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Abstract 

Biomaterials have been utilized in tissue engineering and regenerative medicine as 

synthetic or natural derived scaffolds to support cells in order to promote tissue 

regeneration and to restore the function of injured tissue. Different biomaterials chosen for 

scaffold fabrication may contain however some unfavorable properties. In order to bypass 

some of the limitations of synthetic polymers such as having undesirable degradation 

products and being inactive or, moreover, to tackle potential biocompatibility issues with 

animal derived proteins like immunogenicity, this project investigated soy protein isolate 

(SPI) as a green and abundant plant derived protein in a variety of structures for soft tissue 

engineering and wound dressing applications. Composite SPI films containing bioactive 

glasses (BG) showed hemostatic capability which is important for wound healing 

applications. Moreover, cell culture study results confirmed attachment, spreading and 

proliferation of mouse embryonic fibroblast (MEF) cells on these composite films, 

particularly for SPI films containing 13-93 BG that could be due to the smoother surface 

morphology of this film in comparison to other composite films fabricated with other BG 

composition. In order to suggest SPI based hydrogels for other types of wounds like 

diabetic ulcers or burn wounds, SPI was combined with alginate which is a well-known 

hydrogel that has been used for decades as wound dressing material. Alginate (Alg) has 

some drawbacks such as slow and uncontrolled degradation and poor cell adhesion 

properties which was solved in the present study by blending with SPI. Cytocompatibilty 

results of 2D cell culture on Alg/SPI hydrogels showed better cell attachment and 

proliferation for both human umbilical vein endothelial cells (HUVEC) and normal human 

dermal fibroblast (NHDF) cells compared to pure alginate hydrogel films. The addition of 

BG also promoted cell attachment and proliferation which might be due to changes in the 

surface morphology of the hydrogels and ionic dissolution products of BG. Nano 

indentation outcomes on Alg/SPI hydrogel films indicated higher effective Young’s 

modulus in comparison to pure Alg hydrogel films. As a 3D model, encapsulated human 

adipose-derived mesenchymal stem cells (hADSCs) in Alg/SPI hydrogel microcapsules 

indicated migration and proliferation of these cells compared to pure alginate 

microcapsules, which were found to be enhanced by increasing SPI content. Higher 

degradation profile of different compositions of Alg/SPI microcapsules compared to Alg 

microcapsules could be the reason for cell elongation and cell proliferation.
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In this research project two different techniques were considered to produce 3D SPI based 

scaffolds: electrospinning and bioplotting. The parameters for electrospinning SPI based 

fibrous scaffold were optimized and then scaffolds were characterized in terms of pore 

size, fiber diameter, porosity and mechanical properties. The effect of relative humidity on 

the fibers morphology was investigated. A preliminary cell biology study was carried out 

to assess the viability of MEF cells in contact with electrospun fibrous scaffolds. The 

results indicated no toxic effect compared to the control and these fibrous scaffolds were 

shown to support cell proliferation. Biofabrication of Alg/SPI hydrogels containing MEF 

cells was investigated to obtain 3D Alg/SPI constructs. Cell viability results were 

equivalent to the results obtained with capsules. Overall, the outcomes of these studies 

make the developed materials as promising candidates for applications in soft tissue 

engineering and wound healing applications and warrant further in vitro and in vivo 

investigations. 
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Kurzzusammenfassung 

Biomaterialien, synthetischen oder natürlichen Ursprungs, werden bei der 

Gewebezüchtung für die regenerativen Medizin als sog. Stützstrukturen für Zellen 

eingesetzt, um das Wachstum und das Differenzieren von Stammzellen zu unterstützen und 

um letztlich die Funktion des verletzten Gewebes wiederherzustellen. Verschiedene 

Biomaterialien, die bereits als Stützstrukturen eingesetzt wurden, zeigten jedoch 

nachteilige Eigenschaften wie fehlende Biokompatibität oder unzureichende Abbaubarkeit. 

Mit dem Ziel einige diese Nachteile zu überwinden, wie beispielsweise unerwünschte 

Degradationsprodukte, Inaktivität, oder vielmehr potentielle Biokompatibilitätsprobleme 

bei Proteinen tierischen Ursprungs, welche Immunogenizität hervorrufen können -, wurde 

Soja Protein Isolat (SPI) als ein reichlich vorhandenes Protein natürlichen Ursprungs in 

unterschiedlichen Strukturen für die Weichgewebezüchtung und als Wundversorgung 

untersucht. Kompositfilme aus SPI und bioaktiven Glass (BG), zeigten hämostatisches 

Potenzial, welches wichtig für die Anwendung in der Wundversorgung ist. Des Weiteren 

bestätigten in vitro Studien, das die Adhäsion, Spreitung und Proliferation von 

embrionalen Maus Fibroblasten (MEF) auf den Kompositfilmen, speziell für SPI Filme, 

welche 13-93 BG beinhalteten ansteigt. Dies kann u.a. auf die Oberflächenmorphologie 

dieser Filme zurückgeführt werden. Um SPI basierte Hydrogele für andere Wundtypen, 

wie z.B. auf Diabetis verursachte Geschwüre oder auf Verbrennungswunden anwenden zu 

können, wurde SPI mit Alginat kombiniert Alginat (Alg) , welches seit Jahrzehnten ein 

bekanntes Hydrogel in der Wundversorgung ist, weist einige Nachteile auf, wie eine 

langsame und nicht kontrollierbare Degradationsrate sowie geringe 

Zelladhäsionseigenschaften, welche in der vorliegenden Studie durch die Beimischung von 

SPI gelöst wurden. Zytokompatibilitätuntersuchungen auf Alg/SPI Hydrogelen in 2D 

zeigten eine verbesserte Zelladhäsion und Proliferation sowohl von humanen 

Endothelzellen aus der Nabelschnurvene (HUVEC) als auch von humanen dermalen 

Fibroblasten (NHDF) im Vergleich zu puren Alginat Hydrogelfilmen. Die Zugabe von BG 

förderte ebenfalls die Zelladhäsion und Proliferation, die auf Veränderungen in der 

Oberflächenmorphologie der Hydrogele und ionischen Lösungsprodukten des BG 

zurückzuführen sein könnten. Untersuchungen mittels Nanoindentierung zeigten einen 

höheren effektiven Elastizitätsmodul von Alg/SPI-Hydrogel-Filmen im Vergleich zu 

reinen Alg-Hydrogel-Filmen. Humane mesenchymale Stammzellen adipösen Ursprungs 

(hADSCs), welche in Alg/SPI-Hydrogel-Mikrokapseln als 3D-Zellkulturmodell 
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immobilisiert wurde, zeigten eine erhöhte Migration und Proliferation im Vergleich zu den 

immobilisierten Zellen in reinen Alg-Mikrokapseln. Dieses Verhalten der Zellen wurde 

durch eine Erhöhung des SPI Anteils noch verstärkt. Eine höhere Degradationsrate von 

Alg/SPI-Mikrokapseln im Vergleich zu Alg-Mikrokapseln, könnte eine Erklärung für die 

Zunahme der Zellausdehnung und Zellproliferation sein. 

In dieser Arbeit wurden zwei verschiedene Techniken eingesetzt, um 3D SPI-basierte 

Konstrukte herzustellen: Elektrospinning und Bioplotting. Die Parameter für das 

Elektrospinnen von SPI-basierten Fasergerüsten wurden hinsichtlich Porengröße, 

Faserdurchmesser, Porosität und mechanischen Eigenschaften evaluiert. Zusätzlich wurde 

die Wirkung von relativer Feuchtigkeit auf die Fasermorphologie untersucht. Eine erste 

zellbiologische Studie wurde durchgeführt, um die Lebensfähigkeit von MEF-Zellen in 

Kontakt mit elektrogesponnenen Fasergerüsten zu beurteilen. Diese Ergebnisse zeigten 

keine toxische Wirkung der Scaffolds auf die Zellen im Vergleich zur Kontrollgruppe und 

es wurde gezeigt, dass die fibrösen Stützstrukturen die Zellproliferation unterstützen. Die 

Biofabrikation von Alg/SPI-Hydrogelen, welche MEF-Zellen enthielten wurde untersucht, 

um 3D Alg/SPI Konstrukte zu erhalten. Die Ergebnisse der Zellvitalitätsuntersuchungen 

waren identisch zu den Ergebnissen aus der Zellverkapselung. Insgesamt, die Resultate 

dieser Studien zeigen, dass die entwickelten Materialien vielversprechende Kandidaten für 

Anwendungen in der Weichgewebezüchtung sowie der Wundversorgung sind und 

rechtfertigen somit weitere in vitro und in vivo Untersuchungen.  
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Chapter 1 

Introduction 

 

1.1 Motivation: The role of plant-derived proteins in tissue engineering and 

regenerative medicine 

In the fields of tissue engineering and regenerative medicine finding an appropriate 

biomaterial which supports cells to differentiate and proliferate towards new tissue 

formation continues to attract considerable research efforts worldwide. Among various 

kinds of biomaterials, naturally-based polymers are highly attractive due to their similarity 

to the extracellular matrix components [1]. Proteins are one of the most attractive natural 

polymer groups for biomedical applications given their abundance in the body [2]. They 

are biocompatible and have good cell adhesion properties [3]. Proteins are composed of 

different amino acids, which can promote versatile chemical reactivity so that several 

modifications can be carried out in order to achieve different functions [4–8]. Furthermore, 

the carboxyl group of amino acids in proteins can be easily affected by changing the pH 

[2]. In this context, plant-derived proteins such as soy and zein are readily available and 

inexpensive. Being of non-animal origin, they represent an alternative to animal-derived 

proteins, e.g. collagen [9]. Animal derived proteins have been reported to have 

disadvantages like immunogenicity and possible transmission of diseases [10–14]. 

Importantly, plant derived proteins can be biodegradable and have less immunogenicity 

potential than their animal derived counterparts [15–17]. Furthermore, they have a 

relatively low molecular weight compared to animal derived proteins and exhibit higher 

polarity; therefore they are hydrophilic and potentially very effective for cell attachment 

[2]. Due to the advantages of plant derived proteins, increasing efforts are being devoted to 
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explore possibilities to use them in a variety of biomedical applications including tissue 

engineering [18,19], drug delivery systems [20,21] and wound dressings [2,15,21–27]. 

Among plant derived proteins, soy has the largest amount of isoflavones [28]. Isoflavones 

such as genistein and daidzein are phytoestrogens which influence signaling pathways in 

eukaryotic cells especially inducing anti-inflammatory activity [29]. Some reports have 

summarized the biomedical applications of soy protein as an important plant-derived 

macromolecule of interest [2,4,9,30]. However, there is no previous investigation about 

using soy protein based materials for cell encapsulation or on mixing soy protein with 

inorganic substances like bioactive glasses in different structures as composite biomaterials 

for biomedical applications. Therefore, development of such kind of biomaterials based on 

soy protein represents a great benefit if this important vegetable protein can be exploited as 

an alternative to the biomaterials currently in use, in particular anticipating the substitution 

of animal derived proteins.  

 

1.2 Aims and Objectives 

The aim of this research project was thus to develop new biomaterials based on soy protein 

in various structures and morphologies, like films, hydrogel membranes and 

microcapsules, nanofibrous scaffolds and bioplotted 3D hydrogel scaffolds for soft tissue 

engineering. Moreover, fabrication of composite biomaterials based on soy protein isolate 

(SPI) containing inorganic fillers, e.g. bioactive glasses, was studied for wound healing 

applications. All these different structures were used as 2D or 3D matrices for cell 

attachment and proliferation. The hypothesis behind this study was that soy protein, like 

animal derived proteins, contains biological moieties which would support cell adhesion 

and also, due to being of non-animal origin, its less immunogenicity would facilitate cell 

migration and proliferation. The ability to develop different types of biomaterials based on 

soy protein for different applications was considered as a main goal of this research. 

Composite SPI films containing bioactive glass were developed as wound dressing 

materials to accelerate the healing pathway. Hydrogel films of Alg/SPI were used as an 

alternative wound dressing material which has capability to keep a moist environment and 

also due to their intrinsic porous structure which can control the gaseous exchange in the 

wound site. A 2D cell study was carried out on the surface of these hydrogel films.   
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Fabrication of microcapsules from Alg/SPI hydrogel for investigation of cell behavior in a 

3D environment was one of the objectives of this study. Such Alg/SPI capsules have not 

been investigated before. Simultaneously, the Alg/SPI hydrogel was plotted as 3D 

scaffolds to investigate the potential aspects of printing this hydrogel incorporated with 

cells. In addition, novel composite nanofibrous scaffolds based on SPI with bioactive glass 

(both nano and microsized) were developed by electrospinning for tissue engineering 

applications. 

This thesis is organized in the following manner. After the “State of the Art and Literature 

Review” in Chapter 2, fabrication and characterization of soy protein isolate (SPI) 

membranes with and without bioactive glasses as wound dressing materials are discussed 

in Chapter 3. As a simple hydrogel model, hydrogel films from Alg/SPI were fabricated 

and 2D cytocompatibility studies on these hydrogel membranes were performed by using 

primary normal human dermal fibroblasts and human endothelial cells, as reported in 

Chapter 4. Development of microcapsules from Alg/SPI 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 carried out to 

understand the effect of the SPI based matrices on stem cell behavior, cell activity, 

migration and proliferation in a 3D environment. 3D hydrogel scaffolds based on SPI 

which were fabricated by using a bioplotter and also porous fibrous scaffolds which were 

prepared by using electrospinning technique are presented in Chapter 6. Furthermore, the 

effect of the addition of bioactive glass particles on the morphology of the fibrous scaffolds 

was discussed. Finally, Chapter 7 includes the general conclusion and scope for future 

investigations. The schematic overview of all different types of SPI based biomaterials and 

cell-material interactions in 2D and 3D, which were investigated in this project, are 

schematically shown in Figure 1.1 as graphical abstract for clarity for the reader. 
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Figure 1.1: Schematic overview of the approaches followed in this research project which focused on 

different structures of SPI based biomaterials and cell-material interactions in 2D and 3D. 
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Chapter 2  

State of the Art and Literature Review 
 

2.1 Wound healing 

A wound is the result of “disruption of normal anatomic structure and function” [31] and 

based on the nature of the repair process, wounds can be classified as acute (mechanical 

injuries and burns) and chronic wounds [31]. Acute wounds usually heal completely within 

8-12 weeks with minimal scaring [32]. Chronic wounds fail to heal in the expected time 

frame and persist beyond 12 weeks, with the possibility to reoccur [33]. A chronic wound 

does not heal properly most likely due to disruption of one or more stages during the 

healing process [33]. Wound healing is a complex process where a tissue such as skin 

repairs itself after an injury, leading to immediate activation of multiple biological 

pathways [33].  In general, for cutaneous wound healing, this repair process can be 

summarized into five independent and overlapping stages, namely hemostasis (which 

occurs immediately on wounding), inflammation, proliferation and maturation or 

remodeling (Figure 2.1) [34]. Importantly, the healing process starts by aggregation of 

platelets at the wound site to form a fibrin clot. Thrombin cleaves soluble fibrinogen to 

form insoluble fibrin fibers. Then, this fibers bind to platelets and form a fibrin clot to stop 

the bleeding. Moreover, the fibrin clot which includes plasma fibronectin and vitronectin 

provides a temporary matrix for cell migration [35]. This clot can control the bleeding of 

the injury. In the inflammatory phase neutrophils clear the wound area from all debris and 

bacteria. Then macrophages and fibroblasts release several different growth factors such as 

(TGF-β and TGF-α), basic fibroblast growth factor (bFGF) and platelet-derived growth 

factor (PDGF) in order to help repair the wound and produce granulation tissue [35,36]. 

During re-epithelialization, keratinocytes migrate from the wound edge into the wound bed 

and start proliferation to cover the gap in the epithelium [37]. The formation of granulation
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 tissue in skin starts a few days after injury. Dermal fibroblasts are stimulated by growth 

factors such as TGF-β and PDGF to proliferate and migrate. Then, these cells secrete 

extracellular matrix (ECM), firstly fibronectin and hyaluronan, and then proteoglycans and 

collagens I and III which are the key components of ECM [35]. Myofibroblasts contract 

the edges of the wound and create mechanical tension to close the wound gap and then, 

these cells are removed through apoptosis [38]. New blood vessels as key factors for 

retaining the initially granulation tissue are created by angiogenesis due to the migration 

and proliferation of endothelial cells [37]. In the remodeling phase, the transformation of 

the granulation tissue to scar, matrix metalloproteinases which are secreted by 

macrophages, epidermal cells, endothelial cells as well as fibroblasts degrade collagen 

molecules and via the synthesis of new collagen fibers the tensile strength of the scar tissue 

is obtained. However, the tensile strength of the scar tissue is not the same as the tensile 

strength for uninjured and normal skin [37]. In this phase, the fibroblasts gradually replace 

the immature type III collagen of granulation tissue which is relatively weak with mature 

type I collagen [39]. 

The period of the healing process can be variable depending on the wound depth, size, 

type, location and also infection state, moreover the success of the healing process depends 

on the health and age of the patient [40].  

 

 

 

  

 

 

 

 

 

 

 

 
Figure 2.1: Stages of normal cutaneous wound healing with predominant cell types involved at each 

stage of the process. The wound healing process is continuum with several overlapping phases 

(Adapted from Ref. [30]). 
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Since ancient times until now a wide variety of materials has been utilized for treating 

different wounds. In this regard, polymers have been widely used as artificial wound 

dressing materials [41–43]. Natural biopolymers such as polysaccharides (alginate, chitin, 

chitosan) and proteins (collagen, gelatin, fibrin, keratin, silk fibroin) are extensively used 

in wound healing applications owing to their biocompatibility, biodegradability and 

similarity to extracellular components [42]. Soy protein as well as other types of proteins 

which mentioned above can be utilized in wound healing management.  

 

2.2 Soy protein as a biodegradable biomaterial 

Numerous biomaterials are being analyzed for tissue engineering and wound healing 

applications [44–46]. The use of natural biomaterials such as proteins can be considered 

advantageous due to their similarity with the components of the native ECM and their 

bioactivity [47]. Furthermore, the residues from the degradation of synthetic polymers, e.g. 

polyesters, can decrease the local pH and can cause cell and tissue necrosis, inflammatory 

and immune response in the body [48]. 

Soy protein is a globular protein isolated from soy beans and is relatively stable thus, it has 

a long storage life [49]. Soy beans contain approximately 38% proteins, 30% 

carbohydrates, 18% oil and 14% moisture and minerals [50]. After removing oil and 

carbohydrate, soy protein is obtained. Three different forms of soy protein exist depending 

on different concentrations (50% up to 90 %), namely soy flour, soy protein concentrate 

and soy protein isolate (SPI) [51]. Soy protein is composed of four fractions including 2S, 

7S, 11S and 15S according to their sedimentation properties [52]. Two important subunits 

in soy protein are conglycinin 7S and glycinin 11S which include all amino acids and 

represent approximately 80% of the protein. In that case, several polar functional groups 

such as amine, carboxyl and hydroxyl groups are provided by these two subunits [53]. The 

molecular weight of 11S is 360,000 Da while that of 7S is 175,000 Da and the isoelectric 

point values are 6.4 and 4.8, respectively [54]. Soy protein has 20% acidic amino acids and 

18% basic amino acids residues. Soy protein contains aspartic and glutamic acid, non-polar 

amino acids: alanine, valine and leucine; basic amino acids: lysine, arginine, and non-

charged polar residues: cysteine and glycine, [55]. Because of its globular structure, soy 

protein is more resistant to hydrolysis compared to coiled or helical structures [56]. Hence, 

when the material is immersed in different pH buffer solutions, it can act as polycation or 

polyanion. The isoelectric point of soy protein is approximately 4.8 and at this pH the 
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swelling and solubility of soy protein is low [57]. However, by increasing or decreasing the 

pH of the buffer solution, the swelling ratio can be enhanced. Higher solubility by 

increasing the pH has been considered to fabricate soy protein fibers by electrospinning 

[58,59]. SPI has plenty thiol groups as well as reducing amino acid residues such as 

tyrosine, thus it can be used for example for reducing graphene oxide to produce graphene 

[60].   

 In addition to the pH, the dissolution and solution viscosity of soy protein isolate in water 

can be altered by both temperature and heating time. All of these conditions above have 

been exploited, for example, to fabricate soy protein fibers by electrospinning method 

[58,59]. Moreover, by applying an electric field, soy protein hydrogel films could be 

drifted to the anode or the cathode depending on the pH of the solution [61]. In general, 

soy protein isolate hydrogel shows electroactivity at different pH values, lower or higher 

than the isoelectric point, and such hydrogels demonstrate great potential for applications 

in electroactive microsensors and actuators, also for biomedical applications [61].  

The subunits in soy protein like 7S and 11S globulins can have the ability to interact and 

form a strong network upon heating [62]. Soy protein has functional groups like NH2, OH, 

SH which facilitate the protein to be conveniently modified chemically or physically or 

combined with other biopolymers [63]. For example, preparation of two layer 

biodegradable films containing SPI and poly lactic acid (PLA) for food packaging by 

solvent casting methodology demonstrated that adding PLA can improve the mechanical 

properties of the pure SPI by decreasing both water vapor permeability and swelling. 

Interestingly, the two layers were shown to be completely adhered together without using 

chemical agents [64]. Also the synthesis of soy protein isolate / polycaprolactone (PCL) 

blends by adding a compatibilizer like methylene diphenyl diisocyanate has been reported 

[54]. It was shown that by increasing the percentage of PCL added to soy protein the 

Young’s modulus and tensile strength decreased but the toughness, elongation and water 

resistance of SPI membrane increased [54]. Moreover, by increasing the compatibilizer 

effect due to reaction with both PCL and SPI, the thermal properties changed and  the glass 

transition temperature of the protein was reduced [54]. Blends of soy protein and PLA by 

melt extrusion have shown that PLA can enhance the water resistance ability and the 

mechanical properties of soy protein [65]. Furthermore, adding a compatibilizer was 

shown to lead to higher water resistance and mechanical properties particularly for soy 

protein isolate/PLA blends [65]. 
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Eyler et al. [66] used different types of salts for altering intermolecular interaction between 

the amino and carboxyl groups of SPI to produce biocomposite films of SPI/poly ethylene 

oxide (PEO) with adjustable morphologies. In this case, four different types of salts with 

diverse solubility in water and PEO were used: LiClO4, Li2CO3, NaClO4 and NaCl. 

According to the results, the size of SPI particles in SPI/PEO casted biocomposite films 

increased to higher extent by the presence of salts, especially, by those salts which were 

more soluble in water (NaClO4 and NaCl) owing to the higher number of ions available to 

interact with SPI [66]. However, for the salts (LiClO4, NaClO4) which were soluble in 

PEO, the degree of crystallinity of PEO structure decreased due to the higher degree of 

dissociation of these salts in PEO structure and produced a completely amorphous 

structure. Furthermore, it was observed that the uniformity of the SPI/PEO/salt blended 

films increased by the presence of salts which were soluble in PEO [66]. Li et al. [67] 

made modified soy protein isolate powder by dispersing it in a tetrahydrofuran, maleic 

anhydride and zinc acetate solution, stirred the dispersion at 60˚C for half an hour and then 

the solution was filtered and dried. The films, which were fabricated after modification of 

soy powder by compression mould, showed smooth surface and higher hydrophobicity and 

water resistance capability in comparison to unmodified films [67]. 

In addition, during heat treatment of soy protein-casted films, cysteine residues in soy 

protein enable disulfide bonding and due to this bond the solubility and mechanical 

properties can be increased [68]. The polar amino acids in soy protein chains can create 

charges in different pH buffer solutions. For example, Tian et al. [61] showed that soy 

protein hydrogel exhibits convenient electroactivity properties in different pHs, particularly 

in strong acidic or basic medium which indicates its great potential for microsensor and 

actuator applications, as mentioned above. Another research group reported that wheat 

gluten and cysteine residues could be combined with soy protein isolate and films were 

prepared demonstrating that by addition of cysteine residues, the tensile strength of the 

films was enhanced due to increasing disulfide bond concentrations [69]. Also, adding 

gluten was shown to change the thickness and water vapor permeability (WVP) of the 

films and at pH=3 the lowest thickness and lowest WVP of the films were obtained [69]. 

Recently, composite hydrogels have been prepared, blending SPI with alginate and 

bioactive glass particles by sonication treatment, demonstrating the possibility of 

combining SPI  and inorganic (ceramic) fillers to produce composites with improved 

physico-chemical properties [70]. 
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In this research project three different soy protein isolate from commercially available 

dietary supplement were used. The amino acid compositions for SPIs from all these three 

companies are listed in Table 2.1. As shown all SPIs from different suppliers have RGD 

(arginine, glycine, aspartic acid) sequences which are promoted cell adhesion properties 

[71]. In addition to RGD sequences, SPI like keratin contains leucine, aspartic acid and 

valine (LDV), which are also found in several ECM proteins like fibronectin. Therefore, 

SPI like keratin has potential to support cell attachment and proliferation. Moreover, SPI 

contains significant amounts of glycine and proline like gelatin, which have potential to 

accelerate soft tissue repair and promote wound healing [72].  

Table 2.1: Amino acid content of different soy protein isolate products which were used in this 

research project.  

