.1 Surface topography of films 

The surface topography of ALG and ADA-GEL films comprising different ratios of ADA and 

gelatin was investigated by SEM (Figure 4.2) in order to understand the effect of covalent 

crosslinking of ADA and gelatin on topographical morphology. As expected, ALG films 

exhibited the typical polysaccharide morphology with folded structure in regular pattern. 

Interestingly, all covalently crosslinked ADA-GEL films showed completely different 

morphology compared to ALG. At the other end, the topographies of ADA-GEL films having five 

different ratios of ADA and gelatin were seem to be different from each other. An uneven folded 

morphology was observed for ADA70-GEL30, which was found to be higher for ADA60-GEL40 

and ADA50-GEL50. The degree of roughness surprisingly decreased for ADA40-GEL60 and 

ADA30-GEL70. However, a fibrillar porous structure with pores in submicron level was detected 
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for ADA30-GEL70, which is similar to the randomly oriented fibrillar morphology of gelatin 

[253]. This morphology is expected because this composition contains a relatively high amount of 

gelatin. The topography of this composition is very similar to that of collagen [254], which is the 

key component of the native ECM. 

 

Figure 4.2. SEM images of ALG and all compositions of ADA-GEL films exhibiting different 

surface topography features. 
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4.3.1.2 Water uptake behavior 

Water uptake, one of the most important properties of hydrogel-based biomaterials, reflects the 

ability of the hydrogel to keep and diffuse water, which is related to its ability to absorb body 

fluid and transfer cell nutrients and metabolites [203,226]. Water uptake of the films fabricated 

from ALG and ADA-GEL of different compositions was analyzed in cell culture medium at 

37 °C to understand the water uptake ability of hydrogels at conditions mimicking the in vitro 

study. As shown in Figure 4.3, water uptake of ALG and ADA-GEL films increased rapidly up to 

12 hours. However, water uptake of ALG films was much higher than the water uptake of ADA-

GEL films. After 72 hours of incubation, water uptake of ALG films was found to be 2.4 times 

greater than that of ADA50-GEL50 films. This effect was likely resulting from the fact that molar 

mass of ADA was significantly decreased due to the partial oxidation of ALG, which cleaves the 

vicinal diols in ALG [13] and reduces the water uptaking ability of ADA-GEL. In addition, due to 

the crosslink of ADA and gelatin, the conformation of polysaccharide was changed which might 

further influence the water uptake properties. At longer incubation time points, no obvious 

difference was observed among the different compositions of ADA-GEL. 

 

Figure 4.3. Water uptake as a function of incubation time in DMEM of the films fabricated from 

ALG and ADA-GEL hydrogels of different compositions. © 2014 Sarker et al. [213]. 

4.3.1.3 Swelling and degradation behavior 

In vitro swelling and degradation of the hydrogel films of ALG and ADA-GEL were investigated 

by evaluating the weight gain and weight loss, respectively, of the hydrogel films during different 
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incubation times in DMEM, at 37 °C, with a controlled atmosphere of 5% CO2 and 95% relative 

humidity. As shown in Figure 4.4(a), at the beginning of incubation, we observed the swelling of 

all hydrogels. However, within 1-2 days, the degradation of ADA-GEL hydrogels had started. 

ADA-GEL hydrogels underwent fast weight loss during the first 10 days. Moreover, ADA50-

GEL50, ADA40-GEL60 and ADA30-GEL70 exhibited a considerably faster degradation profile 

as compared to the other two ADA-GEL hydrogels. Over longer incubation times, the weight loss 

of ADA-GEL hydrogels of all compositions was reduced remarkably, reaching a plateau after 

approximately 14 days. After 42 days of incubation, the weight loss of ADA70-GEL30, ADA60-

GEL40, ADA50-GEL50, ADA40-GEL60 and ADA30-GEL70 hydrogels were 15.6, 21.7, 29.6, 

39.8 and 56.7%, respectively. Usually, an increase in crosslinking degree results in a decrease in 

the weight loss of a hydrogel [255,256]. For ADA-GEL hydrogel, the higher content of ADA 

contributed to the formation of a highly crosslinking network because of the available aldehyde 

groups which act as sites for crosslinking with free ɛ-amino groups of gelatin. It must be noted 

that comparatively high amount of gelatin remained uncrosslinked in high gelatin-containing 

ADA-GEL hydrogels due to the smaller amount of available aldehyde groups. As a result, high 

amount of uncrosslinked gelatin leached out rapidly from high gelatin-containing ADA-GEL 

hydrogels, which contributed to the observed high rate of weight loss. Moreover, as shown above, 

ADA possesses low molar mass compared to ALG because of periodate oxidation during 

synthesis of ADA which cleaves the vicinal diols of ALG. This phenomenon enhances the 

degradation property of ADA [188]. Thus, the degradation behavior of ADA-GEL hydrogels is 

strongly influenced by the degradation of both components, ADA and gelatin. In contrast, there 

was no obvious degradation found for ALG hydrogel. Moreover, ALG showed stronger swelling 

behavior compared to ADA-GEL hydrogels over the whole incubation period. ALG and ADA-

GEL hydrogel films after 28 days of incubation during degradation study are shown in 

Figure 4.4(b). It is clearly visible that the size of the ALG film is larger than that of ADA-GEL 

films. Moreover, ADA-GEL films become smaller with increasing gelatin content which reflects 

the results obtained from the degradation study. These results proved that the biodegradability of 

ADA-GEL hydrogel is controllable by changing its composition. This feature is of critical 

importance for the application of the material in tissue engineering, where the degradation kinetic 

of biomaterials should be matched to the tissue regeneration process [12,136]. 
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Figure 4.4. (a) Swelling and degradation as a function of incubation time in DMEM of the films 

fabricated from ALG and ADA-GEL hydrogels of different compositions and (b) photograph of 

the hydrogel films after 28 days of incubation during degradation study. © 2014 Sarker et al. 

[213]. 

Moreover, the degradation behavior of ALG and ADA-GEL hydrogels was investigated by 

measuring the storage moduli of the hydrogels. Storage moduli of ALG and ADA50-GEL50 

hydrogels over the incubation period during the in vitro degradation study were analyzed by 

dynamic mechanical thermal analyzer (DMTA) over a frequency ranging from 0.1 to 15 Hz. 

ADA50-GEL50 hydrogel was chosen for this investigation since this hydrogel composition 

contains similar amount of ADA and gelatin. As shown in Figure 4.5 storage moduli of the 

hydrogels, ALG and ADA50-GEL50 were found to be of the same order of magnitude (from 

around 400 kPa at 0.1 Hz to around 600 kPa at 15 Hz) before incubation. The storage moduli of 

ALG and ADA50-GEL50 hydrogels decreased over the incubation period. However, the rate of 

loss of the storage moduli was higher for ADA50-GEL50 compared to ALG. After 28 days of 

incubation, the storage moduli of ALG and ADA50-GEL50 were found to be 200 and 110 kPa, 

respectively at 15 Hz, which proves the higher degradability of ADA50-GEL50 compared to 

ALG. The frequency independency of the loss tangent is a rheological proof that the materials are 
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in the gel state [257]. The increase of the loss tangent with degradation time supports the finding 

that the viscoelastic deformation behaviour is shifted towards a less elastic behavior viz. higher 

energy losses due to increasing viscous deformation processes. 

 

Figure 4.5. Storage modulus and loss tangent of ALG and ADA-GEL (ADA50-GEL50) 

hydrogels measured with dynamic indentation rheology (DMTA) after immersion in DMEM at 

37 °C and after different time periods of 0, 3, 7, 10, 14, 21, and 28 days (mean ± sd of n=5 

measurements). Solid lines are a fit of a power-law rheology model [258] to the data. Reproduced 

from [259] by permission of Elsevier.  

4.3.1.4 Gelatin release kinetic 

The gelatin release from ADA-GEL films of different compositions was monitored in DMEM at 

37 °C to understand the release behavior of gelatin during cell culture studies. As shown in 

Figure 4.6, gelatin release from hydrogels (w%) was very low even after 7 days (168 h), which 

was expected, as gelatin was covalently crosslinked with ADA [187]. Nonetheless, the release of 

gelatin started immediately after immersion in DMEM, and gelatin release rate was reduced upon 

prolonged incubation periods. The amount of gelatin release was higher in high gelatin-containing 
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ADA-GEL films. Although the amount of gelatin released from those films was higher, their 

released percentage was found to be lower. This phenomenon might be explained by an increased 

extent of physical interactions due to high gelatin content [187]. It has been reported that the 

renaturation of gelatin is totally intramolecular at low gelatin concentration, and becomes 

intermolecular at high concentration [73]. This phenomenon may reduce the released percentage 

of gelatin from high gelatin containing ADA-GEL films.  

 

Figure 4.6. Cumulative gelatin release as a function of incubation time in DMEM from the films 

fabricated from ADA-GEL hydrogels of different compositions. © 2014 Sarker et al. [213]. 

4.3.2 In vitro cytocompatibility of ADA-GEL films 

4.3.2.1 Viability and mitochondrial activity of NHDF 

Figure 4.7 shows living NHDF (stained with calcein AM) on ALG and ADA-GEL hydrogels 

after 4 and 7 days of incubation. The viability and morphology of living cells can be evaluated 

using calcein AM that stains the cytoplasm of living cells [260]. Esterases present in the 

cytoplasm of the living cells break down calcein, resulting in a fluorescent green product which is 

impermeable to cell membranes.  Apart from the cell viability, calcein staining further provides 

information about the cell shape and membrane integrity which are the hallmarks of normal cell 

equilibrium. Cells were also stained with DAPI, a nucleic acid stain, in order to assess the 

integrity of the nucleus [261]. In Figure 4.7, the comparative reduction in viable cell numbers on 

ALG hydrogel after 4 days of incubation is shown. Interestingly, the cells were found to be 
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agglomerated and formed clusters on ALG hydrogels after 7 days of incubation. This result 

indicates that on ALG hydrogel, cell-cell interactions are stronger than cell-material interactions, 

which results in a weakened attachment of cells to the material surface and the clustering of cells.  

On ADA-GEL hydrogels, more viable cells with intact nuclei and cell membranes were found as 

compared with pure ALG. Moreover, cells were found to be attached and spread after 4 and 

7 days of incubation. As expected, the number of adherent cells increased with increasing gelatin 

content in ADA-GEL hydrogels. This phenomenon can be ascribed to the availability of cell-

binding peptides of gelatin in the hydrogel. ADA-GEL hydrogels of high gelatin content have 

more than required amount of gelatin for crosslinking with ADA. These hydrogels therefore 

possess more cell adhesion peptides which enhance their cell-material interaction. Moreover, it is 

clearly visible that the attachment and growth of NHDF occurs in one direction on high gelatin 

containing ADA-GEL hydrogels, whereas this type of orientation of NHDF is not observed for 

low gelatin containing ADA-GEL hydrogels. 

Cell vitality plays an important role in living tissues, and it is therefore essential in tissue 

engineering and regeneration [262]. A high number of viable cells growing on the ADA-GEL 

hydrogels was found but their cell activity was not known. To investigate this effect, the 

metabolism of the NHDF on ALG and ADA-Gel hydrogels after 4 and 7 days of incubation was 

considered by analyzing the mitochondrial activity of cells with WST-8 assay, as presented in 

Figure 4.8. In the metabolically active cells, tetrazolium compound is metabolized in the 

mitochondria and the product, formazan, is secreted into the medium. The resulting change in the 

medium color was measured spectrophotometrically, which reflects the relative mitochondrial 

activity of the cells. After 4 days of incubation, mitochondrial activity of NHDF grown on ADA-

GEL hydrogels was significantly higher compared to those on ALG, except for ADA60-GEL40. 

After 7 days of incubation, mitochondrial activity of NHDF on ADA70-GEL30, ADA60-GEL40, 

ADA50-GEL50, ADA40-GEL60 and ADA30-GEL70 was 1.2, 1.7, 1.5, 2.2 and 2.3 folds 

increased as compared to that of ALG. However, these differences with ALG reached statistical 

significance only for high gelatin containing ADA-GEL hydrogels (ADA40-GEL60 and ADA30-

GEL70). This result is in accordance with the results of the fluorescence staining of NHDF which 

are presented in Figure 4.7. Here, we also found a strong correlation between cell viability with 

the biodegradation of ADA-GEL hydrogels. Comparatively highly degradable ADA-GEL 

hydrogels supported high cell viability. In general, degradation of hydrogels enhances the 

temporal changes of the bulk properties and helps the transport of matrix molecules which 

contributes to develop pericellular and extracellular matrices [12]. Moreover, due to degradation, 

the mesh size of the hydrogel increases which permits cell anchoring and penetration.  
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Figure 4.7. FM images of NHDF adhered on (a,b) ALG, (c,d) ADA70-GEL30, (e,f) ADA60-

GEL40, (g,h) ADA50-GEL50, (i,j) ADA40-GEL60, and (k,l) ADA30-GEL70 after 4 days (left 

column) and 7 days (right column) of incubation. The cells were stained for live cells (green) and 

nuclei (blue). Scale bar: 50 µm. © 2014 Sarker et al. [213]. 
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Figure 4.8. Mitochondrial activity of NHDF on ALG and ADA-GEL hydrogels of different 

compositions after 4 and 7 days of cultivation. Asterisks denote significant difference compared 

to ALG films in each cultivation period, *p< 0.05, **p< 0.01 and ***p< 0.001 (Bonferroni’s post-

hoc test was used). © 2014 Sarker et al. [213]. 

4.3.2.2 Cell number 

The number of cells was quantified by counting fluorescently stained cell nuclei with Image J 

software after specific cultivation periods. After 4 days of cultivation (Figure 4.9), the number of 

cells on ADA-GEL significantly increased compared to ALG, except for ADA70-GEL30. After 

7 days of cultivation, the number of cells for ALG is not shown in Figure 4.9, because cells on 

ALG hydrogel could not be counted due to aggregation, which is shown in the fluorescence 

images of Figure 4.7 and Figure 4.10. However, the cell number increased for all compositions 

of ADA-GEL hydrogel after 7 days of cultivation compared to that for 4 days of cultivation. 

Moreover, the cell number increased significantly (1.5, 1.8, 1.4 and 1.7 fold) for the highest 

gelatin containing ADA-GEL compared to ADA70-GEL30, ADA60-GEL40, ADA50-GEL50 and 

ADA40-GEL60, respectively, after 7 days of cultivation. 
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Figure 4.9. Number of NHDF on ALG and ADA-GEL hydrogels of different compositions after 

4 days and 7 days of cultivation. Asterisks denote significant difference, *p< 0.05, and 

***p< 0.001 (Bonferroni’s post-hoc test was used). Cells could not be counted due to the 

agglomeration of cells on ALG hydrogel after 7 days of cultivation. © 2014 Sarker et al. [213]. 

4.3.2.3 Morphology of NHDF 

To visualize cell morphology and cell spreading onto the hydrogels, actin cytoskeleton staining of 

the cells was performed using rhodamine phalloidin. Cell morphology plays an important role in 

the general cell hemostasis, and can be an early indicator of apoptotic responsiveness [263], or 

growth arrest [260]. The F-actin cytoskeleton staining showed that cells were having typical 

fibroblast morphology and, with increase in time and gelatin percentage in the hydrogels, an 

increase in cell number was observed, as shown in Figure 4.10. As expected, on the ALG 

hydrogel, there were markedly fewer cells as compared to the ADA-GEL hydrogels at day 4. 

Moreover, cellular morphology was disturbed and cell shape was rounded by day 7, which is in 

accordance with the results observed by calcein staining. On other gels, cells exhibited the normal 

fibroblasts morphology with increased number of cells which were spread onto the hydrogels on 

day 7. Fibroblasts generally develop a bipolar morphology with pseudopodial processes and 

always orient themselves nearly parallel to each other and to the substrate [264], which was 

clearly observed on ADA-GEL hydrogels by longer cultivation period (day 7). Moreover, both, 

the number of cells and the stress fibers increased with increasing gelatin content in ADA-GEL 

hydrogels. 
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Figure 4.10. FM images of NHDF adhered on (a,b) ALG, (c,d) ADA70-GEL30, (e,f) ADA60-

GEL40, (g,h) ADA50-GEL50, (i,j) ADA40-GEL60, and (k,l) ADA30-GEL70 after 4 days (left 

column) and 7 days (right column) of cultivation. The cells were stained for F-actin (red) and 

nuclei (green). Scale bar: 50 µm. © 2014 Sarker et al. [213]. 
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To determine if there are morphological differences in the way cells attach to the ALG and ADA-

GEL hydrogels of different compositions, the nature of the cell-cell and cell-material interactions 

was investigated by SEM. Representative images are presented in Figure 4.11. As also observed 

by fluorescence staining, SEM images showed that cells did not adhere to ALG hydrogel and 

exhibited a round shape. On ADA-GEL hydrogels, the cells were firmly attached and the number 

of attached cells increased with increasing content of gelatin in the hydrogels. 

It is remarkable that the morphology of attached NHDF was found to be different on different 

compositions of ADA-GEL hydrogels. Cells were almost flat on ADA70-GEL30. However, the 

attached cells displayed typical elongated and spindle-like morphology on the ADA-GEL 

hydrogels with comparatively high gelatin content. Furthermore, after 7 days of cultivation, we 

observed that the cells covered the total surface of all ADA-GEL hydrogels, except for ADA70-

GEL30. Moreover, the total surface of the high gelatin-containing ADA-GEL hydrogels (ADA40-

GEL60 and ADA30-GEL70) was completely covered by cells already after 4 days of cultivation. 

With increasing  cultivation period or gelatin content fibroblasts showed a preference for aligning 

in parallel to one another, which is an inherent population property of fibroblasts [265,266]. 

However, non-parallel orientation of fibroblasts on ADA30-GEL70 hydrogel was observed after 

7 days of cultivation. This particular lack of organization of fibroblasts was likely due to 

multilayering of cells on the hydrogel, in which sheets of cells grow over and across one another 

to produce superimposed layers of differently oriented cells [266]. These findings indicate that 

multiple layers of cells were formed on ADA30-GEL70 hydrogel, which result from intense 

matrix production by fibroblasts in these conditions. Moreover, it was observed that cells were 

anchored on the surface of ADA-GEL hydrogels of different compositions with their growing 

filopodia, which are indicated by black arrows in Figure 4.11. Many microvilli (marked by white 

arrows) were furthermore observed on the spread cells on ADA-GEL hydrogels, which represents 

a sign of highly active cells.  
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Figure 4.11. SEM images of NHDF adherent on (a,b) ALG, (c,d) ADA70-GEL30, (e,f) ADA60-

GEL40, (g,h) ADA50-GEL50, (i,j) ADA40-GEL60, and (k,l) ADA30-GEL70 after 4 days (left 

column) and 7 days (right column) of incubation. Black arrows and white arrows indicate 

filopodia and microvilli of cells, respectively. © 2014 Sarker et al. [213]. 
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4.3.3 Comparative study of in vitro cytocompatibility of ADA-GEL and ALG-GEL 

In the previous sections, alginate-gelatin covalently crosslinked hydrogels (ADA-GEL) of the five 

investigated compositions were shown to exhibit excellent in vitro cytocompatibility with human 

dermal fibroblasts (NHDF). In this study, one of the best compositions of ADA-GEL in terms of 

cytocompatibility was compared with the similar composition of alginate-gelatin blend hydrogel 

where ALG was used as control material. 

4.3.3.1 Surface topography of the films 

The surface morphology of the films with three different compositions was analyzed by SEM, 

results are presented in Figure 4.12. As expected, ALG and ALG-GEL samples exhibited nearly 

similar morphology, a folding morphology in regular pattern that is a typical polysaccharide-like 

structure. However, a surface masking behavior was observed for ALG-GEL that could be the 

effect of gelatin, not chemically linked to ALG. On the other hand, the covalently crosslinked 

composition, ADA-GEL, exhibited completely different surface topography, an uneven fibrous 

porous structure with porosity at submicron level. This morphology is similar to the structure of 

collagen, which is a key component of the ECM. It can be expected that due to this topography 

ADA-GEL will support cell adhesion and promote other cellular activities acting as an exogenous 

ECM. 

 

Figure 4.12. SEM images of (a) ALG, (b) ALG-GEL, and (c) ADA-GEL films exhibiting 

different surface topography. 

4.3.3.2 In vitro cell study 

The viability and morphology of living cells was evaluated using calcein AM that stains the 

cytoplasm of living cells [260]. Cell shape and integrity of the membrane, the hallmarks of normal 

living cell equilibrium, were also evaluated by calcein staining. In order to assess the integrity of 

the nucleus, a nucleic acid staining was performed using DAPI [261]. In Figure 4.13, cells on 

ALG films were found to be aggregated and more aggregated cells were observed at longer 

cultivation times. A similar result was observed in the previous study, as shown in 
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Section 4.3.2.1. More viable cells were observed on alginate-gelatin blend (ALG-GEL) films. 

However the number of cells was found to decrease and aggregated cells were observed after 7 

days of cultivation. This phenomenon can be explained by the gelatin release from the hydrogel 

films over the incubation time. It is known that gelatin possesses the RGD sequence of collagen 

which promotes cell adhesion [71,194]. In ALG-GEL hydrogel, there is no chemical bond 

between ALG and gelatin. Moreover, at the incubation temperature (37 °C), gelatin possesses 

random coil structure. The unbound random coil structured gelatin can be released over the 

cultivation period that had negative effect on cell adhesion. On the other hand, more viable cells 

were observed on ADA-GEL films and the number of cells increased with cultivation time as also 

shown in Section 4.3.2.1. This phenomenon can be ascribed to the availability of cell-binding 

peptides of gelatin in the ADA-GEL hydrogel over the longer cultivation period due to the 

covalent Schiff’s bond between ADA and gelatin. Moreover, the fibrous porous structural 

morphology of ADA-GEL (Figure 4.12) could play a key role on cell attachment. Cell viability 

was also investigated by analyzing mitochondrial activity of NHDF after different cultivation time 

periods with WST-8 assay, as presented in Figure 4.14(a).  

 

Figure 4.13. FM images of NHDF adhered on ALG, ALG-GEL, and ADA-GEL after 1, 3 and 

7 days of cultivation. The cells were stained for live cells (green) and nuclei (blue). Scale bar: 

100 µm. 
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The mitochondrial activity of NHDF on ALG40-GEL60 was significantly higher compared to that 

on ALG after 3 and 7 days of cultivation. On the other hand, mitochondrial activity of NHDF on 

ADA-GEL was significantly higher compared to that on ALG after all cultivation periods. Most 

importantly, NHDF exhibited significantly higher activity on ADA-GEL compared to ALG-GEL 

after 1 and 7 days of cultivation. LDH activity of NHDF grown on the three different hydrogels 

was analyzed after different cultivation periods, as presented in the Figure 4.14(b). LDH is a 

cytosolic enzyme, catalyzes the reversible reduction of pyruvate into lactate in the presence of 

reduced form of nicotineamide-adenine-dinucleotide (NADH) [267]. LDH activity directly 

correlates with the metabolic activity of cells, which has also been used in preclinical 

investigations into the biocompatibility of materials for use as surgical implants [268]. Like 

mitochondrial activity, a similar result was observed for LDH activity, where NHDF grown on 

ADA-GEL exhibited significantly higher LDH activity compared to that on ALG and ALG-GEL 

after 3 and 7 days of cultivation. Cell proliferation can also be investigated by LDH assay due to 

the a linear relationship between cell concentration and LDH activity of mammalian cells [268]. 

