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Abstract 

Gellan Gum-Based Hydrogels for Cell Culturing 

 

Mthabisi Talent George Moyo 

 

PhD, Department of Biomedical Engineering 

 

February 2025, 84 Pages 

The present study deals with the possible role of gellan gum-based hydrogels with 

sodium alginate and silk fibroin in supporting mouse embryonic stem cells (mESCs) 

and interacting with blood. Hydrogels were prepared with Gellan gum concentrations 

of 0.3%, 0.5%, 0.75%, and 1% and characterized for mechanical properties, swelling 

capacity, cytocompatibility using LDH and MTT assays, and blood compatibility 

according to ISO 10993 standards. Swelling kinetics were tested in phosphate (PBS) 

and acetic (ABS) buffer solutions. Gellan gum–sodium alginate hydrogels showed 

approximately 10% higher swelling in PBS and reduced swelling in ABS. The 0.5% 

and 0.75% formulations exhibited optimal cytocompatibility for mESC and fibroblast 

(STO) cultures. Test for hemocompatibility revealed that the formulation with a gellan 

gum concentration of 0.3, 0.5, and 0.75% resulted in a normal response. Meanwhile, 

the hemolysis and thrombogenic effects significantly increased when the concentration 

was 1%. DSC analysis showed that silk fibroin improved the flexibility of the scaffold 

by reducing the peak temperature, while sodium alginate enhanced the thermal 

stability of the scaffold. Incorporating sodium alginate led to smoother surfaces 

according to the SEM analysis, while silk fibroin contributed to increased roughness, 

and this was much more pronounced at higher gellan gum concentrations in the blends. 

These findings demonstrate the excellent biocompatibility and hemocompatibility of 

gellan gum with sodium alginate and gellan gum with silk fibroin hydrogels with 

potential use in tissue engineering and blood-contact applications. 

 

Keywords: Gellan Gum; Silk fibroin; Sodium alginate; Hydrogels; Mouse embryonic 

stem cells 

 

 

 



 5 

 

 

Özet 

Hücre Kültürü için Gellan Zamkı Bazlı Hidrojeller 

Mthabisi Talent George Moyo 

Doktora, Biyomedikal Mühendisliği Bölümü 

Şubat 2025, 84 Sayfa 

 

Mevcut çalışma, sodyum aljinat ve ipek fibroin içeren gellan zamkı bazlı hidrojellerin 

fare embriyonik kök hücrelerini (mESC) destekleme ve kanla etkileşime girmedeki 

olası rolüyle ilgilenmektedir. Hidrojeller, %0,3, %0,5, %0,75 ve %1'lik Gellan zamkı 

konsantrasyonlarıyla hazırlanmış ve mekanik özellikler, şişme kapasitesi, LDH ve 

MTT analizleri kullanılarak sito-uyumluluk ve ISO 10993 standartlarına göre kan 

uyumluluğu açısından karakterize edilmiştir. Şişme kinetiği fosfat (PBS) ve asetik 

(ABS) tampon çözeltilerinde test edilmiştir. Gellan zamkı-sodyum aljinat hidrojelleri, 

PBS'de yaklaşık %10 daha fazla şişme ve ABS'de daha az şişme göstermiştir. %0,5 ve 

%0,75 formülasyonları, mESC ve fibroblast (STO) kültürleri için optimum sito-

uyumluluk göstermiştir. Hemokompatibilite testi, %0,3, %0,5 ve %0,75'lik bir gellan 

gum konsantrasyonuna sahip formülasyonun normal bir yanıtla sonuçlandığını ortaya 

koydu. Bu arada, konsantrasyon %1 olduğunda hemoliz ve trombojenik etkiler önemli 

ölçüde arttı. DSC analizi, ipek fibroinin tepe sıcaklığını azaltarak iskelenin esnekliğini 

iyileştirdiğini, sodyum aljinatın ise iskelenin termal kararlılığını artırdığını gösterdi. 

SEM analizine göre, sodyum aljinatın dahil edilmesi daha pürüzsüz yüzeylere yol 

açarken, ipek fibroini pürüzlülüğün artmasına katkıda bulundu ve bu, karışımlardaki 

daha yüksek gellan gum konsantrasyonlarında çok daha belirgindi. Bu bulgular, 

sodyum aljinatlı gellan gum ve ipek fibroinli gellan gum hidrojellerinin mükemmel 

biyouyumluluğunu ve hemokompatibilitesini ve doku mühendisliği ve kan teması 

uygulamalarında potansiyel kullanımını göstermektedir. 

 

Anahtar Kelimeler: Gellan zamkı; İpek fibroin; Sodyum aljinat; Hidrojeller; Fare 

embriyonik kök hücreleri 
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1. CHAPTER I 
Introduction 

A key element of the evolution of regenerative medicine and biomedical devices 

is biomaterials (Festas et al., 2020). Basic solutions to tissue engineering, drug 

delivery, and medical device development (Festas et al., 2020; Nii & Katayama, 2021). 

Biomaterials for such applications should demonstrate excellent biocompatibility—

both cytocompatibility for regenerative medicine and hemocompatibility for blood-

contacting devices (Bernard et al., 2018; Nalezinková, 2020). Hydrogels have emerged 

as promising candidates owing to their high water content biocompatibility, and ability 

to replicate the microenvironment of native tissue (Ho et al., 2022). However, their 

translation to the clinic is consistently hindered by a lack of understanding of their 

interactions with cells and blood components, particularly with compliance to strict 

ISO standards such as ISO 10993-4 and ISO 10993-5  (Sethi et al., 2024; Xu et al., 

2022). 