MySupps SPI MP Biomedicals SPI NowSports SPI 

Amino acids 
Per 100g 

protein 
Amino acids 

Per 100g 

protein 
Amino acids 

Per 

100g 

protein 

L-Alanine 3,84 g Alanine 3,6 g L-Alanine 3,52 g 

L-Arginine 6,78 g Arginine 6,7 g L-Arginine 6,62 g 

L-Aspartic acid 10,35 g Aspartic Acid 10,2 g L-Aspartic acid 10,31 g 

L-Cysteine 1,16 g Cysteine 1,1 g L-Cysteine 2,64 g 

L-Glutamic acid 17,04 g Glutamic Acid 17,5 g L-Glutamic acid 16,52 g 

Glycine 3,75 g Glycine 3,6 g Glycine 3,39 g 

L-Histidine 2,32 g Histidine 2,2 g L-Histidine 2,69 g 

L-Isoleucine 4,37 g Isoleucine 4,3 g L-Isoleucine 3,46 g 

L-Leucine 7,31 g Leucine 6,8 g L-Leucine 7,52 g 

L-Lysine 5,62 g Lysine 5,6 g L-Lysine 5,43 g 

L-Methionine 1,16 g Methionine 1,1 g L-Methionine 1,26 g 

L-Phenylalanine 4,64 g Phenylalanine 4,7 g L-Phenylalanine 3,87 g 

L-Proline 4,55 g Proline 4,9 g L-Proline 4,44 g 

L-Serine 4,64 g Serine 4,5 g L-Serine 4,55 g 

L-Threonine 3,39 g Threonine 3,2 g L-Threonine 2,88 g 

L-Tryptophan 1,16 g Tryptophan 1,2 g L-Tryptophan 1,5 g 

L-Tyrosine 3,39 g Tyrosine 3,8 g L-Tyrosine 3,15 g 

L-Valine 4,55 g Valine 4,2 g L-Valine 4,06 g 

 

There are various reports about the benefits of soy protein on health promotion like in 

pregnancy [73], cancers preventions [74], obesity, diabetes [75] and cardiac [76]. For 

example, Arliss et al. [77] illustrated that soy isoflavones could decrease cholesterol and 

inhibited atherosclerosis for having healthy heart [77]. Furthermore, studies indicated that 

soy protein formulate can be a perfect solution for Infants who born with lactase deficiency 

or galactosemia [78]. However, soy protein also just like other types of foods and proteins 

might be an allergic effect on some people or infants especially, when it is orally used [79].  
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2.3 Biomedical applications of soy protein 

2.3.1 Wound dressings 

An ideal wound dressing must create and keep a moist environment, protect the wound 

from secondary infection, absorb wound fluids and exudates, reduce wound surface 

necrosis, prevent wound desiccation, stimulate growth factors, be elastic and flexible, as 

well as antigenic and biocompatible [80]. Wound dressings must also allow gaseous 

exchange, among other requirements [80]. Numerous attempts are being undertaken to 

produce biomaterials which can protect the wound and promote a faster healing process. In 

this case and also in relation to different kinds of wounds, many biomaterials in various 

forms, which exhibit a variety of properties are being developed [81]. It has been reported 

that available tissue grafts have limitations due to rejection or possible transferring of 

diseases [82]. In addition, tissue grafts tend to be expensive. Synthetic and natural 

biomaterials are commercially available, such as Biobrane, AlgiDERM, Granuflex [83,84]. 

However, to date, there is no unique biodegradable material exhibiting all necessary 

characteristics to promote rapid healing. Natural polymers, due to their biodegradability, 

biocompatibility and similarity to ECM components, are attractive as wound dressing 

materials. Plant derived proteins like soy have been already considered for burns and 

wound dressings [42]. Soy has comparable levels of isoflavones [28,29] such as genistein 

and daidzein. These phytoestrogens have been shown to promote wound healing by 

increasing collagen deposition on the wound site [85]. In addition, genistein can reduce the 

delay of wound closure and healing process by suppression of oxidative stress  in  diabetic 

wounds [86]. Furthermore Shingle et al. [87] reported that hydrogel dressing based on soy 

protein and poly(ethylene glycol) promoted the healing process in partial and full thickness 

wounds by the anti-inflammatory effect of soy protein isoflavones [87].  

 It is known that re-epithelialization at the wound site is affected by the inflammatory 

response of the wound tissue due to dressing materials. Therefore, if it would be possible 

to inhibit the inflammatory reaction esp. at an early stage, scar formation could be reduced 

[87]. In this context, soy phytoestrogens like genistein and daidzein have been shown to 

promote wound healing particularly in the inflammation period due to antioxidant and anti-

inflammatory activity [88,89] by reduction of the activity of immune cells such as 

lymphocytes, monocytes and macrophages [29]. Soy protein has been also shown to 

facilitate the blood clot and stimulate collagen deposition for enhancing wound healing [9].  

For example, studies have shown increased wound healing in 10 week old ovariectomised 

http://en.wikipedia.org/wiki/Phytoestrogen
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mice, which were treated with genistein [90]. On the other hand, plant estrogens can also 

have an effect on reducing the proliferation of tumor cells and on decreasing the activity of 

lymphocytes, monocytes, macrophages and osteoclasts [29,91].  

In the following sections selected studies on the applications of soy protein in wound 

dressings are discussed, classifying the studies according to the morphology of the 

matrices used.  

 

i. Films 

Pure soy protein isolate (SPI) films which are made by solvent casting are too brittle due to 

the strong inter and intra interactions between the components (globular structure of 

polypeptide chains and internal hydrogen bonding between chains) [92,93]. For improving 

the SPI film flexibility several approaches are being investigated. One way is the addition 

of plasticizers such as glycerol or sorbitol. Plasticizers can reduce the interaction between 

chains and increase the free volume [93,94], hence chains can have higher mobility leading 

to better ductility of the films. In addition, higher amounts of glycerol added to SPI films 

increase their wettability and water vapor permeability properties [93]. Another approach 

to modify film properties is blending SPI with other biodegradable synthetic polymers. For 

instance, biodegradable films have been prepared by adding sodium dodecyl sulfate and 

polycaprolactone-triol to the SPI [95]. Phosphorylation is another technique for 

modification of proteins. SPI has several polar amino acid residues, which can be modified 

via phosphorylation leading to an increase of the solubility and decrease of the isoelectric 

point [96]. By phosphorylation the globular structure of soy protein can be disrupted, 

hence facilitating the formation of peptide chains. In addition, these modified films by 

phosphorylation result in an improvement of the mechanical properties in both dry and wet 

conditions and they can be attractive for different biomedical applications [96].  

A summary representing different systems investigated based on soy protein films for 

wound healing applications and representative studies are shown in Table 2.2 and 

discussed in detail below. For example, Curt et al. [28] used SPI and different amounts of 

formaldehyde (0%, 1%, 2%, and 3%) as a crosslinking agent with the aim to increase the 

mechanical properties of films. By increasing the amount of formaldehyde, the stability of 

the films was increased due to reduced water absorption. In vitro studies have shown that 

the use of formaldehyde did not lead to toxic effects and did not negatively affect the 
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adhesion, viability and proliferation of human keratinocyte and fibroblast cells [28]. 

Plasticizers, known to increase the flexibility and ductility of the films, have hydroxyl 

components and they can reduce the internal hydrogen bonding between polymer chains 

and at the same time they can enhance the space area between molecules. Considering that 

soy protein is predominantly hydrophilic, blending with hydrophobic polymers can have an 

effect on water absorption properties and degradation behavior [95]. Cytotoxicity (MTT 

assay) and in vitro experiments on soy protein membranes containing glycerol ( 20%w/w 

of soy protein) showed that the films were nontoxic and presented cell adhesion properties 

[55]. Moreover, cells were viable and showed high proliferation ability on the surface of 

the membrane. Furthermore, by adding glyoxal as crosslinking agent to the membranes, 

there were no negative results on viability and proliferation of fibroblast cells. However, 

the addition of glyoxal decreased the water vapor permeability rate of the membranes [55]. 

 

Table 2.2: Soy protein based films developed for wound dressing applications. Reproduced from 

[30] with permission of John Wiley and Sons. 

 

Combining polymer Plasticizer Crosslinking 

agent 

Ref. 

Sago starch - glutaraldehyde [97] 

- Glycerol Formaldehyde [28] 

- Glycerol Glyoxal, heat 

treatment, UV 

irradiation 

[98] 

- Glycerol Glyoxal,tannic 

acid and heat 

treatment 

[55] 

chitosan Glycerol glutaraldehyde [99] 

chitosan Glycerol - [100] 

chitosan Glycerol - [101] 

Hydroxyethyl cellulose  epichlorohydrin [102] 
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By adding chemical crosslinking agents, such as glyoxal to the protein films or by thermal 

treatment of films at 80˚C for 24 hours, the free amine group in the protein film decreased 

leading to low biodegradability and changes of the mechanical properties [103]. Higher 

concentrations of crosslinking agents were shown to lead to a lower concentration of free 

amine groups and lower biodegradability [103]. The degradation studies of soy protein 

films containing glycerol and crosslinked by two different methods were considered, 

namely addition of glyoxal and thermal treatment [103]. It was shown that the degradation 

behavior of the films soaked in isotonic saline solution involves two different phases: an 

initial leaching of glycerol during the first three hours which causes a reduction of ductility 

followed by the start of film degradation after three hours. In this stage the films can 

absorb moisture and become flexible. However, in the wet state the flexibility of the films 

was not affected even with a lack of glycerol. It should be mentioned that the leaching of 

glycerol can have a greater effect on the mechanical properties of films compared to the 

intrinsic degradation of the bulk material [103].  

The manufacturing process for making soy protein films can also have an effect on the 

structure and properties of the films [104]. The films were prepared by casting method 

introduced a higher hydrophobicity and water resistance compared to the films which were 

fabricated by compression process. On the other hand, the films which were fabricated by 

compression process were more transparent and had smoother surfaces owing to the higher 

degree of soy protein denaturation [104]. 

SPI can also be crosslinked using epichlorohydrin in order to achieve stable films [61]. It 

has been shown that SPI films exhibited a semicrystaline structure and, by addition of 

epichlorohydrin as a crosslinking agent, the crystalline peak vanished [61]. The result 

indicated that the crosslinking agent changes the SPI film structure and improves the 

mechanical properties [61]. Crosslinking agents were shown to change the distribution of 

peptide chains from a random state to an ordered structure, hence both the tensile strength 

and water barrier properties of the film increased [105]. In another relevant study, 

SPI/hydroxyethyl cellulose composite films were fabricated by the addition of 

epichlorohydrin as cross linking agent [102]. These composite films were light 

transmittance and they had relatively high mechanical properties, acceptable 

cytocompatibility and good anticoagulant effect [102]. Therefore these composite films 

have a great potential for wound dressing applications [102]. 
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Chitosan-soy protein blend membranes have been fabricated by solvent casting 

methodology for wound dressing applications [99,100,106,107]. Silva et al. [99] blended 

soy protein and chitosan and used glutaraldehyde as a crosslinking agent to produce 

biocompatible membranes. This study showed that adding SPI can induce a higher cell 

adhesion and proliferation in comparison to pure chitosan membrane [99]. Also, adding a 

low amount of glutaraldehyde (5×10
-3 

M) can slightly decrease the biodegradability, water 

absorption and promote better cell attachment [99]. In a related study the morphology and 

miscibility of soy protein/chitosan membranes were discussed [100]. The result showed 

that adding higher concentration of soy protein (25/75 w/w (chitosan/soy)) decreased the 

value of contact angle and in reverse order it increased both surface energy and surface 

roughness. Furthermore, the interaction between these two biopolymers was measured by 

solid state nuclear magnetic resonance (NMR), demonstrating that membranes with a 

lower concentration of chitosan were more homogenous than others due to the positive 

interaction between soy protein and chitosan [100]. In vivo studies using impaired healing 

wounds in a rat model have shown that soy protein-chitosan membranes are capable of 

inducing new tissue formation which accelerated the healing process in comparison to 

negative (undressed wounds) and positive (Epigard) controls [106]. In a related study, 

Santos et al. [106] demonstrated that addition of chitosan to soy protein membranes could 

improve the host responses and reduce the inflammatory reaction of the host tissue in in 

vivo studies, hence promoting wound healing. This study investigated wounds generated 

by skin excision on the backs of Sprague-Dawley rats. Boy et al. [101] also prepared 

chitosan/soy protein blended films with different compositions based on two different 

solvents (acetic and formic acids) for wound dressing applications. Results indicated that 

by increasing SPI concentration the thermal degradation of the films was improved 

however, the tensile strength was decreased. The films which were prepared by formic acid 

had better hydrophilicity and lower surface tensions compared to ones which were made 

by acetic acid [101]. Better miscibility and tensile properties were belonged to the acetic 

acid films [101]. 

 

i. Hydrogels 

Most wound dressings maintain a moist environment and prevent cellular dehydration thus, 

leading to faster healing by increasing collagen synthesis and angiogenesis [108,109]. 

Hydrogels are water absorbing materials which can maintain a moist environment in 
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wounds, particularly in the case of burns or necrotic wounds [110]. Hydrogels have a 

positive impact regarding wound dressings due to their property of oxygen permeability 

(creating an obstacle against bacteria), and are helpful when implemented into local drug 

delivery systems to moderate pain [111]. Soy protein based hydrogels can be prepared by 

only soy protein or blending with synthetic or natural derived hydrogels. For instance, 

Chien et al. [112] used different concentrations of soy protein (15, 18, and 20wt.%) to 

produce hydrogels by adding soy powder to water without any crosslinking agent. 

Importantly, this methodology controls hydrogel properties without the use of toxic 

crosslinking agents. Since hydrogel can be easily injected into the body points further to its 

importance in drug delivery systems  [112]. Shevchenko et al. [113] fabricated soy bean 

based hydrogel and paste as wound dressing materials and their potentials as dermal 

substitutes were evaluated by two in vivo models in pig skin, based on healing full 

thickness punch biopsy and non-healing full thickness polytetrafluoroethylene (PTFE) 

chamber model. The results indicated inducing collagen deposition by the presence of 

these biomaterials [113]. However, due to the lower mechanical stability and higher 

degradation rate of soy bean hydrogels, they were only appropriate for the healing of small 

and deep wounds and in return soy bean paste was suitable for non-healing large defects 

[113]. 

 On the other hand, Snyders et al. [114] used synthetic poly ethylene glycol hydrogel and 

blended with soy protein to prepare moist wound dressings and a transdermal drug delivery 

system. The hydrogel was fabricated via a condensation reaction between the carbonated 

moieties of PEG and amino groups of soy protein. Hence by increasing the concentration 

of soy up to 12%, the network was improved and modified and the mechanical properties 

increased. For a higher amount of soy (12%), due to the low efficacy of network formation 

between PEG and soy molecules, the mechanical properties decreased [115]. Residues 

from the degradation of soy bean based hydrogels are not only non-toxic but also were 

shown to stimulate collagen deposition in fibroblast cells in culture and induced 

mineralization in the presence of osteoblasts, hence supporting that soy protein has 

intrinsic bioactivity [115]. 

One of the most popular natural derived hydrogels is alginate. Alginate (Alg) is a linear 

polysaccharide consisting different amounts of (1,4)-linked beta-D-mannuronic acid and 

alpha-L-guluronic acid residues which is typically extracted from brown Algae. Owing to 

its biocompatibility, low toxicity, relatively low cost, and moderate gelation by addition of 
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divalent cations such as Ca
2+

 has been widely investigated for many biomedical 

applications such as wound healing drug delivery, and tissue engineering applications 

[116,117]. The gelation and crosslinking of the alginate are mainly attained by the 

exchange of sodium ions from the guluronic acids with the divalent cations like Ca
2+

, and 

the arrangement of these guluronic groups to form a specific egg-box structure shown in 

Figure 2.2. Calcium alginate in addition to providing a moist environment for wound 

healing; it has also coagulation effect. The calcium ions which have hemostatic activity can 

be released due to the exchanging with sodium ions in the blood and wound exudate [118]. 

Furthermore, at the same time sodium alginate can help to further aggregation of platelets. 

[118]. 

However, alginate does not promote cell attachment due to the poor cell–material 

interactions, followed by inadequate and slow degradation profile [119]. In order to 

overcome these drawbacks of alginate and improve the cellular interaction and tailoring the 

degradability, in this research project blending Alg with soy protein isolate was proposed.   

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.2: Schematic display of the “egg box model” in calcium Alg hydrogels. The guluronate chains 

in Alg crosslinked by calcium ions. The dark circles represent the oxygen atoms get involved in the 

coordination of the calcium ion. The upper section of the figure shows transformation of random coils 

to buckled ribbon like structures containing Ca
+2

. Reproduced with permission [117]. Copyright 2017, 

Elsevier. 
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iii. Fibers 

 Electrospinning is a convenient technique to produce micro or nano fibers by applying an 

electrostatic force to a polymer in liquid state, e.g. dissolved in a solvent or melted by 

heating. Fibers are collected after ejection from the needle onto a target after solidification 

or solvent evaporation [58]. Electrospun fiber mats with high surface area and porosity 

provide suitable environments for wound healing applications [58]. SPI alone in solution 

could not be electrospun into fibers, However, a minimal addition of the inert synthetic and 

water soluble polymer like poly (ethylene oxide) (PEO), provided fiber formation by 

increasing chain entanglements [56]. It has been shown that blending soy protein (10 

wt.%) with poly ethylene oxide (PEO) (4 wt.%) in different ratios, such as 20:80, 40:60 

and 60:40, enables fabrication of fibers by electrospinning [120]. Analysis of the moisture 

vapor transmission rate (MVTR) showed that by increasing the concentration of soy 

protein, the MVTR was reduced due to better absorption of water by soy protein thus, this 

could facilitate a moist environment for wound healing. Also antibacterial tests 

demonstrated the activity of soy/PEO fibers inhibited growth of both S.aureus and P 

seudomonas aeruginosa but not in PEO alone [120]. Importantly, in-vivo studies confirmed 

the enhancement of the rate of healing [120]. Wang et al. [121] prepared alginate/ SPI 

blend fibers with a coagulation bath containing CaCl2, HCl and ethanol as wound 

dressings. Results illustrated that with increasing concentration of CaCl2, the mechanical 

properties of dried fibers increased. Moreover, when the content of HCl was 1wt%, the 

best properties of fibers were obtained. It was also found that increasing the ethanol 

concentration considerably increased the mechanical properties of the fibers in wet state 

[121]. Zhang et al. [122] prepared soy protein / nylon 6 nanofibers by solution blowing. 

Nanofibers with an average diameter of 300-500 nm were collected on an aluminum 

rotating drum. Subsequently the nanofibers were immersed in two different AgNO3 

aqueous solutions (4wt. % and 1wt. %) and then left for 24 hours at room temperature to 

dry. Afterwards, two different treatments were applied: 1. soaking the nanofibers in 1 wt. 

% NaBH4 for reduction of AgNO3 to silver nanoparticles, and 2. nanofibers which had 

been immersed in 4wt. % of AgNO3 were heated to 120˚C for the decomposition of AgNO3 

to silver nanoparticles [122]. SEM images showed that the nanofibers which were 

immersed in a solution with higher concentration of AgNO3 and then soaked in NaBH4 

solution were covered more efficiently by silver nanoparticles, while the thermally treated 

group was only covered by silver [122]. However all nanofibers exhibited good 

antibacterial activity against E.coli and suggested good biocompatibility for using them as 
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wound dressings [122]. Har-el et al. [123] fabricated electrospun soy protein fibrous 

membranes by adding poly ethylene oxide to the SPI solution in 1,1,1,3,3,3,-hexaflauoro-

2-propanol (HFP) and used these membranes for covering a full thickness excisional 

wound in a pig model. It was observed that the wound closure time for all SPI covered 

groups was the same as that of un-treated groups covered with Tagaderm. However there 

were considerable other important differences between these two groups after 2 weeks and 

4 weeks of implantation. In particular, after 2 weeks the SPI treated wounds showed re-

epithelialization which was not observed in non-treated groups and after 4 weeks the SPI 

covered wounds consisted of a  normal epithelial layer in the dermis with organized 

appearance of the connective tissue whereas the epidermis of the non-treated group showed 

many inflammatory cells and looked immature [123]. Moreover Masson’s trichrome 

staining confirmed increasing amounts of collagen in the dermis for the SPI group in 

contrast to the no-treated group. Higher re-epithelialization and dermal tissue regeneration 

and the presence of appendages, such as sweat glands and hair follicles, demonstrated that 

soy protein fibrous membranes accelerated wound healing and increased tissue 

regeneration in the porcine model of thickness excisional wound, which was similar to the 

human wound healing process [123].  

Taken together, the above mentioned investigations support SPI fibrous membranes as 

promising candidates for wound dressing applications. Additionally, there is a need for 

continued future studies in particular in relation to degradability and mechanical stability 

of the materials using in vivo conditions. 

 

2.3.2 Tissue engineering  

Tissue engineering (TE) systems involve 3-dimensional scaffolds to promote initial cell 

attachment, proliferation and to support future tissue formation both in vitro and in vivo. 

Tissue engineering approaches usually require fabrication of engineered scaffolds, which 

aid in the repair and regeneration of the damaged tissue [32]. Numerous synthetic and 

natural polymers are being considered to develop scaffolds for tissue engineering [46]. 

There is renewed interest in producing scaffolds using biodegradable natural polymers, 

including protein and polysaccharide based. In this context soy protein represents a 

convenient alternative due to its biocompatibility, long storage stability and biochemical 
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similarity to the natural constituents of the ECM [99]. The application of soy protein to 

produce different matrices for tissue engineering will be discussed in the following section. 

 

i. Porous scaffolds 

Chein et al. [68] fabricated soy protein porous scaffolds with two different techniques, 

namely freeze drying and 3D printing, and compared the acute immune response between 

these two types of scaffolds when they were implanted subcutaneously in mice. Collagen 

scaffolds were used for comparison. Hematoxylin and eosin (H&E) staining of tissue 

sections showed that cells could infiltrate better with freeze dried soy protein scaffolds 

compared to collagen scaffolds. Using high concentrations of soy protein (3 wt. %) in 

freeze dried scaffolds or scaffolds fabricated by bioplotting (20 wt. %) demonstrated a 

change in the degradation rate of scaffolds. In contrast, this was not the case for the 1 wt. 

% freeze dried scaffolds. Additionally, neutrophils remained at the wound site after 56 

days and demonstrated more inflammation for (3 wt. %) freeze dried scaffolds and 

scaffolds fabricated by bioplotting. Porosity, degradation rate and density of scaffolds were 

confirmed to all have an effect on the in vivo response. Figure 2.3 shows SEM images 

from the top and cross-section surface of different scaffolds [68]. Olami et al. [124] 

fabricated freeze dried SPI based scaffolds which were blended with other polymers such 

as alginate, gelatin and pectin for skin tissue regeneration. Two types of chemical 

crosslinking agent were used in this study, Glyoxal and EDC. The result indicated better 

porous structure with adequate interconnectivity for SPI/alginate scaffolds. Also 

SPI/alginate sponges showed better cell infiltration, distribution and stability compared to 

the other blended scaffolds [124]. 

For tissue engineering applications Chien et al. [125] fabricated 3-dimensional porous soy 

protein scaffolds using freeze drying methodology followed by scaffold modification via 

heat treatment and enzymatic crosslinking using transglutaminase (TG). Heating the soy 

protein slurry up to 90˚C led to denaturation of the subunits in soy protein (7S and 11S). 

Initial research in the food industry demonstrated that microbial transglutaminase enhanced 

the mechanical stability of soy protein by facilitating covalent bonds between the C-

carboxamide group of glutamine side chain with C-amino groups of lysine side chain of 

soy protein [126–130]. Also in the same study [125], it was observed that the addition of 

TG could increase the degradation time and, due to this reason, TG 20U showed rapid 



Chapter 2: State of the Art and Literature Review 

21 | P a g e  
 

degradation in comparison to 1U groups. According to the degradation studies performed 

in PBS for heat treated scaffolds, soy protein scaffolds with higher concentration of soy 

protein (5%) degraded faster than 3% soy protein scaffolds. This is most likely due to the 

higher interaction between the salts in PBS with negatively charged soy protein leading to 

the breakdown of the amino acid chains. Moreover, it was observed that when scaffolds 

were immersed in Dulbecco’s Modified Eagle Medium (DMEM) for seeding human 

mesenchymal stem cells for 2 weeks, scaffold stability was increased most likely due to 

binding of serum proteins, particularly for higher concentrations (5%) of soy protein 

scaffolds [125]. In addition, cell seeding enhanced both the stability and the degradation 

time of the soy protein scaffolds due to pulling of soy protein columns together [125].  

 

 

 

 

 

 

 

 

 

Chien et al. [131] fabricated three dimensional soy protein scaffolds by the rapid 

prototyping technique. A slurry solution containing 20 wt. % of soy protein, 4 wt. % 

glycerol and 7.5mM dithiothreitol was loaded into a 3D bioplotter at room temperature 

while the flow rate was 0.0072±0.0002 g/s. The bioplotted scaffolds were then modified by 

different curing methods: i) heat treatment under vacuum oven at 105˚C for 24 hours, ii) 

freeze drying and heat treatment, iii) a chemical crosslinked by EDC/NHS in a ratio of 5:2 

and iv) non-treated. The reduction trend in terms of percentage of total mass loss and an 

increasing trend for the crosslinked density and mechanical properties were: i) EDC/NHS 

crosslinked, ii) thermal treated, iii) freeze dried with thermal treatment and iv) without 

treatment. The cell seeding efficiency of human mesenchymal stem cells was the highest 

Figure 2.3: SEM images of the top and cross-section surfaces of various scaffolds. (A, B) 1 wt.% 

freeze-dried collagen scaffolds. (C, D) 1 wt. % freeze-dried soy scaffolds. (E, F) Bioplotted soy 

scaffolds. (G, H) 3 wt. % freeze-dried soy scaffolds. (A, C, E, G) Top surface of scaffold. (B, D, F, 

H) Cross-section surface of the scaffold. (Reproduced with permission [68]. Copyright 2017, 

Elsevier.) 