In this current study, LDH assay was not used to determine the cell number. However, the 

comparative view of cell proliferation can be assessed from the LDH activity of cells. From 

Figure 4.14(b), it is apparent that ADA-GEL promoted cell proliferation that reflects the results 

of the fluorescence staining of NHDF which are presented in Figure 4.13 and Figure 4.16. Cell 

number on the three hydrogels after different cultivation periods was analyzed by counting the 

cell nuclei with image processing software and the results are shown in Figure 4.15. Using this 

technique, it was not possible to count the cell nuclei on ALG hydrogels due to aggregation of 

cells as shown in Figure 4.13 and Figure 4.16. On the other hand, the number of cells on ADA-

GEL was significantly increased compared to ALG-GEL after all three cultivation time points, 

which is in accordance with the result of the LDH assay that is presented in Figure 4.15. It is 

interesting to notice that ADA-GEL supported significantly higher cell viability, better cell 

proliferation compared to ALG-GEL at longer cultivation times. 

Cell morphology was visualized by actin cytoskeleton staining, which was performed by 

rhodamine phalloidin as shown in the Figure 4.16. As expected, on ALG hydrogel, there was 

markedly a lower number of cells compared to ALG-GEL and ADA-GEL, which were also 

aggregated as observed by calcein-DAPI staining (Figure 4.13). On ALG-GEL, the typical 

bipolar morphology of fibroblasts was observed initially (after 1 and 3 days), which was not seen 

after 7 days as the cells became polygonal and formed colonies. This behavior can be ascribed to 

the lack of cell binding peptide in the hydrogel due to release of gelatin over the incubation time. 

Moreover, due to release of gelatin over the cultivation period it can be expected that the surface 

topography of ALG-GEL becomes similar to that of ALG that can exhibit similar cellular 
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morphology over time. As expected, according to the previous results (Section 4.3.2.3), the 

typical morphology of fibroblasts was observed on ADA-GEL at all cultivation time points. 

Moreover, after 7 days of cultivation cells proliferated and covered the whole surface of the 

hydrogel with parallel orientation to each other and to the substrate, which is an inherent 

population behavior of fibroblasts [265,266].  

 

Figure 4.14. (a) Mitochondrial activity and (b) LDH activity of NHDF on ALG, ALG-GEL, and 

ADA-GEL hydrogels after 1, 3 and 7 days of cultivation. Asterisks denote significant difference 

of pairwise comparison in each cultivation period, **p< 0.01 and ***p< 0.001 (Bonferroni’s post-

hoc test was used) 

 

Figure 4.15. Number of cells per unit area of ALG-GEL, and ADA-GEL hydrogels films after 1, 

3 and 7 days of cultivation. Asterisks denote significant difference of pairwise comparison in each 

cultivation period, *p< 0.05 and ***p< 0.001 (Bonferroni’s post-hoc test was used) 
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Figure 4.16. FM images of NHDF adhered on ALG, ALG-GEL, and ADA-GEL after 1, 3 and 

7 days of cultivation. The cells were stained for F-actin (red) and nuclei (green). Scale bar: 

100 µm. 

4.3.4 Effect of incorporation of bioactive glass into ADA-GEL 

As previously stated (Section 4.2.5), this part of the study was done to investigate the effect of 

incorporation of bioactive glass nanoparticles into the ADA-GEL on the cellular behavior of the 

seeded rBMSCs. Moreover, this preliminary in vitro study in 2D environment preceded the in 

vivo study using 3D model that is described in the next chapter. 

4.3.4.1 In vitro cell study 

The viability of the rBMSCs on ALG, alginate-gelatin crosslinked hydrogel (ADA-GEL) and 

bioactive glass nanoparticle incorporated alginate-gelatin crosslinked hydrogel (ADA-GEL-nBG) 

after 48 h of incubation was investigated by analyzing the mitochondrial and LDH activities, as 

presented in Figure 4.17. Mitochondrial activity of MSCs for ADA-GEL and ADA-GEL-nBG 

hydrogels was found to be significantly higher compared to that for the control material, ALG, 

with 1.5 and 1.3 times increased for ADA-GEL and ADA-GEL-nBG, respectively. A similar 

trend was observed for the LDH activity of rBMSCs, where the LDH activity for ADA-GEL and 
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ADA-GEL-nBG was found to be 1.9 and 1.7 folds increased compared to ALG. Positive values 

for cell viability and proliferation, as shown by increased mitochondrial and LDH activities, were 

found on ADA-GEL films and, albeit less pronounced on ADA-GEL-nBG films, when compared 

to the control hydrogel, ALG. The increase of the mitochondrial and LDH activities of MSCs on 

ADA-GEL hydrogel compared to ALG can be explained by the high biodegradability and the 

RGD sequence (specific cell adhesive peptide) of gelatin [71,194]. Furthermore, ADA is an 

oxidized product of ALG, which provides high degradability because of its low molecular weight 

[188]. Degradation of hydrogel enhances the mesh size and permits cell anchoring and 

penetration. Mitochondrial and LDH activities of rBMSCs on ADA-GEL-nBG were found to be 

lower than on ADA-GEL. A possible explanation is a cytotoxic effect due to released ions from 

nBG particles [91,269]. However, this would be in contrary to results found when using rat 

osteoprogenitor cells, where nBG stimulated proliferation and RunX2 synthesis [270]. Osteogenic 

differentiation of MSCs would be another possible mechanism of changed metabolism, although 

it seems unlikely after only 48 h. 

 

Figure 4.17. Mitochondrial and LDH activities of rBMSCs on ALG, ADA-GEL and ADA-GEL-

nBG hydrogel films after 48 h of cultivation. ALG was used as the control material for each 

assay. Asterisks denote significant difference compared to ALG hydrogel, *p < 0.05, **p < 0.01 

and ***p < 0.001 (Bonferroni’s post-hoc test was used) [271]. 

Actin cytoskeleton staining of rBMSCs was performed to visualize overall prospective of cell 

morphology and cell spreading on the hydrogels (Figure 4.18). A high number of cells on ADA-

GEL and ADA-GEL-nBG hydrogels was evident, compared to ALG. On ALG films, cells were 

started to aggregate and formed clusters after 48 h. Here cell-cell interactions seem to be superior 

to cell-material interactions, which induce the aggregation of cells due to a lack of cell adhering 
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biomolecules in ALG [10]. On ADA-GEL, cells were spread, exhibiting flat shape and they 

interacted with each other in high contact area, suggesting suitable conditions for MSC growth. 

On ADA-GEL-nBG, cells looked elongated and transformed to spindle shape. Again, the released 

ions from nBG particles could have an effect on cell morphology, either by cytotoxic mechanisms 

or by induction of osteogenic differentiation. It is known that MSC phenotypic expression can be 

influenced both by soluble and by insoluble factors, involving not only biochemical effects but 

also mechanical influences, such as ECM density and stiffness [272]. 

 

Figure 4.18. FM images of MSCs adhered on (a) ALG; (b) ADA-GEL; and (c) ADA-GEL-nBG 

hydrogel films after 48 h of cultivation. The cells were stained for F-actin (red) and nuclei (green) 

[271]. 

Cell number on the three different hydrogels was analyzed after 48 h of cultivation and presented 

as number of cells per unit area of hydrogel films. As seen in Figure 4.19, the number of cells on 

ADA-GEL and ADA-GEL-nBG was significantly increased compared to that on ALG. The 

number of cells for ADA-GEL and ADA-GEL-nBG was found to be 1.8 and 1.4 folds increased 

compared to that for ALG, thus showing a similar pattern as mitochondrial and LDH activities. 

 

Figure 4.19. Number of cells per unit area of ALG, ADA-GEL and ADA-GEL-nBG films after 

48 h of cultivation. Asterisks denote significant difference compared to ALG hydrogel, 

***p< 0.001 (Bonferroni’s post-hoc test was used) [271]. 
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4.4 Conclusions 

The outcomes of this chapter have been presented in three groups; first: a comparative study of 

2D in vitro cytocompatibility among all compositions of ADA-GEL and ALG using human 

dermal fibroblasts; second: a comparative investigation of fibroblasts behavior on ALG-GEL and 

ADA-GEL that were prepared by physical and chemical means, respectively; third: analysis of the 

effect of incorporation of nBG into ADA-GEL hydrogel on the activity of rat bone marrow 

derived stem cells prior to the in vivo investigation. In the first section it was established that 

attachment, proliferation, spreading and viability of fibroblasts were significantly enhanced on 

ADA-GEL hydrogels synthesized by covalent crosslinking of ADA and gelatin. By this 

modification, we could successfully overcome the two critical drawbacks of ALG: its relatively 

poor cell adhesion properties as well as its relatively uncontrolled degradation characteristic. We 

observed that ADA-GEL hydrogels are highly biodegradable compared to ALG, which is an 

important factor for the applications in tissue regeneration approaches. Moreover, ADA-GEL 

hydrogels with high gelatin content exhibited comparatively higher degradation and they better 

supported fibroblasts attachment, proliferation, spreading and viability. As the degradation kinetic 

of a biomaterial should correlate with the rate of tissue regeneration, our results prove that ADA-

GEL hydrogels are promising materials for the application in tissue-engineering and regeneration. 

In the second section ADA-GEL prepared through chemical crosslinking between oxidized ALG 

and gelatin promoted typical growing behavior of fibroblasts and this phenomenon was found to 

be inhibited on the physically blended alginate-gelatin hydrogel. The composition and the surface 

topography of the hydrogels are the major factors that influenced the cellular behavior. In the last 

section the influence of bioactive glass nanoparticles on the cellular morphology and activity on 

ADA-GEL hydrogel was investigated where the addition of nBG seemed to exhibit some 

inhibiting effect on rBMSCs compared to ADA-GEL. However, this initial outcomes were further 

assessed in vivo condition using a 3D model instead of 2D, will be discussed in the next chapter. 
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Chapter 5 

Physical Characteristics and in vitro and 

in vivo Biocompatibility of ADA-GEL: 3D 

 

5.1 Introduction 

In the field of tissue engineering and regenerative medicine most approaches are based on the 

delivery of cells into a sponge-like scaffold exhibiting highly interconnected porosity [273]. This 

model is also extensively used for in vitro three-dimensional (3D) cell culture investigations. 

Although the cells are arranged spatially in 3D in respect of each other in such kind of scaffolding 

matrix, the cell-material interactions are mostly 2D as they attached on the surface of the struts of 

scaffolds having large pores [274]. Therefore, in conventional cases, cells seeded into the 

scaffolds do not generally exhibit the phenotype that would be expected in native tissue. To tackle 

this issue and provide 3D environment to cells for tissue engineering or regenerative medicine 

strategies, an increasing number of studies is being conducted to embed cells within synthetic or 

naturally derived hydrogels that are more akin to the ECM. Among the various cell embedding 

techniques, a microencapsulation strategy was used in this study to encapsulate cells within the 

ADA-GEL hydrogels of five different compositions (similar compositions that were introduced in 

Chapter 4) for the applications in bone tissue engineering. 

In the field of bone tissue engineering, the degenerative diseases such as osteoporosis and 

arthritis, traumatic injuries, including non-union fractures and tumor resections are significant 

challenges. Therapeutic use of mesenchymal stem cells (MSCs) has a great potential in the field 

of regenerative tissue engineering including bone tissue engineering because MSCs can 

differentiate into a wide variety of cell types [275,276], such as osteoblasts [277], adipocytes 

[278], myoblasts [279], chondrocytes [280], and nerve cells (neurons) [281]. Bone marrow-

derived mesenchymal stem cells (BMSCs) are widely used for therapeutic applications, which are 

the first isolated MSCs [282]. Adipose tissue is also an alternative source of MSCs that are 

capable of differentiating into mesenchymal lineages, and even into the neurogenic phenotypes 
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[283,284]. Compared to bone marrow, adipose has several advantages as a tissue source, 

including a higher stem cells concentration and availability [283–285]. About one million of 

liposuctions are accomplished in every year that generates a huge amount of lipoaspirate tissue 

that is an enormous source of adipose derived mesenchymal stem cells (ADSCs) [286,287]. 

Moreover, the high donor site morbidity, pain and fatigue in pelvic bones can be the result of 

painful surgery of bone marrow aspiration for the clinical therapeutic application of BMSCs 

[288,289]. These limitations can be overcome by introducing ADSCs. Though ADSCs are 

multipotent cells, they lack the ability to form all tissues of the body and regenerate an entire 

living organism unlike embryonic stem cells. However, ADSCs have demonstrated an impressive 

plasticity in culture, with differentiation in vitro to adipocytes, myocytes, osteoblasts, 

chondrocytes, nerve cells, muscle cells, endothelial cells, hepatocytes, and hematopoietic cells as 

shown in Figure 5.1 [290]. In this chapter, the differentiation potentiality of ADSCs into 

osteogenic lineage in 3D environment was investigated, where ADA-GEL hydrogels of different 

compositions were used as the 3D matrices. As the template of 3D matrix, fabrication of 

microcapsules from ADA-GEL hydrogels is addressed here for the first time to the best of the 

author’s knowledge. The aim of this study is the evaluation of the effect of the compositions of 

ADA-GEL hydrogel on the viability, migration, proliferation, and differentiation of the 

encapsulated ADSCs. Moreover, the in vivo biocompatibility of the ADA-GEL microcapsules 

with and without nBG was investigated using a subcutaneous model in rat.  

 

Figure 5.1. A scheme outlining the differentiation of ADSCs into several lineages. Reproduced 

with permission [290]. Copyright 2015; Quality Medical Publishing, Inc. 
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5.2 Experimental 

5.2.1 Fabrication of ADA-GEL microcapsules 

Microcapsules were fabricated by applying pneumatic extrusion technique. In brief, hydrogels 

were transferred into an extrusion cartridge (Nordson EFD, USA) and connected to a high 

precision fluid dispenser (Ultimus V, Nordson EFD, USA). Microcapsules were generated by 

applying different air pressure (0.55 bar to 2.5 bars) and collected in a beaker containing calcium 

chloride solution (0.1 M) and kept for 10 minutes to allow ionic gelation. Then the fabricated 

microcapsules were sieved and washed three times with DI water to remove the calcium chloride 

solution from the surface of the microcapsules. 

5.2.2 Physical properties of ADA-GEL microcapsules 

5.2.2.1 Morphology and surface topography of microcapsules 

The microstructure of the microcapsules was investigated by scanning electron microscope (SEM) 

(LEO 435 VP, LEO Electron Microscopy Ltd, Cambridge, UK) at 15 kV. The samples were 

prepared for SEM analysis by drying using a critical point dryer (Leica EM CPD300, Germany) 

and sputter-coated with gold before examination. 

To evaluate the internal structure of the ADA-GEL hydrogel cryo-SEM was performed (Zeiss 

Auriga, Zeiss, Jena, Germany) integrated with a cryo-system (PP3010T, Quorum Technologies 

Ltd, UK). For this analysis ADA50-GEL50 hydrogel was chosen since the composition comprises 

equal amount of ADA and gelatin. The freshly synthesized hydrogel was rapidly frozen in liquid 

nitrogen at −180 °C and subsequently transferred into the preparation chamber where a 

sublimation etching step was utilized to enhance the visibility of the material structures. After 

sublimation of water the samples were sputtered with a thin platinum layer using the integrated 

sputter coater. Then the sample was transferred into the SEM chamber and placed on a cold stage 

at 179 °C. The images were taken under this condition.  

5.2.2.2 Water uptake behavior 

Water uptake study of the microcapsules was performed in tris-buffered saline solution (TBSS), at 

pH 7.4 at room temperature. The weight of air dried microcapsules (
dW ) was recorded prior to 

immersion in TBSS. At different time points, the microcapsules were weighed (
sW ) after 

removing the excess of TBSS by using sieves and blotting paper. Water uptake of microcapsules 

was calculated by the following equation: 
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        (Eq. 5.1) 

5.2.2.3 Analyzing microcapsules size 

The size of microcapsules prepared from different materials was analyzed by measuring diameter 

of microcapsules by light microscopy (Zeiss, Primovert, Germany). During incubation in TBSS at 

37 °C, the size of microcapsules was analyzed by monitoring the diameter of about 30 

microcapsules of each material at different incubation time points. 

5.2.2.4 Gelatin release study 

Weighed amounts (50 mg and 200 mg) of fabricated ADA-GEL microcapsules were immersed in 

5 ml of Hank’s balanced salt solution (HBSS) and in 20 ml of TBSS, respectively at 37 °C and 

pH 7.4. At selected time points, the solution was removed and collected for gelatin release 

analysis, and fresh HBSS (5 ml) and TBSS (20 ml) were added to the 50 mg and 200 mg 

microcapsules, respectively. The gelatin concentration in the released buffer was determined by 

colorimetric protein assay by the Lowry method, with bovine serum albumin (BSA) as standard 

[250,251]. The absorbance of each solution at 750 nm was measured using a UV-Vis 

spectrophotometer (Specord 40, analytik Jena, Germany). The release (%) of gelatin from the 

microcapsules was calculated as follows: 

sup tan[ ]
Gelatin release (%) 100

[ ]

erna t

total

Gelatin

Gelatin
       (Eq. 5.2) 

where, [ ]totalGelatin is the initial concentration of gelatin (in films) and sup tan[ ] erna tGelatin is the 

final gelatin concentration in the medium at different time points. 

5.2.3 In vitro cytocompatibility 

A part of this in vitro cell study was carried out in the laboratory of the Department of Plastic and 

Hand Surgery, University Hospital of Erlangen, University of Erlangen-Nuremberg. A significant 

part of this cell study was conducted by Dominik Heusinger (Institute of Biomaterials) and Dr. 

Subha Narayan Rath (Department of Plastic and Hand Surgery, University Hospital of Erlangen). 

Primary human adipose-derived mesenchymal stem cells (hADSCs) were used to investigate in 

vitro cytocompatibility of the ADA-GEL hydrogels in three dimensional (3D) environment. 

hADSCs were provided by the University Hospital of Erlangen, Germany. The cells were isolated 

from the lipoaspirate of a healthy adult donor while undergoing abdominal fat reduction surgery. 
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The procedure was approved by the Ethics Committee of the University Hospital of Erlangen and 

informed consent was obtained.  

The lipoaspirate was washed with PBS. Digestion was performed with 0.3 U/ml of collagenase 

NB 4G (SERVA GmbH, Germany) for 30 min at 37 °C with gentle and continuous shaking. CD-

271+ ADSCs were positively selected by magnetic-activated cell sorting using CD-271 

microbead kit (MACS, Miltenyi Biotec GmbH, Germany), as recommended by the manufacturer. 

The CD 271+ cells were then cultured in basal culture media composed of DMEM/ Ham’s F-12 

(1:1) supplemented with 10% FCS, 2 mg/L of L-glutamine (Biochrom AG, Germany), and 

cytomix-MSC (Miltenyi Biotec GmbH, Germany), as recommended by the manufacturer. After 

achieving passage 5, the cells were trypsinized and used for the experiment. 

To ensure the potency to differentiate into more than one line, di-lineage differentiation 

(osteogenic and adipogenic) was demonstrated under standard two dimensional (2D) condition 

with respective differentiation media and staining procedures. The light microscopy (LM) images 

of alkaline phosphatase (ALP) and Oil red stained hADSCs are shown in Figure 5.2 to confirm 

the differentiation into osteogenic and adipogenic lineages, respectively. They possess also 

chondrogenic differentiation ability, which however, is not presented here. 

 

Figure 5.2. LM images of differentiated human hADSCs into osteogenic (left) and adipogenic 

(right) lineage; left: osteogenic differentiated, ALP stained cells showing red color; right: 

adipogenic differentiated hADSCs producing fat tissue stained with oil red. 

5.2.3.1 Cell encapsulation and cultivation 

For cell encapsulation, the precursors of ADA-GEL hydrogel, ADA and gelatin solutions were 

sterilized by filtration as described before (Section 4.2.1). Gelatin solution was added very slowly 

into the ADA solution at different ratios under continuous stirring to synthesize different ratios of 

ADA-GEL hydrogels as mentioned in the last two chapters. After 2 minutes of adding gelatin, 



Chapter 5: Physical Characteristics and in vitro and in vivo Biocompatibility of ADA-GEL: 3D 

82 | P a g e  
 

cells were immobilized into the hydrogel at a density of 2×10
6
 cells/ml of hydrogel and 

subsequently transferred into an extrusion cartridge (Nordson EFD, USA) and connected to a high 

precision fluid dispenser (Ultimus V, Nordson EFD, USA). Cell embedded microcapsules from 

ADA-GEL of different compositions were fabricated according to the similar process described in 

the Section 5.2.1. The fabricated microcapsules were sieved using cell strainer with 100 µm sized 

pores (BD Bioscience, Germany) and washed with DMEM to remove the adhered CaCl2 solution. 

The cell embedded microcapsules were cultured in basal culture media for 2 days, followed by 

osteoinductive medium, which was composed of basal culture medium supplemented with 0.1 µM 

dexamethasone, 50 µg/ml of ascorbic acid, 10 mM β-glycerophosphate (all were purchased from 

Sigma Aldrich GmbH, Germany). 

5.2.3.2 Cell viability 

Cell viability was assessed by live-dead fluorescence staining using calcein AM (Invitrogen
TM

, 

Molecular probes® by Life technologies
TM

, USA) and Propidium iodide (Invitrogen
TM

, Molecular 

probes® by Life technologies
TM

, USA). In live cells the non-fluorescent calcein AM is converted 

to a green-fluorescent calcein due to hydrolysis of acetoxymethyl ester by intracellular esterases. 

Since propidium iodide is not permeant to live cells, it preferentially stains the DNA of dead cells. 

To visualize the live and dead cells in the microcapsules after 4 weeks of cultivation, the master-

mix containing calcein and propidium iodide (4 µL calcein and 5 µL propidium-iodid per 1 mL 

HBSS) was added to the microcapsules and incubated for 25 minutes at 37 °C. After incubation 

the encapsulated cells were fixed using fixing solution and the images were taken by fluorescence 

microscope (FM) (Axio Scope A.1, Carl Zeiss Microimaging GmbH, Germany). 

5.2.3.3 Cell activity 

For investigation of metabolic activity of the encapsulated cells, the microcapsules were 

cultivated inside cell strainer, which were placed in 6 well-plates in order to prevent the influence 

of cells, which migrated out of the hydrogels and adhered on the bottom of the well plate. The 

microcapsules that were cultivated inside of the sieves could easily be transferred into another 

well for the cell viability study, thus ensuring that the detected values were only from the 

encapsulated cells. The influence of the different compositions of ADA-GEL on the metabolic 

activity of encapsulated cells was measured by the reduction of resazurin to resorufin by 

alamarBlue assay. After 4 weeks of incubation, the cell strainers containing the microcapsules of 

all compositions of ADA-GEL were placed in new wells of 6 well-plate and subsequently freshly 

prepared cell culture medium containing 10 v% alamarBlue® reagent (Invitrogen, Germany) was 

added prior to the incubation for 4 hours. After incubation, 100 µL of medium from each sample 
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was transferred into a well of a 96 well-plate and the absorbance was measured photometrically at 

570 and 600 nm (SpectraMax 190 and SoftMax Pro v5.4.1, Molecular Devices GmbH, Germany). 