Chapter 2: State of the Art and Literature Review 

22 | P a g e  
 

for the non-treated and thermally treated groups, although all scaffolds exhibited sufficient 

structural support for cell growth and viability over time [131]. Lin et al. [132] fabricated 

3D bioprinting scaffolds of hybrid polyurethane (PU) dispersion/SPI which were 

embedded by neural stem cells for neural tissue engineering. Addition of SPI to PU 

dispersion showed better printability and rheological properties for bioprinting and also 

higher cell viability, proliferation and differentiation into neural cells [132].  

  A different approach put forward by Silva et al. [133] involves the addition of tetraethyl 

orthosilicate (TEOS) to soy protein-chitosan blends which promotes the interaction 

between the two polymers and influences the degradation rate, increasing also the surface 

energy. In addition, the presence of silanol groups is expected to induce apatite layer 

formation in physiological environments [134], with silanol groups being relevant for 

application in bone tissue engineering [135]. Owing to the interaction between chitosan 

and soy protein leading to improved mechanical properties and degradability, Silva et al. 

[133] considered this composite for cartilage tissue engineering. It was reported that TEOS 

increased porosity and also enhanced the interconnectivity between pores in the scaffold 

[133].   

In another relevant study, cellulose and SPI membranes have been fabricated for tissue 

engineering exhibiting porous structure and presenting better mechanical properties than 

pure cellulose membranes [136]. Moreover, the SPI-containing membranes revealed better 

cell grow both in vitro and in vivo than pure cellulose membranes. However, because of 

the small pore size, human umbilical vein endothelial cells (ECV304) attached only to the 

surface and hardly penetrated into the membrane [136]. SPI-cellulose sponges made by 

freeze drying technique showed better biocompatibility and biodegradability both in vitro 

and in vivo in comparison to pure cellulose sponges. This fact is due to the larger pore size 

and thinner wall of pores obtained by using SPI. L929 fibroblast cells were seen to 

penetrate, spread and proliferate better in those membranes and the viability of cells was 

shown to be higher than that in pure cellulose sponges [137], making the scaffolds 

attractive for bone and cartilage tissue engineering. Furthermore, Gan et al. [138] 

developed nerve guidance conduit from cellulose/SPI films and sponges and indicated that 

cellulose/SPI sponges were better for nerve healing due to the higher porosity and 

permeability of the sponges which is a key factor for nerve regeneration compared to 

cellulose/SPI films in the repair of nerve defect in rats. 
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In another study, Salama et al. [139] prepared bioactive material from oxidized cellulose 

which was grafted to SPI to initiate biomimetic calcium phosphate mineralization for bone 

tissue engineering. The results confirmed the formation of nano rad crystal hydroxyapatite 

with diameter around 50 nm on the cellulose grafted SPI after exposing to double 

concentrated simulated body fluid (SBF)  solution [139]. 

 

ii. Hydrogels 

Silva et al. [70] prepared composite hydrogels of natural polymers, based on the blend 

between alginate and SPI incorporating micron sized 45S5 bioactive glass (BG) particles 

for bone tissue engineering. The BG was used for its mineralization capability as well as 

osteoconductive and angiogenic properties. The study demonstrated that the blend with soy 

protein increased the mechanical properties and moreover, the addition of BG particles 

enhanced the bioactivity in simulated body fluid as well as the mechanical properties of the 

hydrogels. Further studies considering BG of different chemical compositions should be 

carried out to enhance the application capability of BG-containing composite hydrogels 

given expanding use of BG in soft tissue engineering where the hydrogel provides the 

flexible character of the scaffolds requires for contact with soft tissues [140]. 

 

iii. Fibers 

Fibrous scaffolds are attractive for tissue engineering because they mimic the structure of 

the ECM [141]. Usually such scaffolds provide a suitable environment for cell growth and 

cell orientation. Reddy et al. [3] used wet spinning for making soy protein fibers of 

diameter 75 µm. These fibers showed good mechanical properties without using any 

crosslinking agent and in cell culture experiments fibroblasts adhered and grew effectively 

[3]. L.lin et al. [56] produced soy and zein fibers for tissue scaffolds for skin regeneration 

by applying electrospinning. Although, SPI could not be electrospun into fibers alone, 

adding trace amounts of PEO helped fiber formation. When soy protein was dissolved in 

1,1,1,3,3,3 hexafluoro-2-propanol (HFP) as solvent demonstrated that implementing HFP 

was advantageous to obtain stable solutions for electrospinning. Moreover soy/PEO 

fibrous scaffolds, which were obtained by electrospinning in HFP, were stable in aqueous 

medium and did not need further crosslinking [56]. In addition Ramji et al. [59] prepared 

SPI/PEO electrospun fibers for tissue engineering applications. The results showed that the 
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concentration of both SPI and PEO and also the molecular weight of PEO had an effect on 

the morphology of electrospun fibers. Moreover the tensile strength of SPI/PEO fibers 

crosslinked by EDC/NHS was augmented when SPI concentrations were increased from 

7% to 12%, which is ascribed to the increase in electrospun fiber diameter. By increasing 

the PEO concentration the diameter of the SPI/PEO electrospun fibers increases, e.g. from 

30 to 150 nm [59]. Figure 2.4 shows electrospun SPI based fibers from two different 

suppliers which were used in this research project for fabrication of fibrous scaffolds for 

tissue engineering applications. 

 

 

 

 

 

 

 

In another related study Xu et al. [142]  fabricated 2D and 3D electrospun fibrous scaffolds 

for soft tissue engineering by dissolving SPI in an aqueous solvent system containing a 

reductant. In this study SPI and sodium dodecyl sulfate (SDS) in the same concentration 

were dissolved in 0.3 M sodium carbonate-bicarbonate buffer solution. Also cysteine (10 

wt. % of soy protein) was added to this solution as reductant. The soy protein fibrous 

scaffolds demonstrated water stability up to 28 days in PBS. Furthermore, the 3D scaffolds 

showed better cell (Adipose mesenchymal stromal cells (AMSCs)) distribution on the 

surface and underneath spaces of the scaffolds in comparison to the 2D scaffolds. This was 

most likely due to the tight packing of the fibers and lack of spaces in the thickness 

direction for cell penetration in 2D structures [142]. The secreted fat by ADMSCs on the 

soy protein fibrous scaffolds proved that soy protein could support and facilitate 

adipogenic differentiation of ADMSCs in comparison to 3D commercial (3D biometrix) 

scaffolds [142]. Table 2.3 shows the mechanical properties of SPI fibers for skin tissue 

regeneration by two different methods: electrospinning and wet spinning. Electrospinning 

SPI fibers exhibited lower mechanical properties in comparison to SPI fibers produced by 

Figure 2.4: SEM images of electrospun SPI fibers (a) SPI from Mysupps, (b) SPI from MP 

Biomedicals. 



Chapter 2: State of the Art and Literature Review 

25 | P a g e  
 

wet spinning technique. The tensile strength of SPI fibers fabricated by electrospinning 

technique is lower than that of gelatin, gelatin-polyaniline [143] and poly (D,L-lactide-co-

glycolide) [144] electrospun fibers.  

Table 2.3: Mechanical properties of SPI fibers for skin tissue regeneration. Reproduced from [30] 

with permission of John Wiley and Sons. 

  

 

2.3.3 Drug delivery systems 

Drug delivery systems are continuously being developed due to the need to extend the drug 

release profile over time in sustained delivery approaches [145]. Such drug releasing 

vehicles are required to enhance the efficiency and bioactivity of drugs in the target area, 

reduce undesirable side effects, and deliver the right doses at required rates, to avoid side 

effects [146]. Natural polymers including food proteins are being increasingly studied as 

drug delivery systems because of their biocompatibility, biodegradability and high 

nutritional value [147–149]. The amphiphilic structure of protein molecules allows the 

interaction with both drug molecules and solvent to promote solubility and facilitate tissue 

penetration as well as increasing cellular uptake of compounds in the target tissue [150]. 

The functional groups in the polypeptide chain of proteins can be bound with different 

active molecules, including drugs, which facilitate drug immobilization until release in a 

specific area where the drug is needed. Moreover, food proteins like soy are hydrolyzed by 

digestive enzymes forming bioactive peptides, which may have a physiological effect, for 

example on the cardiovascular and nervous systems [148]. In the particular case of SPI the 

moderate concentration of polar, non-polar and charged amino acids, enables incorporation 

of a variety of drugs [147]. Additionally, due to this balanced composition of different 

SPI fibers for skin tissue 

regeneration 

Young’s 

modulus 

Tensile strength 

(MPa) 

Elongation References 

SPI(7 wt.%)/PEO(3 wt.%) 110±6 kPa 0.06±0.01 - [59] 

SPI(12 wt.%)/PEO(3 wt.%) 171±21 kPa 0.17±0.006 - [59] 

Hydrated 

SPI(5,6,7,8%)/PEO(0.05%) 

- 0.1 - [56] 

SPI(10 wt.%)/PEO(4 

wt.%)(40:60) 

- 2.3 9% [120] 

Soy protein fiber by wet 

spinning technique 

6.5±1.7 GPa 145±10 8±2% [3] 
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types of amino acids, SPI has a higher capability to be incorporated with a variety of drugs 

in comparison to zein, human or bovine serum albumin [151]. Thus soy proteins, due to 

their inherent properties for cell attachment and also stable network formation in different 

pH solutions, represent a unique system for controlled drug delivery [112]. Both 

micrometric and nano scale spheres or capsules have also been fabricated for targeted and 

control drug delivery systems. Nanoparticles are usually more effective than micron size 

capsules, due to their higher surface area. Owing to their size, nanoparticles can easily 

interact with targeted tissues and infiltrate them, thus releasing the agent at the exact site of 

action [152]. Chen et al. [153] prepared microspheres of soy protein and soy-zein with a 

range size of 15-25 µm for controlled release of riboflavin, observing different diffusion 

coefficients according to the ratio of soy to zein concentration. In a related study Chen et 

al. [154] prepared SPI, zein and SPI/zein microspheres by using cold gelation methodology 

and introduced the microspheres in simulated gastric and intestinal buffer without digestive 

enzymes. Riboflavin was used again as a drug model. Release profile of the drug from pure 

soy and zein microspheres showed an immediate release of riboflavin from SPI and a slow 

release from zein microspheres. However, mixing SPI with zein provided a controllable 

diffusion coefficient and represented approximately zero order kinetics in simulated 

intestinal buffer solution which is desirable for drug delivery systems [154]. Zheng et al. 

[155] developed microspheres of alginate/soy protein as drug transporters which were 

cationic crosslinked with Ca
+2

. The model drug was theophylline. Three different ratios of 

soy/alginate were considered: (25%/75%), (50%/50%) and (75%/25%). Results showed 

that for the ratio (50%/50%), the miscibility between soy protein and alginate components 

was higher than for the other ratios and the soy/alginate ratio also affected the uniformity 

of the surface and the cross section structure of the microspheres [155]. The release profile 

of the microspheres containing theophylline presented a higher swelling ratio in a buffer 

solution at pH 6.8 and 7.4, in comparison to pH 1; approximately 76.2%, 74.6% and 40.1% 

at 10 hours release, respectively. In summary, complex microspheres had an appropriate 

ability to improve the release of the drug in intestine (pH 6.8) and colon (pH 7.4) 

environments [155]. 

 Teng et al. [151] synthesized soy nanoparticles loaded with curcumin as a drug model by 

desolvation methodology. The average size of soy nanoparticles containing curcumin was 

in the range of 220-290 nm and their zeta potential was -36mV. In a related study Teng et 

al.[150] fabricated a folic acid (FA)/SPI conjugation by a carbodiimide catalyzing 
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technique and then prepared the nanoparticles by ethanol desolvation. Again curcumin was 

the model drug. Results showed that the release from FA/SPI nanoparticles was higher 

than from SPI nanoparticles owing to an increased encapsulation efficiency and loading 

efficiency of FA/SPI nanoparticles, leading to higher concentrations of curcumin [150]. 

Furthermore, cell uptake studies indicated that the cellular uptake for FA/SPI  

nanoparticles was greater than for SPI nanoparticles, particularly, at the end of a 24 hour 

period, where uptake was 93% higher compared to SPI nanoparticles [150]. Ding et 

al.[156] prepared nanogels of soy protein/soy polysaccharide as a carrier for folic acid. The 

nanogels were made by forcing high pressure homogenization for breaking down soy 

aggregates to bind to the polysaccharide compounds at pH 4 and by then applying heat 

treatment to enforce soy protein gelation. It was observed that the folic acid loaded soy 

protein/soy polysaccharide nanogels were stable to the exposure of heat, light and oxygen 

and they had the ability to release folic acid at neutral pH [156]. Singh et al, Prepared nano 

SPI with the size range between 5-15nm by using nanoprecipitation technique as a drug 

carrier for the release of ciprofloxacin. In this technique a desired aliquot of SPI solution 

was added dropwise to ethanol and then the solution constantly stirring for 3-4 hours. 

Therefore, SPI nanoparticles were precipitated in the solution and finally they were 

separated by using centrifuge system [157]. 

Bacterial infection in the wound area, especially for burn wounds, is a serious and 

frequently problem. As mentioned above, implementing wound dressings which can 

release antibiotic drugs during the period of healing is an important requirement. 

Regarding biomedical applications, SPI films with the capability to release gentamicin 

have been developed [49]. In vitro bacterial inhibition studies demonstrated that 

gentamicin was released from the soy film and exhibited an inhibitory response against 

bacteria. It was also observed that there were no toxic effect on cells [49]. In a related 

study [158], soy protein fibers with two different types of drug loading were prepared. The 

first drug loading occurred by sorption method and the second drug loading was achieved 

by dissolution methodology. Three kinds of drugs with various sizes (Diclofenac (with a 

diameter of 10.01 Å), Metformin (with a diameter of 7.54 Å), Fluorouracil (5-Fu) (with a 

diameter of 5.42 Å)) were used. When the size of the drug increased the initial burst 

release was enhanced due to the interaction between the drug molecules and SP fibers. For 

drugs of larger size, such as Diclofenac and Metformin, the main interaction between the 

drug and SP fibers is based on ionic forces. At sorption conditions, Diclofenac and 
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Metformin obtain a negative charge and positive charge, which can have a strong ionic 

force interaction with the amine and carboxylic groups in SP fibers, respectively. Due to 

the swelling of drug loaded SP fibers in PBS, ionic forces can be broken by salt exchange, 

while swelling of SP fibers induces the drug release. However for 5-Fu drug the initial 

burst release was lower than for the other drugs due to van der Waals forces acting 

between the drug molecules and SP fibers. Van der Waals forces have lower effects on the 

salt exchanged in comparison to ionic forces, leading to a lower initial burst release. Also 

by increasing the temperature the sorption of drugs with larger sizes increased owing to 

faster mobility, thinner boundary layer of fibers and to a lower extent of aggregation of 

drugs. However, when higher concentrations of drugs were loaded, due to weaker 

interactions between drug molecules, higher burst releases were observed [158]. 

The use of films as drug delivery systems has been shown to be convenient for application 

as wound dressings and SPI, due to its gelling capacity, and represents an attractive system 

for such applications. Some studies used physical crosslinking such as heating, cooling and 

acidification for soy protein isolate gel formation. However physical methods are rather 

unstable owing to the formation of disulphide bonds, hydrophobic interactions or hydrogen 

bonding leading to gels with weaker mechanical properties [159,160]. To overcome these 

problems, chemicals of the aldehyde family, such as glutaraldehyde, or crosslinking agents 

have been used; however they can be toxic in certain concentrations. Natural crosslinking 

agents like genipin help to achieve superior mechanical properties and present less toxicity, 

consequently, cells can attach better and the viability of cells can increase by enhancing the 

amount of genipin added to soy protein isolate films [160]. It was observed that the 

swelling ratio and release of bovine serum albumin (as a model drug) were reduced with 

genipin addition. In other investigations, SPI films were reported to have potential for 

targeted drug delivery for the intestine. For example, Chen et al.[148] fabricated SPI films 

by adding different concentrations of formaldehyde, namely: 0%, 1%, 2% and 3% (w/w of 

SPI) as a crosslinking agent and methylene blue or Rifampicin as drug models. Results 

indicated that higher concentrations of formaldehyde enhanced the tensile strength to 1.69 

± 0.12 MPa for 2% formaldehyde while the percent elongation decreased to 51.97 ± 9.13 

% for 3% formaldehyde due to a higher crosslinking density. Furthermore the degradation 

of SPI films followed a first order kinetics, where drug release presented with a zero order 

kinetics after an initial burst release. It was indicated that most of the drugs were entrapped 

in the films due to the higher interaction between the protein and drugs until erosion 
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occurred. Moreover, a higher degree of crosslinking density showed slower erosion and 

hence the drug molecules remained in the films for longer times [148]. Vaz et al. [161] 

fabricated soy matrix as a drug delivery system by the melt extrusion technique. Soy 

matrix was used to encapsulate theophylline as a model drug. Various release profiles were 

determined by measuring drug release of two different buffer solutions. The isoelectric 

point of soy protein is 4.3-4.8, thus in buffer at pH 5 soy protein is nearly insoluble and the 

interaction between drug molecules and soy is low. Under such conditions the drug release 

profile can achieve 100%. However, at pH 7.4 soy is negatively charged and the drug 

release was shown to be affected by both soy dissolution and solubility but also by drug 

diffusion [161]. It was also observed that addition of a crosslinking agent like glyoxal 

decreased the release rate. Furthermore, in the same study [161] the addition of 

hydroxyapatite for reinforcing the soy matrix was shown to increase the drug release rate. 

In another relevant study, Vaz et al.[162] prepared soy protein films and loaded 

meclofenamic acid-sodium salt as drug model by solvent casting methodology. The films 

were immersed in an isotonic saline solution with different pH’s; namely 5, 7.4 and 10, at 

37˚C. It was observed that at pH 5 the release was trivial due to the zero charge of soy 

protein and lower solubility of the drug at this pH. However at pH 7.4 and 10 greater than 

97% of drug release was observed after 240 hours and 29 hours immersion, respectively, 

owing to the negative charge of soy protein and higher solubility of the drug at the 

respective pHs [162]. Moreover, addition of glyoxal as a  crosslinking agent repeatedly 

indicated a slower release profile (by 15%) compared to non-crosslinked samples [162]. 

Vaz et al.[163] also developed a double layer co-injection moulded soy protein drug 

delivery system by extrusion methodology. The extrusion technique allows moulding of 

two polymers into the final shape without needing any extra finishing processes. During 

this process there will be a skin-core morphology which allows the drug to be encapsulated 

in the core material and the skin barrier layer can control the diffusion of the drug and the 

initial burst release [163]. In this study soy protein, due to its favorable melting properties  

was used as a  double layer in a controlled release system with theophylline applied as a 

drug model [163]. It was observed that the double layer system could control the burst 

release better than a single layer owing to the effect of the skin barrier layer [163]. Nayak 

et al.[145] prepared nanocomposite films containing SPI and montmorillonite (MMT) by 

the extrusion technique for the control release of ofloxacin as drug model. It was observed 

that more than 80 wt. % of the drug was released in pH 7.4 in the medium within 8 hours; 

while for pH 3.2 less than 44 wt. % ofloxacin was released within 4 hours indicating that 
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this nanocomposite is appropriate for drug release vehicles in basic environments [145]. 

González et al. [164] fabricated soy protein films which were crosslinked by genipin and 

coated by poly (lactic acid) (PLA) as ophthalmic drug delivery system. Timolol maleate 

(TM) was used as a model drug. It was illustrated that PLA coating decreased TM release 

compared to uncoated films. Moreover, thorough intraocular pressure (IOP) determination 

tests in rabbits, it was observed that higher crosslinking agent and coating films with PLA, 

remarkable decreasing of IOP could be achieved for 24 hours [164]. 

Liu et al. [165] prepared dependent pH hydrogels based on soy protein and poly (acrylic 

acid) for colon drug delivery. The results showed that changing the concentration of soy 

protein and crosslinking agent could have effect on the pore size of the hydrogels [165]. In 

another relevant study [166] the thermosensitive hydrogels based on soy protein and poly 

(N-isopropylacrylamide) were prepared for controlled drug release system. It was observed 

that also the amount of soy protein and crosslinking agent could be controlled the release 

of bovine serum albumin as a model drug [166]. 

 Table 2.4 shows a summary of drug delivery systems developed on the basis of soy 

protein carriers in different morphologies, highlighting drugs used and applications.  

 

Table 2.4: Summary of soy protein based materials of different morphologies as drug delivery 

systems. . Reproduced from [30] with permission of John Wiley and Sons. 

Blending polymer drug Model shape Crosslinking agent plastisizer reference 

- Meclofenamic 

acid-sodium salt 

 glyoxal - [162] 

- Ofloxacin  Montmorillonite 

(MMT) as fillers 

glycerol [145] 

Soy polysaccharide Folic acid nanogels Heat and high 

pressure 

- [156] 

zein riboflavin microspheres - - [153,154]  

alginate theophylline microspheres Ca
+2

 - [155] 

- Curcumin nanoparticles - - [151] 

Folic acid Curcumin nanoparticles - - [150] 

- gentamicin films glyoxal glycerol [49] 

- Diclofenac, 

Metformin, 5-Fu 

fibers - - [158] 
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- bovine serum 

albumin 

films genipin - [160] 

- theophylline matrix glyoxal and 

hydroxyapatite as 

fillers 

glycerol [161] 

- theophylline double layers glyoxal glycerol [163] 

- Methylene blue 

and rifampicin 

films formaldehyde glycerol [148] 

Poly (acrylic acid) bovine serum 

albumin 

hydrogels glutaraldehyde and 

N,N'-

methylenebisacryla

mide (BIS) 

- [165] 

poly (N-

isopropylacrylamid

e) 

bovine serum 

albumin 

hydrogels glutaraldehyde and 

N,N'-

methylenebisacryla

mide (BIS) 

- [166] 

Coated by poly 

(lactic acid) 

timolol maleate films genipin glycerol [164] 

- ciprofloxacin nanoparticle glyoxal - [157] 

 

2.3.4 Other applications 

i. Bone fillers 

Due to trauma caused by bone injury or surgery and also the removal of diseased bone, it is 

often a significant and difficult problem to facilitate healing of the gap at the injury/post-

surgery site. Filling this gap with a bone filler, particularly when the size of the defect is 

critical, is essential to promote bone regeneration. Synthetic bone fillers commonly used 

are based on inorganic materials such as hydroxyapatite, tricalcium phosphate and 

bioactive glasses [167–169]. Collagen and PLGA are typical organic (polymer) fillers 

[170–172]. In comparison to organic fillers, bioactive ceramics and glasses are preferred as 

they demonstrate osteoconductive properties [173]. Interestingly, these substances can 

bond to bone and also stimulate bone cell proliferation. However, bioactive ceramics and 

glasses are brittle and stiff and it can be difficult to embed them in the defect site [29]. On 

the other hand the residual components of several synthetic polymers can induce an 

inflammatory response and natural polymers, like collagen, tend to be expensive and 
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possibly also transmit diseases if derived from animals, as mentioned above [29]. Santin et 

al. [29] fabricated a soy bean based bone filler and performed in vitro studies. The 

inhibition activity of soy bean on immunocompetent cells was tested in vitro using 

mononuclear cells isolated from human peripheral blood. It was shown that soy bean 

decreased the level of proinflammatory cytokines and interleukin-1β and osteoclast activity 

due to the release of isoflavones, particularly daidzein and genistin, upon challenging with 

the tyrosine kinase receptors of the cell membrane [29]. Furthermore, in vitro studies of 

soy bean granules in contact with MG-63 cells indicated the stimulation of ALP synthesis 

by soy bean [29]. In another relevant study, Salvage et al. [174] investigated the interaction 

between MG-63 osteoblast cells and higher concentrations (20 mg, 60 mg) of soy bean 

granules. When cells were incubated with 20 mg/ml of granules microscopic observations 

showed that the endoplasmic reticulum contained lipid vesicles associated with higher 

numbers of mitochondria [174]. Interestingly, vesicles were found in the proximity of the 

plasmalemma and appeared to be released into the extracellular environment supporting an 

activation of biomineralization [174].  By increasing the concentration of granules to 60 

mg/ml, osteoblasts engulfed soy bean granules leading to degradation of soy bean granules 

and had a positive effect on the biomineralization process by deposition of calcium 

phosphate crystal seeds [174]. 

 Giavaresi et al. [175] compared the bone regeneration potential of soy based bone filler 

with that of 50:50 poly(D,L Lactide-glycolide) based bone grafts in rabbits where the distal 

femur critical size defect was 6 mm in diameter by 10 mm in length. The soy based bone 

filler acted as a scaffold for supporting osteoblast cells and induced cell differentiation, 

releasing isoflavones and stimulating bone repair. Furthermore, Merolli et al. [176] used 

soy bean based bone filler and demonstrated that it has the ability to promote bone 

formation in a rabbit model. It was highlighted that the material is cost effective and it can 

be prepared readily, which are two important advantages for its application as bone filler. 

Vaz et al. [177] fabricated casein and soy protein based thermoplastics and reinforced them 

with alumina and TCP for biomedical applications. Adding TCP decreased the mechanical 

properties but on the other hand increased the bioactivity in simulated body fluid. Chen et 

al. [178] prepared SPI glue which its adhesive properties were modified by the addition of 

guar gum to bond onto the fracture porcine bone strips. Addition of guar gum less than 

0.5% increased hydrogen bonding of SPI glue which led to change in the structure of SPI 
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from α-helix to β-sheet and form an amorphous structure with a stronger adhesive network 

[178].   

Thus, the few studies available demonstrate the potential of combining soy based matrices 

with inorganic fillers for bone filling applications and promising biomaterials are expected 

to be developed in future.  

 

ii. Bone cements 

The main limitations of calcium phosphate as cement are its slow degradation rate and, in 

some cases, the lack of macroporosity for ingrowth of bone tissue. For overcoming these 

limitations, researchers have prepared self-setting cement foams of hydroxyapatite/gelatin 

with and without soy extract [179,180]. Prut et al. [180] demonstrated that enrichment of 

hydroxyapatite/gelatin foam with soy extract can promote osteoblast activity and 

differentiation in vitro. Kovtun et al. [179] prepared self-setting foams of 

hydroxyapatite/gelatin (G-foam) and soy-bean extract/hydroxyapatite/gelatin foam (SG-

foam), which were implanted in a critical size bone defect in the distal femoral condyle of 

white rabbits. Soy extract was applied due to its favorable foaming capabilities for 

injection of the cement and also due to its phytoestrogens, which can have an effect on 

bone metabolism, reduce inflammatory response and stimulate new bone formation by 

inhibiting T- and B-cell responses. The study demonstrated that injectable foams 

maintained their macroporosity after injection in vivo and increased new bone formation. 

SG-foams exhibited a lower degradation rate in comparison to G-foams and newly formed 

trabecular bone was denser compared to that in contact with the G-foams. In general, SG-

foams increased the mechanical properties in the defect area [179].  

 

2.3.5 Other medical devices 

 A variety of soy protein-based medical devices have been also developed. For example, 

Cho et al. [58] prepared hybrid soy protein-PVA fibers for filtration applications. The 

study showed that by increasing pH, temperature and also by adding a low amount of 

surfactant, for decreasing water surface tension, uniform fibers could be generated by 

electrospinning without bead formation. Moreover, the diameter of the fibers was 

enhanced by increasing the solution concentration [58]. Jiang et al. [60] synthesized 
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SPI/graphene nanocomposite for phototherapy application which is a promising method for 

cancer treatment. Addition of SPI to graphene oxide showed to reduce graphene oxide to 

graphene. Better cytocompatibility and lower toxicity were obtained by this naocomposite 

compared to pure graphene. Moreover, the photothermal study of this nanocomposite 

indicated increasing of the temperature to 80 ˚C after 5 min of irradiation [60].  

Chen et al. [181] fabricated microporous membranes by blending SPI and cellulose for 

separation biotechnologies and ultrafiltration. The results showed that the addition of 

higher concentration of soy protein led to an increase of pore size. Furthermore, it was 

shown that soy protein/cellulose membranes had suitable tensile strength in both wet and 

dry states. Vero cells were seen to attach and proliferate well on the surfaces of these 

microporous membranes [181]. In a related study, Zhu et al. [182] fabricated cellulose / 

soy protein membranes for a filtration system, food packaging or other medical 

applications by dissolving cellulose and soy protein concentrate in 

ethylenediamine/potassium thiocyanate (ED/KSCN) solvent and subsequently coagulating 

the membranes in methanol. The dried membranes were exposed to different amounts of 

glutaraldehyde during various periods of time for crosslinking. Results demonstrated that 

the degree of crosslinking was enhanced by higher amounts of glutaraldehyde [182]. Taken 

together, the studies discussed in this section illustrate that soy protein represents an 

important biopolymer of expanding potential in the biomedical field. The available 

literature also indicates that blending soy protein with natural polymers is an approach of 

high potential in the biomedical field [183]. SPI based materials are not only promising 

biomaterials for medicine but also they have great potential for other applications such as 

in green multifunctional air filters [184]. 

 

2.4 Bioactive glass (BG) particles for soft tissue engineering and wound healing 

applications 

In 1969, bioactive glasses of silicate composition were developed for the first time by 

Hench and co-workers representing a group of materials which are able to bond to bone in 

physiological environment by deposition of surface bioactive apatite layer [185]. Recently, 

the usage of bioactive glasses as scaffolds for soft tissue engineering has been increasingly 

investigated. The reason is due to the attractive properties of bioactive glasses based on 
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their intrinsic bioreactivity as well as their angiogenic, antibacterial and hemostatic 

properties [186–191]. 

Angiogenesis is an important procedure required in tissue regeneration and wound healing 

to support new tissue formation. Stimulation of angiogenesis can be introduced by growth 

factors and signaling molecules to the wound site however, production and isolation of 

these growth factors are relatively expensive and their efficiency can be disturbed by 

surrounding tissue near the site of action [192]. 

The release of metallic ions from the dissolution products of various types of BG in 

relevant media has been shown to enhance angiogenic properties by stimulating cells to 

produce VEGF and bFGF, which are the most important angiogenic markers [193][194]. 

Studies have shown that 45S5 BG can remarkably stimulate the secretion of angiogenic 

growth factors in vitro by human fibroblasts [195][196]. Moreover, in addition to in vitro 

studies, polyglycolic acid (PGA)/45S5 meshes were shown to significantly enhance 

neovascularization in vivo when they were implanted subcutaneously in rats [187].  

Also there are several reports indicating the hemostatic ability of BG [197][198][199] to 

induce an accelerated coagulation response, which is crucial to control haemorrhage.  

Furthermore, keeping the wound site free of any infections and exudates, particularly for 

chronic wounds such as diabetic skin ulcers, is needed to have appropriate and faster 

healing. For instance Cong et al. [200] indicated that the ointment of 45S5 BG with 

Vaseline can accelerate the healing of diabetes-impaired rat skin wounds. Lin et al. [201] 

investigated the healing effect of different types of BGs as an ointment for the full 

thickness wounds in the rat model. Results indicated that micron and nano sized 58S BG 

particles which were fabricated by sol-gel technique accelerated the healing process 

compared to melt derived 45S5 BG which was ascribed to the different structures and 

higher surface area of the sol-gel BG [201]. Another study [202] indicated the ability of 

nano fibers from borate glass as wound dressing material to promote tissue regeneration. In 

a similar study, copper doped borate BG microfibers as wound dressing material showed 

better angiogenesis stimulation with improved collagen deposition in full thickness skin 

defect in rodents [203]. Ma et al. [204] fabricated composite BG-gelatin/chitosan 

nanofibrous membranes by electrospinning to facilitate chronic and non-healing wounds. 

Zeng et al. [205] illustrated that the composite BG-alginate/agarose hydrogel promoted cell 
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migration and angiogenesis both in vitro and in vivo by providing a suitable moist 

environment and releasing bioactive ions for chronic wound healing.  

BG particles alone do not have appropriate mechanical stability for wound treatment and 

due to their sharp morphology they can induce inflammatory reactions [206]. Therefore, 

development of new organic-inorganic composite biomaterials which have proper 

mechanical properties and degradability while maintaining other bioactive attributes of 

inorganic components is inevitable for soft tissue engineering and wound healing 

applications. In this context, the combination of BG and biodegradable polymers to attain 

flexible composites for soft tissue engineering and wound healing is gaining increasing 

interest [187,188,206,207]. Some of the research tasks of the present project have involved 

the development and characterization of such composites combining soy protein and BG 

particles.     
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Chapter 3 

Fabrication and characterization of soy 

protein isolate (SPI) membranes with and 

without three different kinds of bioactive 

glasses as wound dressing materials 
 

3.1 Introduction 

Naturally derived materials like proteins are widely investigated in biomedical 

applications. In this regard, soy protein has also interesting beneficial aspects over other 

proteins such as high storage capability, being of non-animal origin and inexpensive  [49]. 

Many reports have been published about biomedical applications of pure soy protein or 

blending with other polymers or macromolecules. For instance, it was found that soy 

protein granules could be used as inexpensive bone fillers due to their well mechanical 

stability and anti-inflammatory capability and ability to induce osteoblast differentiation by 

the action of intrinsic isoflavones in vitro [29,208] and in vivo [176]. Other studies have 

shown that soy protein films were nontoxic and promoted cell proliferation [55] while soy 

membranes with controlled antibacterial release could be an option for wound dressing 

applications [209]. Moreover, soy protein/alginate hydrogel films were shown to support 

cell attachment, spreading, and proliferation of mouse fibroblast cells for soft tissue 

engineering applications [210]. 

Bioactive glasses such as other inorganic materials are primarily considered for hard tissue 

engineering, like in bone and dental regeneration. Recently they are being also considered 

for soft tissue regeneration and wound healing applications [211]. For instance Ostomel et
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 al. used silicate glasses as hemostasis inducing materials for blood clot formation, 

highlighting that bioactive glasses can release Ca
+2

 ions to support the coagulation cascade 

[197]. Also in another study [212] 1% silver doped mesoporous bioactive glass showed no 

toxicity against fibroblasts in addition to inducing an antibacterial effect. Bioactive glass 

containing biopolymers are therefore an alternative option for treating burn wound [212]. 

Moreover, bioactive glasses have angiogenesis capacity due to the effect of ionic 

dissolution products [213] release and can therefore be used as wound healing materials. 

However, due to the lack of mechanical properties and sharp morphology of bioactive 

glass particles which can create inflammatory response or cell damage, BG particles are 

combined with biopolymers forming composite materials for wound healing applications 

[206]. 

The main goal of this investigation was the fabrication of soy protein isolate membranes 

with and without nano bioactive glasses intended for applications as wound dressing 

materials. In this chapter complete characterization of the membranes is presented, such as 

mechanical properties, clotting assay, degradation studies, thermogravimetric behavior and 

in vitro cytocompatibility. 

 

3.2 Materials and methods 

3.2.1 Materials  

Two different kinds of soy protein isolate were acquired from NowSports, England and 

MP Biomedicals, USA. Two different manufacturers were chosen to assess potential 

differences in the behavior of the SPI, even though in both cases it was nominally the same 

product. Glycerol was purchased from VWR International, Belgium. Three different kinds 

of nanosized bioactive glass particles of (mean particle size 20-80 nm) composition very 

close to 45S5 composition (47.8 wt% SiO2, 25.1 wt% CaO, 22.6 wt% Na2O, 4.6 wt% 

P2O5) [214], 13-93 BG (53 wt.% SiO2, 20 wt.% CaO, 6 wt.% Na2O, 4 wt.% P2O5, 12 wt.% 

K2O, 5 wt.% MgO ) and 13-93-5Sr (mean particle size 30-35 nm)  composition (53 wt.% 

SiO2, 15 wt.% CaO, 6 wt.% Na2O, 4 wt.% P2O5, 12 wt.% K2O, 5 wt.% MgO, 5 wt.% SrO). 

These glass nano powders were fabricated by the flame spray method [214,215] and they 

were received as a gift  from ETH Zurich . 
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3.2.2 Preparation and characterization of soy protein films 

Soy protein isolate (SPI) films were prepared by solvent-casting method. SPI solutions 

were prepared by dissolving 2% w/v SPI with constant stirring in ultra-pure water. Then 

the plasticizer (glycerol, w/w, relative to SPI) was added to the solution with constant 

stirring. While being stirred, the solution was heated at a constant temperature of 60˚C for 

45 min and then 0.5 % w/v bioactive glass particles was added to the solution. The blend 

solution was further subjected to an ultrasound treatment. The sonication treatment of the 

blend solution was carried out for 3 min. A pulsed duty cycle of ‘‘8 s on, 2 s off’’ was 

used. The parameters for ultra-sonication was optimized according to the previous 

investigation [216]. The ultrasonic treatment was applied with the probe type ultrasound 

source “20kHz Vibracell CV33” (Sonics & Materials, USA). Finally, 25 ml of the solution 

was cast into the Teflon molds and dried at the ambient temperature. Dried films cut by 

punching to pieces of circular shape (diameter 13.5 mm). The nominal thickness of the 

dried films was around 0.15-0.22 mm. 

Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS–PAGE) was carried out 

for MP Biomedicals SPI solution by using the OmniPAGE TETRAD Package from 

Cleaver Scientific Ltd. The resolving gels (10% acrylamide of about 1.5 mm thickness) 

were run at a constant voltage (120 V) and prepared according to the method described by 

Laemmli [217]. Proteins were visualized by Coomassie Brilliant blue G 250 staining using 

the Prestained Page Ruler marker (Thermo Scientific) for calibration. 

 

3.2.3 Physico-chemical properties of the films 

i. Swelling and degradation behavior 

For swelling and degradation measurements the films were previously sterilized by UV for 

an hour. The weight (Wd) of dried SPI films with and without bioactive glass additions of 

all compositions were soaked in the Hanks' balanced salt solution (HBSS, Sigma-Aldrich, 

Germany) with 1% (v/v) antibiotic-antimycotic for up to 28 days at 37 ˚C. After specific 

time intervals, films were taken from the medium and then the surface medium was 

removed from the samples and weighed (Wt) with an analytical balance (Scaltec, 

Germany). The swelling and degradation of the films were calculated according to the 

following equation: 
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Swelling and degradation (%) = (Wt -Wd) / Wd ×100           (Eq. 3.1) 

where positive values are considered as swelling (w %) and negative values are considered 

as degradation (w %). Every experiment was repeated 5 times (n=5) and after calculating 

the Swelling and degradation for each sample, the average value was determined. 

 

ii. Weight Loss 

Degradation of the films after 28 days of incubation in HBSS was calculated. Last time 

point was chosen 28 days, according to the study was reported by Peles et al. [209] which 

was suitable time for studying weight loss of wound dressing biomaterials. The weight of 

the dried samples was measured before and after incubation. The percentage of weight loss 

was calculated using eqn (3.2), where Wi and Wd correspond to the initial weight and dried 

sample weight, respectively: 

Weight loss (%) = ((Wi-Wd))/Wi ×100                 (Eq. 3.2)     

Every experiment was repeated 5 times.      

 

iii. Fourier transform infrared spectroscopy (FTIR)  

The chemical structure of the samples was assessed by Fourier transform infrared (FTIR) 

spectrometer (IRAffinity-1S, Shimadzu, Japan). The analysis was performed under the 

following conditions: spectral range between 4000 and 400 cm
-1

, 32 scans at a resolution 

of 4 cm
-1

 were recorded. SPI films with and without bioactive glasses of both soy protein 

films used to record attenuated total reflectance Fourier transform infrared (ATR FTIR) 

spectra. 

 

iv. Scanning electron microscopy (SEM) 

 The morphological analysis of the films was performed using scanning electron 

microscopy (SEM) (Auriga CrossBeam, Carl Zeiss Microscopy GmbH, Germany). The 

samples for SEM were sputter coated with gold (Sputter Q150T, Quorum Technologies, 

Darmstadt, Germany) before SEM examination. 
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v. Clotting assay 

Blood clotting experiment was performed to analyze the hemostatic properties of films 

with different bioactive glasses. This measurement was performed by Dr. Schulte in the 

BG-Unfallklinik Ludwigshafen. Clotting assay was conducted according to the following 

protocol:   

First, membranes were Pre-warmed in 37°C incubator in polypropylene tubes. Then, 200µl 

citrate whole blood was added to all membranes. Also 20µl 0,2M CaCl2 (starting 

coagulation) was then added. Afterwards, all the tubes were incubated at 37°C and 30 rpm 

(orbital shaker) for 10 min. Then the membranes and clots were removed and non-clotted 

blood was then added into 25 ml distilled water (by putting the open 1.5 ml tubes into a 50 

ml falcon tube with 25 ml distilled water) and it was shaken gently for 1 min. thereby, non-

clotted blood will be hemolyzed. Remaining fragments of the clot can be pelleted by 

centrifugation at 200 xg for 5 min. Finally, the absorption of hemolyzed blood was 

measured at 540 nm. 

The control was performed also in polypropylene tubes without membrane. 

 

 

vi. Tensile mechanical properties 

Standard tensile testing was performed on SPI films from NowSports with and without 

three different kinds of bioactive glasses (BGs) with a size of 40mm x 5mm using a Z050 

machine (Zwick Roell, Germany). The films were hold tightly between two metal 

restraints with a gauge length of 20mm and in order to avoid damage while inserting the 

samples, the ends were covered with tissue paper. After an initial load of 0.1N the measure 

was carried out using a loading speed of 1mm/min. Then a load of 50N at a speed of 

10mm/min was applied until failure occurred. The Young’s modulus was estimated by the 

slope of the strength versus strain curves. Every experiment was repeated 4 times (n=4). 

 

vii. Thermogravimetric analysis 

Thermogravimetric analysis was carried out with a SETARAM SETSYS TG-DTA 

(France) 16/18 instrument. Samples were placed in alumina crucibles. An empty alumina 

crucible was used as reference. SPI films from NowSports (with and without BGs) were 

heated from ambient temperature to 1000 °C in a 50 ml/min flow of N2 at a heating rate of 
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10 °C/min. Continuous recordings of sample temperature, sample weight and heat flow 

were taken.  

 

3.2.4 In vitro cell study 

The prepared circular films of SPI (MP Biomedicals) alone and with BGs were placed in 

24-well plates and for sterilization, films were exposed to UV irradiation for an hour. All 

films were then pre incubated in Dulbecco's Modified Eagle Medium (DMEM), 10% Fetal 

Calf serum (FCS) and 1% antibiotic (penicillin and streptomycin) during night.   

Mouse embryonic fibroblast cells (MEF cells) were grown in cell culture flask containing 

DMEM, 10% FCS, 1% non-essential amino acids and 1% antibiotic (penicillin and 

streptomycin) for 48 hours. Afterwards the cells were harvested by trypsin and 50,000 cells 

were seeded per each sample and incubated in a humidified atmosphere of 95% relative 

humidity and 7.5% CO2, at 37 ˚C for 2 and 5 days. The culture medium was changed after 

two days. 

To investigate the metabolism of the MEF cells on the films after 2 and 5 days of 

incubation, the viability of cells was evaluated by the WST-8 assay.  

To assess the viability of cells, live staining was performed with Vybrant® (DiI) (Thermo 

Fisher Scientific
TM

, USA) and nuclei staining was done by blue nucleic acid stain, DAPI 

(Invitrogen
TM

, USA). For higher clarity of images and better recognition, the blue nucleic 

acid stain was changed to green color. The images of Vybrant-DAPI stained cells were 

taken by fluorescence microscopy (Axio Scope A.1, Carl Zeiss Microimaging GmbH, 

Germany). 

 

3.3 Results and discussion 

3.3.1 SDS–PAGE 

The protein solution of SPI was characterized by SDS–PAGE electrophoresis in order to 

analyze its molecular weight (kDa). As it is observed in Figure 3.1b and according to Silva 

et al. [70], Figure 3.1a, both SPI solutions illustrate the main band for glycinin 

polypeptides and subunits of β-conglycinin. β-conglycinin with trimeric structure is 

composed of three major subunits, namely α, α׳ and β, with masses of about 70 (α and α׳ 
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subunits) and 48 kDa (β), respectively [218,219]. In addition, soy glycinin with a 

molecular mass of approximately 350 kDa consists of 6 A–B subunits composed of an 

acidic polypeptide (A) and a basic polypeptide (B) linked by a disulphide bridge. The mass 

of the acidic polypeptide is about 38 kDa and the basic polypeptide mass is about 20 kDa 

which can be seen in Figure 3.1 as well [70,220].  

 

 

 

 

 

 

 

 

  

 

 

 

 

 

3.3.2 Physico-chemical properties of the films 

i. Swelling and degradation behavior 

In vitro swelling and degradation of the SPI (MP Biomedicals) films were investigated by 

measuring the weight gain and weight loss of the films during different incubation times in 

HBSS, at 37 °C, with a controlled atmosphere of 5% CO2 and 95% relative humidity, 

respectively. As shown in Figure 3.2, at the beginning of incubation, we observed the 

swelling of all films, which was a little higher for the films containing bioactive glasses. 

Then, a decreasing trend was observed, however it was not significant until 28 days of 

incubation. Removing the excess HBSS from the small SPI membranes before weighting 

a b 

 

 

glycinin polypeptides 

β-conglycinin subunits 

Figure 3.1: SDS–PAGE of both soy protein solutions, a) NowSports (Reproduced with 

pemission from [70], Copyright 2017, Elsevier.) and b) MP biomedicals. 
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was difficult. In that case until 28 days of incubation degradation is not measured perhaps 

due to incomplete removal of the liquid.  

 

 

 

 

 

 

 

 

 

 

 

 

ii. Weight loss 

The weight of dried films after 28 days of incubation was measured and the results (Figure 

3.3) depict degradation of up to 55 w% for all SPI films. However, this result showed no 

difference in the degradation rate regarding the addition of BGs, which indicates that the 

degradation might just be due to the release of SPI and not due to interaction of the HBSS 

with the bioactive glass. Silva et al. [70] also reported similar results for SPI-alginate 

hydrogel films in HBSS in comparison to simulated body fluid (SBF).     

 

 

 

 

 

 

Figure 3.2: Swelling of SPI and SPI composite films during 28 days of incubation in HBSS.  
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iii. FTIR study 

Figure 3.4 shows FTIR spectra of both SPI films with and without BGs. The peaks of 

amides I, II, III and A are typical for proteins and they are all found in the FTIR spectrum 

of both SPI films (NowSports and MP Biomedicals). Amide I at 1645cm
-1

 is typical for the 

C=O stretching vibration [221–223]. Amide II at 1550 cm
-1

 belongs to the N-H bending 

vibration and C-N stretching vibration. The small peak for Amide III at about 1300 cm
-1

 

relates to N-H bending vibration and C-N stretching vibration like Amid II [221–223]. The 

wide range from 3200 cm
-1

 to 3600 cm
-1

 belongs to the Amide A structure which origins 

from the N-H stretching vibration [222,223]. Addition of BG is not detected in the FTIR 

spectrum due to the small amount. 

 

 

 

 

 

 

 

Figure 3.3: Weight loss of SPI and SPI composite films after 28 days of incubation in HBSS. 
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iv. SEM analysis 

The surface topography of SPI (MP Biomedicals) films was investigated by SEM (Figure 

3.5). SPI film exhibited a smooth surface. Addition of BG to the SPI led to a rough surface 

owing to the interaction between BG and protein. However, this interaction was stronger 

for 45S5 and 13-93-5Sr BGs in comparison to the 13-93 BG.  Tian et al. [224] reported 

that silica nano particles changed the surface morphology of soy protein films to a coarse 

surface. Moreover, silica had uniform distribution in the protein matrix specially for  

contents  below 15 wt% [224] which is observed in this study for the films with BG.  

 

 

 

Figure 3.4: FTIR spectrum of both SPI films with and without BG, relevant peaks are discussed 

in the text.  
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v. Clotting assay 

The first stage of wound healing is hemostasis which starts by aggregation of platelets and 

clot formation to control bleeding [30]. A clotting assay was performed in order to 

understand the effect of BG on the clotting ability of SPI-based films. As it can be seen in 

Figure 3.6 both SPI films without BG and the control show similar results and they are not 

significantly different from each other, however, for the films with BG, a better 

coagulation effect is observed in comparison to the control, especially for 13-93 and 13-93-

5Sr BGs. Statistical analyses were accomplished by one-way analysis of variance 

(ANOVA) on all samples. The pairwise comparison of the means was performed with the 

Bonferroni’s test (post hoc comparison). Both Ca
+2 

and Mg
+2 

ions play a critical role in 

stabilizing the conformation of coagulation factor IX in the blood-clotting cascade [225]. 

Moreover, Ostomel et al. [197] demonstrated that the fastest hemostatic response belongs 

to BG compositions with a high Si/Ca ratio. In this case, SPI films with 13-93 and 13-93-

SPI SPI+ 45S5 

SPI+13-93-5Sr SPI+13-93 

a b 

c d 

Figure 3.5: SEM images of SPI films (MP Biomedicals) with and without BG, a) SPI, b) SPI/45S5, 

c) SPI/13-93, d) SPI/13-93-5Sr. 
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5Sr BGs show better clotting profile in comparison to SPI films with 45S5 BG especially 

for the MP Biomedicals SPI films, a result which might be due to the higher Si/Ca ratio in 

both 13-93 and 13-93-5Sr BGs. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 3.6: Clotting assay of both SPI films with and without BGs. Significant differences are 

indicated in comparison to control: *p < 0.05, **p < 0.01 and ***p < 0.001 (Bonferroni's posthoc 

test). 
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vi. Mechanical properties 

The mechanical behavior of the SPI (NowSports) films with and without BG was analyzed 

at room temperature. Table 3.1 shows the Young’s modulus and ultimate tensile strength 

(UTS) for different films. The typical curves are also plotted in Figure 3.8. Normally the 

addition of inorganic filler increases the stiffness and Young’s modulus of polymeric films 

[226]. However, this property was not obtained for 45S5 and 13-93-5Sr films (Figure 3.7). 

The reason might be the interaction of these two BGs with SPI leading to defects in the 

microstructure (e.g. internal cracks due to the lack of cohesion at the BG/SPI interfaces). 

Also the SEM images confirmed that SPI+13-93 film had homogenous and smooth surface 

in comparison to the other films which could lead to higher Young’s modulus.   