5.2.3.4 Cell morphology 

Distribution, spreading and morphology of encapsulated hADSCs in the ADA-GEL hydrogel of 

different compositions were assessed by light microscopy (Primo Vert, Carl Zeiss Microimaging 

GmbH, Germany) and fluorescence microscopy (Axio Scope A.1, Carl Zeiss Microimaging 

GmbH, Germany). For the fluorescence images the encapsulated cells were stained with 

rhodamine phalloidin (Invitrogen
TM

, molecular probes® by life technologies
TM

, USA), which 

selectively stains F-actin and nuclei were visualized with the green fluorescent stain, SYTOX® 

(InvitrogenTM, molecular probes® by life technologiesTM, USA), which stains the nucleic acid, 

using the protocol described next. Briefly, the encapsulated cells were fixed by fluorescence 

fixing solution and subsequently the microcapsules were washed with HBSS. Afterwards the 

HBSS was replaced with permeabilization buffer in order to make the cells permeable that allows 

the antigen to stain F-actin intracellularly, which was performed by using phalloidin solution 

(8 µL phalloidin per 1 mL HBSS). After 1 hour the capsules were washed with HBSS and 

subsequently the nuclei staining was performed by applying SYTOX mastermix (1 µL SYTOX 

per 1 mL HBSS) for 5 minutes. Afterwards, the microcapsules were washed and stored in HBSS 

and the images were taken by fluorescence microscope. 

5.2.3.5 Osteogenic differentiation 

The osteogenic differentiation of the encapsulated hADSCs was assessed by light microscopy 

images of alkaline phosphatase (ALP)-stained encapsulated cells and the specific ALP activity 

was measured photometrically by analyzing ALP and total protein concentration in the samples. 

ALP staining 

ALP staining of encapsulated hADSCs after 4 weeks of cultivation in osteoinductive medium was 

performed by using an ALP staining kit (Sigma Aldrich, Germany) that was added to the fixed 

encapsulated cells and incubated for 20 minutes. Afterwards, the microcapsules were washed with 

HBSS and light microscopic images were taken. 

ALP activity 

ALP production was measured using an assay based on the change in absorbance of p-nitrophenol 

as it is enzymatically cleaved by ALP. For quantifying the ALP amount in the encapsulated cells 

after certain period of cultivation, the encapsulated cells were lysed using lysis-buffer (pH 7.5, 10 

mm Tris–HCl, 1 mm MgCl2, and 0.05% Triton X-100). Then the supernatants were vortexed 
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thoroughly and subsequently centrifuged for 5 min at 2000 rpm. 250 µl of the supernatant were 

transferred to the cuvette and 100 µL of 9 mM Para-nitrophenylphosphate (pNPP) solution was 

added and incubated at 37°C for 60 minutes. The reaction was stopped by adding 650 µL 1 M 

NaOH solution and the absorbance was measured at 405 and 690 nm by UV-Vis 

spectrophotometer (Specord 40, AnalyticJena AG, Germany). The ALP activity was normalized 

to the total protein content. Bradford test was used to determine the total protein content of the 

samples containing the encapsulated cells. The encapsulated cells were lysed using lysis-buffer 

and the resultant supernatant was vortexed thoroughly and 25 µL of the supernatant was added to 

a cuvette containing 975 µL Bradford protein assay kit (AppliChem GmbH, Germany). After 10 

minutes incubation in the dark, the absorbance was measured at 595 nm by UV-Vis 

spectrophotometer. The specific ALP activity was calculated from the ALP measurement and the 

Bradford test, which was presented as the amount of nano molar para-Nitrophenylphosphate 

(pNPP) that was converted to para-Nitrophenol (pNP) by the ALP produced by encapsulated cells 

per minute and mg of total protein. 

5.2.4 In vivo biocompatibility: Subcutaneous implantation 

This part of the study was carried out in the laboratory of the Department of Plastic and Hand 

Surgery, University Hospital of Erlangen, Friedrich Alexander University of Erlangen-

Nuremberg. The methods of the in vivo study are described in the appendix (A).  

5.3 Results and discussion 

5.3.1 Physical properties of ADA-GEL microcapsules 

5.3.1.1 Morphology and surface topography of microcapsules 

The surface topography of microcapsules of ALG, ADA and ADA-GEL of different compositions 

was evaluated by scanning electron microscopy (SEM) (Figure 5.3). ALG microcapsules exhibit 

folded surface structure in regular patterns. The surface becomes less folded and the folding 

pattern was different for the microcapsules of ADA due to partial oxidation. ADA-GEL 

microcapsules of all compositions show an inhomogeneous surface morphology without any 

regular patterns of folding. However, microcapsules of ADA40-GEL60 and ADA30-GEL70 show 

comparatively higher surface roughness than that of other compositions of ADA-GEL. The 

inhomogeneous morphology of ADA-GEL microcapsules was formed due to the crosslinking 

reaction between ADA and gelatin which destroyed the regular structural pattern of ALG as it was 

also shown by the XRD results. However, the original morphology of the hydrogel surfaces is not 

possible to be detected by this method because the hydrogels shrunk (52 ± 8 % shrinkage in 
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diameter of the microcapsules) during the dehydration steps, which were done by using a series of 

ethanol treatments prior to performing critical point drying. Thus cryo-SEM was performed to 

observe the original morphology of the hydrogel taking advantage that the hydrogel structure is 

preserved during the sample preparation for this analysis. The cryo-SEM images of ADA50-

GEL50 hydrogel are shown in the Figure 5.4. The surfaces of the hydrogels exhibit a more 

porous morphology in comparison with the images of Figure 5.3. In the more magnified view 

(right image of Figure 5.4), the hydrogel components can be distinguished. In this image the bulk 

portions of the hydrogel are suggested to be the polysaccharide (ADA) phase and the fibrous 

sections belong to the protein (gelatin). The two phases were observed to be firmly bound 

indicating that covalent crosslinking has occurred between ADA and gelatin.  

 

Figure 5.3. SEM images of microcapsules fabricated from ALG, ADA and ADA-GEL of 

different compositions. Right image of each microcapsule is the magnified view of selected 

surface area of the corresponding microcapsule. Scale bars: 100 µm (whole microcapsule); 10 µm 

(magnified view). Reproduced from [206] by permission of the Royal Society of Chemistry. 
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Figure 5.4. Cryo-SEM of synthesized ADA50-GEL50 hydrogel exhibiting the surface porous 

morphology. Left image (8000×); Right image (20000×). (Micrographs are taken by Dr. Rainer 

Detsch) 

5.3.1.2 Water uptake behavior 

The water uptake property of microcapsules of ALG and ADA-GEL of different compositions 

was analyzed in TBSS, which represents the ability of the microcapsules to keep and diffuse 

buffer solution being related to the ability of the capsules to absorb body fluid and transfer cell 

nutrients and metabolites. This is one of the most important properties of hydrogel based 

biomaterials [153,203]. As shown in Figure 5.5, the water uptake of ADA microcapsules 

decresed significantly compared to ALG microcapsules. This behavior could be possibly because 

ADA is a partially oxidized product of ALG, which forms by cleaving vicinal diols of ALG and 

decreases its molecular weight leading to lower water keeping ability. Water uptake of ADA and 

ADA-GEL microcapsules increased rapidly up to 24 hours and then a plateau is reached. 

However, for ALG capsules, the water uptake increased rapidly up to 72 hours. For longer periods 

of incubation, ADA-GEL microcapsules with high concentration of ADA showed comparatively 

lower water uptake than the microcapsules of high gelatin content. This result is related to the 

swelling behavior of ADA and it is in agreement with the results reported by Boanini et al.
3
 This 

behavior could be possibly due to the relatively low stability of ADA in TBSS. 
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Figure 5.5. Water uptake (%) in TBSS as a function of incubation time of the different 

microcapsules fabricated from ALG, ADA and ADA-GEL of different compositions. Reproduced 

from [206] by permission of the Royal Society of Chemistry. 

5.3.1.3 Degradation behavior 

Light microscopy images of as-fabricated and 28 days incubated (in TBSS) microcapsules from 

ALG, ADA and ADA-GEL of different compositions are shown in Figure 5.6. The texture 

observed on the ADA-GEL microcapsules (all compositions) is different from that of 

microcapsules of ALG and ADA. Microcapsules of ALG and ADA appear smooth and clear. 

However, the microcapsules of all compositions of ADA-GEL show a crimpy and fuzzy texture 

which could be possibly due to the crosslinking between ADA and gelatin. The degradation of 

ADA microcapsules can be inferred by observing their textures after 28 days of incubation in 

TBSS (see Figure 5.6).  

The degradation properties of microcapsules fabricated from ALG, ADA and different 

compostions of ADA-GEL were evaluated in terms of diameter changing during incubation in 

TBSS at 37 °C (Figure 5.7). If the diameter of microcapsules decreased over the incubation time 

compared to the initial diameter (at day 0), degradation of the microcapsules is occuring. As 

shown in the figure, ADA microcapsules show higher degradation than ALG microcapsules 

because of the lower molecular weight of ADA due to cleave of vicinal diols during partial 

oxidation of ALG. ADA and ADA70-GEL30 microcapsules exhibit almost similar degradation 

patterns over the incubation time in TBSS, due to the fact that having higher amount of ADA in 
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ADA70-GEL30 microcapsules can lead to faster degradation in TBSS. On the other hand, 

ADA30-GEL70 microcapsules also exhibited higher degree of degradation. This result can be due 

to the release of more gelatin which remains uncrosslinked in the high gelatin content ADA-GEL 

microcapsules. It is thus clearly observed that some compositions of ADA-GEL microcapsules 

exhibit comapartively higher in vitro degradation property compared to ALG. Degradation of 

biomaterials is an important phenomenon for the application in tissue engineering [189]. For the 

case of ADA-GEL microcapsules, we can easily control the degradation kinetics by tuning their 

composition, degree of oxidation of ADA and degree of crosslinking [188,203]. 

 

Figure 5.6. Light microscopy images of microcapsules fabricated from ALG, ADA, ADA-GEL 

of different compositions at 0 and 28 days of incubation in TBSS, showing changes occurred in 

their texture due to degradation over the incubation period. Crimpy and fuzzy texture of ADA-

GEL microcapsules of all composition is the sign of covalent crosslinking between ADA and 

gelatin. Scale bar: 200 µm. Reproduced from [206] by permission of the Royal Society of 

Chemistry. 
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Figure 5.7. Variation of the diameter of microcapsules fabricated from ALG, ADA and ADA-

GEL of different compositions as function of incubation time in TBSS. Asterisks denote 

significant difference, *p< 0.05 and ***p< 0.001 (Bonferroni’s post-hoc test was used). 

Reproduced from [206] by permission of the Royal Society of Chemistry. 

5.3.1.4 Gelatin release kinetic 

The gelatin release of ADA-GEL microcapsules of different compositions in HBSS and TBSS at 

pH 7.4 at 37 °C (Figure 5.8) was monitored to investigate the effect of different buffer solutions 

on gelatin release behavior from ADA-GEL microcapsules. The release of gelatin started 

immediately after immersion in both buffer solutions. Initially the release rate was high in both 

buffer solutions, but after a certain time, the release rate decreased. The high release rate of 

gelatin from microcapsules incubated in HBSS and TBSS was found to be maintained up to 16 h 

and 8 h, respectively. However, the release amount of gelatin was found to be higher in TBSS 

than in HBSS. After 24 hours, gelatin release values reached about 9, 9, 8, 8 and 9 w% in HBSS 

and about 20, 17, 15, 13 and 12 w% in TBSS for ADA70-GEL30, ADA60-GEL40, ADA50-

GEL50, ADA40-GEL60 and ADA30-GEL70, respectively. Although the released percentage of 

gelatin was lower, the absolute amount of gelatin released was found to be higher in high gelatin-

containing ADA-GEL microcapsules as the similar behavior was observed for ADA-GEL films 

that might be explained by the increasing extent of physical interaction due to high gelatin content 
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[73,187]. In both buffer solutions; HBSS and TBSS, the percentage of released gelatin was found 

to be very low which means a significant quantity of gelatin remained in the microcapsules that 

could enhance the cell-material interaction due to the presence of cell adhesive peptide, RGD 

(Arg-Gly-Asp) sequence, in gelatin [71,194]. The result proves that ADA-GEL microcapsules 

could be very promising for tissue engineering applications. Moreover, comparatively, a higher 

amount of gelatin was released from all of the compositions of ADA-GEL microcapsules in TBSS 

than in HBSS. This phenomenon might be ascribed to the presence of calcium salt in HBSS but 

not in TBSS. The calcium ions in HBSS can interact with the hydrogel increasing the stability of 

the ALG based microcapsules. On the other hand, the microcapsules are less stable in sodium salt 

base buffer solution, e.g. TBSS. Moreover, it was observed that the gelatin release percentage was 

increased in TBSS with ADA content in ADA-GEL microcapsules. This behavior could be 

assigned to the instability of ADA in TBSS and the lower extent of physical and chemical 

crosslinking due to low amount of gelatin. 

 

Figure 5.8. Cumulative gelatin release (w%) as a function of incubation time in TBSS and HBSS 

of the different microcapsules fabricated from ADA-GEL hydrogels of different compositions. 

Enlarged view of the selected area of the graph of gelatin release in HBSS is shown. Reproduced 

from [206] by permission of the Royal Society of Chemistry. 

5.3.2 In vitro cytocompatibility 

5.3.2.1 Cell viability 

The viability of encapsulated hADSCs in ADA-GEL of different compositions was assessed by 

live-dead staining after 4 weeks of cultivation in osteoinductive medium. FM images of live-dead 

stained encapsulated cells are shown in Figure 5.9. Living cells were stained with calcein AM, 
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which was cleaved by the naturally occurring intracellular esterases in the living cells, resulting in 

a fluorescent green dye trapped in the cell which is impermeable to cell membrane [260]. On the 

other hand, propidium iodide preferentially stains the diploid DNA of apoptotic nuclei [291]. 

After 4 weeks of cultivation, it is clearly observed that the encapsulated cells in all compositions 

of ADA-GEL were mostly alive, which are shown in green color, stained with calcein. Few dead 

cells are visible which are in red color, stained with propidium iodide in all materials. However, 

the dead cells are comparatively high in number in the low gelatin containing ADA-GEL 

(ADA70-GEL30 and ADA60-GEL40) microcapsules. This result can be ascribed to the 

comparatively less availability of cell adhesion peptide RGD, present in the compositions having 

low amount of gelatin. Moreover, high gelatin containing ADA-GEL microcapsules exhibited 

comparatively high degradation behavior that created more voids and channels inside 

microcapsules and reduced the mechanical stress on the encapsulated cells, enabling them to grow 

and proliferate. 

 

Figure 5.9. FM images of viable (green) and apoptotic (red) hADSCs encapsulated in ADA-GEL 

hydrogels of different compositions after 4 weeks of cultivation in osteoinductive cell-culture 

medium. 

5.3.2.2 Cell activity 

The metabolic activity of encapsulated hADSCs in ADA-GEL hydrogels of different 

compositions was analyzed by alamarBlue reduction assay, presented in Figure 5.10. AlamarBlue 

assay is generally used to monitor the reducing environment of living cells in order to analyze cell 

metabolic activity. The active ingredient of alamarBlue is resazurin (IUPAC name: 7-hydroxy-10-
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oxidophenoxazin-10-ium-3-one), which is water-soluble, stable in culture medium, non-toxic and 

permeable through cell membranes. It is a non-fluorescent blue dye that when reduced to highly 

fluorescent resorufin shows pink-color [292]. In the intracellular microenvironment of living cells, 

alamarBlue can be reduced by mitochondrial NADPH, FADH, NADH, FMNH, as well as the 

cytochromes. In addition to mitochondrial reductases, the enzymes that are located in the 

cytoplasm such as NAD(P)H, Flavin reductase, diaphorases can be able to reduce alamarBlue 

[293,294]. Therefore, mitochondrial cytoplasmic metabolic activity of living cells can be analyzed 

by alamarBlue reduction assay. Considering Figure 5.10, it is observed that the metabolic activity 

of encapsulated hADSCs increased in microcapsules of the ADA-GEL hydrogels having high 

amount of gelatin after 4 weeks of cultivation, a result that is in agreement with the observed live-

dead staining assay results shown in Figure 5.9. However, the encapsulated cells in ADA40-

GEL60 exhibited significantly higher metabolic activity compared to other compositions, which 

proves that it is the optimal composition for better growth and viability of hADSCs in 3D. The 3D 

microstructure of the ADA40-GEL60 hydrogel and the availability of RGD peptides for cell 

adhesion and growth are probably optimized due to degradation over the cultivation period that 

helps the transport of matrix molecules contributing to the development of pericellular and 

extracellular matrices. 

 

Figure 5.10. Metabolic activity of hADSCs encapsulated in ADA-GEL of different compositions 

after 4 weeks of cultivation presented as % reduction of alamarBlue. Asterisks denote significant 

difference, *p< 0.05 and ***p< 0.001 (Bonferroni’s post-hoc test was used). 
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5.3.2.3 Cell morphology 

Cell morphology is correlated with important biochemical functions such as adhesion, 

proliferation and migration of cells [295]. The morphology of encapsulated hADSCs in ADA-

GEL hydrogels of different compositions was investigated using light microscopy and 

fluorescence microscopy over the cultivation period. The light microscopic images were taken 

directly after the encapsulation (Figure 5.11), showing that encapsulating cells display round 

morphology, as expected, proving that the encapsulation technique has no negative effect on cell 

morphology. 

After two weeks of cultivation in osteoinductive cell culture medium a spreading morphology of 

the encapsulated cells was observed (data not shown). Although many of the cells retained their 

round shape, a number of cells started to elongate by developing filopodia in the microcapsules of 

all ADA-GEL compositions. Most interestingly, after 4 weeks of cultivation the encapsulated 

hADSCs appeared elongated and exhibiting spindle-like morphology, establishing their filopodia 

and intercellular connections to create a 3D cellular network (Figure 5.12). However, the number 

of interconnected cells with elongated morphology was observed to be increased in the 

microcapsules of ADA-GEL containing higher amount of gelatin, which is in accordance to the 

results of cell viability. Cell-cell interaction is very important for tissue regeneration since cells 

respond to and remodel their immediate microenvironment via homotypic or heterotypic 

interactions with neighboring cells and with the ECM [296]. 

The spread and elongated morphology of cells is not normally observed in 3D environment 

surrounded by the ALG matrix. Encapsulated cells exhibit generally round-shaped morphology in 

ALG hydrogel [289,297,298], even in the RGD-peptide-conjugated ALG hydrogel [298,299]. On 

the contrary , RGD-modified ALG hydrogel can promote cell adhesion and proliferation with 

stretched spindle-like morphology on hydrogel surface (2D environment) [10,300,301]. 

Therefore, it can be stated that the cell binding motif, RGD peptide is not only the key factor for 

spreading and migration of encapsulated cells in the 3D environment of polymeric matrix, 

especially in ALG-based hydrogels. The static and migration phenomena of stem cells and their 

morphology depend on their surrounding culture environment, as has been revealed by both 2D 

and 3D culture experiments [296]. Continuous cellular movement is a common phenomenon of 

healthy cells, whenever possible, in order to find an optimal environment or nutrition [302]. When 

the surrounding environment allows no space for stem cells to move due to the mechanical stress 

exerted by the stiff matrix, their typical elongated morphology is inhibited and they tend to be 

round [303]. As shown in Section 4.3.1.3 ionically crosslinked ALG hydrogels possess relatively 

high stiffness that exerts high mechanical stress on the cells surrounded by the matrix. According 
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to the outcomes of the Section 4.3.1.3 ALG hydrogel did not show any weight loss and the 

storage modulus did not decrease markedly over the incubation period during degradation. 

Moreover ALG hydrogels have very dense structure, in which the encapsulated cells are not able 

to migrate, therefore their spreading and proliferation are inhibited. These drawbacks of ALG are 

not extenuated by conjugation of RGD through carbodiimide chemistry, where 1-ethyl-

(dimethylaminopropyl) carbodiimide (EDC), a water-soluble carbodiimide, was used as a linker 

to form amide linkages between amine containing molecules (GRGDY) and the carboxylate 

moieties in the ALG polymer backbone [10]. This modification of ALG blocks only few 

carboxylate groups of ALG and it does not influence extensively the degradation behavior of 

ALG hydrogel. On the other hand, in the present study, ADA-GEL hydrogel was synthesized by 

covalent crosslinking (through Schiff’s base formation) between ADA and gelatin. In our 

approach, ADA was synthesized by partial oxidation of sodium ALG that specifically cleaves the 

carbon-carbon bonds of vicinal diols in guluronate units of ALG [206,213]. The polymeric chain 

scission of ALG can enhance the degradation behavior of ADA [188], which can exaggerate the 

degradation kinetic of ADA-GEL hydrogel as well [213]. In the last chapter (Section 4.3.1.3) the 

relative high degradability of ADA-GEL hydrogels was demonstrated by considering the loss of 

weight and storage moduli over the incubation period in cell culture medium (DMEM). Moreover, 

as shown in Figure 5.4 ADA-GEL hydrogel possessed highly porous morphology with a large 

amount of pores, voids, and channels in the hydrogel structure. The porous morphology of the 

hydrogel could be enhanced over the cultivation period due to their high degradation behavior. 

This effect could allow the migration of cells through the hydrogel and the extracellular 

mechanical stress on the encapsulated cells can be significantly reduced as well [298]. At the 

same time, the nutrients of cell culture medium could easily penetrate inside the microcapsules 

through the generated voids and channels, which could also enhance the viability and proliferation 

of encapsulated cells. Moreover, the comparatively higher spreading morphology of encapsulated 

hADSCs with cell-cell interaction in the ADA-GEL microcapsules having high gelatin content 

can be attributed to the release of higher amounts of uncrosslinked gelatin that can generate more 

voids and channels inside the microcapsules. In this situation the more accessibility to the RGD 

peptides present in the crosslinked gelatin can also play a role [206]. 

Similar morphology of encapsulated hADSCs in all compositions of ADA-GEL microcapsules 

cultivated for 4 weeks in osteoinductive cell culture medium was also observed using 

fluorescence microscope (FM) (Figure 5.13). F-actin of encapsulated hADSCs was observed to 

be elongated and spread through the whole microcapsules. This effect was observed to increase in 

ADA-GEL microcapsules with high gelatin content. However, the most spread and elongated 

fibroblast-like morphology of the encapsulated hADSCs was observed in the ADA40-GEL60 
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composition, proving that ADA40-GEL60 is a superior composition for adhesion, proliferation 

and migration of hADSCs in 3D environment. 

 

Figure 5.11. LM-images of as-fabricated hADSCs encapsulated ADA-GEL microcapsules of 

different compositions, showing homogeneous distribution of cells in the microcapsules of all 

ADA-GEL compositions. 
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Figure 5.12. LM-images of hADSCs encapsulated in ADA-GEL microcapsules of different 

composition after 4 weeks of cultivation in osteoinductive cell-culture medium, showing the 

morphology of the cells in the microcapsules of all ADA-GEL compositions after 4 weeks of 

encapsulation.  
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Figure 5.13. FM images of hADSCs encapsulated in ADA-GEL hydrogels of different 

compositions after 4 weeks of cultivation in osteoinductive cell-culture medium, showing the 

distribution of cytoskeleton of cells in the ADA-GEL microcapsules of different compositions. 

The cells were stained for F-actin (red) and nuclei (green). 

5.3.2.4 Osteogenic differentiation 

Although many studies have been performed to evaluate the osteogenic differentiation capability 

of ADSCs in which the cells are grown and differentiated in classical 2D culture, very few reports 

are available on the culture and differentiations of the cell type in a 3D environment [61,289]. The 
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osteogenic differentiation potential of hADSCs in 3D environment is very important in tissue 

engineering since it can mimic the real tissue-like environment in this condition. Encapsulated 

porcine ADSCs in the ALG microcapsules have been successfully differentiated into osteogenic 

lineage in the study of Kim et al. [61]. It has been observed that the encapsulated cells formed 

aggregates in 3D environment but they remained viable during the whole culture period and 

differentiated into the osteogenic lineage. The aggregation of encapsulated cells is a common 

phenomenon not only for ADSCs but also for other cell types in 3D conditions when cells are 

surrounded by ALG matrices [298,304,305]. Interestingly, the round, cluster, aggregate-like 

morphology of encapsulated cells was not observed in the present study. The encapsulated 

hADSCs spread, migrated and exhibited elongated morphology with cell-cell interaction while 

keeping their osteogenic differentiation potentiality. This behavior was proven by positive 

staining for ALP of encapsulated hADSCs in all ADA-GEL compositions after 4 weeks of 

cultivation in osteoinductive cell culture medium (Figure 5.14). However, as reported previously 

(Section 5.3.2.3), the spread and elongated morphology of hADSCs was found to be enhanced in 

high gelatin containing ADA-GEL microcapsules. Moreover, small osteogenic nodules with 

filopodial protrusion were observed during osteogenic differentiation, which is a natural 

morphological phenomenon of differentiated ADSCs [61,306]. However, it must be noted that a 

large number of cells remained unstained for ALP, an effect which may be attributable to the 

insufficiency of staining reagents inside the hydrogel because of poor and slow diffusion [61]. 

The expression of typical in vitro osteogenic differentiation marker, the ALP activity of 

encapsulated hADSCs for all five compositions of ADA-GEL, was analyzed after 2 and 4 weeks 

of cultivation. The results are shown in Figure 5.15. The encapsulated cells for all compositions 

expressed this osteogenic specific marker after both time periods of cultivation. The ALP activity 

for the encapsulated hADSCs was found to be lower for the composition having the same amount 

of ADA and gelatin after both cultivation periods. However, no significant difference was 

observed among all compositions after both time points. It is important to notice that the 

encapsulated hADSCs for all compositions expressed higher ALP activity after 4 weeks compared 

to that after 2 weeks. However, the significant difference of the expression was observed only for 

the compositions having high gelatin content (ADA40-GEL60 and ADA30-GEL70). Therefore it 

can be hypothesized that the high amount of gelatin and degradation of hydrogel are the 

influencing factors for the stimulation of ALP expression of encapsulated hADSCs. Several 

studies illustrate that the incorporation of cell binding peptides, specifically RGD, into hydrogels 

improves the osteogenic differentiation of progenitor or mesenchymal stem cells [307–310]. The 

authors suggested that the presence of RGD peptide in the hydrogel matrices stimulates the 

activity of cell integrin receptors that may play a role in osteogenic differentiation. On the other 
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hand ADA-GEL hydrogels with high amount of gelatin, investigated in this project, exhibited 

comparatively high degree of degradation (shown in the last chapter) that could facilitate diffusion 

of osteogenesis inducing supplements (dexamethasone and β-glycerol phosphate) into the 

microcapsules, which might stimulate osteogenic differentiation. This differentiation can be 

increased over the longer incubation period due to better accessibility to the osteogenesis inducing 

components by the encapsulated stem cells. 

 

Figure 5.14. LM-images of ALP-stained hADSCs encapsulated in ADA-GEL of different 

composition after 4 weeks of cultivation in cell-culture osteoinductive media. The cells that are 

positively stained for ALP are in reddish purple color.  



Chapter 5: Physical Characteristics and in vitro and in vivo Biocompatibility of ADA-GEL: 3D 

100 | P a g e  
 

 

Figure 5.15. Specific ALP activity of encapsulated hADSCs in ADA-GEL of different 

compositions after 2 and 4 weeks of cultivation. Asterisks denote significant difference, *p< 0.05 

(Bonferroni’s post-hoc test was used). 

5.3.3 In vivo biocompatibility 

This part of the study was carried out in the laboratory of the Department of Plastic and Hand 

Surgery, University Hospital of Erlangen, Friedrich Alexander University of Erlangen-

Nuremberg. The results and discussion of the in vivo study are described in the appendix.  

5.4 Conclusions 

The objectives of this chapter are the fabrication of microcapsules from ADA-GEL hydrogels 

aiming to encapsulate stem cells and evaluation of the in vitro and in vivo biocompatibility. For 

the first time, microcapsules were successfully fabricated from different compositions of ADA–

GEL hydrogels by tuning the oxidation degree of ADA, crosslinking degree and gelation time of 

ADA–GEL. Microcapsules from all compositions of ADA–GEL showed higher degradability 

compared to ALG microcapsules and this fact is of importance for application in tissue 

engineering. SEM images showed a rougher and irregular surface morphology of ADA–GEL 

microcapsules compared to ALG microcapsules which is related to the higher degradation 

behavior of ADA–GEL in comparison to ALG. From the in vitro cell study it is established that 

ADA-GEL hydrogels of different compositions supported spreading, migration, and proliferation 

of encapsulated hADSCs. It is important to note that the above phenomena of encapsulated cells 
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with high cell-cell and cell-material interactions in ADA-GEL hydrogels have never been 

achieved in ALG-based hydrogels, which is a great achievement regarding tissue engineering 

applications. Most importantly the differentiation of hADSCs to osteogenic lineage was achieved 

in the ADA-GEL microcapsules of all compositions that could open a new era in bone tissue 

engineering. In the in vivo biocompatibility study, no significant immune reaction was observed 

for ADA-GEL microcapsules using a subcutaneous model in rat. Moreover, ongoing in vivo 

degradation of the materials was apparent, which would ideally match initiation of bone formation 

in rat. Tissue ingrowth into the microcapsules and neovascularization within and surrounding the 

microcapsules were also observed, which prove their clinical applicability for bone regeneration.  
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Chapter 6 

Fabrication and Characterization of 

Hydrogel-based Scaffolds for Bone 

Tissue Engineering 

 

6.1 Introduction 

Bone tissue engineering (BTE) is a complex and dynamic process that is focused on methods or 

techniques to regenerate bone and maintain or improve its function in vivo, by which 

complications and challenges related to other treatments, such as allografts or autografts can be 

avoided [311,312]. 3D scaffolds become an integral part of BTE and they have the function of an 

exogenous ECM for cell attachment and to stimulate bone tissue formation in vivo [80]. Ideally, 

the scaffolds for bone tissue engineering should be biocompatible, biodegradable, 

osteoconductive and osteoinductive [312]. Moreover, BTE scaffolds should be relatively highly 

porous with interconnected porosity, through which the biological molecules, nutrients and 

oxygen can diffuse [313]. Since bone is a complex tissue having pores in various ranges, the 

scaffolds with porosity in multi-scale level (micro and macro porosities) have been revealed to 

exhibit better performance than that of the scaffolds with only macro porosity [314]. Furthermore, 

the scaffolds should possess adequate mechanical stability for initial mechanical support in vivo. 

Since bone is composed of inorganic and organic components (calcium phosphate and collagen), 

bioactive inorganic materials and naturally-derived polymers are the obvious choice as the 

scaffolding matrices for bone tissue engineering [3]. As discussed in the last chapter alginate-

gelatin covalently crosslinked (ADA-GEL) hydrogels supported osteogenic differentiation of 

encapsulated adipose-derived stem cells in the presence of osteogenic stimulating supplements. 

Therefore, the ADA-GEL hydrogel was chosen as organic component in which bioactive glass 

(BG) was incorporated as an inorganic component to develop an appropriate bone tissue 

engineering scaffold with enhanced mineralization capability. The aim of this part of the study is 
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thus to develop BG incorporated ADA-GEL scaffolds by freeze drying technique for the 

application in bone tissue engineering, which is the first study in this system to the best of our 

knowledge. In the present study stromal cell differentiation behavior was assessed in the absence 

of osteogenic stimulating supplements in order to evaluate the role of the materials on the 

osteogenic differentiation of the cells. Among the different types of BGs the composition 45S5 is 

one of the most used one in BTE. It composes 45% SiO2, 24.5% Na2O, 24.5% CaO, and 6% P2O5 

(in weight percentage) and it exhibits osteogenic potential [3,93,315]. Freeze drying technique 

was used to fabricate scaffolds. Freeze-drying is known as a conventional technique for 

fabrication of porous scaffolds from hydrogel-based materials in which the pore morphology can 

be controlled by developing ice crystals [3]. In this study the effects of incorporation of BG on the 

properties of ADA-GEL hydrogel and on the porosity of the freeze-dried scaffolds were 

investigated. The effect of gelatin and BG on the osteogenic differentiation of bone marrow-

derived stromal cells in the absence of any osteogenic stimulating supplements was also 

evaluated.  

6.2 Materials and methods 

6.2.1 Fabrication of Scaffolds 

Hydrogel-based scaffolds were fabricated from alginate (ALG)-based hydrogels in combination 

with gelatin and/or bioactive glass micro-particles by freeze-drying technique. Five series of 

hydrogels having different compositions were produced that are presented in Table 6.1. Sodium 

ALG (sodium salt of alginic acid from brown algae, guluronic acid content 65-70%, 

Sigma-Aldrich, Germany) was dissolved in PBS by continuous stirring at 37 °C to make the 

solutions of two different concentrations of 2.5 and 5 %(w/v). 5 %(w/v) gelatin (Bloom 300, 

Type A, porcine skin, Sigma-Aldrich, Germany) solution was prepared at 50 °C using 

ultrapure water (Direct-Q, Merck Millipore, Germany) as solvent. Alginate di-aldehyde (ADA) 

was synthesized by partial oxidation of ALG as described in detail in the previous Section 3.2.1 

and dried ADA was dissolved in PBS to prepare 5 %(w/v) solution. To prepare ALG-gelatin 

blend hydrogel (ALG-GEL), 5 %(w/v) ALG solution was mixed with 5 %(w/v) gelatin solution at 

the volume ratio of 50/50. ALG-gelatin covalently crosslinked hydrogel (ADA-GEL) was 

prepared by adding gelatin solution (5 w/v%) into the solution of ADA (5 w/v%) under 

continuous stirring for 5 minutes. The prepared hydrogel precursors, ALG solution (2.5 w/v%), 

ALG-GEL solution, and the covalently crosslinked hydrogel, ADA-GEL were transferred into the 

wells of 24 well-plates. To prepare BG incorporated ADA-GEL hydrogels, required amount of 

BG was mixed with ADA solution (5 w/v%) under continuous stirring and gelatin solution was 

then mixed with the BG supplemented ADA solution and subsequently transferred into the wells 
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of 24 well-plates. A melt-derived 45S5 micron-sized Bioglass® (mean particle size ~10 µm) was 

used for this study. All of the plates were then transferred to a bath of CaCl2 solution (0.1 M) and 

left for 6 hours to assure ionic gelation throughout the hydrogels. After that the hydrogels were 

washed with ultrapure water three times and then frozen at 25 °C for overnight and freeze dried 

using a freeze-dryer (ALPHA-2 LD plus, Christ, UK) to get scaffolds.  

Table 6.1. Composition of hydrogels using for scaffolds fabrication. 

Hydrogels 
Composition (concentration, w/v%) 

ALG ADA Gelatin BG 

ALG 2.5    

ALG-GEL 2.5  2.5  

ADA-GEL  2.5 2.5  

ADA-GEL-1BG  2.5 2.5 1 

ADA-GEL-5BG  2.5 2.5 5 

6.2.2 Gelation time and degree of crosslinking 

To determine the gelation time 2 ml aqueous solution of gelatin was slowly added to the 2 ml 

solution of ADA, or 1 or 5 %(w/v) BG incorporated ADA (ADA-1BG or ADA-5BG, 

respectively) in a glass vial of 12.5 ml capacity (diameter 20 mm) under magnetic stirring using a 

Teflon-coated stir bar (diameter 6 mm, length 12 mm) at 37 °C. The gelation time was determined 

as the time required to stop the stir bar according to the previous reports [153,316]. Degree of 

crosslinking of ADA-GEL and ADAGEL-1BG and ADA-GEL-5BG hydrogels were determined 

by ninhydrin assay [201,202] as described in the Section 3.2.4.1. Briefly, 5 ml of 2 %(w/v) 

ninhydrin solution (dissolved in absolute ethanol) was added to 1 ml of freshly prepared ADA-

GEL, ADA-GEL-1BG and ADA-GEL-5BG hydrogels and then heated at 100 °C for 20 min. The 

optical absorbance of the resulting solution was recorded at 570 nm using a UV-Vis 

spectrophotometer (Specord 40, analytik Jena, Germany). Alginate-gelatin blend sample without 

covalent crosslinking was used as non-crosslinked material (control). The degree of crosslinking 

was calculated by the following equation: 

2 2

2

( ) ( )
Degree of crosslinking (%) 100

( )


 nc c

nc

NH NH

NH
   (Eq. 6.1) 

where, 
2( )ncNH and 

2( )cNH are the mole fraction of free amino groups in non-crosslinked and 

crosslinked samples, respectively. 
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6.2.3 Morphological analysis 

The morphology of the fabricated scaffolds from the hydrogels having five different compositions 

was investigated using a SEM (Zeiss Auriga, Zeiss, Jena, Germany). To observe the cross-

sectional and longitudinal morphologies of the scaffolds, the fabricated scaffolds were cut in two 

different sections (cross section and longitudinal section as shown in Figure 6.1) using a sharp 

razor blade when they are in hydrogel state. Then the samples were freeze-dried and sputter-

coated with gold using a sputter coater (Q150T Turbo-Pumped Sputter Coater/Carbon Coater, 

Quorum Technologies Ltd., UK) prior to SEM analysis.  

 

Figure 6.1. Schematic diagram showing cross section and longitudinal section of a scaffold. 

6.2.4 Scaffolds porosity 

The porosities of the fabricated scaffolds from five different hydrogels were measured by liquid 

displacement method [152,317]. Ethanol was chosen as the displacement liquid as it permeates 

easily through the pores of scaffolds without causing any swelling or shrinking effect of the 

scaffolds matrices. Scaffolds were immersed in absolute ethanol and centrifuged for 10 min at 

1200 rpm to facilitate the penetration of ethanol through the entire scaffolds since the scaffolds 

float in absolute ethanol. After centrifugation the excess ethanol of the surface of the scaffolds 

was blotted by filter paper and the weight of the scaffolds was measured their weight. Then the 

scaffolds were kept in ethanol and their weight was measured in regular intervals until the weight 

became constant as it was assumed that the pores of the scaffolds became saturated with ethanol. 

The porosity of the scaffolds was calculated from the following equation: 

2 1Porosity (%) 100


 
W W

V
       (Eq. 6.2) 

where W1 and W2 are the weight of the scaffolds before and after immersion in absolute ethanol, 

respectively; ρ is the density of absolute ethanol and V is the volume of the scaffolds. 

The pore size measurement of the scaffolds was performed using ImageJ software (version 1.47v, 

National Institutes of Health, Bethesda, MD, USA) by analyzing the SEM images, taken as 

described above. 
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6.2.5 In vitro apatite formation and degradation behavior 

In vitro apatite formation and degradation behavior of the scaffolds were analyzed simultaneously 

in simulated body fluid (SBF). The investigation of in vitro apatite formation on scaffolds was 

carried out in SBF using the standard procedure described by Kokubo et al. [318]. The weighed 

(Wi) scaffolds (h=5 mm, d=5 mm) were sterilized using 70 v% ethanol and then immersed in a 40 

mL sterile SBF solution and kept in a shaking incubator (KS 4000i control, IKA) at 37 °C under 

continuous rotation of 80 rpm. For analysis of degradation behavior, the incubated scaffolds were 

collected after 1, 3, 5, 7, 10, 14, 21, and 28 days of incubation. The scaffolds that were collected 

after 7, 14, and 28 days of incubation were considered for investigation of apatite formation. After 

taking out from the SBF, the scaffolds were rinsed with DI water for several times to remove the 

adhered rest of SBF and then freeze-dried. The final weight (Wt) of the freeze-dried scaffolds after 

different period of incubation in SBF was measured. Degradation of the scaffolds was calculated 

according to the following equation:  

( )
Degradation (w%) 100


 i t

i

W W

W
      (Eq. 6.3) 

The change of mechanical properties of the scaffolds over the incubation period in SBF was 

investigated by analyzing the compressive strength using a universal mechanical testing machine 

(Z050 AllroundLine Materials Testing Machine, Zwick Roell, Germany) operated at a crosshead 

speed of 5 mm min
-1

 with a pre load of 1 kN. During compressive strength test, the load was 

applied along the longitudinal direction of the cylindrical scaffolds. The compressive strength was 

determined from the maximum load applied per unit area of the scaffolds from the obtained 

stress–strain curve. Compressive modulus was calculated as the ratio of compressive stress to 

compressive strain in the initial linear region of the stress-strain curve 

In order to understand the degradation mechanism of the scaffolds over the incubation period, 

ATR-FTIR spectroscopy was carried out using a FTIR spectrometer (Nicolet 6700, Thermo 

Scientific, USA). Moreover, the formation of physico-chemical reaction phases on the surface of 

the BG incorporated ADA-GEL scaffolds during incubation in SBF was investigated by ATR-

FTIR spectroscopy. Due to the inaccessibility of ATR-FTIR at the lower wavenumber range, 

transmittance FTIR spectroscopy was performed for the BG containing ADA-GEL scaffolds after 

0, 7, 14, and 28 days of immersion in SBF using KBr pellet technique. The generated 

transmittance spectra were converted to the absorbance spectra. SEM analysis was also performed 

to investigate apatite formation on the surface of ADA-GEL-1BG and ADA-GEL-5BG scaffolds. 
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The structure and phase composition of as received BG powders (composition 45S5), as 

fabricated BG containing ADA-GEL scaffolds and after immersion in SBF were investigated by 

X-ray diffraction (XRD) analysis. XRD was performed with an automated X-ray diffractometer 

(Phillips, Germany) equipped with a CuKα X-ray source (40 kV, 40 mA). The XRD patterns were 

acquired with a step width of 0.014° and 1 s time per step and measured over a 2θ range from 5° 

to 60°. 

Hydroxyapatite (HA) specific fluorescent staining was performed for the as-fabricated BG 

composing ADA-GEL scaffolds using OsteoImage
TM 

fluorescent staining kit (Lonza, Germany) 

which is discussed in the Section 6.2.7.6. 

6.2.6 Gelatin release kinetics 

Weighed scaffolds (~100 mg) prepared from ALG-GEL, ADA-GEL, ADA-GEL-1BG, and ADA-

GEL-5BG hydrogels were sterilized using 70 v% ethanol and then immersed in freshly prepared 

sterile 5 ml SBF and incubated at 37 °C. At selected time points, SBF was removed and collected 

for gelatin release analysis, and fresh sterile SBF (5 ml) was added to the scaffolds. The gelatin 

concentration in the released buffer was determined by colorimetric protein assay using the Lowry 

method [250,251], with bovine serum albumin (BSA) as a standard. The absorbance of each 

collected supernatant was measured using a UV-Vis spectrophotometer (Specord 40, Analytik 

Jena, Germany) at 750 nm. The release (%) of gelatin from the scaffolds was calculated as 

follows: 

sup tan[ ]
Gelatin release (%) 100

[ ]
 

erna t

total

Gelatin

Gelatin
    (Eq. 6.4) 

where, [ ]totalGelatin is the initial total concentration of gelatin (in scaffold) and sup tan[ ] erna tGelatin is 

the final gelatin concentration in the buffer solution at different time points. 

6.2.7 In vitro cytocompatibility 

To investigate the cytocompatibility of the freeze dried scaffolds a bone marrow stromal cell line 

(ST-2) was used. This cell line was chosen particularly to analyze the potential of scaffolds to 

influence differentiation behavior of the stromal cells into osteoblasts for applications in BTE.  

6.2.7.1 Cell seeding and cultivation 

ST-2 cells were obtained from Riken Gene Bank (Deutsche Sammlung von Mikroorganismen und 

Zellkulturen GmbH, Braunschweig, Germany), isolated from bone marrow of BC8 mice. Cells 
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were cultured in RPMI 1640 medium (Gibco, Germany) supplemented with 10 v% FCS (Sigma 

Aldrich, Germany), 1 v% penicillin/streptomycin (Sigma Aldrich, Germany). Monolayer of ST-2 

cells in their growth phase (~90% confluence at passage 16) was detached using trypsin/1 mM 

ethylenediaminetetraacetic (EDTA) (Life Technology, Germany) in PBS, centrifuged and 

resuspended in complete RPMI cell culture medium. Cells were counted using trypan blue 

exclusion method (Sigma Aldrich, Germany) before seeding into scaffolds.  

The fabricated scaffolds were sterilized using 70 v% ethanol and washed three times with sterile 

HBSS (Sigma-Aldrich, Germany) and placed into the wells of 24-well plates. Cells were seeded 

onto the scaffolds at a density of 2×10
6
 cells/scaffold, cultured in RPMI cell culture medium 

without osteogenic supplements and incubated in a humidified atmosphere of 95% relative 

humidity and 5% CO2, at 37 °C. Culture medium was changed in the next day after seeding, and 

then every two days. 

6.2.7.2 Cell viability  

To assess the cell viability, the enzymatic activity of the cells was analyzed by WST-8 assay and 

LDH assay after 21 days of cultivation. For WST-8 assay, after 21 days of cultivation the 

scaffolds were placed into new wells of 24-well-plate in order to prevent the influence of the cells, 

which were adhered on the surface of well-plate during cultivation. Subsequently, freshly 

prepared culture medium containing 1 v% WST-8 assay kit (Sigma Aldrich, Germany) was added 

into the well prior to the incubation for 4 hours. 100 µl of supernatant from each samples was 

transferred into a well of a 96 well-plate and measured the absorbance at 450 nm with a 

microplate reader (PHOmo, autobio labtec instruments co. Ltd. China).  

A commercially available LDH-activity quantification kit (TOX7, Sigma-Aldrich, Germany) was 

used to quantify the LDH enzyme activity in cell lysate. After 21 days of cultivation the scaffolds 

were placed into new wells of 24 well plates and subsequently washed with HBSS, and lysis-

buffer (10 mm Tris–HCl, 1 mm MgCl2, and 0.05% Triton X-100, pH 7.5) was added to the 

scaffolds (2 mL/scaffold) and incubated for 30 min. The lysates were kept for analysis of LDH- 

and ALP activities. Lysates were centrifuged at 2000 rpm for 5 min and 140 µL from the 

supernatant solutions were transferred to 1 mL cuvettes. 60 µL of master-mix (equal amounts of 

substrate solution, dye solution, and cofactor solution for LDH assay) were added to each cuvette 

and incubated for 30 min. The reaction was stopped with 300 µL 1N HCl, and 500 µL DI water 

was added. The absorbance of each solution was measured at 490 and 690 nm using a UV-Vis 

spectrophotometer (Specord 40, Analytik Jena AG, Jena, Germany). 
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6.2.7.3 Cell migration 

To investigate the migration of cells into the scaffolds, nuclear staining was performed after 21 

days of cultivation by blue fluorescence nucleic acid stain, DAPI (4,6-diamidino-2-phenylindole, 

dilactate, Invitrogen, USA) which preferentially bind to A (Adenine) and T (Thymine) regions of 

DNA. To perform the fluorescence staining, the scaffolds were washed with HBSS and fixation 

was performed using 3.7 v% paraformaldehyde composing fixation buffer and subsequently 

stained with DAPI. After performing the staining, the scaffolds were cut in the two different 

sections (cross section and longitudinal section as shown in Figure 6.1) using a sharp razor blade. 