 

Table 3.1: Mechanical characteristics of different SPI (NowSports) films with and without BG. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Films SPI SPI+45S5 SPI+13-93  SPI+13-93-5Sr 

Young’s modulus [N/mm
2
] 23.0±0.7   10±1     29±2         20±4 

UTS [N/mm
2
] 3.70±0.09 1.7±0.2 4.7±0.4 3.7±0.7 

Figure 3.7: Young’s modulus of SPI films with and without BG. Significant 

differences are indicated in comparison to control: *p < 0.05, **p < 0.01 and 

***p < 0.001 (Bonferroni's posthoc test). 
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vii. Thermogravimetric analysis 

TGA was performed to analyze the thermal stability of BG nanoparticles embedded in the 

SPI (NowSports) films. The results (Figure 3.9) showed that BG is thermally stable in a 

temperature range between room temperature and 750 ˚C. The evaporation of water in the 

temperature range between room temperature and 120 ˚C, the evaporation of glycerol in 

the range between 120 ˚C and 280 ˚C and the SPI degradation above 280 ˚C were 

measured as expected [224]. The total residual mass of approximately 10 wt. % belongs to 

the BG considering the elimination of the organic components of the sample. 

 

 

 

 

 

Figure 3.8: Typical stress vs strain curves of SPI composite films. 
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3.3.3 Cell study 

The biocompatibility of every biomaterial must be evaluated in-vitro prior to any in-vivo 

application. To investigate the viability of the living cells on top of the SPI (MP 

Biomedicals) films, WST-8 test was performed. In the metabolically active cells, 

tetrazolium compound is metabolized and the product, formazan, is secreted into the 

medium. The resulting change in the medium color was measured spectrophotometrically, 

which reflects the relative vitality of the cells. 

As it can be seen in Figure 3.10 the viability of MEF cells on SPI films was increasing 

during the incubation time and moreover, it was significantly higher for SPI-13-93 

composite films compared to the other type of films after 2 and 5 days of cultivation. The 

result might be due to the smooth surface morphology of this film and better interaction of 

BG nanoparticles with SPI. SPI-13-93-5Sr films shows also higher cell vitality after 2 days 

of incubation compared to pure SPI films however, after 5 days incubation, similar result 

for both SPI and SPI-13-93-5Sr was obtained. SPI+45S5 shows similar result to SPI and 

the reason could be faster degradation of 45S5 in compared to 13-93 families [227] which 

could be not desirable for the cells. 

Figure 3.9: TGA of SPI composite films with and without BG. 
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The result of cell viability after 5 days is quite similar to the Figure 3.7 and Young’s 

modulus of SPI composite films. It might be a relation between better cell proliferation and 

mechanical properties of the films. 

The viability and morphology of living cells was also evaluated by using Vybrant® (DiI), 

the lipophilic membrane dye which can easily stain outer membrane of the living cells 

[228]. In order to assess the integrity of the nucleus, a nucleic acid staining was performed 

using DAPI [229]. As mentioned before to have better contrast, the blue color of nucleus 

was changed to green. Figure 3.11 and 3.12 show aggregation of MEF cells on the SPI 

composite films which observed that cells are more aggregated at longer cultivation times. 

As shown in Figure 3.11 the numbers of the cells on top of the 13-93 group films are 

higher compared to 45S5 and pure SPI films after 2 days. Moreover, the results after 5 

days of incubation (Figure 3.12) showed higher number of cells for SPI-13-93 films which 

supported and confirmed WST-8 assay. 

 

Figure 3.10: Viability of MEF cells on SPI films with and without BGs after 2 and 5 days of 

cultivation. Significant differences are indicated in comparison to control: *p < 0.05, **p < 0.01 

and ***p < 0.001 (Bonferroni's posthoc test). 
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However, the florescent imaging from top of the 45S5 films after 2 days of incubation was 

completely disagree with the result of WST-8. The reason was bending of these types of 

films leading to be aggregate the cells not only on top of the membrane but also more 

under the membrane, on the well plate.  

 

On the well 

Figure 3.11: Fluorescent staining with Vybrant-Dapi of MEF cells on the films after 2 days. 
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Studies indicated that the stiffness of the substrate could have effect on the adhesion 

properties of fibroblast cells [230,231]. Fibroblast cells developed spread morphology 

when they were grown on surfaces with an elastic modulus greater than 2,000 Pa [231]. 

Figure 3.12: Fluorescent staining with Vybrant-Dapi of MEF cells on the films after 5 days. 
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Therefore, it might be the reason that films containing 13-93 BG showed better cell 

attachment and proliferation compared to other films due to the higher Young’s modulus. 

In Figure 3.13 observed multiple layers of MEF cells which were anchored on the surface 

of 13-93 films with their growing filopodia. 

 

 

 

 

 

 

 

 

 

 

3.4 Conclusions  

In this chapter, the development and characterization of novel biodegradable wound 

dressing materials based on soy protein isolate composite films containing BG were 

presented. Degradation studies demonstrated up to 55% weight loss during 28 days of 

incubation for all types of films. Being proposed for hemostatic wound dressing, a 

coagulation assay was performed on the samples and the result demonstrated better blood 

coagulation result for the SPI films containing BGs. Moreover, the cell study results 

indicated that MEF cells could grow relatively better on the SPI films containing BG 

especially for SPI-13-93 films compared to pure SPI films. The composition and the 

surface topography of the films were the major factors found to influence the cellular 

behavior. 

In the next chapters the application of soy protein to fabricate different biomaterials in 

various forms like hydrogel films, microcapsules, and fibrous scaffolds for soft tissue 

engineering applications will be evaluated including different aspects of processing and 

characterization of the new materials.   

Figure 3.13: SEM images of MEF cells adherent on the 13-93 films after 5 days. 
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Chapter 4 

Physico-chemical characterization and in vitro 

cytocompatibility of SPI/alginate hydrogel 

films 

 

4.1 Introduction  

The failure of organs or tissues and the inadequate availability of tissue donors are 

frequent, difficult and costly issues in human healthcare. Tissue engineering and 

regenerative medicine are alternative approaches to support, rehabilitate and improve the 

functionality of damaged tissue by developing engineered biomaterials and biological 

substitutes [232]. Hydrogels are gaining increasing interest in different biomedical 

applications such as tissue scaffolds [233], drug delivery [234], cell encapsulation [235] 

and biofabrication [236] due their biocompatibility and structural similarity to the extra-

cellular matrix [237]. Hydrogels provide an aqueous environment for protecting cells, 

having the capability of forwarding nutrients to cells and transporting waste products from 

cells. Hydrogels may be enhanced with cell adhesion ligands for promoting better cell 

adhesion and proliferation [238].  Among naturally derived hydrogel forming materials, 

alginate is one of the most popular ones as it exhibits rapid ionic gelation in moderate pH 

and temperature conditions which is suitable for encapsulating cells and different 

biomolecules like proteins [116]. However, alginate has a relatively slow degradation 

profile and it does not promote efficient cell attachment [119,239].  In an attempt to 

overcome these restrictions of alginate, soy protein isolate (SPI) was considered in this 

study as a suitable biopolymer partner to be combined with alginate.      

The main goal of the study presented in this chapter is the fabrication and characterization
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of a new family of hydrogels based on alginate/SPI films for soft tissue engineering. Given 

the non-animal origin of this polymer blend, less immunogenicity is expected and 

alginate/SPI represents thus an alternative biomaterial to animal derived proteins which 

may show immunogenicity and the possibility of transmission of diseases [10,12–14]. 

Alginate/SPI hydrogel films were prepared by a sonochemical assisted process previously 

described [70] to attain a homogeneous microstructure and they were characterized in 

terms of physico-chemical properties. Moreover, the effect of incorporating bioactive glass 

nanoparticles into Alginate/SPI hydrogel films was assessed on the degradation behavior 

and cellular cytocompatibility of the hydrogel films. In addition, hydrogel films were 

assessed in their ability to interact with normal human dermal fibroblasts (NHDF) and 

human umbilical vein endothelial cells (HUVEC). Cell encapsulation and 

cytocompatibility of this hydrogel in a 3D form (microcapsules) were investigated.  

 

 

4.2 Experimental section 

4.2.1 Materials 

Sodium alginate (sodium salt of alginic acid from brown algae, suitable for immobilization 

of micro-organisms, MW 100 000–200 000 g mol
-1

, guluronic acid content 65–70%) was 

obtained from Sigma-Aldrich, Germany. Soy protein isolate was acquired from MP 

Biomedicals, USA. SPI from MP Biomedicals was rather new and more soluble in water in 

comparison to SPI from NowSports which was considered in Chapter 3. Therefore, in this 

chapter, SPI from MP Biomedicals was used for fabrication of hydrogel films. Glycerol 

and calcium chloride di-hydrate (CaCl2·2H2O) were purchased from VWR international, 

Belgium.  

 

4.2.2 Sonochemical preparation of hydrogels 

According to the protocol reported by Silva et al. [70] soy protein isolate (SPI) 2 %( w/v) 

was dissolved in ultrapure water with glycerol (2 wt. %) at 60 ˚C for approximately 45 

min. Meanwhile, 2% (w/v) sodium alginate (Alg) was dissolved in Dulbecco’s Phosphate 

Buffered Saline (PBS), (Gibco, Germany) with pH range between 7.0 and 7.3 at 37˚C.  It 

should be also mentioned that 2 %( w/v) SPI in water at pH around 7 was almost the 



Chapter 4: Physico-chemical characterization and in vitro cytocompatibility of SPI/alginate 

hydrogel films 
 

   59 | P a g e  
 

maximum concentration of SPI which can be dissolved in water and for higher 

concentration of SPI increase or decrease the pH value of the solution is inevitable. 

However, here due to cell culture study after making hydrogel films and keep the pH 

appropriate for the cells, just 2 %( w/v) SPI was used. Moreover, here lower concentration 

of glycerol was used in comparison to Silva et al. [70] due to the inhibition effect on the 

cell proliferation by higher concentration of glycerol [240]. After adding different 

compositions of alginate and soy protein solutions the ultrasound treatment was performed. 

This was carried out for three minutes with a pulse duty cycle of “8s on, 2s off” according 

to the previous investigation [216]. The ultrasonic treatment was applied with the probe 

type ultrasound source “20kHz Vibracell CV33” from Sonics & Materials, USA. 

 

4.2.3 Preparation of hydrogel films 

The blend solution was transferred into an 8 cm glass Petri dish and left at 37˚C for 

approximately 30 min for slightly drying the surface of the hydrogels. Otherwise, surface 

of the hydrogel films became uneven by the addition of CaCl2. Then 0.1 M of calcium 

chloride solution was poured on the formed hydrogel films and left for 15 min to allow 

ionic gelation according to the previous protocol [70]. 0.1 M of calcium chloride solution 

was used for both hydrogel films and hydrogel microcapsules (Chapter 5) due to not 

damage cells by higher concentration of CaCl2. Afterwards films were washed several 

times with ultrapure water. Samples were punched out with a stainless steel cutter with a 

diameter of 13.5 mm which were fitted to the well of tissue culture 24-well plates. 

 

 

4.2.4 Physico-chemical characterization of films  

i. Water uptake  

Water uptake is one of the most important properties of hydrogel-based biomaterials. It 

shows the ability of the hydrogel to absorb and diffuse water or body fluid which is vital 

for cells to transfer nutrients and metabolites [241]. 

For water uptake measurements the films were previously dried using a critical point dryer 

(Leica EM CPD300, Germany). The water uptake ability of the hydrogels was determined 

by soaking them into Hanks' balanced salt solution (HBSS, Sigma-Aldrich, Germany) 
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which is similar to body fluid. Indeed HBSS has been frequently used to characterize the 

degradation behavior of hydrogels [242,243]. This measurement was carried out up to 3 

days at 37 ˚C as long as water uptake ability of hydrogel films became steady or started 

decreasing due to the degradation. The swollen hydrogels were removed at predetermined 

time points. After washing them with ultrapure water and removing the excess water using 

a filter paper, the hydrogels were weighed with an analytical balance (Scaltec, Germany). 

The water uptake was calculated according to eqn (1), where Ww and Wd are the weights of 

swollen and dried hydrogels, respectively: 

 

water uptake (%) =  
Ww−Wd

Wd
 × 100                                                                     (Eq. 4.1) 

 

Every experiment was repeated three times (n=3) and after calculating the water uptake for 

each sample, the average value was determined. 

 

ii. Swelling and degradation behavior 

The degradation of different composite hydrogels was determined by soaking them in 2 ml 

HBSS with 2% (v/v) antibiotic to eliminate the possible bacterial contamination at 37°C 

for a period up to 21 days according to previous studies [70,242,243]. The hydrogels were 

removed at selected time points (t = 1 d, 3 d, 7 d, 14 d, 21 d). The hydrogels were first 

washed with ultrapure water and after removing the excess water using a filter paper, the 

hydrogels were weighted using an analytical balance. The percentage of swelling and 

degradation was calculated using Eq. (4.2), where Wt and Wi are the swollen/degraded 

weight and the initial weight, respectively: 

weight loss (%) =  
(Wt−Wi)

Wi
 × 100                               (Eq. 4.2) 

Where positive values are considered as swelling (w %) and negative values are considered 

as degradation (w %). Each experiment was repeated three times (n=3) and after 

calculating the swelling and degradation for each sample, the average values were 

determined. 
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iii. Weight loss 

Degradation of Alg/SPI (50/50) and Alg hydrogels was evaluated through immersion in 

HBSS and DMEM at 37 ˚C for a period up to 21 days according to previous studies 

[70,242,243]. The aim of using various solutions was to investigate whether specific 

weight loss effects occur also under normal cell culture medium, which mimics the cell 

environment (e.g. DMEM) in comparison with an isotonic solution, such HBSS. The 

weight of the hydrogel samples was measured before and after incubation following a 

drying process using a critical point dryer. The percentage of weight loss was calculated 

using Eq. (4.3), where Wi and Wd correspond to the initial weight and dried sample weight, 

respectively: 

    

weight loss (%) =  
(Wi−Wd)

Wi
 × 100                                                                          (Eq. 4.3) 

 

Each experiment was repeated four times (n=4), and the average value was considered to 

be the weight loss value (±standard deviation). 

 

4.2.5 Fourier transform infrared spectroscopy (FTIR) 

 The chemical structure of the samples was assessed by Fourier transform infrared (FTIR) 

spectrometer (Nicolet 6700, Thermo Scientific, USA). The analysis was performed under 

the following conditions: spectral range between 4000 and 530 cm
-1

, window material was 

CsI; 32 scans at a resolution of 4 cm
-1

 were recorded. Hydrogel films of Alg and Alg/SPI 

different compositions were used to record attenuated total reflectance Fourier transform 

infrared (ATR FTIR) spectra. 

  

4.2.6 Scanning electron microscopy (SEM) 

 The morphological analysis of the hydrogel films was performed using scanning electron 

microscopy (SEM) (Auriga-Zeiss). The samples for SEM analysis were dried with a 

critical point dryer (Leica EM CPD300, Germany). The samples were sputter coated with 

gold before SEM examination. 
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4.2.7 Nano-indentation 

A Piuma nanoindentor instrument (Amsterdam, Netherlands) was used for the analysis of 

the effective Young’s modulus of the prepared hydrogels with different Alg/SPI ratios on 

zero day and after 7 and 14 days. The nano-indentation was carried out with a nano-

indentation probe having a cantilever spring constant of 18.200 N/m and a tip radius of 

39.00 µm. HBSS solution was used as medium for the probe calibration. For each hydrogel 

several readings were taken at different X, Y positions with 50-100µm distance between 

the points of testing. The results were expressed as mean value ± standard deviation. 

 

4.2.8 Effect of incorporation of bioactive glass into Alg/SPI hydrogel films 

The aim of this part of the study is to investigate the effect of incorporating bioactive glass 

nanoparticles (nBG), the same nBGs described in Chapter 3, into the Alg/SPI hydrogel on 

degradation and cellular behavior, especially cell viability, attachment and proliferation for 

the hydrogel films containing 13-93-5Sr. The reason for choosing this BG was according 

to the result of the clotting assay reported in Chapter 3, which showed slightly better 

coagulation effect of the films containing 13-93-5Sr. The hydrogel films containing BG 

were prepared exactly in the same manner as explained above, however, the addition of 

0.5 % (w/v) BG into the solution was done before performing ultrasound treatment. This 

concentration of BG was used according to previous studies [70,244]. Moreover, due to the 

lower viscosity of the blend Alg/SPI solution this concentration was appropriate to lead to 

an homogenous solution for the fabrication of hydrogel films. By higher concentration of 

BG, the presence of agglomeration and sedimentation of BG particles was observed at the 

bottom of the solution. Gorustovich et al. [213] indicated that BG can stimulate fibroblast 

cells to secret angiogenic growth factors and moreover, dissolution products from BG can 

promote endothelial cell proliferation. The effect of addition of nBG in terms of 

cytocompatibility was considered by cultivating primary normal human dermal fibroblasts 

(NHDF) (Promocell, Germany), and human umbilical vein endothelial cells (HUVEC) 

(from umbilical cords) on top the hydrogels. 
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4.2.9 Cell biology characterization  

i. Sample preparation 

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). SPI solution was also sterilized by 

autoclave prior to blending with Alg solution.  

Alg/SPI(50/50) and Alg(5%)/SPI(2%)(~70/30) hydrogel films were prepared as described 

before. The whole process was done under sterile conditions in a laminar flow hood 

(SCANLAF MARS Bio-safety cabinet class 2, LaboGeneTM, Denmark). 

 

ii. Cell seeding onto 2D hydrogels 

This part of the study was carried out in the laboratory of the Department of 

Otorhinolaryngology, Section of Experimental Oncology and Nanomedicine (SEON), 

Cardiovascular Nanomedicine group, University Hospital of Erlangen, University of 

Erlangen-Nuremberg. A significant part of this cell study was conducted by Dr. Raminder 

Singh (Cardiovascular Nanomedicine, University Hospital of Erlangen).   

 The prepared circular hydrogel films, namely Alg(2.5%), Alg/SPI(50/50) and 

Alg(5%)/SPI(2%)(~70/30), were placed in 24-well plates and pre incubated in Dulbecco's 

Modified Eagle Medium (DMEM), 10% Fetal Calf serum (FCS) and 1% antibiotic 

(penicillin and streptomycin) over night. 

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. 

 

Human umbilical vein ECs were isolated from freshly collected umbilical cords by a 

standard technique [245] and grown in EC growth medium with EC growth supplement 

containing 5% fetal calf serum, 4 µL/mL heparin, 10 ng/mL epidermal growth factor, 1 

µg/mL hydrocortisone, 50 µg/mL gentamycin sulphate, and 50 ng/mL amphotericin B, at 
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humidified 7.5% CO2 atmosphere. The use of human material was approved by the 

Institutional Ethical Committee on Human Research at the University Hospital Erlangen 

(ethical review number 85_14 B, from 10.04.2014). All subjects enrolled in this research 

have given an Informed Consent according to the ethical guidelines. In all experiments, 

ECs at passage 1–2 were used.  

75,000 cells/film (fibroblasts) and 1,50,000 cells/film (ECs) were seeded and incubated in 

a humidified atmosphere of 95% relative humidity and 7.5% CO2 at 37 ˚C for 7, 14 and 21 

days.  

 

iii. Cell vitality 

The vitality of both cells grown on hydrogel films was assessed through the enzymatic 

conversion of tetrazolium salt (WST-8 assay kit, Sigma Aldrich, Germany) after 7,14 and 

21 days of cultivation. Culture medium was completely removed from the samples and 

freshly prepared culture medium was added containing 1 vol % WST-8 solution, followed 

by incubation for 2 h. Subsequently, 100 mL of supernatant from each sample was 

transferred into a 96 well-plate and the absorbance was measured at 450 nm in triplicate 

with a microplate reader. 

 

iv. Cell Staining 

To assess the morphology of cells after 7, 14 and 21 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 fluorescent 

images were taken by using a fluorescence microscope (FM) (Axio Scope A.1, Carl Zeiss 

Microimaging GmbH, Germany). 

 

 

4.3 Results and discussion 

4.3.1 Physico-chemical characterization  

i. Water uptake behavior 

The water uptake of different compositions of hydrogel films was analyzed in HBSS. This 

is an important property of hydrogels to keep and diffuse buffer solution. As shown in 
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Figure 4.1 the water uptake ability for all films increased in the first hours and then became 

stable. The higher water uptake was for Alg films and then by increasing the concentration 

of SPI this ability was decreased. This could be due to the higher hydrophilicity of Alg 

compared to SPI.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

ii. Swelling and degradation behavior 

Figure 4.2 shows the results of swelling and degradation measurement on different 

composition of Alg/SPI hydrogel films. At the beginning of incubation, we observed the 

swelling of all hydrogels and this ability continued for Alg and Alg/SPI (70/30) until 21 

and 14 days, respectively. Alg/SPI (30/70) started weight loss after 3 days and the other 

compositions started losing weight after 14 days however, the measured weights were still 

in the swelling part. One considerable source of error is the presence of water on the films 

despite efforts to remove it and moreover, due to have tiny and light films for accurate 

measurement in the presence of water. Nevertheless, results clearly showed higher weight 

loss of Alg/SPI films especially for the films with higher concentration of SPI in 

Figure 4.1: Water uptake ability of different compositions of Alg/SPI hydrogel 

films. 
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comparison to the pure alginate films, which is likely due to the release of soy protein 

isolate during the incubation period.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

iii. Weight loss 

To better understand the weight loss of the hydrogel films during incubation time, weight 

loss measurement performed for Alg /SPI (50/50) in both HBSS and DMEM. The 50/50 

composition was used as an example of the behavior of the hydrogel films. As seen in 

Figure 4.3 Alg films showed almost no degradation during 21 days in HBSS and nearly 

50% in DMEM. One reason for this result can be the ingredients of the medium. HBSS 

contains calcium chloride.  Calcium ions can prevent the degradation by aiding the gelation 

of alginate [116,246]. Alg/SPI films clearly showed higher weight loss in comparison to 

the pure alginate films especially for the films which were incubated in the DMEM. 

Therefore, this result confirmed the degradation of Alg/SPI hydrogel films during the 

incubation time in both media, which had not been observed in the swelling and 

degradation study due to the amount of embedded water in the hydrogel structure. 

Figure 4.2: Swelling behavior of different compositions of Alg/SPI hydrogel films. 
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4.3.2 FTIR 

Figure 4.4 shows typical FTIR spectra of alginate and all different compositions of Alg/SPI 

films which were crosslinked by CaCl2. The spectrum of the alginate film shows the 

characteristic absorption bands of the polysaccharide structure. The first relevant peaks are 

at 1588cm
-1

 and 1413cm
-1

, which are assigned to asymmetric and symmetric stretching 

peaks of carboxylate salt groups of alginate [247]. In addition, the bands around 1316cm
-1

 

(C—O stretching), 1119cm
-1

 (C—C stretching), 1022cm
-1

 (C—O—C stretching) and 

942cm
-1

 (C—O stretching) are attributed to the saccharide structure [248,249]. For the 

Alg/SPI blend spectrum the typical peaks for SPI are marked in the figure. SPI spectrum 

has an absorption band around 3320cm
-1

, which is related to the stretching vibration of 

N—H group (Amide A) [223] and absorption band at 1670cm
-1

 is attributed to Amide I 

(C=O) while Amide II (N—H bending) leads to a peak at 1540cm
-1 

and Amide III at 

1230cm
-1 

[250,251]. As it is observed for Alg/SPI films the peak of amide I with small 

shift is present at 1618cm
-1 

after the sonication treatment. This effect is likely due to the 

change of protein conformation to beta sheet structure, which is usually reported around 

Figure 4.3: Weight loss measurements on Alg and Alg/SPI(50/50) hydrogel films during 21 days of 

incubation in DMEM and HBSS. Data obtained from Ref. [210] and reused with permission of John 

Wiley and Sons. 
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1638cm
-1 

[252]. Silva et al. [70] reported that after sonication treatment, the heating which 

occurs by ultrasound could lead to a change in the protein conformation and allows the soy 

protein subunits to interact with alginate and form robust networks [70].  

 

In this spectrum, also the characteristic peaks of alginate could be observed. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

4.3.3 SEM analysis 

As observed in Figure 4.5, Alg films exhibited the typical polysaccharide morphology with 

folded structure in regular pattern. Interestingly, all different compositions showed 

completely different morphology compared to Alg. Alg/SPI(70/30) films had uneven and 

rough folded morphology which was found to be flat and ordered in Alg/SPI(60/40). 

Surprisingly, Alg/SPI (50/50) showed nearly homogenous porous structure. However, by 

increasing the concentration of SPI to 60 and 70 % again uneven and disordered 

morphology was observed which is expected due to the relatively high amount of SPI. 

 

 

 

Figure 4.4: FTIR spectra from different compositions of Alg/SPI hydrogel films. 
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After 21 days of immersion in HBSS the surface of Alg/SPI (50/50) hydrogel film was 

observed by SEM again and as presented in Figure 4.6 the surface of this hydrogel became 

smoother with large voids which are likely due to the degradation and the release of the 

soy protein component. These voids might provide appropriate environment for cell 

anchoring and penetration. 

 

 

 

Figure 4.5: SEM images of different compositions of Alg/SPI hydrogel films: a) Alg, b) 70/30, C) 

60/40, d) 50/50, e) 40/60 and f) 30/70. 
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4.1.1 Nano indentation 

Nano indentation tests were performed on selected samples and the effective Young’s 

modulus of Alg and Alg/SPI hydrogels are plotted in Fig 4.7. As shown, the incorporation 

of SPI led to significantly higher stiffness of hydrogel films compared the pure Alg films. 

As the amount of SPI increased from 30 to 50 wt% there is an increase in Young’s 

modulus from ~400 kPa to 600 kPa. The maximum stiffness is achieved by Alg/SPI 

(50/50) ratio. With further increase of SPI concentration, stiffness decreased. This is due to 

the poor miscibility of SPI with Alg leading to in homogeneities and to excessive protein 

content, especially in the case of Alg/SPI (30/70). After 7 and 14 days the reduction of 

strength can be seen for all different hydrogel films owing to the degradation during time. 

Degradation was higher for films containing SPI compared to pure Alg films due to the 

release of SPI.  

 

 

Figure 4.6: SEM image of Alg/SPI(50/50) hydrogel film after 21 days immersion in 

HBSS.  
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4.3.4 Effect of incorporation of nano bioactive glass into the alginate/SPI films 

i. Water uptake 

Water uptake reflects the ability of the materials to retain and diffuse a buffer solution 

which is an important property of hydrogel based materials for wound management 

applications [80]. Figure 4.8 shows the water uptake behavior of the films with and without 

BGs over time. Generally, a strong gain of weight can be observed, with an increase of up 

to 2600% after 8 hours for the Alg/SPI films. However, addition of nBG led to a reduction 

in water uptake capacity compared to the control (pure Alg/SPI films). These results agree 

with the findings of Silva et al. [70] about the differences in water uptake ability which 

may be due to strong interactions between Alg/SPI with nBG and, moreover, a decrease in 

pore size of hydrogel films due to the addition of nBG. Considering that by using nBG 

particles, which are smaller than micron size BG, it is suggested that these particles could 

Figure 4.7: Effective Young’s modulus of prepared hydrogel films with different Alg/SPI 

ratios on day zero, 7 and 14. Statistically significant differences are indicated in comparison to 

Alg/SPI(50/50) hydrogel (day zero): ***p < 0.001 (Bonferroni's posthoc test). 
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be incorporated more effectively into the hydrogel matrix, especially after ultrasonic 

treatment, compared to micron size BGs.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

ii. Swelling and degradation behavior 

The swelling and degradation behavior of samples was studied over a period of 15 days. 

As can be seen in Figure 4.9, there was an average weight gain in all samples until day 3, 

followed by a degradation effect observed from day 7, which increased at day 15. After 

two weeks of incubation in HBSS the values for degradation for all kind of films were 

relatively close together which might be due to the presence of Ca
+2 

ions in the HBSS 

which help to keep the egg box structure of Alg based hydrogels for longer time. This 

result is also in agreement with Silva et al. [70] results. Glass 13–93 has a comparatively 

higher SiO2 content compared to 45S5 BG and also due to the additional network 

modifiers, such as K2O and MgO, 13-93 BG is less reactive than 45S5 BG which leads to a 

reduced degradation behavior more for films made with 45S5 BG. Moreover due to the 

release of strontium ions in the medium from hydrogel films containing 13-93-5Sr BG, 

higher degradation was observed in comparison to the hydrogel films containing 13-93 BG 

considering that Sr-containing 13-93 BG degraded more rapidly than 13-93 BG in the cell 

culture media [215]. 

Figure 4.8: Water uptake of hydrogel films containing different kinds of BGs up to 8 hours. 
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To assess (qualitatively) the mechanical stability of Alg/SPI hydrogel containing nBG, 

force was applied by hands, as shown in Figure 4.10. The film had an acceptable 

mechanical strength and deformation capability to be used as wound dressing material.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.9: Swelling and degradation behavior of hydrogel films containing different kinds of BGs 

up to 15 days. 

Figure 4.10: Alg/SPI hydrogel film containing BG before and after applying force by hand, using a 

caliper and red dash show the qualitative mechanical strength. 
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4.3.5 Cell–material interactions using both NHDF and HUVEC 

To test the in vitro biocompatibility of the developed SPI based hydrogel films, cell–

material interactions were investigated using both NHDF and HUVEC. To investigate the 

metabolism of the cells on Alg, Alg/SPI and Alg/SPI containing nBG hydrogel films after 

7, 14 and 21 days of incubation, the viability of cells was evaluated by analyzing with the 

WST-8 assay. In the metabolically active cells, tetrazolium compound is metabolized 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. As presented in Figure 4.11a, the viability of NHDF grown on Alg/SPI 

hydrogel films at both concentration of 50/50 and 70/30 was significantly higher compared 

to that of cells grown on pure Alg hydrogel films and this amount was higher for the films 

containing BG. Moreover, the viability of NHDF on Alg/SPI (both 50/50 and 70/30) in 

comparison to pure Alg films were higher at day 7 and they decreased at day 14 and 21. To 

quantify the differences in cell viability on Alg/SPI films compared to pure Alg films, the 

cell viability values for Alg films were considered as reference (=1) and all the other cell 

viability values for Alg/SPI films (both concentrations) were expressed as number of times 

of increase (Figure 4.11b). Therefore, in contrast, the cell viability for Alg/SPI+nBG 

increased during incubation and it was around 12 folds higher compared to Alg films at 

day 21 (Figure 4.11b). This result could be due to the ion release from BG which may 

promote cell proliferation. 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 4: Physico-chemical characterization and in vitro cytocompatibility of SPI/alginate 

hydrogel films 
 

   75 | P a g e  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Also for HUVEC, as shown in Figure 4.12a, Alg/SPI hydrogel films with and without BG 

indicated better cell vitality in comparison to pure Alg films which could be due to the cell 

binding peptide in the hydrogel films. Moreover, after 21 days the viability of NHDF on 

Alg/SPI(70/30), Alg/SPI(50/50) and Alg/SPI(50/50)+ nBG was 12.5, 9 and 8 folds 

increased as compared to that of Alg (Figure 4.12b). The reason could be that by 

degradation of the hydrogel during incubation and by releasing SPI, the mesh size of the 

hydrogel increases, enabling cell anchoring and penetration. 

 

Figure 4.11: a) Cell viability of NHDF on Alg (2.5%) and Alg/SPI (50/50) and Alg/SPI 

(~70/30) hydrogel films after 7, 14 and 21 days of cultivation. b) Cells fold changes relative of 

pure alginate values. 

a 

b 
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The cell morphology was visualized by actin cytoskeleton staining, which was carried out 

by rhodamine phalloidin, as shown in Figure 4.13 and 4.14. As expected from cell viability 

results, both HUVEC and NHDF on Alg hydrogel showed significantly lower number 

compared to Alg/SPI (both concentrations) and to Alg/SPI+nBG films, especially for 

HUVEC. 

Over 7 days of cultivation, the most desirable conditions for fibroblast growth and 

spreading were observed on Alg/SPI+ nBG. The fibroblasts showed (Figure 4.13) the best 

surface coverage and spindle-like morphology on these hydrogels and started to form 

multilayers similar to fibroblast cells grown on standard cell culture plastic. 

Correspondingly, their metabolic activity was significantly higher than on pure Alg and 

Figure 4.12: a) Cell viability of HUVEC on Alg (2.5%) and Alg/SPI (50/50) and Alg/SPI 

(~70/30) hydrogel films after 7, 14 and 21 days of cultivation. b) Cells fold changes relative of 

pure alginate values. 

a 

b 
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Alg/SPI (both concentrations). This phenomenon became more evident after 14 days. 

Cultivated cells proliferated and covered the whole surface of these hydrogel films. This 

behavior can be ascribed to the ion release from nBG inside the hydrogel films over the 

incubation time, which may promote cell attachment and proliferation [187]. Moreover, 

due to release of SPI and BG over the cultivation period, a porous surface topography can 

be expected, which can facilitate cell anchoring and attachment. Interestingly, although 

after 7 days of cultivation, there were fewer cells on the surface of both concentrations of 

Alg/SPI hydrogels in comparison to the Alg/SPI+ nBG, after 14 days of cultivation, 

fibroblasts cells covered the surface of Alg/SPI hydrogels in a similar way to Alg/SPI 

+nBG. Rounding and clustering of fibroblasts morphology were observed for pure alginate 

hydrogel, due to the reduced cell-material interaction. 

Similar results were observed for HUVEC. The surface of the Alg/SPI hydrogel films 

(both concentrations) were covered completely with HUVEC. Moreover, addition of this 

amount of nBG showed no toxicity for this type of cells, which also supported the result of 

the viability assay. In addition to the higher cell viability on Alg/SPI films, it is also 

remarkable that the number of cells which covered the surface of the blending hydrogels is 

higher than that on alginate films. This result could be due to the superior cell-material 

interaction which is possibly due to the chemical bonding between peptides of SPI 

biomolecules and cells.  
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 Figure 4.13: FM images of NHDF adhered on (a,e) Alg/SPI(50/50), (b,f) Alg/SPI(~70/30), (c,g)  

Alg/SPI(50/50)+ 0.5% BG and (d,h) Alg (2.5%) after 7 days (left column) and 14 days (right 

column) of cultivation. The cells were stained for F-actin (red) and nuclei (green). 
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Figure 4.14: FM images of HUVEC adhered on (a,e) Alg/SPI(50/50), (b,f) Alg/SPI(~70/30), 

(c,g) Alg/SPI(50/50)+ 0.5% BG and (d,h) Alg (2.5%) after 14 days (left column) and 21 days 

(right column) of cultivation. The cells were stained for F-actin (red) and nuclei (green). 
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Silva et al. have combined alginate with keratin [242] and silk fibroin [243] for tissue 

engineering applications. Compared with the hybrid hydrogel based on alginate/keratin and 

alginate/silk fibroin, the degradation rate for both SPI containing hydrogel films in this 

study was found to be lower than that of alginate films over 21 days (less than 40%). 

However, in the present study the weight loss of Alg/SPI (50/50) films was higher than that 

of alginate films and it was around 60 and 90% over 21 days for HBSS and DMEM, 

respectively. This result indicates that due to the presence of soy protein in the films the 

drawback of an unfavorable slow degradation kinetic of alginate can be tackled. Moreover, 

cytocompatibility studies of both HUVEC and NHDF cells which were cultured on the 

Alg/SPI hydrogel films indicated comparatively higher biocompatibility compared to pure 

Alg, similar to the result of other hybrid Alg/proteins (silk fibroin, keratin, gelatin and 

elastin) hydrogel films [253]. However, according to the less immunogenicity and long 

storage capability of SPI and also being inexpensive and abundant, this plant derived 

protein represents an attractive alternative to overcome the limitations of Alg for tissue 

engineering applications such as inappropriate stiffness, no cellular adhesion motifs and 

very slow and uncontrolled degradation kinetics. 

In vitro studies of mouse fibroblast cells (L929) were cultured on chitosan/SPI films 

indicated better cellular adhesion properties compared to pure chitosan membrane after 3 

days of incubation [99]. The result showed that L929 cells on chitosan films were spherical 

after 3 days on incubation however; chitosan/SPI films due the incorporation of SPI and 

providing more protein-binding sites cells were able to attach and proliferate [99].   

 The results of the present study show that combination of alginate with soy protein isolate 

leads to better degradability of pure alginate. Moreover, better biocompatibility for cell 

attachment compared to pure alginate was also determined. Hence, this combination of 

biopolymers represents an attractive system for wound dressing applications and soft tissue 

engineering as well.  
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4.4 Conclusions 

In this chapter, hydrogel films based on the combination of alginate and soy protein isolate 

were prepared successfully. The results illustrated that Alg/SPI biopolymer had higher 

degradability than pure Alg owing to the release of the soy protein component. Nano 

indentation confirmed that the incorporation of SPI to the Alg hydrogel increases the 

effective Young’s modulus. Furthermore, cell studies on top of hydrogel films 

demonstrated the ability of these hybrid hydrogels to promote cell viability, attachment and 

proliferation in comparison to pure Alg films, which can be ascribed to cell adhesive 

molecules present in soy protein. Addition of BG to the hydrogel films promote more cell 

viability and cell proliferation for NHDF compared to the Alg/SPI films. For further 

assessments of Alg/SPI hydrogel in in vivo condition, a 3D model instead of 2D was 

investigated, and results are presented and discussed in the next chapter. 
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Chapter 5 

Physico-chemical characterization and in vitro 

cytocompatibility of 3D SPI-based hydrogel 

capsules 
 

5.1 Introduction 

As discussed in Chapter 2, the main goal of tissue engineering and regenerative medicine 

is to provide a temporary 3D environment to support cell growth for new tissue formation. 

This kind of structure (scaffold) can be prefabricated from biomaterials by conventional 

methods and cells are seeded onto this porous scaffolds or cells are simultaneously 

encapsulated during scaffold fabrication [235].  In the first scenario the cell-material 

interaction is mostly in 2D and the cells attach on the surface of struts or fibres [254]. 

Moreover, for the fabrication of this kind of scaffolds, various types of solvents can be 

used as long as the final product is cytocompatible. However, in-situ biocompatibility of 

the materials used for cell encapsulation is inevitable and only a limited number of suitable 

materials and solvents is available, which can be applied for encapsulation processes [235]. 

Encapsulation of cells keeps them in a suitable environment which has several benefits, 

including: the protection of cells from the immune response of the host body after 

transplantation, being mechanically stable and easy to handle [255]. The essential 

requirements for materials which can be used for microencapsulation involve gas 

permeability, ability to remove waste products from the cells and to enable diffusion of 

nutrients into the cells [255]. The most common and widely used materials for cell 

encapsulation are hydrogels.  Hydrogels can absorb high water content due to their 

hydrophilic nature, providing a humid environment suitable for cells [254]. In this Chapter 
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Alg/SPI microcapsules of different compositions were fabricated and characterized. The 

same compositions of the hydrogel films introduced in Chapter 4 were considered. Also 

the effect of Alg/SPI hydrogel on the viability and morphology of encapsulated adipose 

derived mesenchymal stem cells (ADSCs) was evaluated in this study. The goal of this part 

of the study was therefore to evaluate the 3D environmental effects of Alg/SPI hydrogel on 

cell viability, migration and proliferation. 

 

5.2 Experimental 

5.2.1 Fabrication of Alg/SPI hydrogel 

For preparation of Alg/SPI hydrogel, exactly the same protocol introduced in Chapter 4 

was used. First, soy protein isolate (SPI) (both suppliers reported in Chapter 3) 2 %( w/v) 

was dissolved in ultrapure water with glycerol (2 wt. %) at 60 ˚C for approximately 45 

min. Also 2% (w/v) sodium alginate (Alg) was dissolved in Dulbecco’s Phosphate 

Buffered Saline (PBS), (Gibco, Germany) with pH range between 7.0 and 7.3 at 37˚C. 

Then different compositions of alginate and soy protein solutions (30/70, 40/60, 50/50, 

60/40 and 70/30) as indicated in Chapter 4 were mixed and ultrasound treatment was 

performed. This was carried out for three minutes with a pulse duty cycle of “8s on, 2s off” 

following the same procedure described in Chapter 3 The ultrasonic treatment was applied 

with the probe type ultrasound source “20kHz Vibracell CV33” from Sonics & Materials, 

USA. 

 

5.2.2 Fabrication of microcapsules 

Microcapsules were fabricated by applying a pneumatic extrusion technique. In brief, 

different compositions of Alg/SPI 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 pressures 

(1.0 to 2.8 bars) and collected in a beaker containing calcium chloride solution (0.1 M) and 

kept for 10 minutes to allow ionic gelation (Figure 5.1). The applied different air pressures 

which were adopted by the viscosity of the different compositions of Alg/SPI hydrogel on 

the cartridge pressed the hydrogel through a 200µm needle. Then the hydrogel left the 

cartridge in a thin beam that was broken and trickled in a shaking beaker (by hand) 
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containing calcium chloride, as shown in Figure 5.1. Microcapsules were formed because 

of the immediate gelation of alginate due to calcium chloride solution in the beaker. 

Sodium ions from the guluronic acids were exchanged with the divalent cations like Ca
2+

 

and a specific egg-box structure was formed. Then the fabricated microcapsules were 

sieved and washed three times with ultrapure water to remove the calcium chloride 

solution from the surface of the microcapsules. 

 

 

 

 

 

 

 

 

 

 

 

Microcapsules were imaged by using a light microscopy (Zeiss, Primovert, Germany). 

It should be mentioned that from the mixing of the solution took approximately half an 

hour to prepare the microcapsules.  

 

5.2.3 Physical properties of Alg/SPI microcapsules 

i. Morphology and surface topography of microcapsules 

The microstructure of the microcapsules was investigated by scanning electron microscope 

(SEM) (Auriga-Zeiss). The capsules were prepared for SEM analysis by drying using a 

critical point dryer (Leica EM CPD300, Germany) and sputter-coated with gold before 

examination. Critical point drying (CPD) was used for drying samples before SEM 

imaging. By this technique the surface structure of the samples can be preserved and 

possible damage due to surface tension when changing from the liquid to gaseous state can 

shaking 

Figure 5.1: Schematic overview of microcapsule fabrication utilized in this study. 
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be avoided. At the critical point of compounds, the gaseous and the liquid phases cannot be 

distinguished. At the critical point the liquid or gaseous phase can be converted into each 

other without crossing the interfaces between liquid and gas. Therefore damaging cannot 

occur. Liquid carbon dioxide (CO2) has critical point at 31 °C and 74 bar which is 

appropriate for biological applications. Water and carbon dioxide are not miscible; 

therefore a third solvent has to be introduced. In that case, water exchanged with ethanol. 

This process was done by soaking capsules for half an hour in a series of ethanol solutions 

with concentrations of 30%, 50%, 70%, 80%, 90%, 95% and 99% of ethanol. Ethanol is 

miscible in liquid CO2 but it cannot be used for critical point drying owing to its high 

critical point temperatures (Ethanol: Pc 60 bar/Tc 241 °C). Afterwards the liquid CO2 is 

brought to its critical point and converted to the gaseous phase by decreasing the pressure 

at constant critical point temperature without surface tension effects [256].  

 

ii. Water uptake behavior 

The water uptake study of different compositions of Alg/SPI microcapsules was performed 

in HBSS which is similar to body fluid and moreover, it has Ca ions which can help to 

keep the cross linked hydrogel microcapsules for longer time. All different compositions of 

Alg/SPI microcapsules for both suppliers (NowSports (NS) and MP Biomedicals (MPB)) 

were fabricated under sterile conditions and they were dried using a critical point dryer 

(Leica EM CPD300, Germany). 50 to 80mg of dried Alg/SPI microcapsules were weighed 

in sterile 40µm cell sieves (Falcon® 40µm Cell Strainer) (W0). For each composition three 

samples in sieves were prepared. Then, all the sieves were immersed in 4ml of HBSS 

inside the 6-well plates. At certain time points (after 15min, 30min, 60min, 2h, 3h, 4h, 5h, 

6h, 24h, 48h and 72h) the sieves were taken out of the 6-well plates, rinsed with ultrapure 

water to remove the excess of HBSS from the microcapsules and dried on blotting paper. 

Afterwards the sieves containing microcapsules were weighed again on an analytical 

balance (KERN, minimum load 0,01g) (Ws). The water uptake was calculated by the 

following equation: 

𝑤𝑎𝑡𝑒𝑟 𝑢𝑝𝑡𝑎𝑘𝑒(%) =
𝑊𝑠−𝑊0

𝑊0
× 100                                                          (Eq. 5.1) 
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iii. Swelling and degradation behavior 

The swelling and degradation of microcapsules were evaluated through the immersion of 

the microcapsules, exactly after preparation, into HBSS followed by the determination of 

the weight of microcapsules during incubation time. The degradation study was conducted 

under sterile conditions to avoid contamination. An amount of 0.10 to 0.19g as an initial 

weight of microcapsules (Wi) was measured inside the falcon tube and then 4ml sterile 

HBSS was added. 4 samples from each ratio were used for each time point. The closed 

tubes were incubated at 37°C for maximum 21 days. After 1, 4, 7, 14 and 21 days, the 

tubes containing different compositions of Alg/SPI capsules were emptied into the sieves 

and then they were rinsed with ultrapure water and dried on blotting paper to remove 

excess water. Afterwards, the weight of the capsules was measured again (Wt) and the 

swelling and degradation were calculated according to the below equation:   

weight loss (%) =  
(𝑊𝑖−𝑊𝑡)

𝑊𝑖
 × 100                                                               (Eq. 5.2) 

where negative values are considered swelling (w%) and positive values are considered 

degradation (w%). 

 

5.2.4 In vitro cytocompatibility 

This part of the 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 Jan Robering (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 Alg/SPI 3D hydrogels. hADSCs were provided by the University Hospital of Erlangen, 

Germany. Fat tissue from abdominal fat reduction surgery was digested by collagenase 1 

and the plastic adherent cells of the stromal vascular fraction were cultured. The procedure 

was approved by the Ethics Committee of the University Hospital of Erlangen and 

informed consent was obtained. Cells were labeled with Dil Stain (Thermo Fisher 

Scientific
TM

, USA) before encapsulation. 

Cells were cultured in αMEM medium containing 10% FCS and the medium was changed 

on every two days. Three days after isolation and also after encapsulation, cells were 

cultured in the medium containing 100 IU/ml penicillin and 100 ug/ml streptomycin. 
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i. Cell encapsulation  

Sodium Alg and SPI were dissolved in PBS and ultrapure water, respectively, to prepare 1 

and 2 % (w/v) solutions of both. Then Alg solutions were sterilized by filtration through 

0.45 μm filter (Carl Roth GmbH + Co. KG, Germany) and SPI solutions were sterilized by 

autoclave. SPI 1 and 2 % (w/v) solutions were sterilized by autoclave. Sterilized SPI 

solutions were slowly added to Alg 2 % (w/v) in the volume ratio of (50/50) under 

continuous stirring. The final concentration of Alg and SPIs in the prepared hydrogel 

precursor solution is 1% (w/v) and 0.5 and 1% (w/v), respectively. It was difficult to make 

round capsules with less than 1% (w/v) Alg solution. Therefore the minimum ratio for Alg 

solution for cell encapsulation was chosen as 1% (w/v). As control Alg 1% (w/v) was also 

used.  To better understand the effect of SPI concentrations on the cell behavior these 0.5 

and 1% (w/v) SPI solutions were applied. Afterwards, cells were immobilized into the 

hydrogel at a density of 5×10
5
 cells/ml of hydrogel and subsequently transferred into an 

extrusion cartridge. Cell embedded microcapsules from Alg/SPI were fabricated according 

to the process described in Section 5.2.1. The fabricated microcapsules were sieved 

(Falcon™ Cell Strainers, Thermo Fisher Scientific, USA) and washed with HBSS to 

remove the adhered CaCl2 solution. 

 

ii. Cell viability measurement 

The investigation of metabolic activity of the encapsulated cells was carried out according 

to the following protocol. Firstly, culture medium was removed from the capsules. 

Capsules were then weighed (50 -100 mg). Afterwards 3 ml of 82.5 mM Trisodiumcitrate 

was added to the capsules and they were incubated at room temperature while gently 

shaking the tubes. When all capsules were dissolved, 15 ml of serum free culture medium 

was added. Then they were centrifuged at 300g for 4 min and the supernatant was 

removed. Cells were then resuspend in normal culture medium. The volume depends on 

the weight of the capsules. The ratio between capsule mass and medium volume should be 

equal for all samples. 100 µl cell suspensions were seeded in each of 3 wells of a 96 well 

plate and gave the cells 4 hours to adhere. The supernatant was then removed and replaced 

with 100 µl of normal culture medium. 100 µl medium was used in a fourth well as a 

blank. Afterwards, 10 µl of WST8 solution (promokine) was added to each well and 

incubated for 2 hours at 37°C. Then absorbance at 450 nm and 600 nm was measured. The 
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difference of both values was calculated. This was done to eliminate the absorbance of the 

plastic and the culture medium at 600 nm. 

 

iii. Cell staining and fluorescence microscopy 

To evaluate the viability of ADSC cells after 1 and 30 days of cultivation, the first and last 

day of the experiment, cells were stained with calcein AM (Invitrogen, USA), which stains 

the cytoplasm of living cells [257]. Esterases 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 gives information about 

the cell shape and membrane integrity which are the signs of normal cell behavior [257]. 

As mentioned in section 5.2.3 all cells were stained with Dil before encapsulation. Thus all 

cells embedded in the gel should be of red colour (except cells that proliferated after 

encapsulation) and all living cells should be of green colour due to calcein staining. 

Therefore when analyzing the images, mono-labeled red cells are dead cells, double-

labeled red/green cells are alive and mono-labeled green cells are divided after 

encapsulation. The fluorescent images were taken by using an inverted microscope 

(Olympus IX 83, Japan). 

 

5.3 Results and discussion 

5.3.1 Physical properties of Alg/SPI microcapsules 

i. Morphology and surface topography of microcapsules 

As shown in Figure 5.2b by a light microscopy image, Alg/SPI (as an example 

composition 50/50) microcapsules were round and globular like Alg microcapsules and 

exhibited uniform size with diameter in the range 350-1200 µm. The optimum size for 

needle diameter was 200µm. By decreasing the needle diameter due to the presence of 

some undissolved SPI particles the needle was clogged. On the other hand, with larger 

diameter of needle, no globular and round microcapsules could be produced.  It should be 

noted that in terms of sphericity of the microcapsules, the 50/50 concentration led to the 

most satisfactory results. 
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The surface topography of microcapsules of Alg (1%) and Alg (2%)/SPI (2%) of different 

compositions (30/70, 40/60, 50/50, 60/40 and 70/30) for both SPI suppliers was evaluated 

by scanning electron microscopy (SEM) (Figure 5.3 and 5.4). Alg microcapsules exhibit 

smooth surface with folded structure in regular patterns. For Alg/SPI microcapsules, this 

folded surface structure also contains lumps of SPI which changed the surface topography 

to being rougher and comparatively bumpy with deeper folds. Therefore, by increasing the 

concentration of SPI, the roughness of the capsules surface increased.  