Images of the fluorescently stained nuclei of the ST-2 cells were taken by fluorescence 

microscope (FM) (Axio Scope A.1, Carl Zeiss Microimaging GmbH, Germany). To investigate 

the distribution and migration of the cells, images were taken at three different sections: surface, 

cross section and longitudinal section of the scaffolds. 

6.2.7.4 Cell morphology 

The morphology of the cells on the surface and in the cross section of the scaffolds was analyzed 

by SEM (Zeiss Auriga, Zeiss, Jena, Germany) after 21 days of cultivation. After the specific 

period of cultivation the scaffolds were washed with HBSS and fixation was performed using 

glutaraldehyde and paraformaldehyde composing fixation buffer. The scaffolds were cut in cross 

section using a sharp razor blade and dehydrated in a graded ethanol series (30, 50, 70, 80, 90, 95, 

and 99.8 v%). Then the scaffolds were critical-point dried with a critical point dryer (Leica EM 

CPD300, Germany) and sputter-coated with gold using a sputter coater (Q150T Turbo-Pumped 

Sputter Coater/Carbon Coater, Quorum Technologies Ltd., UK) prior to SEM analysis.  

6.2.7.5 Osteogenic differentiation 

In this study no osteogenic stimulating agent was used to stimulate the osteogenic differentiation 

of stromal cells. The idea behind of using no osteogenic stimulator was the investigation of 

potentiality of the scaffolds, in particular due to the presence of BG on the differentiation of the 

stromal cells into osteoblasts without any foreign stimulation. The osteogenic differentiation of 

the ST-2 cells into scaffolds after 21 days of cultivation was analyzed by quantification of ALP 

production, which was measured using an assay based on the change in absorbance of p-

nitrophenol as it is enzymatically cleaved by ALP. For quantifying the ALP amount in the cells, 

the collected lysate (according to the Section 6.2.7.2) was vortexed thoroughly and subsequently 

centrifuged for 5 min at 2000 rpm and the assay was conducted according to the procedure as 

described in the Section 5.2.3.5.  
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6.2.7.6 Mineralization assay 

HA specific staining of the scaffolds was assessed since deposition of HA into the extracellular 

matrix is a final marker of bone formation. Mineralization assay was performed by using 

OsteoImage
TM 

fluorescent staining kit (Lonza, Germany), which specifically binds with HA. This 

staining assay was performed on the as-prepared scaffolds before seeding cells and after 21 days 

of cultivation with cells according to the manufacturer’s protocol. The scaffolds before and after 

cultivation were washed with HBSS and subsequently fixed by using 3.7 v% paraformaldehyde 

containing fixation buffer. After fixation the samples were washed two times with diluted (10×) 

OsteoImage
TM

 wash buffer and then staining was performed using the diluted (1:100) 

OsteoImage
TM

 staining reagent and left for 30 minutes in dark condition. After incubation the 

staining reagent was discarded and washed three times with the diluted wash buffer and then 

images were taken by fluorescence microscope (Axio Scope A.1, Carl Zeiss Microimaging 

GmbH, Germany). 

6.3 Results and discussion 

6.3.1 Gelation time and degree of crosslinking 

The gelation time of ADA-GEL is defined as the time required for completion of crosslinking 

reaction between ADA and gelatin. Investigation of effect of incorporation of BG on gelation time 

of ADA-GEL hydrogel was the main interest. It is interesting to note that the gelation time of 

ADA-GEL hydrogel was significantly decreased due to incorporation of BG (Figure 6.2(a)). 

Moreover, addition of BG has a significant effect on crosslinking reaction between ADA and 

gelatin. Gelation time was observed to be 4 and 8 times decreased for the compositions having 

1 %(w/v) and 5 %(w/v) BG, respectively, compared to the composition without BG. As shown in 

the Figure 6.2(a) the color of the hydrogel also changed due to incorporation of BG and with 

increasing BG concentration. As described in detail in the previous Section (3.3.2.1), crosslinking 

between ADA and gelatin mainly occurs due to the formation of Schiff’s base between the 

available aldehyde groups of ADA and the ε-amino groups of lysine or hydroxylysine of gelatin 

[206,214]. The degree of crosslinking of ADA-GEL, ADA-GEL-1BG, and ADA-GEL-5BG 

hydrogels were calculated from the moles of the reacted ε-amino groups of gelatin [206]. As 

presented in Figure 6.2(b) the degree of crosslinking of ADA-GEL hydrogels increased 

significantly due to incorporation of BG. Moreover, ADA-GEL-5BG hydrogel exhibited 

significantly higher crosslinking degree than ADA-GEL-1BG hydrogel. From the outcomes of 

degree of crosslinking and gelation time it is confirmed that the incorporation of BG accelerated 

and facilitated crosslinking reaction between ADA and gelatin. This outcome can be ascribed to 

the alkaline pH of the reaction medium due to the presence of BG which facilitates the formation 
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of Schiff’s base [13]. The alkalinity of the reaction medium was increased due to the ionic release 

from BG microparticles. Moreover, silica of BG might have a major influence on the crosslinking 

reaction. Silica can be hydrated to Si(OH)4 in aqueous medium, and hydroxyl groups of ADA can 

serve as ligands for complexation. Fast gelation of ADA-GEL in the presence of BG can be 

anticipated to its role in facilitating further crosslinking via Schiff’s base formation between 

aldehyde groups of ADA and ε-amino groups of lysine or hydroxylysine of gelatin to reach a 

maximum gel point. At this stage maximum polymer chains of ADA and gelatin are involved in 

crosslinking with each other resulting in one giant covalently crosslinked molecule. Additionally, 

the Ca
2+

 present in BG can commence ionic gelation of ADA. 

 

Figure 6.2. (a) Gelation time and (b) degree of crosslinking of ADA-GEL hydrogels with and 

without BG. Inset image shows the photograph of the three hydrogels. Asterisks denote 

significant difference compared with ADA-GEL, **p< 0.01 and ***p< 0.001 (Bonferroni’s post-

hoc test was used). 

6.3.2 Morphological analysis 

The physical appearances of the as-fabricated freeze-dried scaffolds from the different hydrogels 

are shown in Figure 6.3. As shown in the Figure 6.2(a) the ADA-GEL hydrogel appeared in 

more opaque yellowish color due to incorporation of BG. A similar appearance was observed for 

ADA-GEL-1BG and ADA-GEL-5BG hydrogels-derived freeze dried scaffolds (Figure 6.3). 

Moreover, both BG containing ADA-GEL scaffolds exhibited more dense appearance compared 

to the scaffolds from ALG, ALG-GEL, and ADA-GEL that might be due to the high crosslinked 

polymer network of the two hydrogel compositions, as described in the previous section. 
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Figure 6.3. Photograph of as-fabricated freeze-dried scaffolds from different hydrogels. 

Microstructural morphologies of the scaffolds fabricated from five hydrogels by freeze drying 

technique were analyzed with SEM. To understand the proper morphology, the SEM images were 

taken in two sections (cross section and longitudinal section) of the scaffolds that are shown in 

Figure 6.4. The attractive feature of the scaffolds of all hydrogels is their highly porous structure 

that was observed in both sections. However, pore size and pore distribution were observed to be 

different for the scaffolds of different hydrogels. The scaffolds of pure ALG possess a highly 

porous structure with large pores and typical freeze dried pore structure in both sections, cross 

section and longitudinal section. As shown in Figure 6.5, the porosity of the ALG scaffolds was 

found to be ~70 % with pore diameters in the range of 500-900 µm. Due to addition of gelatin to 

ALG, the porosity and pore size of the ALG-GEL scaffolds became significantly lower. Scaffolds 

with smaller pore size (100-300 µm), however having higher porosity (~90 %), were achieved 

from ADA-GEL hydrogel. It is interesting to note that the porosity of ADA-GEL scaffolds 

dramatically dropped to ~40 % and ~30 % due to addition of 1 and 5 %(w/v) BG, respectively. 

ADA-GEL-1BG and ADA-GEL-5BG had highly crosslinked structure in their hydrogel states 

that could inhibit pore formation during freeze drying. Moreover, this resistance phenomenon 

could cause retraction force that might be a reason of scaffolds shrinkage, which was observed for 

BG containing ADA-GEL scaffolds. Due to the small degree of volume shrinkage the porosity of 

both BG containing scaffolds was relatively low. Moreover, numerous micro-pores were formed 

in the struts of ADA-GEL-5BG scaffolds (Figure 6.4), which leads to a wide pore size 

distribution, as shown in Figure 6.5. 



Chapter 6: Fabrication and Characterization of Hydrogel-based Scaffolds for Bone Tissue Engineering 

114 | P a g e  
 

 

Figure 6.4. SEM images of the fabricated scaffolds from different hydrogels exhibiting their 

morphologies in cross section and longitudinal section. 
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Figure 6.5. Porosities and pore sizes of the scaffolds fabricated from five different hydrogels. 

Asterisks denote significant difference compared with ALG, ***p< 0.001 (Bonferroni’s post-hoc 

test was used). 

Porosity and pore size, which are discussed in this section, are very important properties for tissue 

engineering scaffolds, especially for bone tissue engineering as they allow migration and 

proliferation of osteoblasts or mesenchymal cells, as well as vascularization [319]. Moreover, the 

porous structure of the scaffold provides a strong interlocking between the implant and the 

surrounding natural bone [320]. A significant number of studies has been conducted regarding the 

porosity and pore size of scaffolds, where these morphological features are well addressed. Larger 

pore size is required for cell ingrowth and migration, which however can suppress the osteogenic 

stimulation [321]. Moreover, high porosity with large pore size generally diminishes mechanical 

properties of the scaffolds. Therefore a balance between the porosity, pore size and mechanical 

properties is demanded to design a bone implant construct, which can be varied depending on the 

rate of remodeling, rate of degradation, and physical state of the scaffolding materials used. Based 

on the previous studies, it is well accepted that the minimum requirement for pore size should be 

~100 µm in order to facilitate cell migration and tissue ingrowth, which however is required to 

increase to more than 300 µm for enhancing bone tissue formation with proper vascularization. It 

is necessary to mention that the above concept is valid for the scaffolds that are made of stiff 

materials such as metals, glasses or ceramics, but it needs to be validated for hydrogel based 

scaffolding matrices. Polymeric hydrogel-based freeze dried scaffolds naturally swell when they 

come in contact with aqueous environment during in vitro or in vivo studies. Therefore, they act 

like a porous hydrogel matrix with contracted pore size and exhibiting relatively low stiffness. 

Moreover, the degradation rate of naturally-derived hydrogel based scaffolds is usually faster than 

that of rigid, bulk materials, which can create larger pores and voids over the incubation period. It 
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has been shown in a previous study [322] that a pore size of ~5 µm is enough for invasion of 

breast carcinoma cells up to ~200 µm into a collagen gel. However, cell invasion has been found 

to be enhanced with higher stiffness of the hydrogel having pore sizes >5 µm. Therefore, it can be 

anticipated that the pore sizes of the fabricated scaffolds in the current study are large enough for 

cell invasion and migration. 

6.3.3 Mechanical properties and degradation behavior 

Mechanical properties represent a very critical factor for tissue engineering scaffolds, especially 

for bone tissue engineering since the scaffolds must withstand during handling and should exhibit 

initial load bearing ability this being one of the major challenges for naturally derived hydrogel 

based scaffolds. Compression strength tests were conducted to assess the mechanical performance 

of the scaffolds. As shown in Figure 6.6(a), under the compressive force, the as-fabricated 

scaffolds of all hydrogels underwent three stages of deformation represented in their stress-strain 

curves, which is a general characteristic of porous structures or cellular structures. In their typical 

stress-strain curve, under compression, the scaffolds exhibited initial linear elasticity due to pores 

walls (struts) bending at low stresses (stage I) followed by a long plateau due to collapse of struts 

(stage II) and then the regime in which the stress rose steeply due to densification of scaffolds 

where the struts almost collapsed (stage III) [323]. In Figure 6.6(a), the stress-strain curves of the 

as fabricated scaffolds from the compositions having no BG exhibited similar behavior: a short 

regime with a less steeped curve of initial linear elasticity followed by a long collapse plateau. 

The lower and narrower elastic region indicates that the scaffolds free of BG are soft. The 

incorporation of BG in ADA-GEL led to different stress-strain curves, in which the stress rose 

steeply in the initial linear elastic regime followed by a collapse plateau with a serrated pattern. It 

is interesting to note that the degree of serrated pattern increased with increasing BG content that 

proves that the inclusion of BG enhanced the brittleness of ADA-GEL scaffolds. In the regime II, 

under compression, the pore walls of brittle scaffolds break down to small pieces, resulting in 

stress relaxation followed by squeezing the broken structures as the compression proceeds. This 

process results in stress increase until the next fracture commence. Therefore, due to consecutive 

drop and rise of stress during collapsing of cell walls and subsequent squeezing of broken 

structures, respectively, the saw-like morphology occurs in the plateau. As shown in Table 6.2, 

ALG scaffolds exhibited a compressive stress of 326 ± 49 kPa, which increased due to inclusion 

of gelatin by means of physical blending and chemical crosslinking. Decrease of porosity of the 

scaffolds (Figure 6.5) due to blending of gelatin with ALG could be the reason of enhancement of 

compressive stress of ALG-GEL scaffolds. At the other end, though the porosity of ADA-GEL 

scaffolds increased compared to that of ALG (shown in Figure 6.5), the mechanical strength was 
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found to increase that proves that the covalent crosslinking between ADA and gelatin strengthen 

the scaffolding matrix. Due to incorporation of BG into ADA-GEL, the compressive stress of the 

scaffolds increased to 804 ± 107 and 908 ± 117 kPa for the compositions of ADA-GEL-1BG and 

ADA-GEL-5BG, respectively. The high compressive strength of BG containing ADA-GEL 

scaffolds can be attributed to the high degree of crosslinking (as shown in Figure 6.2(b)) of the 

corresponding hydrogels and the filler effect of BG particles. As shown in Figure 6.2, quick 

gelation occurred and the degree of crosslinking of ADA-GEL enhanced due to the presence of 

BG, which was found to increase with BG content. Similar trends were also observed in the 

compressive modulus (Table 6.2), which was calculated from the slope of the stress and strain 

curve in the initial elastic region.  

Table 6.2. Compressive stress and compressive modulus of the scaffolds before and after 

different periods of incubation in SBF. 

Incubation time in SBF 
0 d (as 

prepared) 
7 d 14 d 28 d 

Compressive 

stress (kPa) 

ALG 326 ± 49 270 ± 15 241 ± 26 213 ± 35 

ALG-GEL 466 ± 46 290 ± 61 278 ± 54 141 ± 17 

ADA-GEL 514 ± 65 71 ± 8 60 ± 8 54 ± 12 

ADA-GEL-1BG 804 ± 107 487 ± 19 448 ± 48 417 ± 53 

ADA-GEL-5BG 908 ± 117 796 ± 64 751 ± 91 638 ± 81 

Compressive 

modulus 

(kPa) 

ALG 65 ± 13 41 ± 6 24 ± 6 26 ± 7 

ALG-GEL 93 ± 23 58 ± 7 34 ± 5 28 ± 4 

ADA-GEL 135 ± 27 12 ± 4 9 ± 1 5 ± 1 

ADA-GEL-1BG 304 ± 84 296 ± 79 266 ± 79 236 ± 54 

ADA-GEL-5BG 417 ± 33 353 ± 34 349 ± 59 250 ± 42 
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Figure 6.6. Representative compressive stress–strain curves of the five different hydrogels. (a) as 

prepared, and (b) after 28 days of incubation in SBF. 

To assess the degradation behavior of the scaffolds in SBF, the mechanical properties of the 

scaffolds were analyzed over the incubation period. As shown in Table 6.2 the compressive 

strength of ALG scaffolds was found to slightly decrease over the incubation period, proving the 

low degradability of ALG, which is one of its major drawbacks for the applications as tissue 

engineering scaffolds [11,183]. The compressive strength of ALG-GEL scaffolds dropped three 

times after 28days of incubation in SBF that could be ascribed to the release of gelatin over the 

incubation period, as shown in Figure 6.13. For ADA-GEL scaffolds the compressive stress 

remarkably dropped after 7 days of incubation continuing its high degradation behavior. At the 

other end, the decrease of compressive strength of ADA-GEL scaffolds was reduced by 

incorporation of BG, which was found to increase with higher amounts of BG. As described 

above the presence of BG intensified the crosslinking reaction between ADA and gelatin, 

resulting in a stable polymeric network that reduced the degree of degradation of ADA-GEL 

scaffolds. A similar pattern was also observed for the compressive modulus (Table 6.2) of the 

scaffolds of all hydrogels over the incubation period. Representative stress-strain curves of the 

scaffolds of all hydrogels after 28 days of incubation are presented in Figure 6.6(b), in which the 

initial elastic regimes are shown to be narrowed and lowered and the plateau regimes became 

longer, proving that the scaffolds became softer after 28 days of incubation in SBF. The 

degradation behavior of the scaffolds was also investigated by analyzing weight loss over the 

incubation period. As shown in Figure 6.7, the weight loss of the scaffolds exhibited a similar 

pattern as that of the mechanical properties (compressive stress and compressive modulus). The 

degradation pattern of the scaffolds will be discussed in the next section on the basis of the 

chemistry of the hydrogels using ATR-FTIR technique. 
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Figure 6.7. Degradation (weight loss %) of the scaffolds over the incubation period in SBF. 

6.3.4 In vitro apatite forming ability 

Physico-chemical reactions occurring on the scaffolds during SBF immersion were analyzed by 

ATR-FTIR and their corresponding spectra are shown in the Figure 6.8. At 0 d (as prepared) the 

spectrum of ALG (Ca
2+

 crosslinked alginate) demonstrates the characteristic absorption bands of 

its polysaccharide structure, e.g. 1318 cm
-1

 and 947 cm
-1

 (C–O stretching), 1122 cm
-1

 (C–C 

stretching), 1024 cm
-1

 (C–O–C stretching), and a shoulder at 1080 cm
-1

 (C–C and C–O stretching) 

[207,324]. Moreover, the small shifts for the absorption bands at 1587 cm
-1

 and 1414 cm
-1

, which 

are assigned to the asymmetric and symmetric stretching peaks, respectively, of carboxylate salt 

groups of alginate, indicate an ionic crosslinking between the Ca
2+

 and COO

 [304,324]. After 

different periods of incubation in SBF ALG exhibited similar spectra indicating no sign of distinct 

degradation or apatite formation. The intensity of the shoulder at 1080 cm
-1

 was unchanged and 

no shift was detected for the bands at 1590 cm
-1

 and 1409 cm
-1

, indicating that the release of Ca
2+

 

from the alginate matrix was very limited since the SBF contains calcium [318,324]. The 

spectrum of ALG-GEL at 0 d shows the characteristics absorption bands of gelatin in addition to 

the bands of alginate proving the presence of gelatin in the hydrogel matrix. The band at 1543 cm
-

1
 is assigned to the N–H stretching vibration of amide II [217,219]. The asymmetric stretching 

peak at 1590 cm
-1

 of carboxylate groups of ALG is replaced by a broad band at 1624 cm
-1

, which 

is a C–O and C–N stretching vibration band of amide I originating from the –NH
+
 group of 

gelatin [324]. It is interesting to note that after 7 days of incubation in SBF the broad band at 

1624 cm
-1 

disappeared and the peak at 1590 cm
-1

 became apparent, clearly indicating the release 

of gelatin during the SBF study. Due to incorporation of gelatin into ALG a signal arose at 
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1242 cm
-1

, a peak of amide III, which corresponds to the combination of C–N stretching and N–H 

bending coupled with the partial addition of C–C stretching and C=C bending vibration [325]. 

After 7, 14 and 28 days of incubation in SBF the peaks which correspond to amide I, II, and III 

disappeared, proving that most of the gelatin was released from the ALG-GEL scaffolds after 

7 days of incubation in SBF. In comparison with ALG-GEL scaffolds two additional peaks at 

1621 cm
-1

 and 1557 cm
-1

 (marked with black arrows in Figure 6.8) appeared for the ADA-GEL 

composition, representing the absorption bands of v(C=N), which suggests the formation of 

Schiff's base between the aldehyde groups of ADA and amine groups of gelatin [220,221]. After 

incubation in SBF the spectra of ADA-GEL scaffolds were found to be similar to that of ALG-

GEL, indicating no major difference in gelatin release kinetics for the two scaffolds, which 

reflects the outcomes of gelatin release study, as shown in Figure 6.13. As expected, no 

corresponding peak of HA or calcium phosphate (CaP) was observed after incubation in SBF. To 

induce the mineralization BG was incorporated to ADA-GEL at two different ratios (1 and 

5 w/v%). In the ATR-FTIR spectra of ADA-GEL-1BG and ADA-GEL-5BG a broad band 

appeared at ~1030 cm
-1

, which can be assigned to vasym(SiOSi) bands of SiO4 tetrahedra, 

confirming the presence of BG the both scaffolds [91,326,327]. Furthermore, the appearance of 

the band at ~930 cm
-1

, which corresponds to the non-bonding oxygen (NBO) of Si–O

 alkali

+
, 

confirms the formation of SiO groups through the presence of the glass network modifier [91]. 

After immersion in SBF the intensity of the corresponding band for SiONBO became lower and 

shifted to higher wavenumber and simultaneously the asymmetric stretching band of SiOSi 

became sharper for both BG containing ADA-GEL scaffolds, which indicates the formation of 

SiOH after leaching of Ca
2+

 and Na
+
 [328]. Two new bands appeared at ~790 cm

-1
, and 

~1210 cm
-1 

for the composition of ADA-GEL-5BG after all stages of SBF immersion, which are 

assigned to the bending vibration and stretching vibration of SiOSi, respectively, between two 

adjacent SiO4 tetrahedra, exhibiting highly disordered 3D silica structure [326,327]. The spectra 

for v3(PO4
3

) at ~1080 cm
-1 

showed an increasing tendency in absorbance as function of 

concentration of BG [329]. The intensifying peak for amino acid at ~1456 cm
-1

 over the SBF 

immersion period can be attributed to the appearance of the new band at 1454 cm
-1

 of v3(CO3
2

) 

suggested formation of carbonated apatite [329]. After 7, 14 and 28 days of SBF immersion of 

ADA-GEL-1BG scaffolds, a shoulder was formed at ~1052 cm
-1

 (marked with black arrow in 

Figure 6.8), which corresponds to the v3(PO4
3

), indicating the formation of CaP [330]. It is 

important to note that the asymmetric vibration band of SiOSi for the ADA-GEL-5BG 

composition gradually shifted towards higher wavenumber after immersion in SBF and became 

intensified at the wavenumber of ~1052 cm
-1

 after 28 days of immersion. The intensified band at 

~1052 cm
-1

 exhibited a wide wavenumber range (1032-1071 cm
-1

) that can be assigned to the 
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vibrations of phosphate groups in HA [331]. This phenomenon can be attributed to the presence 

of high amount of BG in the scaffolds that could enhance the formation of HA. However, the 

double peaks at ~560 and ~600 cm
-1

 corresponding to the bending vibration of POP found in 

HA were not observed after any of the stages of SBF immersion in the ATR-FTIR spectra [331]. 

The absence of the double peaks in the ATR-FTIR spectra might be due to the low intensity of IR 

sources of the attenuated reflectance FTIR spectroscopy in the region of low wavenumber [332]. 

Therefore, transmittance FTIR was used to analyze the spectra at lower wavenumber range using 

KBr pellet technique and the generated transmittance spectra were converted to the corresponding 

spectra of absorbance, which is shown in Figure 6.9. With this analysis the double peaks at 

~560 and ~600 cm
-1

 corresponding to the bending modes of 4(POP) bond from the PO4
3

 

group in crystalline HA were detected for both BG containing scaffolds after all stages of 

immersion in SBF [327]. A band at ~870 cm
-1

 appeared for both BG containing ADA-GEL 

scaffolds after all stages of immersion in SBF, which is assigned to 2(CO3
2

) in carbonated 

apatite. Furthermore, a band at ~1455 cm
-1

, which appeared for the scaffolds of both 

compositions, can be assigned to the 3 or 4(CO3
2

) in A and B-type carbonated apatite [331]. 

Appearance of the bands for 4(POP), 2(CO3
2

), and 3 or 4(CO3
2

) indicating the formation 

of carbonated hydroxyapatite (CHA) in both compositions of BG containing scaffolds after 

immersion in SBF. In Figure 6.9 a band was observed at very low wavenumber (~490  cm
-1

) for 

both as prepared BG containing ADA-GEL scaffolds, which is assigned to the sym(Si–O–Si) of 

the glass network [91]. After immersion in SBF this band disappeared for ADA-GEL-1BG 

scaffolds and blue shifting (~470 cm
-1

) was observed for ADA-GEL-5BG scaffolds that can be 

due to the leaching of cations [91,327]. Moreover, the appearance of the band at ~470 cm
-1

 can 

also be attributed to the bending mode (2) of P–O–P bonds of the phosphate groups of HA [331]. 

On the other hand, as shown in Figure 6.8, the associated bands for gelatin were found to be 

prominent for the BG containing scaffolds after all stages of SBF immersion, indicating very low 

degree of gelatin release over the incubation periods which reflects the similar outcomes of 

gelatin release study (Figure 6.13). The presence of amino acid is signified by the appearance of 

two bands at 1400 cm
-1

 and 1456 cm
-1

, corresponding to C=O symmetric stretching of COO

 and 

asymmetric CH scissoring of –CH3, respectively [333], which were also found to be apparent 

after SBF immersion. Moreover, the peaks corresponding to the Schiff’s base for the BG 

containing ADA-GEL scaffolds did not disappear unlike the ADA-GEL scaffolds, which proves 

that BG enhances the stability of crosslinked polymer network of ADA-GEL. This result can also 

explain the low degradability of ADA-GEL-1BG and ADA-GEL-5BG scaffolds, as discussed in 

the Section 6.3.3. 



Chapter 6: Fabrication and Characterization of Hydrogel-based Scaffolds for Bone Tissue Engineering 

122 | P a g e  
 

 

Figure 6.8. ATR-FTIR spectra of the scaffolds fabricated from the hydrogels having five different 

compositions after different periods of immersion in SBF. (All peaks are discussed in the text) 
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Figure 6.9. FTIR spectra of ADA-GEL-1BG and ADA-GEL-5BG scaffolds after different 

periods of immersion in SBF, analyzed by using KBr pellet technique. (The peaks are discussed in 

the text) 

The SEM images (Figure 6.10) of the ADA-GEL-1BG scaffolds after 28 days of SBF immersion 

exhibited no clear evidence of deposition of CaP or apatite-like minerals. Moreover, BG particles 

were not clearly visible on the surface of the ADA-GEL-1BG scaffolds. These outcomes could be 

explained by the presence of very low amount of BG in the polymeric matrix. On the other hand, 

more BG particles were visible on the surface of ADA-GEL-5BG scaffolds after 28 days of SBF 

immersion. Deposition or formation of some particles was observed on the surface of ADA-GEL-

5BG scaffolds, which however does not exhibit any clear evidence of HA deposition. The 

deposited particles on the ADA-GEL-5BG scaffolds were also observed after 7 and 14 days of 

SBF immersion, which are marked with white arrows as shown in Figure 6.11. However, the 

morphology of the deposited particles does not clearly represent the apatite-like morphology. The 

particles were not deposited homogeneously over the surface of the scaffolds and they were found 

to be low in amount over the incubation period even after 28 days. From SEM images it was 

clearly observed that the BG particles were covered by a polymer matrix after the immersion in 

SBF due to the highly crosslinked polymer matrix (as described in the Section 6.3.1) that could 

make a barrier between SBF and BG particles thus inhibiting the surface reaction between them.  

Since SEM did not exhibit any clear evidence of HA formation in the BG containing ADA-GEL 

scaffolds after immersion in SBF, XRD analysis was performed to investigate the evidence of 

crystallinity of the scaffolds. As shown in the Figure 6.12 BG presented a broad band between 

2θ = 28 and 34°, confirming its amorphous structure [329]. After 7 and 28 days of immersion in 

SBF ADA-GEL-5BG scaffolds exhibited the corresponding peak of HA at 2θ = 31.68° which was 

found to be intensified with increasing of immersion period in SBF [329,334]. Moreover, an 
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additional crystalline peak appeared at 2θ = 45.6°, which can be attributed to HA [327,334]. In 

addition to those peaks of HA some bands regarding calcite appeared for the ADA-GEL-1BG 

scaffolds after 7 days of SBF immersion [91,335]. It is interesting to note that the as-fabricated 

ADA-GEL-5BG scaffolds also exhibited the two peaks (2θ = 31.68° and 45.6°), suggesting the 

appearance of HA in the scaffolds before immersion in SBF. Further evaluation was carried out 

using OsteoImage
TM

 mineralization assay kit for the confirmation of HA deposition in the as-

fabricated BG containing ADA-GEL scaffolds since this fluorescent staining reagent binds 

specifically to HA [336,337]. As shown in the Figure 6.21 numerous tiny dots are exhibiting very 

bright green fluorescent color in both as-fabricated BG containing ADA-GEL scaffolds. Since the 

mineralization staining reagent binds specifically to HA and exhibits green color in fluorescent 

microscopy images it can be confirmed that a thin layer of HA was formed on the surface of 

incorporated BG particles in the hydrogel-based scaffolds. The appearance of HA on the surface 

of BG particles in the scaffolds might be attributed to the presence of HA precursors Ca
2+

 and 

PO4
3

 in the aqueous environment of hydrogel system since CaCl2 was added to the hydrogels to 

facilitate ionic gelation and ADA was dissolved in PBS that contains potassium phosphate 

monobasic (KH2PO4) and sodium phosphate dibasic (Na2HPO4). Calcium and silicate ions can be 

released when the BG particles came in contact to the aqueous solution of ADA, in which 

phosphate ions were present initially that can initiate the formation of CaP and calcium silicate 

phases. These CaP or calcium silicate phases can act as nucleation sites for formation of HA when 

CaCl2 was added to the hydrogels to facilitate ionic gelation that can increase the degree of 

supersaturation of Ca
2+

 in the local sites surrounding the BG particles. According to Kokubo et al. 

[338] formation of HA from its precursors ions in an aqueous environment is postulated by the 

following formula 

Ca10(PO4)6(OH)2  ⇌ 10Ca2+ + 6PO4
3 + 2OH− 
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Figure 6.10. SEM images of the scaffolds of BG containing ADA-GEL hydrogels after 28 days 

of immersion in SBF exhibiting their topographies at surface and cross sectional areas. 
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Figure 6.11. SEM images of ADA-GEL-5BG scaffolds after 7 days (a), and 14 days (b) of 

immersion in SBF. White arrows showed some of the deposited particles. 

 

Figure 6.12. XRD patterns of pure BG (composition 45S5) without immersion in SBF and BG 

containing ADA-GEL scaffolds after different periods of immersion in SBF. 

6.3.5 Gelatin release kinetics 

Gelatin release from the freeze dried scaffolds fabricated from the gelatin containing hydrogels 

was monitored in SBF at 37 °C. From Figure 6.13, it is clear that the incorporation of BG into 

ADA-GEL significantly decreased the gelatin release from the scaffolds. The degree of reduction 

of gelatin release from ADA-GEL-BG scaffolds increased with high BG content. Solute transport 
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from the polymeric matrices occurs generally by three mechanisms: diffusion, erosion, and 

degradation [339]. In non-degradable hydrogels the transportation of solute mainly occurs through 

diffusion. However, degradation plays the key role for mass transfer in degradable hydrogels. As 

discussed before the crosslinking degree was increased due to the presence of BG that reduced the 

degradability of ADA-GEL-1BG and ADA-GEL-5BG hydrogels. Therefore, diffusion can be 

expected to be the dominating mechanism of gelatin release from the BG containing hydrogels. 

Moreover, due to the high degree of crosslinking, gelatin was firmly bound with ADA in the BG 

containing ADA-GEL hydrogels. Therefore, the release rates of gelatin from ADA-GEL-1BG and 

ADA-GEL-5BG scaffolds were found to be very low. Initial release of gelatin from the scaffolds 

of these two compositions was observed due to the diffusive release of uncrosslinked gelatin that 

remained in the hydrogel network, which became constant after a certain period. A burst release 

of gelatin was observed from the scaffolds of ALG-GEL and ADA-GEL. Gelatin was physically 

bound with ALG in ALG-GEL hydrogel, in which some portion of gelatin molecules could be 

entrapped into the polymeric chains of ALG since the molecular size of gelatin is much smaller 

than that of ALG. Gelatin was released from the ALG-GEL scaffolds mainly by diffusion since 

ALG possesses very low degradability. At the other end, ADA exhibits high degradability 

because of possessing cleaved polymeric chain of ALG due to periodic oxidation [206,213]. 

Therefore, diffusion and degradation, both mechanisms were involved in gelatin release from 

ADA-GEL scaffolds. It is important to note that the initial burst release of gelatin from ADA-

GEL scaffolds was reduced over the incubation period, especially after 3 days of incubation. 

However this retarding phenomenon of gelatin release was not observed for ALG-GEL scaffolds. 

The different behavior in the release kinetics for the two hydrogels scaffolds can be attributed to 

the crosslinking between polysaccharides and proteins in ADA-GEL that resists the release of 

gelatin better than simple blending. Compared to the gelatin release profiles for the films and 

microcapsules of ADA-GEL that were shown in the last two chapters, the freeze dried scaffolds 

of ADA-GEL exhibited higher gelatin release behavior. This phenomenon can be attributed to the 

high surface area of the scaffolds due to their porous structure. Conversely, the films and 

microcapsules possess bulk morphology and therefore only a small area can come in contact to 

the surrounding liquid.  
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Figure 6.13. Cumulative gelatin release as a function of incubation time in SBF from hydrogel 

scaffolds having different compositions. 

6.3.6 In vitro cytocompatibility 

6.3.6.1 Cell viability 

Viability of ST-2 cells after 21 days of incubation for all hydrogels scaffolds was assessed by 

analyzing mitochondrial and LDH activities of the cells. Figure 6.14 shows that both parameters 

of cell activity after 21 days of incubation exhibit almost similar pattern. No significant difference 

of both activity measurements was detected for the scaffolds of ALG and ALG-GEL hydrogel 

that could be attributed to the release of gelatin from the ALG-GEL scaffolds, in which the gelatin 

was incorporated without any chemical linkage with ALG. After 21 days of incubation ALG-GEL 

scaffolds were seen to act like ALG scaffolds due to the high release of gelatin. Therefore the 

inclusion of gelatin by physical mixing drew no positive effect on cell viability. As expected 

significantly enhanced cell activity was observed for the scaffolds of covalently crosslinked 

composition (ADA-GEL). Enhanced cell viability was also observed for the films of ADA-GEL 

compared to ALG and ALG-GEL, presented in the previous chapter (Chapter 4). As discussed in 

that chapter, high cell viability in the ADA-GEL scaffolds was observed due to possessing high 

amount of gelatin and high degree of degradation. However, due to incorporation of 1 %(w/v) BG 

to ADA-GEL the mitochondrial activity was found to decrease and both cell activity parameters 

decreased for the scaffolds having 5 %(w/v) BG. As discussed before, the incorporation of BG 

into ADA-GEL enhanced the degree of covalent crosslinking between ADA and gelatin, which 

caused two remarkable effects on the properties of the hydrogel derived scaffolds. One of the 

effects is the lowering of gelatin release kinetics (Section 6.3.5) that could have a positive 
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influence on cell viability because of increasing availability of cell adhesion peptides, RGD. On 

the other hand, the high crosslinked polymeric network of ADA-GEL decreased the degradability 

of the scaffolds that could draw a negative effect on cell viability due to the lack of adequate 

space for cell proliferation and migration. Moreover, BG could exert some cytotoxic effects on 

the cells due to the released ions from BG particles [91,269]. In the previous chapter 

(Section 4.3.4) a negative effect on cell viability was detected for inclusion of 0.1 %(w/v) BG into 

ADA-GEL films, which was found to be enhanced in this current study due to having high 

concentrations of BG in the ADA-GEL scaffolds. The total intracellular LDH represents also the 

total number of cells [340]. The outcomes of LDH activities of the cells for the different scaffolds 

are found to be correlated to the number of cells, which was visualized by nuclear staining, 

presented in Figure 6.15 and Figure 6.16. 

 

Figure 6.14. Mitochondrial and LDH activity values of ST-2 cells in hydrogel scaffolds having 

different compositions after 21 days of cultivation. ALG was used as the control material for each 

assay. Asterisks denote significant difference compared to ALG hydrogel, *p< 0.05, and 

***p< 0.001 for mitochondrial activity and 
#
p< 0.05 for LDH activity (Bonferroni’s post-hoc test 

was used). 

6.3.6.2 Cell migration 

Migration of cells into the scaffolds after 21 days of incubation was analyzed by detecting the 

fluorescently stained cell nuclei at different sections of the scaffolds using a fluorescent 

microscope. The distribution of cell nuclei on the surface of the scaffolds after 21 days of 

incubation is shown in the Figure 6.15. A cell aggregation phenomenon was observed on the 
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surface of ALG scaffolds. A similar phenomenon was observed for human dermal fibroblasts on 

ALG films, which is described in Chapter 4. As described in that chapter, ALG does not support 

cell adhesion due to the lack of cell adhesion motifs [10,183]. Therefore, cell-cell interactions are 

more prominent than cell-material interactions and cells tend to make clusters. Similar to the 

results for fibroblasts on ALG-GEL films in the previous chapter (Section 4.3.3), the stromal cells 

also formed clusters on the ALG-GEL scaffolds surface since ALG-GEL hydrogel scaffolds 

behaved like pure ALG hydrogel scaffolds after 21 days of incubation due to the release of gelatin 

over the incubation period. Fluorescent images of the cell nuclei for ADA-GEL scaffolds could 

not be taken since the scaffolds became very soft and weak due to degradation over the incubation 

period. The high degradability of ADA-GEL hydrogel and hydrogel based scaffolds were 

discussed in detail in Sections 4.3.1.3 and 6.3.3, respectively. From Figure 6.15, it is clear that 

the ADA-GEL-1BG scaffolds supported the attachment and proliferation of the cells, and resulted 

in a covered surface with cells after 21 days of incubation. However, the number of cell nuclei 

was found to dramatically decrease on the surface of ADA-GEL-5BG scaffolds, which could be 

due to the possible cytotoxic effect of a high concentration of released ions from BG particles, as 

described before.  

 

Figure 6.15. FM images showing the nuclei (blue, stained with DAPI) of ST-2 cells on the 

surface of (a) ALG, (b) ALG-GEL, (c) ADA-GEL-1BG, and (d) ADA-GEL-5BG scaffolds after 

21 days of cultivation. 
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To investigate the migration of cells through the pores of scaffolds, the samples were cut in two 

different sections: cross section and longitudinal section, as shown in Figure 6.1. Fluorescent 

images were taken on these two sections, which are shown in the Figure 6.16. Since the cells 

were seeded on the top of the scaffolds, it could be assumed that the cells migrated through the 

scaffolds in orthogonal direction. Therefore, monitoring of cell distribution through the 

longitudinal section over the incubation period is more relevant. Moreover, to investigate cell 

distribution in one plane inside of the scaffolds, samples were cut along the middle of the 

scaffolds in transversal section. As shown in the Figure 6.16, aggregation of cells was also 

observed inside the ALG scaffolds in both sections: cross and longitudinal sections. As shown in 

Figure 6.4 and Figure 6.5, ALG scaffolds possessed large pores (500-900 µm) that could 

facilitate the migration of cell clusters and cells could make aggregation inside the pores as well. 

Migration of aggregated cells was also observed for ALG-GEL scaffolds. The white dashed lines 

in the images of Figure 6.16 represent the border (periphery) and top of the scaffolds in cross 

section and longitudinal section, respectively. Comparatively higher number of cells and more 

distant cells were found in the scaffolds of ALG-GEL than in ALG scaffolds. This phenomenon 

can be ascribed to the release of gelatin that could increase porosity and enlarge pore size. 

Considering the distribution of cells on the surface of ADA-GEL-1BG scaffolds (Figure 6.15), 

high number of cells was found in both sections of ADA-GEL-1BG scaffolds (Figure 6.16). 

However, the degree of migration of cells was found to be lower compared to ALG and ALG-

GEL scaffolds. The average distance of the distant cells from the top border of the ADA-GEL-

1BG scaffolds was observed to be ~1 mm, whereas the highest migrated distance of the cells in 

ALG-GEL scaffolds was calculated to be ~2 mm. As discussed in the previous sections, ADA-

GEL-1BG scaffolds possessed high crosslinked polymer networks and low degradability that 

could be the reasons for the hindering of cell migration observed. These phenomena were 

enhanced for the scaffolds of ADA-GEL-5BG. As the result shown in Figure 6.14, very low 

amount of cells were found in the cross and longitudinal sections of ADA-GEL-5BG scaffolds 

probably due to the high cytotoxicity of a high concentration of ions released from BG particles. 
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Figure 6.16. FM images showing the nuclei (blue, stained with DAPI) of ST-2 cells in the cross 

and longitudinal sections of the scaffolds of different hydrogels after 21 days of cultivation. Edges 

of the scaffolds are marked with white dashed lines and more distant cells from the border of the 

scaffolds are shown with white arrows. 
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6.3.6.3 Cell morphology 

Morphology of cells in the scaffolds after 21 days of incubation was analyzed by SEM, as shown 

in Figure 6.17. Similar to the results of fluorescent images, clusters of cells were detected in the 

SEM images on the surface of ALG scaffolds. However, such kind of aggregated morphology of 

cells was not clearly visible in the cross section of the ALG scaffolds. It is interesting to note that 

the clusters of cells with porous cell membrane were detected on the surface and in the cross 

sections of ALG-GEL scaffolds. The morphological alteration of ST-2 cells with the loss of 

integrity of plasma membrane proves that cell death occurred through necrosis [341,342]. The 

surface of the ADA-GEL-1BG scaffolds was covered completely with the growing ST-2 cells 

after 21 days of incubation. As shown in Figure 6.17 and Figure 6.18, the ST-2 cells grew and 

proliferated on the surface of ADA-GEL-1BG scaffolds with marked cell-material and cell-cell 

interactions. From the enlarged image of Figure 6.18, it is clear that the cells grew in multilayers 

with typical fibroblasts-like morphology. However, some cells exhibited osteoblastic cuboidal 

morphology, which are shown with asterisks. Therefore, it can be stated that the stromal cells on 

the ADA-GEL-1BG scaffolds were partially differentiated to osteoblasts or osteoblast-like cells 

without using any osteogenic stimulating agent. The migrated cells with smaller in size were 

detected in the cross section of ADA-GEL-1BG scaffolds, as shown in Figure 6.17. It is 

interesting to note that the cells, which were detected in the cross sectional area of the scaffolds, 

exhibited osteoblast-like morphology. The high crosslinked polymeric network of ADA-GEL-

1BG scaffolds could exert a higher mechanical stress on the embedded cells, which could 

influence the osteogenic differentiation [343,344]. Moreover, the high mechanical stress exerted 

by the matrix could be one of the major factors behind the smaller cell dimensions inside the 

ADA-GEL-1BG scaffolds. No cell was detected on the surface of ADA-GEL-5BG scaffolds that 

could be due to the cytotoxic effect of released ions of BG particles. However, some cell nuclei 

were observed on the scaffolds in fluorescent images as shown in Figure 6.15. It is important to 

note that differentiation between the cells and the polymeric matrix in SEM images is very 

difficult, which became a challenge in this study for ADA-GEL-5BG scaffolds. In the cross 

section image (Figure 6.17) of ADA-GEL-5BG, a layer of cell-like structure (marked with hash 

signs) was detected, which, however, also might be the structure of polymer matrix. 
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Figure 6.17. SEM images of the surface and cross section of the scaffolds of different hydrogels 

with ST-2 cells after 21 days of cultivation. Asterisks denote the cells with osteoblast-like 

phenotype in the cross section of ADA-GEL-1BG scaffold. Hash signs denote the possible cell 

layer in the cross section of ADA-GEL-5BG scaffold. 
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Figure 6.18. SEM images showing the cells covered the surface of ADA-GEL-1BG scaffold after 

21 days of cultivation. The image (b) shows the enlarged view of the selected area of the image 

(a), exhibiting multilayer growth of cells with fibroblastic phenotype. Asterisks of the left image 

show the cells with osteoblastic cuboidal morphology.  

6.3.6.4 Osteogenic differentiation 

Osteogenic differentiation of a bone marrow stromal cell line into osteoblasts or osteoblast-like 

cells in freeze dried scaffolds was investigated without any external osteogenic stimulating agents 

in order to evaluate the influencing characteristic of the matrices on the osteogenic differentiation. 

The expression of ALP activity, a typical in vitro osteogenic differentiation marker, of the stromal 

cells within the scaffolds of different hydrogels was analyzed after 21 days of incubation, as 

shown in Figure 6.19. After 21 days of incubation, the stromal cells for all hydrogel scaffolds 

expressed this osteogenic specific marker. Compared to ALG scaffolds the ALP activity of ST-2 

was found to be increased for the ALG-GEL and ADA-GEL scaffolds, in which gelatin bonded 

physically and chemically with ALG, respectively. The cells on the ADA-GEL scaffolds 

expressed significantly higher ALP activity than that of ALG scaffolds. Surprisingly the ALP 

values dropped down due to incorporation of BG. Several studies have demonstrated that BG 

enhances the osteogenic differentiation of bone marrow-derived stromal or mesenchyme stem 

cells, which however have been conducted in the presence osteogenic stimulating supplements 

[345–347]. Reilly et al. [348] and Radin et al. [349] noticed that the osteogenic differentiation of 

stem cells on BG was not stimulated in absence of complete osteo-inducing supplements. Radin et 

al. [349] also revealed that rat bone marrow-derived stromal cells exhibited fibroblasts-like 

morphology (elongated bipolar) in the presence of ascorbate 2-phosphate (Asc) alone but cells 

adopted a osteoblast morphology (cuboidal) when dexamethasone (Dex) or bone morphogenetic 

protein-2 (BMP-2) or both were introduced with Asc as osteogenic stimulating supplements. 