Hydrogel microcapsules with SPI from NOW Sports (Figure 5.4) exhibited an 

inhomogeneous surface morphology in comparison to microcapsules fabricated with SPI 

from MP Biomedicals. This could be due to the fact that the SPI from NOW Sports does 

not dissolve completely in water at pH 7 and in that case SPI forms clusters in the 

microcapsules. However, the original surface morphology of the hydrogel microcapsule 

cannot be detected by this method because the hydrogels shrunk during the dehydration 

steps, which were performed by using a series of ethanol treatments before doing critical 

point drying as already was mentioned in the section 5.2.3.1. 

By 50% SPI content in the microcapsules (both SPI suppliers), smoother surfaces of 

microcapsules were observed indicating the convenient miscibility between SPI and Alg 

components at this weight ratio. Zheng et al. [155] also confirmed this statement for the 

same ratio (50/50) of Alg 3%/SPI 3% microspheres. Better miscibility in the 

polymer/polymer blend is driven by the intermolecular hydrogen bond between their 

a b 

Figure 5.2: Fabricated microcapsules a) Alg, b) Alg/SPI (50/50) showing round and globular 

microcapsules. 
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components [258]. In that case, the equal concentrations of Alg and SPI had the best 

miscibility by morphological analysis (SEM images), indicating a smooth and uniform 

surface due to the stronger hydrogen bonding. 
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Alg70/SPI(MPB)30  

Alg60/SPI(MPB)40  

Alg50/SPI(MPB)50  

Alg40/SPI(MPB)60  

Alg30/SPI(MPB)70  

Figure 5.3: SEM images of microcapsules fabricated from Alg (1%) and Alg/SPI (MPB) of different 

compositions. Right images are whole microcapsules and left images are magnified views of the 

surface area of the corresponding microcapsules. 
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Alg70/SPI(NS)30  

Alg60/SPI(NS)40  
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Alg40/SPI(NS)60

Figure 5.4: SEM images of microcapsules fabricated from Alg/SPI (NS) of different compositions. 

Right images are whole microcapsules and left images are magnified view of the surface area of the 

corresponding microcapsules.  
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After immersion for 21 days in HBSS again the folded structure of Alg microcapsules was 

observed by SEM (Figure 5.5b). However as shown in Figure 5.5 microcapsules of 

Alg30/SPI(MPB)70, Alg70/SPI(MPB)30 and Alg60/SPI(MPB)40 had comparatively 

deeper folds and slightly even surface after 21 days of incubation which could be due to 

the lower miscibility of these concentrations which led to higher protein release in 

comparison to Alg50/SPI(MPB)50. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.5: SEM images of microcapsules after 21 days in HBSS; Alg (1%) and Alg/SPI (MPB) of 

different compositions. Right images are whole microcapsules and left images are magnified views 

of the surface area of the corresponding microcapsules. 
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An inhomogeneous surface morphology was observed for NS microcapsules after 21 days 

of incubation in HBSS as shown in Figure 5.6, particularly in comparison to MPB 

microcapsules due to the lower solubility of this kind of SPI in water. Here again the deep 

folded structure was observed for all concentrations except for the 50/50 mixture which 

could be due to the lower miscibility at these concentrations and higher protein release. 

Figure 5.6: SEM images of microcapsules after 21 days in HBSS; Alg/SPI (NS) of different 

compositions. Right images are whole microcapsules and left images are magnified views of the 

surface area of the corresponding microcapsules. 
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ii. Water uptake behavior 

Figures 5.7 and 5.8 show the water uptake behavior of Alg/SPI (both MPB and NS) 

microcapsules in HBSS. As shown in both Figures, the water uptake ratio for all 

compositions of Alg/SPI hydrogel microcapsules decreased compared to pure alginate 

microcapsules. The water uptake behavior of alginate microcapsules increased to 3000% 

up to 50 hours and then formed a plateau. However, all compositions of Alg/SPI (MPB) 

and Alg/SPI (NS) showed between 800-1500% and 1200-1500% water uptake ability until 

the plateau was reached, respectively. The higher water uptake of NS microcapsules in 

comparison to MPB microcapsules can be due to the lower solubility of NS SPI in water 

(as discussed in section 4.2.1) and the formation of SPI clusters in the microcapsules which 

can lead to faster release of SPI specially during the first hours creating more free spaces 

for water absorption.  

 

 

        Figure 5.7: Water uptake behavior of Alg and Alg/SPI (MPB) microcapsules in HBSS. 
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         Figure 5.8: Water uptake behavior of Alg and Alg/SPI (NS) microcapsules in HBSS 

 

iii. Swelling and degradation behavior 

Swelling and degradation behavior of all compositions of Alg/SPI (MPB) and Alg/SPI 

(NS)  microcapsules was investigated in HBSS for 1, 4, 7, 14 and 21 days of incubation 

time (Figure 5.9 and 5.10).  

If the mass of the capsules decreased over the incubation time compared to the initial 

weight of the capsules, degradation of the hydrogel microcapsules occurred. Otherwise, an 

increase of the mass led to a negative degradation which indicates swelling of the 

microcapsules. The exact mass calculation of the capsules was difficult due to the 

adherence of residual medium or water after washing. In some of the samples, the standard 

deviation of the four determined mass values was very high. Therefore, for clarity, in 

Figure 5.9 and 5.10 error bars are not shown. In fact it was not possible to determine 

statistically significant differences between the different Alg/SPI samples 
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The negative mass value for the Alg capsules in the first 4 days of incubation indicated 

swelling of the microcapsules. Moreover, the slow degradation of Alg capsules was 

observed over the incubation time which has been also reported before [210,236].  

 

Figure 5.9: Swelling and degradation behavior of Alg and Alg/SPI (MPB) microcapsules in HBSS. 

 

Figure 5.10: Swelling and degradation behavior of Alg and Alg/SPI (NS) microcapsules in 

HBSS. 
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Alg/SPI microcapsules degraded during the incubation time due to the release of SPI in the 

medium. This result was also confirmed by light microscopy observations as shown in 

Figure 5.11 for example for the Alg50/SPI (NS) 50. The areas which are marked by white 

arrows indicate the release of SPI in HBSS during 21 days of incubation time. 

 

 

 

 

 

 

 

 

 

Figures 5.12 and 5.13 show the column bar graphs of the mass reduction (%) for both NS 

SPI and MPB SPI microcapsules, respectively. Despite the large relative errors in the 

measurement, microcapsules from SPI (MPB) showed slow degradation during the first 4 

days with a degradation rate under 10% while microcapsules from SPI (NS) had higher 

degradation rates up to 20%. Even after 21 days of incubation, microcapsules from SPI 

(NS) indicated higher degradation up to 35% in comparison to microcapsules from SPI 

(MPB), which was only up to 25%. The reason for this behavior as mentioned before, can 

be the lower solubility of the SPI (NS) in water and the formation of SPI clusters in the 

microcapsules, which can be released easily in the medium after incubation in HBSS. 

 

 

 

 

a b 

Figure 5.11: Light microscopy pictures of microcapsules fabricated from Alg50/SPI (NS) 50 on day 

0 (a) and day 21 (b) of incubation in HBSS. The areas shown by white arrows contain SPI which 

was released from the capsules. 
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Figure 5.12: Column bar graph of swelling and degradation behavior of Alg and Alg/SPI (NS) 

microcapsules in HBSS with error bars. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.13: Column bar graph of swelling and degradation behavior of Alg and Alg/SPI (MPB) 

microcapsules in HBSS with error bars. 
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5.3.2 In vitro cytocompatibility 

i. Cell viability measurement 

To assess the viability of encapsulated ADSC cells in microcapsules, the dehydrogenase 

activity of the cells was analyzed by WST-8 assay after 7 and 21 days of cultivation time 

according to the protocol, as described in section 5.2.4.2. Assuming that the dehydrogenase 

activity is directly proportional to the number of viable cells, the measured absorbance was 

interpreted as an indicator for the number of living cells.  As mentioned in section 5.2.4.1 

the final concentrations of SPI/Alg solutions for microcapsules fabrication were 

Alg(1%)/SPI(MPB)(1%)(MPB1) (50/50) and Alg(1%)/SPI(MPB)(0.5%)(MPB0.5) which 

were considered for the cell culture study. Alg (1%) was used as control.  

As shown in Figure 5.14, after 7 days of incubation the cell viability for microcapsules 

containing SPI was significantly higher compared to pure Alg capsules and by increasing 

SPI content this value significantly increased as well. However, after 21 days of cultivation 

Alg microcapsules showed better cell viability and the result was rather in the same level 

as 0.5% SPI. 1% SPI microcapsules indicated also better cell viability after 21 days and the 

result was still significantly higher compared to both other types of capsules.  

When the hydrogels were dissolved for separating the cells in order to measure cell 

viability, it was observed that cells strongly attached to the SPI particles. Cells tended to 

attach to the SPI because alginate has no Arg-Gly-Asp (RGD) motif for cell attachment. 

Since SPI was not dissolved completely, the gel consisted of alginate (unsuitable for cell 

attachment) blended with little lumps of SPI and cells preferred to bind with SPI over 

binding to alginate. There was no considerable difference in cell viability between 7 and 21 

days of cultivation of cells encapsulated for MPB1 microcapsules. The reason might be 

that cells started differentiating at that time point or perhaps the density of the capsules was 

too high, not allowing cells to proliferate to a large extent.  
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There was a strong correlation between cell viability and the biodegradability of hydrogel 

microcapsules. Higher degradation rate supported higher cell viability. When there was 

more concentration of SPI proteins in the capsules there was higher release of SPI proteins 

therefore, more free cavities in the hydrogel capsules were created as discussed above. 

Generally, degradation of hydrogels leads to changes of the bulk properties and aids 

transporting of matrix molecules which contributes to the development of pericellular and 

extracellular matrices [259]. Furthermore, due to degradation of the hydrogel, the mesh 

size of the hydrogel increases, the cavities in the hydrogel capsules are developed enabling 

cells to anchor and migrate [260]. 

ii. Cells staining  

As shown in Figure 5.2-b, Alg/SPI capsules are non-transparent. Therefore, observing the 

morphology of cells encapsulated in the hydrogels is difficult. For this reason the cells 

were labeled by using Vybrant® (DiI) before encapsulation. Figure 5.15 shows living 

Figure 5.14: Cell viability of ADSC cells encapsulated in Alg (1%), Alg(1%)/SPI (MPB)(0.5%) and 

Alg(1%)/SPI (MPB) (1%) (50/50) hydrogel microcapsules after 7 and 21 days of cultivation. 

Significant differences are indicated in comparison to control: *p < 0.05, **p < 0.01 and ***p < 0.001 

(Bonferroni's posthoc test). 
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ADSC cells (stained with calcein AM) encapsulated in Alg, MPB0.5 and MPB1 hydrogels 

after 1 and 30 days of cultivation. Day 1 and 30 were used in this study because they were 

the first and the end point of cycocompatibility studies. Since cells were encapsulated at 

different levels inside the microcapsules, in the images some cells were blurry.  
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Day 1 Day 30 

Figure 5.15: Calcein AM staining of encapsulated ADSC cells into (a,b) Alg, (c,d) MPB0.5 and 

(e,f) MPB1 after day 1 (left column) and  day 30 (right column) of cultivation. White arrows in 

images (d,f) show elongation of the cells inside the hydrogel. 
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It is clearly observed that cells were mostly alive, which is shown in green (stained with 

calcein) or yellow color due to the double labeled red/green color. Few dead cells are 

visible which are in red color. The monolabled green color cells show proliferated cells 

after encapsulation. A higher cell number is seen for capsules containing SPI compared to 

pure Alg. The most important observation was the elongation of some cells in the Alg/SPI 

capsules after 30 days of cultivation. Such cells are indicated with white arrows in Figure 

5.15 (d,f). The reason might be that SPI containing microcapsules exhibited comparatively 

higher degradation behavior than Alg capsules and created more voids and channels inside 

microcapsules which in turn reduced the mechanical stress on the encapsulated cells and 

provided a convenient environment for cell elongation and proliferation. The same result 

was reported by Silva et al. [242] for alginate/keratin capsules after 4 weeks of cultivation 

in comparison to pure alginate microcapsules. Cells were able to grow and proliferate in 

alginate/keratin hybrid capsules however; this result was not observed for encapsulated 

cells in pure alginate [242].  
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Figure 5.16: Phase-contrast images of a) Alg, b)Alg/SPI(0.5%) after day 1 and c) Alg/SPI(0.5%) 

after day 30 of cultivation. Black arrows in the image c) indicate the elongation of cells inside the 

hydrogel microcapsule. 
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It should be highlighted that no study showing encapsulation of cells in the presence of SPI 

is available to compare the present results. 

Moreover, in the relevant study, encapsulated cells in alginate/silk fibroin microcapsules 

were able to proliferate after four days of incubation which was not observed for 

encapsulated cells in pure alginate capsules [243]. All these results indicated that blending 

alginate with proteins (soy protein, keratin and silk fibroin) enhances the cell-material 

interaction by providing cell adhesion motifs and creates a convenient environment for cell 

elongation and proliferation.  

Figure 5.16 shows the phase-contrast images of encapsulated ADSC cells in Alg and 

MPB0.5 microcapsules after 1 day. The elongation of cells in the MPB0.5 microcapsules 

after 30 days of cultivation indicated with black arrows, is also shown.  

 

5.4 Conclusions 

The aims of the study presented in this chapter were the fabrication and characterization of 

microcapsules based on different compositions of Alg/SPI hydrogels. The in vitro 

biocompatibility of this hydrogel for cell encapsulation was evaluated.  For the first time 

Alg/SPI hydrogels were used for cell encapsulation. Microcapsules from all compositions 

of Alg/SPI (both SPI suppliers) showed higher degradability compared to Alg 

microcapsules and this fact was confirmed to be very important for application in tissue 

engineering. SEM images showed a rougher and disordered surface morphology of 

Alg/SPI microcapsules compared to Alg microcapsules, specially for SPI from NS. This 

appearance was less for Alg(1%)/SPI(1%)  owing to better miscibility of Alg and SPI in 

this concentration as a result of stronger hydrogen bonding. The in vitro cell study on 

Alg/SPI hydrogels, both MPB0.5 and MPB1, indicated spreading, migration, and 

proliferation of encapsulated hADSCs. Higher degradation of MPB0.5 and MPB1 hydrogel 

microcapsules in comparison to pure Alg microcapsules led to development of voids in the 

capsules, creating an appropriate environment for cell elongation which was not observed 

in pure Alg hydrogel microcapsules. Alg/SPI based hydrogels are thus a suitable 

biocompatible hydrogel system able to encapsulate stem cells (here hADSCs), being thus 

highly relevant for tissue engineering applications.     
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Chapter 6 

Three dimensional soy protein based scaffolds 

for tissue engineering applications 

 

6.1 Introduction  

The main goal of the scaffold in tissue engineering as mentioned in Chapter 2 is to create a 

temporary matrix that can mimic the natural extracellular matrix (ECM) of the body, until 

new tissue is generated by the seeded cells. The biocompatibility, biodegradability and 

optimal mechanical properties of the scaffolds are critical or they determine the success of 

the TE approach [261]. There are several techniques to produce porous structures for tissue 

engineering [262,263] and two of them were employed in this investigation for making 

porous scaffolds. The first one was electrospinning. Electrospinning can be used to 

manufacture fine fibers down to the nanoscale [264]. The ECM contains nanofibers such as 

collagen, elastin and fibronectin, which maintain the tissue structure and have an effect on 

cell migration, adhesion and proliferation [265]. In order to mimic  the ECM morphology, 

polymeric nanofibrous scaffolds have been fabricated and widely investigated for tissue 

engineering applications [266]. The high surface area of nanofibrous scaffolds includes 

high protein adsorption and superior cell attachment, proliferation, and differentiation 

[266]. Electrospun nanofibers are formed on a conductive target from a liquid polymer 

solution or melt that is passing through a conductive needle into an area of high electric 

field [267]. However, in electrospinning there is usually some heterogeneity of the pore 

size and pore interconnectivity and also cells must be seeded later on the previously 

formed fibrous Scaffolds [268]. The second technique considered in this project was 

additive manufacturing to create hydrogel scaffolds. Additive manufacturing in the context 
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of TE methods have given origin to the field of biofabrication. The aim of biofabrication is 

to produce scaffolds containing cells in a one-step process. In biofabrication approaches 

cells are mixed with a hydrogel which should have suitable properties to be printed by 

additive manufacturing techniques [8]. In 2000 Landers et al [9] developed the bioplotting 

dispensing technique as one representative method of additive manufacturing technologies 

to fabricate hydrogel scaffolds. 

On the other hand, incorporation of bioactive glass (BG) particles into biopolymers leads 

to composite materials with bioactive properties and improved mechanical behavior 

[185,269,270]. 

Electrospinning of soy protein isolate (SPI) has been already investigated. Some research 

work has dealt with the electrospinning of SPI by using harmful toxic solvents 

[19,56,123,142], while the focus of other works has been on the optimization of the 

electrospinning process by using benign solvents [59,120]. For bioplotting, the ratio of 

70% alginate and 30 % SPI was used for fabrication of hydrogel scaffolds. The aim of this 

part of the study is to investigate the fabrication and characterization of soy protein based 

scaffolds, obtained by electrospinning and bioplotting techniques. The use of SPI from 

human dietary supplements and animal feeding with expecting less immunogenicity, for 

the fabrication of composite fibers or hydrogel scaffolds, could thus contribute to the 

development of a new family of SPI-based scaffolds for tissue engineering applications.  

 

6.2 Materials and Methods 

6.2.1 Materials 

Commercially available soy protein isolate (SPI) (protein content ~ 90 %) from MySupps 

(Germany) (MS) and MP Biomedicals (USA) (MPB) (used in the research reported in 

Chapter 3-5) were used in this study. The new SPI used in the present Chapter (MySupps) 

was selected with the same purpose started in Chapter 3, namely to investigate possible 

different behavior for different suppliers. Sodium hydroxide (NaOH), poly ethylene oxide 

(PEO) with an average molecular weight of 900,000 Da was purchased from Sigma-

Aldrich, Germany. Commercially available micron size BG particles (mBG) of 45S5 

composition (in wt%:  45 SiO2, 24.5 CaO, 24.5 Na2O, 6 P2O5) (Vitryxx®, mean particle 

size 2 µm, Schott AG, Mainz, Germany) and the same nano sized 45S5 BG (nBG) used in 

the experiments reported in Chapter 3 were used. 
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6.2.2 Electrospinning 

According to the protocol reported by Ramji et al. [59],  7wt. % SPI, 3 wt. % PEO, 1 wt. % 

NaOH, and 89 wt. % water were mixed and heat treated at 60˚C to form a complete 

homogenous solution. For the fabrication of composite nanofibers 1 wt. % of nBG and 

mBG were added to the blend solution. At first, a concentration of 0.5 wt. % BG particles 

was used according to Moura et al. [207] but this amount was increased to 1 wt. % as 

qualitatively a better distribution of BG particles in the fibers was observed in preliminary 

studies. Therefore, the rest of the experiments was carried out with 1wt. % BG particles. 

Electrospinning was performed using a commercially available setup (Starter Kit 

40KVWeb, Linari Engineering srl, Valpiana (GR), Italy). The solution was placed in a 

plastic syringe fitted with a 21-gauge needle and mounted on a syringe pump. The flow 

rate into the needle tip was around 1 mL/h. The SPI/PEO nanofibers were fabricated under 

an applied voltage of 15 kV, using a needle-target distance of 12 cm. Ramji et al. [59] 

applied different voltages from 15 to 27 kV and also in that study the flow rate and the 

distance between needle tip and collector were optimized to 0.004 ml/min and 18 cm, 

respectively. In the present investigation, a series of preliminary experiments were 

conducted to identify suitable electrospinning parameters. To obtain smooth and uniform 

fibers the voltage, working distance and solution flow rate were considered as the variable 

of the process, and 15kV, 12 cm and 1 mL/h, respectively were found as the most suitable 

ones. The influence of the relative humidity (RH) during the electrospinning process was 

assessed by using a commercially available electrospinning apparatus (EC-CLI platform, 

IME Technologies, Geldrop, The Netherlands), with accurate control of temperature and 

RH. 

 

6.2.3 Characterization 

The morphological analysis of the electrospun fiber scaffolds was performed using 

scanning electron microscopy (SEM) (Auriga-Zeiss). The samples for SEM analysis were 

sputter coated (Sputter Q150T, Quorum Technologies, Darmstadt, Germany) with gold 

before SEM examination. Standard tensile testing for the fibrous scaffold was done using a 

Z050 machine (Zwick Roell, Germany) with a load cell of 50N and speed of 1mm/min up 

to 0,25% elongation, determination followed by 10 mm/min until sample fracture. These 

parameters were standardized for electrospinning polymer fibers. Average fiber diameter 
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and porosity measurements were performed by using the software Fiji [271] with its 

straight line and polygonal selection tools and ROI manager for managing the data sets. 

Every experiment was repeated three times (n=3). Statistical analyses were accomplished 

by one-way analysis of variance (ANOVA). The chemical structure of the samples was 

assessed by Fourier transform infrared (FTIR) spectrometer (IRAffinity-1S, Shimadzu, 

Japan). The analysis was performed under the following conditions: spectral range between 

4000 and 400 cm
-1

, 32 scans at a resolution of 4 cm
-1

 were recorded. Fibrous scaffolds 

were used to record attenuated total reflectance Fourier transform infrared (ATR FTIR) 

spectra. Moreover, to investigate the cytocompatibility of the scaffolds, 100.000 mouse 

embryonic fibroblast cells (MEF cells) were seeded with 1ml of medium (Dulbecco's 

Modified Eagle Medium (DMEM), 10% Fetal Calf serum (FCS) and 1% antibiotic 

(penicillin and streptomycin)) on the 24 tissue culture well plate (VWR, Germany) 

containing fibrous scaffolds. The samples were cut to pieces of circular shape (diameter 

13.5 mm) and they were sterilized by exposing to UV irradiation for an hour. The 

thicknesses of the samples were between 10-170 µm. The viability of cells after 24 hours 

of cultivation was evaluated by analyzing with WST-8 assay. The control was without any 

scaffold. Every experiment was also repeated three times (n=3). 

 

 

6.2.4 Results and discussion 

i. Fibers morphology 

Fig. 6.1(a–f) shows SEM images of the electrospun fibrous scaffolds of both SPIs with and 

without bioactive glass addition.  

In electrospinning humidity is one of the environmental factors which can have an effect 

on the fibers morphology especially when the solvent is water [272]. The turning point of 

the humidity in the present experiment was the level of 50%. Below 50%, the fibers were 

not focalized on a specific area on the target, they were not flat and there was no fiber 

dispersion in the electrospinning chamber.  During the electrospinning process, the solvent 

evaporates during the time of flight (from the tip of the needle to the target). However for 

aqueous solutions, the evaporation of water at high humidity is difficult due to the prior 

humidity saturated environment. This leads to wet fiber formation at high humidity. Wet 

fibers could still accumulate, become flat and spread out not only on the target.  
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Fibers obtained from MS showed better results than the ones fabricated from MPB in terms 

of structural homogeneity. The MS fibres exhibited fewer cracks at the intersections. MS 

fibers even had acceptable results at humidity of 50%. However, the results at 60% RH 

were less satisfying than the ones from MPB. From these results it became clear that the 

optimum value of RH for the electrospinning of SPI should be less than 50%. Moreover, 

the average fiber diameter for MPB fibers was quite similar at different percentages of 

humidity. For MS fibers the average diameter decreased with increasing humidity. This 

result might be due to the slight difference in the amount of amino acids in each of the SPI 

products. 

nBG 

mBG 

MS MPB 

Figure 6.1: SEM micrographs of electrospun fibers with and without BGs: a, b, c: SPI 

(MS) and d, e, f: SPI (MPB), with micron size and nano sized BG, respectively. Scale Bar: 

2 µm and 1µm. Reproduced with permission from [279]. Copyright 2017, Elsevier. 
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ii. FTIR 

FTIR was performed to confirm the blend SPI/PEO composition.  As reported in Figure 

6.3, the peaks of amides I, II, III and A are typical for proteins. They are all found in the 

FTIR spectra of SPI MPB and MS powders but they are not observed in the PEO spectrum. 

0.27±0.08 Fiber 

diameter 

average [µm] 

0.23±0.04 

0.24±0.09 

0.26 ±0.06 

0.16 ±0.05 

0.17±0.03 

0.23±0.06 

0.18±0.03 

Figure 6.2: SEM micrographs of electrospun fibers formed of different percentages of relative 

humidity: a, b, c, d SPI (MS) and e, f, g, h SPI (MPB) at 30, 40, 50 and 60% relative humidity, 

respectively. Scale Bar: 2 µm and 1µm. Reproduced with permission from [279]. Copyright 2017, 

Elsevier. 



Chapter 6: Three dimensional soy protein based scaffolds for tissue engineering 

applications 
  

 

   111 | P a g e  
 

Those bands can be located also in electrospun fibers of the blends. Amide I at 1645cm
-1

 is 

typical for the C=O stretching vibration [221–223]. Amide II at 1550 cm
-1

 belongs to the 

N-H bending vibration and C-N stretching vibration [221–223]. The small peak for Amide 

III at about 1300 cm
-1

 is not as clear as the others and relates to N-H bending vibration and 

C-N stretching vibration like Amid II [222,223]. The wide range from 3200 cm
-1

 to 

3600 cm
-1

 belongs to the Amide A structure which origins from the N-H stretching 

vibration, but it does not relate to the backbone structure [222,223,273]. The C-H stretch at 

about 2900 cm
-1

 is for the proteins not as strong as for the PEO [274].  