Similar outcomes were also observed for human dental pulp stromal cells on BG scaffolds [350]. 
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In our study the SEM images of the growing cells on ADA-GEL-1BG scaffolds (Figure 6.18) 

showed ST-2 cells kept mostly typical fibroblastic morphology during their growth over 21 days 

incubation period in the absence of any osteogenic stimulating supplements. Some cells with 

osteoblast-like morphology were observed, which indicates the differentiation degree of stromal 

cell into osteogenic lineage was low. In addition, the typical nodule like morphology due to 

coalescing of cells during osteogenic differentiation was not detected on the surface of ADA-

GEL-1BG scaffolds. However, as stated in the last section osteoblast-like morphology of the 

stromal cells was more prominently observed inside the scaffolds than on the surface. Therefore, 

it might be stated that in the absence of external osteogenic stimulating agents the stromal cells 

need the three dimensional atmosphere for more contact with BG embedded in the polymeric 

matrix to achieve more osteogenic differentiation. Due to the lower porosity, ADA-GEL-1BG and 

ADA-GEL-5BG scaffolds retarded the invasion or migration of cells into the scaffolds that could 

be the reason for low expression of ALP activity of the stromal cells. On the other hand, ADA-

GEL-1BG and ADA-GEL-5BG scaffolds exhibited very low degradability and the BG particles 

were covered with the polymeric materials (Figure 6.7 and Figure 6.10) that created a barrier 

difficulting exposure of BG particles to the adjacent cells. Therefore the decreasing trend of ALP 

activity of ST-2 cells for the BG incorporated scaffolds can be attributed either to the absence of 

osteogenic stimulating supplements or to the low degradability of the matrix. Moreover, a 

cytotoxic effect was also observed for the scaffolds of ADA-GEL-5BG, which was described in 

previous sections. On the other hand ADA-GEL scaffolds exhibited higher degradability 

compared to the BG containing scaffolds. Therefore the cells in ADA-GEL scaffolds could grow 

and easily migrate through the scaffolds over the incubation period and could come in more 

contact with the hydrogel matrix, in which gelatin could play a key role on osteogenic 

differentiation. As stated in the previous chapter the RGD peptides of gelatin, present in ADA-

GEL hydrogel matrix, could improve the osteogenic differentiation of progenitor or mesenchymal 

stem cells [307–310]. It is necessary to state that the osteogenic differentiating kinetics of the 

stromal cells in the scaffolds of different hydrogels might be different in the presence of 

osteogenic stimulating agents. 



Chapter 6: Fabrication and Characterization of Hydrogel-based Scaffolds for Bone Tissue Engineering 

137 | P a g e  
 

 

Figure 6.19. Specific ALP activity of the ST-2 cells in the scaffolds of different hydrogels after 

21 days of incubation without using any foreign osteogenic stimulating agents. Asterisks denote 

significant difference compared to ALG hydrogel, ***p< 0.001 (Bonferroni’s post-hoc test was 

used). 

6.3.6.5 In vitro mineralization  

Mineralization, specifically HA deposition, is one of the key phenomena for bone or bone-like 

materials formation since HA is the main inorganic component of bone [351], which can be 

formed either by osteoblasts and osteoblast-like cells or it can be induced by the material itself. 

Osteoblastic differentiation is marked by the formation of mineralized nodules composed of HA, 

which is deposited by cells. In this current study, the deposition of HA during the cell culture 

study was visualized by fluorescence staining using a staining reagent, OsteoImage, which 

specifically binds with the HA portion of mineralized nodules. After 21 days of cultivation during 

cell culture, OsteoImage positive staining (green color as shown in Figure 6.20) was achieved for 

the scaffolds of all hydrogels. It is interesting to mark that the whole hydrogel matrices of the BG 

containing scaffolds were positively stained with HA-specific fluorescent reagent which however 

was observed in very few areas of ALG and ALG-GEL scaffolds. Therefore, it can be 

hypothesized that the mineralization was stimulated due to the presence of BG. The deposition of 

HA in the scaffolds of ALG and ALG-GEL could be due to the osteogenic differentiation of the 

stromal cells and the stimulating phenomenon of HA deposition in the BG containing scaffolds 

might be attributed to the combined effect of cell differentiation and mineralization potential of 

BG. Moreover, we performed this staining for the scaffolds before starting the cell culture study 

to assess any background auto-fluorescence effect from the matrix and the images are presented in 

Figure 6.21. As shown in the figure a mild auto-fluorescence was observed for ALG and ALG-
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GEL scaffolds due to staining of the matrices. More interestingly, a bright fluorescent staining 

was appeared as a lot of green dots for the scaffolds having BG. A homogeneous distribution of 

green small dots was observed for ADA-GEL-5BG scaffolds while aggregation of the small dots 

occurred in ADA-GEL-1BG. From the images, it is clear that the green fluorescent staining 

occurred on the BG particles. Since OsteoImage is a HA-specific staining reagent, it was 

confirmed that a thin layer of HA was formed on BG particles which was discussed previously in 

the Section 6.3.4. The intensity and distribution of the green fluorescent enhanced over the longer 

cultivation period, as presented in Figure 6.20, which proves that the mineralization occurred 

throughout the scaffolds during the cell culture period. 

 

Figure 6.20. FM images of HA-specific OsteoImage
TM

 stained scaffolds of different hydrogels 

after 21 days of incubation during cell culture study, showing mineralization (green) occurred 

during cultivation. 
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Figure 6.21. FM images of HA-specific OsteoImage
TM

 stained scaffolds of different hydrogels 

before incubation (as prepared) showing HA (green) formed on the surface of BG particles. 

6.4 Conclusions 

In this chapter the development of scaffolds from alginate-based hydrogels was presented, 

focusing on ADA-GEL hydrogels with or without BG by freeze drying technique, intended for 

applications in bone tissue engineering. To the best of our knowledge, 3D scaffolds have been 

made for the first time from BG incorporated ADA-GEL hydrogels. It is interesting to note that 

the incorporation of BG drew a huge impact on the covalent crosslinking between ADA and 
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gelatin that was apparent as the higher degree of crosslinking and shorter gelation time of the 

resulted hydrogels, and higher mechanical properties of the fabricated scaffolds. Moreover, the 

degradability and gelatin release kinetics of ADA-GEL scaffolds decreased due to incorporation 

of BG. During immersion in SBF study the formation of HA on ADA-GEL-1BG and ADA-GEL-

5BG scaffolds was detected by FTIR, XRD analyses and through fluorescent staining. It is 

noteworthy that the deposition of HA was detected on the scaffolds of all hydrogels during cell 

culture study using a fluorescent staining kit, which might be due to the mineralization capability 

of the stromal cells while they differentiated into osteoblasts. The degree of HA deposition on the 

BG containing ADA-GEL scaffolds was enhanced during the cell culture period due to the 

combined effect of apatite formation ability of BG in cell culture medium and the mineralization 

potentiality of differentiated stromal cells into osteoblast lineage. Osteogenic differentiation of 

bone marrow stromal cells occurred in the hydrogels-derived freeze-dried scaffolds in the absence 

of any external osteogenic stimulating supplements. Though the stromal cells exhibited low 

degree of osteogenic differentiation, it can be stated that the scaffolding materials triggered cell 

differentiation without any stimulating supplements. The degree of osteogenic differentiation can 

be enhanced by using osteogenic stimulating supplements, a strategy which should be investigated 

in further steps. It can be thus concluded that freeze-dried scaffolds from hydrogels, especially 

BG incorporated ADA-GEL scaffolds, are promising candidates for bone tissue engineering as 

well as for other biomedical applications.  
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Chapter 7 

Overall Conclusions and Outlook 

 

This research project has addressed the development of alginate-based hydrogels with improved 

cell adhesion, migration and differentiation in 2D and 3D matrices for applications in soft and 

hard (bone) tissue engineering. The overall conclusions of this project and suggested future 

research avenues are discussed in this chapter, considering four categories based on the 

development of materials, in vitro cell study models and applications in tissue engineering. 

Development of alginate-based advanced hydrogels for tissue engineering applications 

This study has investigated novel alginate-gelatin hydrogel systems by tailoring the degradation 

kinetics and matrix stiffness to facilitate cell migration and cell spreading in 3D environments and 

simultaneously promote cell attachment, proliferation and migration on 2D surfaces. The hydrogel 

was developed and characterized in such a way that it can be applied in soft and hard tissue 

engineering. Gelatin is the material of choice to improve cell adhesion properties of alginate-

based hydrogels since gelatin contains the cell adhesion motif RGD (Arg-Gly-Asp). Gelatin was 

covalently crosslinked with alginate, which is a self-crosslinking approach in which no external 

crosslinker was employed. To induce the covalent crosslinking with gelatin, alginate was partially 

oxidized and alginate di-aldehyde (ADA) formed that contains aldehyde groups, which was 

proven by NMR study. The crosslinking reaction occurred through the Schiff’s base formation 

due to the reaction of free amino groups of lysine or hydroxylysine amino acid residues of gelatin 

and available aldehyde groups of ADA, which was confirmed by FTIR analysis. Furthermore, the 

partial oxidation cleaves the carbon-carbon bond of the cis-diol group of alginate, which 

facilitates degradation of the developed hydrogel. It is important to note that the biodegradability 

of alginate-gelatin covalently cross-linked hydrogel (ADA-GEL) is tunable, which is as an 

important property for an advanced biomaterial. To improve the processability, the gelation time 

of the hydrogel was optimized by changing the oxidation degree of ADA, concentration and ratio 

of ADA and gelatin.  
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Applications of hydrogels for soft tissue engineering using conventional 2D model 

The developed ADA-GEL hydrogels with different ratios were employed to fabricated films on 

which 2D in vitro cell study was performed using normal human dermal fibroblasts (NHDF) to 

investigate cell-material interactions on their surfaces. The superior cell-materials interactions on 

ADA-GEL surfaces was confirmed by significantly higher attachment, proliferation, spreading 

and viability of fibroblasts compared to that of ALG and alginate-gelatin blend hydrogel (ALG-

GEL). ADA-GEL films of all five compositions exhibited high biodegradability compared to 

ALG and the degree of biodegradability increased with increasing amount of gelatin in ADA-

GEL. It can be concluded that the two critical drawbacks of alginate: poor cell adhesion properties 

and relatively slow and uncontrolled degradation characteristic, were successfully overcome by 

this modification. In contrast to ALG and ALG-GEL, ADA-GEL exhibited fibrous structure with 

the porosity of submicron level, which is nearly similar to the structure of collagen, a key 

component of ECM. Therefore, ADA-GEL hydrogel can be the material of choice as exogenous 

ECM for tissue engineering applications. In this study the potentiality of the developed ADA-

GEL for the applications in soft tissue engineering, especially vascular tissue engineering, was 

proven by promising outcomes of fibroblasts growth in 2D structures. The in vitro 

cytocompatibility of this hydrogel regarding smooth muscle cells and endothelial cells is a very 

important factor for complete vascular tissue engineering since fibroblasts, smooth muscle cells 

and endothelial cells are the key vessel forming cells (as shown in the Section 4.1). Though some 

promising initial outcomes regarding 2D in vitro cell study of smooth muscle cells and endothelial 

cells were achieved for ADA-GEL hydrogel, intensive in vitro investigations of these two cells 

are required to prove the applicability of the hydrogel in vascular tissue engineering. Moreover, to 

engineer a real vessel-like construct, in vitro co-culture systems of the three major vessel forming 

cells on ADA-GEL hydrogel need to be developed. 

Applications of hydrogels for bone tissue engineering using advanced 3D model: 

microencapsulation 

An important aspect in this study has been the development of microcapsules from ADA-GEL 

hydrogels of different compositions, which were used as 3D in vitro models. Microcapsules were 

developed from ADA-GEL hydrogels by tailoring several factors, such as oxidation degree of 

ADA, degree of crosslinking of ADA-GEL, concentrations of ADA and gelatin solutions and the 

ratios of the two components. To investigate cell behavior in 3D matrix, human adipose derived 

stem cells (hADSCs) were encapsulated in ADA-GEL hydrogels of all five compositions. The 

encapsulated cells exhibited high viability, metabolic activity and osteogenic differentiation, 

which were found to be enhanced in the microcapsules containing a high amount of gelatin. It is 
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important to note that ADA-GEL hydrogels supported spreading, migration and proliferation of 

encapsulated hADSCs and these phenomena have never been observed in ALG-based hydrogels. 

The high degradability and low stiffness of ADA-GEL hydrogels are the major decisive factors 

for the high degree of proliferation and migration of encapsulated cells with spread morphology. 

Microencapsulation approaches are considered relatively simple models to investigate cell 

behavior in a 3D matrix, which can be transferred to other advanced complex models of 3D tissue 

engineering scaffolds. The positive outcomes of this investigation prove that the ADA-GEL 

hydrogel can be considered as a promising material for the development of 3D constructs using 

biofabrication approaches, which represent advanced novel techniques in the field of tissue 

engineering. The potentiality of this material for fabrication of 3D scaffolds using this approach is 

shown in our recent study [352], in which the osteosarcoma cell line was applied, anticipating 

applications in bone tissue engineering. More studies are required regarding the biofabricated 

scaffolds with relevant cells, such as, primary osteoblasts, bone marrow-derived or adipose-

derived stem cells for applications in bone tissue engineering. Moreover, the ADA-GEL hydrogel 

demands some modifications to design real 3D scaffolds with the biofabrication approach, which 

should provide a balance between the structural integrity of the construct and cytocompatibility of 

the 3D matrix.  

Applications of composite hydrogels for bone tissue engineering using conventional 3D model: 

freeze-dried scaffolds containing BG 

For the applications in bone tissue engineering porous scaffolds were developed from ALG, 

ALG-GEL and ADA-GEL hydrogel with and without BG. Gelation kinetic and degree of 

crosslinking of ADA-GEL were found to increase to high extent in the presence of BG. The 

mechanical properties of the novel ADA-GEL-BG scaffolds were significantly higher than that of 

ALG, ALG-GEL and ADA-GEL scaffolds. However, the highly crosslinked polymer network of 

BG containing ADA-GEL hydrogels reduced the porosities of resulting scaffolds. Though the 

porosities of ADA-GEL-1BG scaffolds were low, still cell migration was observed into the 

scaffolds. The bioactivity of the ADA-GEL-1BG and ADA-GEL-5BG scaffolds was confirmed 

through the in vitro acellular bioactivity study in simulated body fluid (SBF) showing the 

formation of hydroxyapatite (HA), which was detected by FTIR, XRD analyses and fluorescent 

staining. Interestingly, osteogenic differentiation of rat bone marrow stromal cells occurred during 

the cultivation in all hydrogels-derived scaffolds in the absence of external osteogenic stimulating 

supplements. The specific ALP activities of the stromal cells were found to be lower in BG 

containing ADA-GEL scaffolds compared to ADA-GEL scaffolds. It is noteworthy that the ALP 

activity of the stromal cells in BG containing ADA-GEL scaffolds can be triggered in the 

presence of osteogenic stimulating supplements. However, mineralization occurred in the ADA-
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GEL-1BG and ADA-GEL-5BG scaffolds during the cell culture in the absence of osteogenic 

supplements, which proves their applicability in bone tissue engineering, since mineralization is a 

key characteristic required for bone or bone-like phase formation. As a further step of this study 

osteogenic differentiation behavior of stromal cells in freeze-dried scaffolds should be 

investigated in the presence of osteogenic supplements in order to understand the effect of BG on 

the differentiation kinetics in osteogenic condition. Moreover, several time points over the cell 

culture period need to be considered since ALP activity of cells generally fluctuates over the time. 

Apart from ALP other osteogenic markers, such as bone gamma-carboxyglutamate (gla) protein 

(BGLAP, e.g. osteocalcin), collagen type I alpha 1 (COL1A1), secreted protein acidic cysteine-

rich (SPARC, e.g. osteonectin), secreted phosphoprotein 1 (SPP1, e.g. osteopontin) etc. need to be 

investigated for complete characterization of the osteogenic differentiation of the stromal cells. 

The present study is based on the development of ADA-GEL and ADA-GEL-BG scaffolds using 

a conventional freeze-drying approach and investigation of their properties, in which rat bone 

marrow-derived stromal cell line was used to investigate their applicability in bone tissue 

engineering. More relevant cells, such as primary bone marrow-derived or adipose-derived stem 

cells can be applied in the freeze-dried scaffolds system to establish these as promising materials 

in the field of bone tissue engineering. More studies are required for optimizing the viscosity and 

stiffness of the resulting ADA-GEL-BG hydrogels using different concentrations of BG for 

fabrication of 3D scaffolds by biofabrication approach as BG enhances the crosslinking degree of 

ADA-GEL hydrogel, as confirmed in this study. In addition, nano-sized BG particles could be 

incorporated into ADA-GEL hydrogel systems since the incorporation of nano-sized inorganic 

particles should improve the mechanical properties of the resulting composites to a higher extent 

than micron-sized particles [78]. The modification of the ADA-GEL hydrogels using BG, thus 

leading to composite hydrogel can be a giant leap for the development of appropriate materials to 

design advanced 3D scaffolds using biofabrication techniques. It is expected that the development 

of alginate-based hydrogels as contributed by the results of the present research project will open 

several possibilities for future research in soft and hard tissue engineering. 
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Appendix 

 

A. In vivo biocompatibility: Subcutaneous implantation 

A.1 Experimental 

A.1.1 Animals  

The In vivo study was conducted according to the procedure which is approved by the government 

of Middle Franconia and the Animal Protection Committee (Az 54-2532.1-24/09). Each set of the 

experiment was performed using six adult, healthy male Lewis rats (weight 303–320 g). In one set 

of the experiment, two chambers filled with ADA-GEL microcapsules and two chambers filled 

with nBG incorporated ADA-GEL microcapsules were implanted in each animal. In another set 

of study, rat bone marrow-derived mesenchymal stem cells (rBMSCs) encapsulated ADA-GEL 

and ADA-GEL-nBG microcapsules were implanted in the same manner, which was an isogenic 

approach. Explantation was accomplished after 1 week (3 animals of each set of study) and 4 

weeks (3 animals of each set of study) of implantation. Six chambers per group and per 

explantation point were considered for evaluation. The rats were housed in single separate cages 

(type 3) in a standardized environment (20–22 °C, relative humidity 46%–48%, light/dark cycles 

of 12 h) with free access to water and standard chow (Ssniff, Soest, Germany). 

A.1.2 In vivo implantation  

Freshly prepared microcapsules were taken in account for subcutaneous implantation. 

Microcapsules were prepared from the composition of ADA-GEL containing 50 v% ADA and 

50 v% gelatin and 0.1 %(w/v) nBG incorporated ADA-GEL (ADA-GEL-nBG) using the 

pneumatic extrusion technique, as described in the Section 5.2.1. The precursors of hydrogel and 

nBG were sterilized prior to preparation of microcapsules by filtration and dry heat sterilization, 

respectively. The fabricated microcapsules were sieved and washed three times with cell culture 

medium (DMEM) to remove calcium chloride solution from the surface of the microcapsules. To 

fabricate rBMSCs encapsulated ADA-GEL and ADA-GEL-nBG microcapsules, the isolated 

rBMSCs (cell isolation process was described in the Section 4.2.5.2) were immobilized into 

ADA-GEL and ADA-GEL-nBG hydrogels precursors at a density of 2×10
6
 cells per mL of 
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hydrogel prior to fabrication of microcapsules. The cells were labeled with dioctadecyl-

tetramethylindo-carbocyanine perchlorate (DiI, Molecular Probes, Germany) according to 

manufacturer’s protocol prior to encapsulation. The cell encapsulated microcapsules from ADA-

GEL and ADA-GEL-nBG were fabricated using the similar pneumatic extrusion technique as 

described in the Section 5.2.3.1. The prepared microcapsules were transferred into custom made 

Teflon chambers for subcutaneous implantation (inner diameter 8 mm, height 6 mm, volume 

approx. 400 µL) that are shown in Figure A.1(a). The weight of the Teflon chamber filled with 

microcapsules was approximately 300 mg. 

 

Figure A.1. Photographs of (a) Teflon chambers filled with ADA-GEL microcapsules prior to 

implantation. Inner diameter of chambers is 8 mm; (b) subcutaneous implantation of Teflon 

chambers filled with microcapsules [271]. 

Rats were anesthetized using an induction chamber filled with 5% isofluran containing oxygen. 

After induction, rats were placed on a warming plate at 37 °C and anesthesia was maintained by 

continuous delivery of isofluran (Isofluran, CP Pharma, Burgdorf, Germany) with oxygen via face 

mask and administration of a single intramuscular injection of xylazine (1.4 mg; Rompun, Bayer, 

Leverkusen, Germany). Preemptive analgesia was achieved by subcutaneous administration of 4 

mg tramadol (Tramal Ampullen 50 mg, Gruenenthal, Aachen, Germany) and meloxicam (0.2 mg; 

Metacam, Boehringer-Ingelheim, Ingelheim, Germany). To prevent a possible infection a single 

dose of procain penicillin (22000 IU/kg) and dihydrostreptomycin (50 mg/kg) (Veracin 

compositum, Albrecht, Aulendorf, Germany) was administered. Rats were placed in sternal 

recumbency, and the back side was trimmed aseptically to prepare for surgery. Two paramedian, 

longitudinal incisions were made on the back side of the rat, and subcutaneous tissue was 

removed to expose the underlying muscle. Two chambers were placed in each incision site with 

the opening of the chamber facing the dorsal muscle of the rats, as shown in Figure A.1(b), thus 

bringing the microcapsules in direct contact with the underlying muscle. Chambers were fixed to 

the underlying muscle using USP 4/0 polypropylene sutures (Prolene, Ethicon; Johnson&Johnson, 
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Norderstedt, Germany), and the incisions were closed using USP 4/0 polyglactin 910 (Vicryl Plus, 

Ethicon; Johnson&Johnson, Norderstedt, Germany). Postoperative analgesia was achieved by 

administration of tramadol (Tramal, 100 mg/mL, Gruenenthal, Aachen, Germany) via drinking 

water (7.5 mg/100 mL of tap water) in the first postoperative week. 

A.1.3 Explantation procedure  

Prior to explantation the rats were anesthetized after 1 and 4 weeks of implantation, as described 

above. The anesthetized rats were placed in dorsal recumbency, and a midline laparotomy was 

performed. Intestines were externalized, and the caudal vena cava and aorta were isolated. A 24 G 

vein cannula was injected into the caudal vena cava, and the aorta was remained open. The 

vascular system was then flushed with heparinized saline solution. A mixture of India Ink 

(Lefranc-Bourgeois; Colart Deutschland GmbH, Maintal, Germany; 20 mL), saline solution 

(0.9%; 20 mL), mannite (Carl Roth GmbH & Co KG, Karlsruhe, Germany; 1.2 g) and gelatin 

(Carl Roth GmbH & Co KG, Karlsruhe, Germany; 1.5 g) was injected into the vascular system 

after removing blood from the vessels. After cooling at −20 °C for 2 h, the constructs were 

explanted from the rats and subsequently fixed using 4% formaldehyde solution (Histofix 4%, 

Carl Roth GmbH & Co KG, Karlsruhe, Germany) for 24 h. Microcapsules were carefully 

removed from the Teflon chambers conjugated with the underlying muscle and considered for 

further evaluations. 

A.1.4 Histological evaluation  

Three µm cross-sections were obtained from two standardized planes (1 mm left and 1 mm right 

of the central plane) along the longitudinal axis of the construct. Hematoxylin and Eosin (H&E) 

staining of the cross-sections was performed according to the standard protocol. Immuno-

histochemical stainings were performed using ED1 and Lectin (Bandeiraea Simplicifolia 

agglutinin, BS-1) for detection of macrophages/immune reaction and vascularization, 

respectively.  

Lectin staining was performed to identify newly formed vessel-like structures. For performing this 

staining, paraffinated sections were dewaxed and kept in a citrate buffer (pH 6) for 1 min at 

121 °C. Endogenous peroxidase activity was blocked by treating with 3% H2O2 (Merck, 

Darmstadt, Germany) for 10 min. Blocking process was completed by incubating the sections in 

avidin and biotin blocking solution (Avidin/Biotin Blocking Kit, Vector Labs; Biozol, Eching, 

Germany) for 15 min and subsequently 10% goat serum (Vector Laboratories, Burlingame, CA, 

USA) was applied for 30 min, and the sections were incubated overnight at 4 °C in biotinylated 

Lectin antibody (Isolectin B4 Biotin labeled, Sigma Aldrich, Munich, Germany) with the dilution 
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of 1:270 in TRIS buffer. The detection was then carried out using streptavidin AB Complex/HRP 

(Dako GmbH, Hamburg, Germany) for 30 min, washed, and followed by development using 

DAB + Chromogen (Dako GmbH, Hamburg, Germany) for 10 min. Counterstaining was 

performed with Hematoxylin solution (dilution 1:10).  

To detect macrophages, immune-histochemical staining was performed using ED1, which is a 

monoclonal antibody that binds to the rat homologue of human CD68, a single chain glycoprotein 

(90–110 kDa) found in macrophages and monocytes [353]. To perform this staining the sections 

were deparaffinated and kept in a citrate buffer (pH 6) at 121 °C for 1 min. After cooling, the 

sections were kept in a blocking solution (Zytochem Plus AP Polymer Kit, Zytomed Systems, 

Berlin, Germany) for 5 min to minimize background staining. Slides were incubated overnight in 

primary antibody solution (monoclonal mouse anti-rat CD68, Serotec, Düsseldorf, Germany; 

dilution 1:300) maintaining the temperature at 4 °C. Enhancement was achieved by using a 

reagent (Zytochem Plus AP Polymer Kit) for 30 min, followed by applying an AP coupled 

secondary antibody (anti-mouse/anti-rabbit) for 30 min. Fast Red solution was subjected for 

20 min to carry out development, and counterstaining was achieved by using Hemalaun solution.  

All images of H&E, ED1, and Lectin-stained cross-sections were taken using an Olympus IX81 

microscope (Olympus, Hamburg, Germany) at 4×, 10× or 20× magnification. Lectin positive cells 

were counted in the connective tissue that formed surrounding and invaded inside the 

microcapsules of each group of constructs. On the other hand, rBMSCs were labeled with DiI 

prior to encapsulation, which facilitates postoperative investigation of the encapsulated cells. Cell 

proliferation was analyzed by counting of DiI stained cell using a standardized threshold (ImageJ, 

National Institutes of Health, Bethesda, MD, USA). 

A.1.5 TUNEL-DAPI staining 

Terminal deoxynucleotidyl transferase mediated dUTP nick end labeling (TUNEL) staining was 

performed to visualize the apoptotic cell in the constructs. In this staining the 3´-OH groups in 

apoptotic cell nuclei were visualized by the enzyme TdT (terminal desoxynucleotidyl transferase). 

The TUNEL staining was performed using the „FragEL
TM

 DNA Fragmentation Detection Kit, 

Fluorescent TdT Enyzme“ (Calbiochem/Merck-Millipore, Darmstadt, Germany). After 

deparaffinization the sections were incubated with Proteinase K solution (2 mg/ml in TRIS buffer, 

pH 8) for 10 minutes at room temperature. The sections were washed twice and covered with TdT 

equilibration buffer for 20 minutes at room temperature. After removal of the equilibration buffer 

the sections were incubated with TdT reaction mixture for 1.5 hours at 37 °C in the dark. After 

washing twice the counterstaining of vital cell nuclei with DAPI was performed. DAPI solution 
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(4´,6-diamidino-2-phenylindole, dilactate; Sigma Aldrich, Germany; 1: 1000 dilution) was added 

to the deparaffinized sections and incubated for 5 minutes. The staining and incubation were 

performed in the dark. 

A.2 Results and Discussion 

A.2.1 Clinical evaluation 

All animals endured anesthesia and the surgical procedure as well, and no sign of post-surgery 

discomfort and complication were observed. A mild to moderate postoperative seroma was 

observed at the incision sites, which is a common symptom after surgical operation and resolved 

spontaneously after approximately one week. This reaction was most likely caused by the Teflon 

chamber itself, rather than the microcapsules, since this phenomenon has been observed with 

several materials in similar experiments by the group of Plastic and Hand Surgery department of 

University hospital of Erlangen. Despite the lack of postoperative anti-inflammatory treatment a 

strong inflammatory reaction was not observed. Moreover all animals gained weight and showed 

good general welfare that confirms the good initial clinical biocompatibility of the implants.  

A.2.2 Macroscopic appearance 

After 4 weeks of implantation two constructs of ADA-GEL-nBG group and two constructs of 

ADA-GEL-MSC group appeared to be infected that were excluded from the further evaluation. 

One chamber of ADA-GEL-nBG group of 4 weeks’ time point was found to be displaced 

subcutaneously, which was also excluded from the study since the microcapsules might not have 

reliable contact to the underlying host muscle.  

As shown in the Figure A.2(a,b) microcapsules were found to be soft, moist and loosely attached 

to the surrounding tissue after 1 week. Leakage of India Ink was detected after 1 week that was 

probably due to low stability of newly formed immature vessels. However, after 4 weeks, 

microcapsules were observed to be more adherent to the adjacent tissue, and no leakage of India 

ink solution occurred. Microcapsules in deeper layer were more firm and dry compared to the 

outer layer (Figure A.2(c,d)), which happened possibly due to lack of body fluids. The 

macroscopic images of rBMSCs encapsulated ADA-GEL and ADA-GEL-nBG (ADA-GEL-MSC 

and ADA-GEL-nBG-MSC, respectively) groups are not shown due to their similar appearance. 
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Figure A.2. Macroscopic appearance after explantation. (a) ADA-GEL, 1 week; (b) ADA-GEL-

nBG, 1 week; (c) ADA-GEL, 4 weeks; (d) ADA-GEL-nBG, 4 weeks. Microcapsules were moist 

and loosely adherent after 1 week (a,b), and well adherent, but often dry after 4 weeks (c,d) of 

implantation [271]. 

A.2.3 Microscopic appearance 

A.2.3.1   Cellular infiltration and degradation 

From H&E staining it was observed that microcapsules had maintained their original shape and 

were surrounded by a thin layer of granulation tissue after 1 week. It is important to note that an 

initiation of cellular infiltration into some microcapsules was also seen. After 4 weeks of 

implantation, the connective tissue surrounding the microcapsules was observed to be more 

prominent. As shown in Figure A.3(a) the cellular infiltration into the ADA-GEL microcapsules 

was still mild after 4 weeks of implantation, which however proceeded to the center of the 

microcapsules. A thin gap between microcapsules and surrounding connective tissue/muscle was 

detected in several sections that could be generated due to incision. More distant microcapsules 

from the dorsal muscle lost their original shape and appeared homogenously eosinophilic due to 

probably scarcity of body fluid. After 4 weeks, ingrowth of connective tissue into the 

microcapsule of ADA-GEL was visible, which was found to be prominent for the ADA-GEL-

nBG microcapsules (Figure A.3). As shown in Figure A.3 cellular infiltration was also enhanced 

for the microcapsules of ADA-GEL-nBG compared to ADA-GEL that suggests the ADA-GEL-

nBG supports the migration of cells.  
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An important difference was noticed between the groups with and without encapsulated cells 

regarding the morphology of the microcapsules. As stated above the microcapsules without 

encapsulated cells, which were adjacent to the host dorsal muscle, maintained their structure, 

whereas more distant capsules lost their original morphology. In contrast, the cells encapsulated 

microcapsules, which were even far from the host tissue, kept their structure after 4 weeks of 

implantation. This phenomenon can be attributed to the availability of nutrient and body fluids at 

the distant site of the constructs due to the possible vascularization which might be enhanced in 

the presence of MSCs. It is well known that mammals do not possess any ALG degrading 

enzyme, e.g. alginase. the in vivo degradation of pure ALG is uncontrollable and unpredictable 

[13]. ALG generally dissolves rather than degrades due to ion exchange into the surrounding 

fluid. Even if the ionically crosslinked ALG hydrogel dissolves in physiological environment of 

mammals, the molecules of dissolved ALG cannot be completely removed from the body since 

the average molecular weights of ALG are higher than the renal clearance threshold of the 

kidneys [58]. Therefore, partial oxidation of ALG was performed prior to crosslinking with 

gelatin that cleaves the carbon-carbon bond of the cis-diol group in the uronate residue of ALG 

and alters the chair conformation to an open-chain adduct, which facilitates hydrolytic in vivo 

degradation and the degradation residues can easily be eliminated by the kidneys [11,188]. On the 

contrary gelatin is a biodegradable protein that can be completely degraded in vivo by various 

enzymes, such as MMP-2 (Gelatinase A) or MMP-9 (Gelatinase B) [354]. Therefore, the 

combination of gelatin and oxidized ALG is not expected to create any products during in vivo 

degradation that cannot be eliminated from the host body and did in fact not cause any clinical 

problems in this study.  

 

Figure A.3. H&E staining of the explanted constructs after 4 weeks of implantation; (a) ADA-

GEL group; (b) ADA-GEL-nBG group; 10× magnification. (a) Mild cellular infiltration 

proceeded to the center of microcapsules. A thin gap between the capsule and the surrounding 

connective tissue is shown with arrow. (b) Cellular infiltration was also observed. Ingrowth of 

connective tissue into microcapsule was detected (arrows) [271]. 
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A.2.3.2   Immune reaction 

ED1 (CD 68) is a monoclonal antibody, a marker for rat macrophages (red/pink cells). When 

macrophages react to foreign bodies, they fuse together and form so called foreign body giant 

cells having many nuclei. Formation of foreign body giant cells and the presence of large number 

of macrophages are the sign of relatively low acceptance of implanted materials by the host 

tissues. Using the ED1 histochemical staining, a moderate number of mononuclear ED1 positive 

cells invading the connective tissue were detected after 1 week, shown in Figure A.4(a). Some 

ED1 positive cells were also found inside of microcapsule. A representative ED1 histochemical 

staining image of the construct of ADA-GEL microcapsules is presented in Figure A.4(a) since 

the construct of other compositions exhibited similar result. It is important to note that no 

multinucleated foreign-body giant cells were observed for any composition at this time point. The 

invading characteristic of mononuclear ED1 positive cells within the connective tissue 

surrounding the microcapsules after 1 week of implantation was possibly more related to general 

inflammatory response after surgery than to the implanted material itself. After 4 weeks of 

implantation, a limited number of ED1 positive cells were found in the connective tissue, which 

however localized adjacent to the microcapsules, exhibiting the immune reaction specifically 

induced by the implanted materials (Figure A.4(b)). However, the accumulation of macrophages 

surrounding the implanted materials could draw a positive effect on tissue remodeling. It is known 

that mononuclear macrophages secret matrix metalloproteinase-2 and -9 (MMP-2 and MMP-9, 

respectively), having both gelatinase and collagenase activity, which play an important role in the 

degeneration of ECM. [355]. Therefore, the accumulation of macrophages surrounding the 

microcapsules could possibly occur due to the macrophages mediated degradation of implanted 

matrix [356]. It has been revealed that the phenotype of macrophages is the determining factor on 

their role on tissue remodeling in regenerative medicine. For example, the M1 macrophage 

phenotype is designated as proinflammatory macrophages which are responsible for chronic 

inflammation and foreign body reaction as well. However, the tissue remodeling and immune 

modulation are associated with the M2 macrophage phenotype [357]. The identification of 

macrophage phenotype is not the main focus of this current study. However, it can be stated that 

the presence of mononuclear macrophages within and surrounding the microcapsules after the in 

vivo implantation is not always due to the proinflammatory reactions but also perhaps because of 

degradation of implanted matrix which is beneficial and necessary for tissue regeneration. Very 

few foreign body giant cells were detected, which is a sign of overall acceptance of the implanted 

matrix by the host, which is found to be comparatively less immunogenic than the previous report 

of oxidized ALG and gelatin for wound dressing [189]. A possible explanation can be the absence 

of borax in the present study, which has been used the former study since borax is relatively 

cytotoxic [16]. There are some studies showing that the immunogenic reaction between foreign 
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body giant cells and ALG was observed even after 7 months of implantation [358]. On the 

contrary, in the current study foreign body reaction was observed to be limited after 1 week and 

that was assuaged after 4 weeks of implantation demonstrating that the implanted materials were 

undergoing degradation and the degradation products were not inducing any adverse effect within 

the host system, which is in accordance to our in vitro degradation study. Moreover it is important 

to note that no difference was observed between the constructs with and without nBG 

(Figure A.4) though the composition with nBG exerted some cytotoxicity in our in vitro study 

that was presented in Chapter 4. No major difference in immunogenic response was observed due 

to encapsulation of rBMSCs. 

 

Figure A.4. Representative images of ED1 histochemical staining after (a) 1 week of ADA-GEL 

group; (b) 4 weeks of ADA-GEL-nBG group; (c) 4 weeks of ADA-GEL-nBG-MSC group. (a) A 

moderate number of mononuclear ED1 positive cells invading the connective tissue and 

microcapsule; (b) ED1 positive cells were limited to areas directly adjacent to microcapsules after 

4 weeks (arrow); (c) Single foreign body giant cell was detected after 4 weeks (arrow). 

Magnification of all images: 10× [271]. 

A.2.3.3   Vascularization 

In order to identify newly developed vessel-like structures, Lectin staining was conducted since it 

stains endothelial cells that generally present in the inner lining of blood vessels. Some Lectin 

positive cells (brown colored) were detected within and between the microcapsules after 1 and 4 

weeks of implantation. After 4 weeks, immunohistochemical staining showed Lectin positive 

tubular structures in the connective tissue surrounding the microcapsules, which might be a sign 

of ongoing vessel formation (Figure A.5(a)). Importantly within microcapsules with connective 

tissue ingrowth, formation of such tubular structures was also detected (Figure A.5(b)). Tubular 

vessel formation in the connective tissue surrounding the microcapsules and within the 

microcapsules was also detected for the groups with encapsulated cells (Figure A.5(c)) and 

seemed to be more pronounced compared to the constructs of ADA-GEL and ADA-GEL-nBG 

microcapsules without cells.  
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Figure A.5. Representative micrographs of Lectin stained constructs of (a, b) ADA-GEL-nBG 

group, and (c) ADA-GEL-MSC group after 4 weeks of implantation. (a) Lectin positive cells 

forming tubular structures in the connective tissue surrounding the microcapsules (arrow); (b) 

formation of Lectin positive tubular structures with the ingrowth connective tissue within the 

microcapsule (arrows); (c) formation of more pronounced Lectin positive tubular structures 

surrounding the microcapsules of ADA-GEL-MSC group (arrows). Magnification 20× (a,b), and 

10× (c) [271]. 

To get quantitative data of the vascularization study, the cells positively stained with Lectin were 

counted for the constructs composing of ADA-GEL and ADA-GEL-nBG microcapsules with and 

without encapsulated rBMSCs. Figure A.6 shows that a significant number of Lectin-positive 

cells were detected for all constructs, which is a remarkable marker of angiogenesis. It is 

interesting to note that an increasing trend was observed with the time and for the group having 

nBG and without cells that however exhibited no significant differences. It has been revealed in 

previous studies [252,359] that BG promotes angiogenesis either by inducing secretion of 

angiogenic growth factors of relevant cells or with their dissolution products. In our current study 

an increasing trend of angiogenic responsive cells without showing any significant difference for 

the group having nBG can be attributed to the very low concentration of nBG in the 
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microcapsules. It is important to note that the number of Lectin-positive cells was found to be 

increased for the groups containing MSCs after 1 week, which however exhibits no significant 

difference compared to the groups having no cells. However, after 4 weeks of implantation 

Lectin-positive cell numbers for the groups containing MSCs significantly increased compared to 

the groups without cells. Moreover, it is important to note nutrients and body fluids were 

apparently not sufficient in the deeper layer of the constructs for the composition without 

encapsulated cells as the microcapsules were found often dry and lost their original shape after 4 

weeks of implantation since the microcapsules situated more distant from the host dorsal muscle 

tissue. Adequate and rapid vascularization is one of the most challenging problems in tissue 

engineering, especially when aiming at large, three-dimensional constructs, since diffusion of 

nutrients and oxygen can occur only up to a distance of 200–300 µm [360]. The viability of MSCs 

and adenosine 5´-triphosphate (ATP) content generally decreases after approximately six days of 

implantation under ischemic conditions, e.g. low oxygen, low glucose etc. [361]. Among the 

various approaches the addition of growth factors to the hydrogel [362] and encapsulation of 

endothelial cells [363] might possibly exert positive role on adequate and rapid vascularization 

that could improve mass transfer within the implanted construct. 

 

Figure A.6. Number of Lectin positive cells in the constructs composing ADA-GEL and ADA-

GEL-nBG microcapsules with and without encapsulated rBMSCs after 1 week and 4 weeks of 

implantation. Asterisks denote significant difference, *p< 0.05, **p< 0.01 and ***p< 0.001 

(Bonferroni’s post-hoc test was used). 
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A.2.3.4   Cell proliferation 

To facilitate monitoring of the behavior of encapsulated rBMSCs after implantation, the cells 

were labeled with DiI prior to encapsulation. To investigate the encapsulated cell viability in the 

Teflon chamber at different distances from the host muscle, fluorescence microscopy (FM) 

images were taken at two sites (far from the muscle and near to the muscle) of the explanted 

constructs. The number of rBMSCs in the constructs of both groups after 1 week and 4 weeks of 

implantation were quantified by counting the cells which appeared in red color (Figure A.7) using 

ImageJ program, presented in Figure A.8. DiI labeled cells appeared in red color in the FM image 

and cell nuclei were counterstained with DAPI, which were appeared in blue color (Figure A.7). 

TUNEL-staining was performed as a counterstaining to visualize apoptotic cell nuclei, which 

were supposed to be appeared in dark-brown color. No apoptotic cell nucleus was detected in the 

constructs that probably due to either the low intensity of TUNEL staining compared to DAPI and 

DiI or very low number of apoptotic cells. A significant number of DiI stained cells (implanted 

rBMSCs) was observed for both groups of constructs, ADA-GEL-MSC and ADA-GEL-nBG-

MSC. No significant influence of nBG on the viability of encapsulated cells was detected in both 

implantation time periods. The number of DiI-labeled cells significantly decreased over the longer 

incubation period for the both groups of implants (ADA-GEL-MSC and ADA-GEL-nBG-MSC). 

It is interesting to note that no distinct difference in DiI-labeled cell number was observed 

between the two sections (next to the muscle and far from the muscle) of the implants that prove 

distance factor showed no influence on the viability of encapsulated cells. A few numbers of 

DAPI-stained nuclei (blue) were detected within the implanted microcapsules after 1 week of 

implantation and comparatively more cells were observed within the microcapsules after 4 weeks 

period. This outcome could possibly be due to the ongoing degradation of the implanted 

microcapsules, which promoted cellular infiltration within the microcapsules. 
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Figure A.7. FM images of DiI-labeled rBMSCs for ADA-GEL-MSC constructs appearing in red 

color and the cell nuclei counterstained with DAPI appearing in blue color. No cell nucleus 

counterstained with TUNEL appears in dark-brown color exhibiting the absence of apoptotic cell.  

 

Figure A.8. Number of live cells in the microcapsules of ADA-GEL and ADA-GEL-nBG after 

different time of implantation: (a) cells in the microcapsules near to the muscle, (b) cells in the 

microcapsules far from the muscle (deep in the Teflon chamber). Asterisks denote significant 

difference compared to the corresponding groups between 1 week and 4 weeks, **p<0.01 

***p<0.001 (Bonferroni’s post-hoc test was used). 
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List of abbreviations 

2D Two dimensional 

3D Three dimensional 

ADA  Alginate di-aldehyde  

ADA-GEL Alginate-gelatin crosslinked hydrogel 

ADSCs  Adipose derived mesenchymal stem cells 

ALG  Alginate  

ALG-GEL Alginate-gelatin blend hydrogel 

ALP  Alkaline phosphatase 

Asc  Ascorbate 2-phosphate 

ATP  Adenosine 5´-triphosphate 

ATR-FTIR Attenuated total reflectance Fourier transform infrared 

bFGF  Basic fibroblast growth factor 

BG  Bioactive glass  

BMP-2  Bone morphogenetic protein-2 

BMSCs  Bone marrow-derived mesenchymal stem cells 

BSA  Bovine serum albumin 

BTE  Bone tissue engineering 

Calcein AM Calcein acetoxymethylester 

CaP  Calcium phosphate 

CHA  Carbonated hydroxyapatite 

CPMAS NMR Cross-polarization under magic angle spinning nuclear magnetic resonance 

DAPI  4',6-diamidino-2-phenylindole, dilactate 

Dex  Dexamethasone 

DI  Deionized 

DiI  dioctadecyl-tetramethylindo-carbocyanine perchlorate 
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DMEM  Dulbecco’s modified Eagle's medium 

DMTA  Dynamic mechanical thermal analyzer 

ECM  Extracellular matrix  

EDC  1-ethyl-(dimethylaminopropyl) carbodiimide 

EDTA  Ethylenediaminetetraacetic 

FAK  Focal adhesion kinase 

FCS  Fetal calf serum 

FM  Fluorescence microscope 

FTIR  Fourier transform infrared 

G  Guluronate 

GEL  Gelatin 

H&E  Hematoxylin and Eosin 

HA  Hydroxyapatite 

hADSCs Human adipose-derived mesenchymal stem cells  

HBSS  Hank’s balanced salt solution 

IGF-II  Insulin-like growth factor II 

LDH  Lactate dehydrogenase 

LM  Light microscopy 

M  Mannuronate 

MAS  Magic angle spinning 

MMP-2  Matrix metalloproteinase-2 

MMP-9  Matrix metalloproteinase-9 

MSCs  Mesenchymal stem cells 

NADH  Nicotineamide-adenine-dinucleotide 

nBG  Bioactive glass nanoparticles  

NBO  Non-bonding oxygen 

NHDF  Normal human dermal fibroblasts  

NMR  Nuclear magnetic resonance 
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PBS  Phosphate buffered saline 

PEG  Poly-ethylene glycol 

pHEMA Poly (2-hydroxyethyl methacrylate)  

pNP  Para-Nitrophenol 

pNPP  Para-nitrophenylphosphate 

rBMSCs Rat bone marrow derived stem cells  

SBF  Simulated body fluid 

SEM  Scanning electron microscope 

TBSS  Tris-buffered saline solution 

TCP  Tri-calcium phosphate 

TdT  Terminal desoxynucleotidyl transferase 

TE  Tissue engineering 

TG  Thermogravimetric 

TGF  Transforming growth factor 

TMS  Tetramethylsilane 

TUNEL Terminal deoxynucleotidyl transferase mediated dUTP nick end labeling 

UCST  Upper critical solution temperature  

XRD  X-ray diffraction 
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