The absorbance for the two powders is negligible at this wavelength. The strongest peak at 

1100 cm
-1

  is related to the stretching of ether and methylen groups [275]. The bands found 

in PEO and not in the powders are also present in the blends. The addition of BG is not 

detected, as seen for nBG in the FTIR spectrum, due to the low amount present in the 

composites. As shown in Figure 6.3 the spectra of MS mBG is similar to MS nBG. 

Therefore due to the similarity of MPB mBG to MPB nBG the spectrum of MPB mBG is 

not shown in Figure 6.3. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.3: FTIR spectra from both SPI fibers with and without bioactive glass particles 

and SPI and PEO powders. The relevant peaks are discussed in the text. Reproduced with 

permission from [279]. Copyright 2017, Elsevier. 
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iii. Mechanical properties 

Table 6.1 shows the results of the tensile strength test and the morphology of the fibers for 

the blends (MPB, MS) and for the blends with BG (nBG, mBG). For the ultimate tensile 

strength (UTS) and Young’s modulus, the average of 3 measurements was taken. The 

number of fibers for diameter calculation was 50. The same amount of pores was taken for 

determining the pore size range. In SEM images fixed areas were taken to calculate the 

percentage of pores in this area. 

Normally the addition of inorganic filler increases the stiffness and Young’s modulus of 

polymers [226]. However, this increment of properties was not obtained for MPB. The 

reason might be the lack of interaction of the particles with the polymer and the 

agglomeration of both nano and micron sized of BG particles.  For MS, as shown in Figure 

6.4 and Table 6.1, nanosized BG led to an increase of stiffness, however micron sized BG 

particles decreased it. This result can be explained by the size and morphology of the 

micron sized BG particles, in fact such particles do not incorporate in the fibers and they 

tend to agglomerate, as reported in literature [276]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.4: Young’s modulus of SPI fibers with and without BG particles. Statistically significant 

differences are indicated as: *p < 0.05, **p < 0.01 and ***p < 0.001 (Bonferroni's posthoc test). 
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Before Electrospinning and after the addition of BG particles, the polymer solutions 

containing BG were stirred for 2 hours and then 3 min ultrasonic bath was used to disperse 

the BG particles in the polymer solutions. Due to the addition of NaOH the pH values of 

the polymer solutions were almost around 11 and at this pH, both SPI and BG particles 

were negatively charged [277,278]. Therefore, a repulsive force developed between SPI 

and BG particles which led to the precipitation and agglomeration of BG particles. 

Thereby, the ultrasonic bath was used immediately before electrospinning. 

 Table 6.1: Mechanical properties and morphology characteristics of different soy protein fibrous 

scaffolds with and without BG. Reproduced with permission from [279]. Copyright 2017, Elsevier. 

 

 

iv. Viability of MEF cells 

There were no visual changes in the color of the DMEM after 24 hours of cultivation of 

MEF cells due to the possible increase or decrease of the pH as a result of the addition of 

the fibrous scaffolds. Moreover, as shown in figure 6.5, the cell viability analysis of all 

types of samples indicated similar results to the control and they were not significantly 

different, which confirms the biocompatibility of these scaffolds for tissue engineering 

applications. Also the addition of 1 wt. % BG particles was not toxic for cells and they 

were viable similar to the control. However, this result was a preliminary cytocompatibility 

study of the SPI based fibrous biomaterials. Further in vitro investigations need to be done 

after crosslinking of these fibrous scaffolds to confirm the superior biocompatibility of 

these SPI based fibrous scaffolds. It is worthwhile noticing that Ramji et al. [59] cross 

linked 7% SPI/3% PEO fibrous scaffold by EDC/NHS and then cultured the human 

mesenchymal stem cells on the these fibrous scaffold. The results indicated that the 

SPI/PEO nanofiber scaffolds could support hMSC adhesion, viability and proliferation 

 MPB MPBnBG MPBmBG MS MSnBG MSmBG 

UTS [N/mm
2
] 1.81±0.09 0.7±0.3 0.6±0.2 1.8±0.7 1.2±0.3 1.04±0.03 

Fiber diameter 

average [nm] 

255±55 227±60 246±63 351±143 289±60 278±105 

Fiber diameter 

range [nm] 

166-469 39-386 161-401 209-699 141-450.6 158-697 

Pore size range 

[µm
2
] 

0.03-1.90 0.03-0.83 0.02-1 0.01-1.5 0.04-2.1 0.01-4.23 

Porosity [%] 29±1 24±2 17±1 23±2 32±2 22±3 
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[59]. Therefore, according to cell study results by Ramji et al. [59] and considering the 

present cell study results, it can be anticipated that there might be no toxic effect by the 

addition of BG particles when the fibrous SPI scaffolds will be crosslinked by EDC/NHS. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

6.2.5 Fabrication of Alg/SPI hydrogel based scaffolds  

Fabrication of Alg/SPI (70/30) hydrogel based constructs was carried out using a three 

axes moveable bioplotting machine (type BioScaffolder 2.1, GeSiM, Germany). The 

bioplotter is equipped with an air controlled extrusion system which is compatible with the 

syringe micronozzles (Nordson EFD). The syringe was filled with the hydrogel. The design 

and dimensions of hydrogel scaffolds were defined with a ‘‘Scaffold generator’’ software. 

As simple test for investigation of the biofabrication capability of Alg/SPI (70/30) 

hydrogel, cubic structures with 10 struts per layer in each direction and four layers in total 

with an edge length of 15 mm were used. Higher number of struts and layers led to the 

overlapping of hydrogel struts and filling the pores. Hydrogel structures were directly 

plotted into six well tissue culture plates (VWR, Germany).  After  printing,  the hydrogel 

constructs  were  ionically crosslinked by 0.1 M CaCl2 solution for 10 min, the remained 

Figure 6.5: Cell viability of MEF cells after 24 hours of cultivation. No 

statistically significant difference between cell study values. 
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Ca
+2 

ions  were  removed  by  washing  with  Dulbecco’s  modified Eagle’s medium 

(DMEM). The plotting  process  parameters  were:  micronozzle  diameter  of 200 µm, 

pressure around 70 kPa with  plotting  speed  of  20 mm/s.  These parameters optimized 

according to our solution viscosity and also encapsulated cells to obtain uniform structure 

without damaging cells. During cultivation, samples were kept in an incubator at 37˚C in 

humidified atmosphere of 95% air and 5% CO2 to provide a convenient environment for 

cells to grow and proliferate. DMEM culture medium contained 10% (v/v) fetal bovine 

serum and 1% (v/v) penicillin/streptomycin and it was changed after 2 days. 

 

6.2.6 Morphology of the hydrogel scaffold 

Scaffold geometry and structure with and without cells after 2 days of incubation were 

observed by bright field microscopy (Primo Vert, Carl Zeiss, Germany). The strut width 

and center line length of pores of the scaffolds were indicated in the light microscope 

images. The goal of this part of the research was to investigate the possibility of the 

bioplotting Alg/SPI hydrogel scaffolds. In addition, it was intended to determine the 

capability of the bioplotted scaffolds to encapsulate cells. Therefore, all the results were 

performed for 2 and 4 days of incubation, which allowed the evaluation of the initial 

biocompatibility of Alg/SPI bioplotted scaffolds.   

 

6.2.7 In vitro cytocompatibility 

Cell viability (MEF cells) was assessed by live-dead fluorescence staining using calcein 

AM (InvitrogenTM, Molecular probes® by Life technologiesTM, USA) and Propidium 

iodide (InvitrogenTM, Molecular probes® by Life technologiesTM, USA). The live and 

dead cells in the hydrogel constructs after 2 and 4 days of cultivation were visualized by 

fluorescence microscope (FM) (Axio Scope A.1, Carl Zeiss Microimaging GmbH, 

Germany). 
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6.2.8 Results and discussion  

i. Morphology 

 In this investigation, grid-like structures were plotted for the fabrication of scaffolds. The 

ratio 70/30 of Alg/SPI was used for hydrogel bioplotting due to the suitable viscosity of 

this combination in comparison to the 50/50 composition. With higher concentration of 

Alg, the viscosity of the final solution increased [117] and in preliminary studies it was 

shown that such composition led not result in 3D structures. Grids or meshes create 

geometries that enable the formation of tailored porous structures for improved 

vascularization [280]. As shown in Figure 6.6 hydrogel scaffolds with and without cells 

after 2 days of incubation, were obtained. The pore size was larger than 300 µm, which is 

recommended for vascularization in bone tissue engineering applications [281]. 

 

 

 

 

 

 

 

ii. Cell viability  

The viability of encapsulated MEF cells in the hydrogel scaffolds was assessed by live-

dead staining. In live cells the non-fluorescent calcein AM is converted to a green-

fluorescent calcein due to hydrolysis of acetoxymethyl ester by intracellular esterases 

[257]. Since propidium iodide is not permeant to live cells, it preferentially stains the DNA 

of dead cells [282]. After 2 and 4 days of cultivation (Figure 6.7), it is observed that the 

encapsulated MEF cells in the Alg/SPI constructs were mostly alive, as they are shown in 

green color, stained with calcein. Few dead cells are visible which appear in red color, 

stained with propidium iodide. However, the degradation of the hydrogel struts was not 

enough at these time points to provide free spaces for cells to elongate and proliferate. 

a b c 

Figure 6.6: Light microscope images of Alg/SPI constructs; a) without cells and b, c) with cells after 

2 days of cultivation. 

500 µm 

c 

500 µm 

b 

500 µm 
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Further cell biology studies for longer periods of time should be carried out in future 

research.    

 

 

 

 

 

 

 

 

 

 

6.3 Discussion 

The smaller fiber diameters of both SPI containing micron and nano sized fibrous scaffold 

in comparison to the pure SPI scaffolds could be the result of the increase of the solution 

conductivity which is caused by the addition of BG in the electrospinning solution. 

Dissolution ions of BG particles in the polymer solution likely increase the charge of the 

polymer jet leading to higher imposed surface tension (elongation force) to the polymer jet 

where the electrical field is applied. Thereby, higher charge density splits the jet polymer 

into smaller jets and produce fibers with smaller diameters [283,284]. The same result 

occurred also for electrospun nano-hydroxyapatite/poly(lactic-co-glycolic acid) composite 

nanofibers [285]. Moreover, Zong et al. [286] fabricated poly (D,L-lactic acid) (PDLA) 

fibers with the addition of ionic salts such as KH2PO4, NaH2PO4 and NaCl. Results showed 

bead less fibers with relatively smaller diameters ranging from 200 to 1000 nm [286].  

Biofabricated SPI/Alg scaffolds showed homogenous distribution of the cells over the 

scaffolds which was consistent with the outcomes of bioplotted alginate-gelatin crosslinked 

hydrogels [236]. However, the low stiffness of hydrogel based materials is one of the most 

a 

Figure 6.7: FM images of viable (green) and apoptotic (red) MEF cells encapsulated in Alg/SPI 

hydrogel constructs after a) 2 and b) 4 days of cultivation in cell-culture medium. 
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difficult problems for printing complex structures mimicking real tissue. In that case, in 

some reports chemical modifications and crosslinking or changing the concentrations and 

molecular weight of the biopolymers are considered [287,288]. Even though by increasing 

polymer concentration better mechanical properties can be obtained, higher pressure and 

shear stress are needed for extrusion to overcome the viscoelasticity of high polymer 

concentration, which can lead to damage of the embedded cells [132,289]. To tackle this 

problem, Zehnder et al. [290] fabricated hot-melt extruded thermoplastic polymers together 

with bioplotted cell loaded hydrogel to provide mechanical stability of the constructs by 

thermoplastic polymers as well as an appropriate environment for cells by alginate-gelatin 

crosslinked hydrogels. The present study indicated the possibility of using Alg/SPI 

hydrogels for bioplotting cell encapsulated scaffolds. Moreover, the preliminary cell 

studies showed the biocompatibility of these bioplotted scaffolds for biofabrication. 

However like other hydrogel bioplotted scaffolds, Alg/SPI has a narrow window of process 

parameters for bioprinting. Low concentrations of hydrogels usually have a poor 

printability. Therefore, high concentrations or higher crosslinking densities are essential to 

keep proper printing capability, which will limit the cell grow and migration or they may 

damage the cells [291]. It is still an important challenge to find an ideal biomaterial which 

has a proper viscosity, convenient strength, appropriate cytocompatibility and 

degradability for biofabrication.  

 

6.4 Conclusions 

In this chapter the results of the development of fibrous and 3D bioplotted scaffolds based 

on SPI were presented. SPI-based electrospun fibrous scaffolds containing bioactive glass 

micro-scale or nano-scale BG particles and also bioplotted hydrogel scaffolds were 

successfully prepared. To the best of the authur’s knowledge, this is the first time that such 

3D scaffolds from SPI have been made. The cell viability results confirmed that both types 

of scaffolds are promising candidates for tissue engineering applications. The addition of 

BG in the fibrous scaffolds had no negative effect on the proliferation of MEF cells. 

Further investigations about crosslinking the nanofibers to study the composite fibers 

bioactivity and to increase their stability in aqueous solution for further cell viability tests 

should be done in future studies. 
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Chapter 7 

Overall Conclusions and Outlook 
 

This research project investigated the fabrication and characterization of innovative SPI-

based biomaterials in a variety of morphologies, with respect to wound healing and tissue 

engineering. Within the framework of this thesis, SPI was used in the form of films and 

hydrogel membranes focusing on wound healing and as hydrogel microcapsules, as well as 

3D-bioplotted and fibrous scaffolds for tissue engineering applications. The overall 

conclusions of this project and the outlook for future studies are presented in this chapter, 

considering four categories based on the different forms of the SPI based biomaterials 

investigated. 

7.1 SPI based films with and without bioactive glasses as wound dressing 

materials 

SPI composite films containing three different types of nano BG particles were developed 

and studied. The addition of BG was considered to promote the coagulation cascade which 

is the first important phase in the wound healing process. Therefore, a coagulation assay 

was performed and the result demonstrated superior blood coagulation result for the SPI 

films containing BGs. To understand the biological effect of the release of BG ionic 

dissolution products, a cell culture study was performed by cultivation of MEF cells on the 

films. Results indicated that MEF cells were capable to grow better on the SPI films 

containing BG specially for SPI-13-93 compared to pure SPI films. This result could be 

due to the smooth surface morphology of this film and the better interaction of BG 

nanoparticles with SPI components. No toxicity was observed for SPI films containing BG. 

The cytocompatibility of pure soy protein membranes [28] or SPI blended with natural 
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[55,97,106] and synthetic [87] polymers was reported before for wound healing 

applications. Also there were some studies on SPI/Alg composite hydrogel films 

containing BG for bone tissue engineering [70] or SPI/montmorillonite [292] and SPI/clay 

mineral [293] for food packaging. However, it was for the first time in this study that such 

SPI/BG composite films were considered as wound dressing materials. The tensile strength 

test showed higher Young’s modulus for the SPI film containing 13-93 BG, which 

exhibited homogenous and smooth surface in comparison to the films containing other 

BGs. In general, composition and surface topography of the films were the major factors 

that influenced the mechanical properties and the cellular behavior. In this research project 

MEF cells were used for the evaluation of the cytocompatibility of the membranes, 

although other types of cells such as human fibroblast, keratinocytes, endothelial cells, 

which are the important cells for wound healing and skin tissue regeneration, must be 

investigated in future research in their interaction with SPI/BG films. 

 

7.2 Alg/SPI hydrogel films with and without BG for soft tissue engineering and 

wound healing applications  

Alg/SPI hydrogel films with different relative proportions of SPI and Alg were 

successfully prepared. Higher degradability was observed for the Alg/SPI films in 

comparison to pure Alg films owing to the release of the soy protein component. More 

than 60% weight loss of Alg/SPI films in HBSS compared to pure Alg films illustrated the 

ability of this hydrogel for improving the drawback of an unfavorable slow degradation 

kinetic of alginate which has not been observed for other Alg/protein blend hydrogels such 

as Alg/keratin [242] and Alg/silk fibroin [10].  

The addition of BG particles showed slightly increase in the degradation rate, especially 

for the hydrogel films containing 13-93-5Sr and 45S5 BG. The result could be due to the 

heterogeneous surface morphology of these films and unfavorable interaction between 

these BGs and SPI components. A 2D in vitro cell culture study was performed by using 

both normal human dermal fibroblasts (NHDF) and endothelial cells (ECs) to investigate 

cell-material interactions. Results demonstrated the ability of these hybrid hydrogels to 

promote cell viability, attachment and proliferation in comparison to pure Alg films, which 

can be ascribed to cell adhesive molecules present in soy protein. It can be concluded that 

the two critical drawbacks of alginate: poor cell adhesion properties and relatively slow 
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and uncontrolled degradation profile, were successfully overcome by this blend. 

Furthermore, the result from nano indentation confirmed that the incorporation of SPI to 

Alg hydrogel increases the effective Young’s modulus. Addition of BG to the hydrogel 

films also promoted more cell viability and cell proliferation for NHDF compared to the 

Alg/SPI films, this result could be due to the effect of changes in surface morphology and 

ionic dissolution products of BG on the behavior of the cells. Although some promising 

initial results regarding 2D cell cultures were achieved, further and more focused 

investigations for these two cell types and also other cells relevant to the applications are 

required to prove the ability of this hydrogel for tissue engineering. Moreover, in vitro co-

culture systems need to be developed to engineer a real skin tissue construct which 

contains not only one type of cell in one area. It is expected that the Alg/SPI films with BG 

addition developed here will be materials of choice to design wound dressings in future 

studies.  

 

7.3 SPI/Alg hydrogel microcapsules for soft tissue engineering 

SPI/Alg hydrogel microcapsules were developed as a 3D in vitro model. Various 

compositions of Alg/SPI microcapsules were fabricated. SPI from two different suppliers 

was used and the physical properties of all microcapsules were analyzed. Outcomes 

indicated that microcapsules from all compositions of Alg/SPI (both SPI suppliers) had 

higher degradability compared to Alg microcapsules which is a decisive factor for the high 

degree of proliferation and migration of encapsulated cells. All Alg/SPI capsules exhibited 

a rougher and more disordered surface morphology in comparison to Alg microcapsules. 

However this phenomenon at the 50/50 concentration was reduced due to the better 

miscibility of Alg and SPI at this concentration. To investigate the cell behavior in a 3D 

model, human adipose derived stem cells (hADSCs) were encapsulated in SPI/Alg 

hydrogels. The encapsulated cells in Alg/SPI hydrogels showed higher viability compared 

to those in pure Alg microcapsules and it was found that this property increased with the 

increase of SPI concentration. The presence of elongated cells in the Alg/SPI microcapsule 

images illustrated the ability of cells to elongate and proliferate in such hydrogels which 

was not observed for pure Alg hydrogel capsules. As with previous efforts for cell 

encapsulation in other types of Alg/protein hydrogels like gelatin [294], silk fibroin [243] 

and keratin [242], similar results obtained by SPI/Alg microcapsules confirm the ability of 

this inexpensive and abundant vegetable protein as an alternative biomaterial for tissue 
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engineering applications. Additional in vitro cell culture studies need to be done regarding 

the different tissue engineering applications and different kinds of cells. Furthermore in 

vivo studies should be considered to evaluate realistically the applications of these capsules 

in tissue engineering. Finally, it should be mentioned that both used SPIs were 

commercially available products that were not produced by analytical standards and they 

may contain endotoxins. Therefore, an endotoxins assay should be accomplished and in the 

case of a positive result, modifications in the handling and the production of the hydrogels 

are required to remove endotoxins, for example using endotoxin removal resins. 

 

7.4 SPI based scaffolds for tissue engineering applications 

This part is divided in two sections, bioplotted hydrogel and fibrous scaffolds are 

discussed.  

 

i. Bioplotted hydrogel scaffolds:  

Microencapsulation was considered as a relatively simple model to investigate cell 

behavior in a 3D matrix. However, the results can be utilized to consider other advanced 

complex models of 3D tissue engineering scaffolds. There is just one report about 

bioplotting pure SPI [131] which was carried out without cells and cells were seeded after 

printing structures containing high concentration of SPI. The aim of biofabrication is to 

fabricate scaffolds containing cells in a one-step process and in this case hydrogel based 

materials have appropriate properties for enabling cell growth and proliferation. Therefore, 

the biofabrication of Alg/SPI hydrogel was investigated for the first time. Cell viability 

results were consistent with the outcomes of microencapsulation. By this method, cells 

were distributed completely over the whole Alg/SPI structure however, due to the low 

stiffness of the hydrogel based materials, fabrication of complex structures may be limited 

by the collapse of the structure. This result could be observed also for other hydrogel based 

materials such as alginate/gelatin and most biofabrication studies have been limited to the 

manufacturing of simple grid form structures. Therefore, to overcome the drawback of this 

property of hydrogels which leads to lack of mechanical stability of bioplotted structures, 

combining different additive manufacturing techniques could be an approach. In this 

context, Zehnder et al. [290] fabricated two phase scaffolds containing polycaprolactone 

(PCL) and polyethylene glycol (PEG) blend together with alginate dialdehyde/gelatine 
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hydrogel for loading stromal cell line (ST2). The PCL-PEG structure acts as support 

framework for the cell loaded hydrogel 

In this case, further improvements on SPI/Alg hydrogels are suggested to design 3D tissue 

structures with the required structural integrity and proper cytocompatibility, which can be 

successful in biofabrication approaches. 

 

ii. Fibrous scaffolds: 

SPI-based electrospun fibrous scaffolds with and without bioactive glass particles 

(microsized or nanosized) were fabricated successfully by electrospinning technique. The 

effect of an environmental parameter, namely relative humidity (RH), on fiber morphology 

was investigated. Results showed that RH higher than 50% led to changes in the 

morphology of the fibers and affected also fiber distribution. A preliminary cell biology 

study was carried out to assess the viability of mouse embryonic fibroblast cells in contact 

with electrospun fibrous scaffolds after 24 hours and the result confirmed that SPI-based 

fibrous scaffolds with and without BG had no toxic effect and could support cell 

proliferation. Further investigations about the crosslinking of the nanofibers should be 

done to assess the composite fibers bioactivity and to increase their stability in aqueous 

solution for further in-vitro studies. With this technique, SPI-based fibrous scaffolds with 

superior biocompatibility and biodegradability are fabricated which can provide a suitable 

nanostructure to induce appropriate cellular behavior as well as guiding tissue 

regeneration. 

 

7.5 Future scope 

The development of SPI-based biomaterials in a variety of structures, which are the main 

output of the present research project, will open many possibilities for future research on 

this vegetable-based protein for soft and hard tissue engineering.  

A suggestion for future work in terms of SPI-based films and hydrogel containing 

inorganic fillers (such as BG) for wound dressing applications is the investigation of the 

effect of different metallic ions on the biodegradability of the films. Moreover, the 

evaluation of the cytocompatibility of these different metallic ions and the assessment of 

the stimulatory effect on the cells relevant for wound healing and skin tissue regeneration 
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must be carried out. Using metallic ions such as silver and copper ions, antibacterial 

properties can be achieved in the wound site which should facilitate the healing process. In 

this case advanced antibacterial assays will be required. In this study, nano sized BG with 

the concentration of 0.5 (w/v) % was used to prepare fairly homogenous films by 

sonochemical processing. However, due to the relatively low viscosity of the SPI solution 

high concentrations of nano sized or micron sized BG led to agglomeration and created 

two-layer structures of SPI and BG. This effect could be interesting for the fabrication of 

multilayer membranes for tissue engineering applications. However, the possible toxicity 

of higher concentrations of BG should be analyzed. Furthermore, SPI based films 

containing mesoporous BG with the capability to release an antibiotic in a controlled 

manner are attractive to achieve local and sustained release of antibiotics directly in the 

wound site. For cell encapsulation further investigations on the differentiation of hADSCs 

in terms of different tissue engineering applications need to be considered. In particular, 

addition of BG in microcapsules together with cells for bone tissue engineering is proposed 

to be investigated in future studies. For this kind of composite capsules containing BG, 

osteogenic differentiation assays on hADSCs are suggested to be carried out to investigate 

the potential osteogenic properties of these composite capsules without an addition of any 

external osteogenic stimulating agent.   

In terms of bioplotting of Alg/SPI hydrogels containing cells, the possibility of using two 

different additive manufacturing techniques to retain the mechanical stability of the 

scaffold together with cell biocompatibility in a unique hydrogel structure should be 

investigated. Fabrication and characterization of freeze-dried SPI/Alg hydrogel scaffolds 

with and without BG should be part of future investigations for both soft and hard tissue 

engineering applications.   

Further investigations on the crosslinking of SPI nanofibrous scaffolds containing BG 

followed by in vitro cytocompatibility assay need to be considered. The effect of various 

crosslinking agents with different concentrations on fiber morphology is suggested to be 

surveyed to optimize the crosslinking process. In this study, using benign solvent was a 

key factor for the production of SPI-based fibers by electrospinning, however there are 

some reports about using HFP as solvent without needing any crosslinking agent are 

available. Therefore, fabrication of SPI nanofibrous scaffolds containing BG with HFP is 

an interesting task for future projects. Results about topography of the fibers should be 

compared with the results of using water as solvent. In this project, fibers were collected 
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on an aluminum foil attached to the collector and random fibers were achieved. For having 

aligned fibers the use of a rotating drum is suggested. Moreover, in-vivo studies should be 

considered to validate the in-vitro results of all different forms of SPI-based biomaterials.  

Finally, it should be noted that the results obtained in this research project and the 

knowledge generated on the processing of SPI-based biomaterials can serve as a guideline 

for more usage of plant proteins as green materials replacing animal proteins for a wide 

range of biomedical applications.  
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