The practice of regenerative medicine aims to restore or regenerate injured tissue 

using biomaterials that interact with cells to facilitate tissue regeneration (Ntege et al., 

2020). Biomaterials are also used by biomedical devices to provide structural support 

for applications like implants, stents, and wound dressings (Festas et al., 2020; (Moyo 

et al., 2024; Moyo & Adali, 2024)). Natural biomaterials like collagen, silk fibroin, 

and gellan gum have higher biocompatibility and bioactivity than synthetic 

biomaterials like poly(lactic-co-glycolic acid) and polyethylene glycol (Bhatia & 

Bhatia, 2016). Although biomaterials have benefits, the majority of them fail to meet 

rigorous cytocompatibility and hemocompatibility standards, and thus their clinical 

uses are restricted (Beilharz et al., 2024; Spataru et al., 2024). 

Hydrogels are of special interest in tissue engineering and medical devices due to 

their ability to replicate native tissue water content (Akulo et al., 2022; Radulescu et 

al., 2022; Sanjanwala et al., 2024). Hydrogels as 3D scaffolds facilitate cell adhesion, 

proliferation, and differentiation with mechanical properties that can be tuned to 

regulate destined cell fates (Naahidi et al., 2017). Hydrogels may also be loaded with 

bioactive molecules, i.e., growth factors, for tissue regeneration. Hydrogels find 

application in contact lenses, wound dressings, drug patches, and bioengineered skin 

substitutes, among other medical device applications (Tsou et al., 2016). Hydrogels 
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find a basic application in regenerative medicine and medical technologies because of 

their versatility and biocompatibility (Naahidi et al., 2017). 

Polysaccharide Gellan gum has attracted more interest in biomedical and 

regenerative medicine applications following the unexpected surge of its 

biocompatibility and gelation at low concentration levels (Morris et al., 2012; Moyo, 

Adali, & Tulay, 2024; Moyo & Adali, 2024.). There is no study on gellan gum 

hydrogels, specifically its hemocompatibility utilizing ISO 10993-4 standards (Moyo, 

Adali, & Edebal, 2024). Although research has been carried out on the gelation 

behavior and mechanical strength of the gels, some of the most important parameters 

such as coagulation, thrombosis, platelet activation, and immune response have been 

less studied (D. A. De Silva et al., 2013; Meng et al., 2013; Moyo, Adali, & Edebal, 

2024). 

For better hemocompatibility, hybrid hydrogels of gellan gum mixed with other 

biopolymers such as silk fibroin and sodium alginate have shown promising results 

(Moyo, Adali, & Edebal, 2024). Silk fibroin prevents fibrin deposition, while sodium 

alginate prevents platelet aggregation and clotting (Adalı & Uncu, 2016; Wang et al., 

2023). Such synergy creates a hydrogel matrix that is more blood compatible, reducing 

the risk of immune activation. Additionally, the combination of gellan gum with silk 

fibroin and sodium alginate provides increased mechanical stability and simulates the 

biochemical nature of the ECM to provide an ideal environment for the culture of stem 

cells (Moyo, Adali, & Edebal, 2024). 

ESCs are greatly valuable in research to study stem cell biology and biomaterial 

development due to their unique capacity for self-renewal and pluripotency (Rippon 

& Bishop, 2004). The ethical implications of using hESCs limit their use and prefer 

the use of mESCs as an alternative (Park et al., 2024; Roche & Grodin, 2000). mESCs 

share many biological features with hESCs and are now significant in developmental 

biology, disease modeling, and tissue engineering, particularly in assessing hydrogel 

biocompatibility (Koestenbauer et al., 2006). 

The broader utility of these cells beyond that, mESCs are a significant benefit to 

scientists due to the fact that they have a high rate of proliferation. Their doubling time, 

after all, is only 12-15 hours, whereas it's 18-36 hours in the case of induced pluripotent 
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stem cells (iPSCs) (Guenther et al., 2010; Yabe et al., 2019). Although mESCs remain 

an invaluable resource for stem cell science, iPSCs are being increasingly considered 

an ethical alternative with viability (Kingham & Oreffo, 2013; Thanaskody et al., 

2022). iPSCs offer comparable differentiation ability without circumventing ethical 

concerns when using embryonic cells (Thanaskody et al., 2022). The application of 

iPSCs will be likely to advance scientific research and public acceptance of stem cell 

research, as developments in regenerative medicine continue (Kingham & Oreffo, 

2013). 

One of the greatest challenges for stem cell research is to replicate the complex 

ECM environment that governs cell behavior (Gattazzo et al., 2014). Traditional 2D 

culture models fail to simulate the appropriate biochemical and mechanical stimulation 

for stem cell control (Jensen & Teng, 2020). Development of the 3D culture models 

has supplemented this chapter quite far by developing more naturalistic conditions 

such as the ECM, with substantial cell interaction support for regenerating tissues (Li 

& Kilian, 2015). The rising role of hydrogel-based biomaterials in regenerative 

medicine is seen in such developments that are at the forefront of tissue engineering. 

International Organization for Standardization (ISO) provides an acceptable protocol 

to determine the performance and safety of the biomaterials (Thangaraju & Varthya, 

2022). 

ISO 10993-5 specifies in vitro cytotoxicity tests in a standard manner to ensure 

that biomaterials do not induce toxic cell responses. In regenerative medicine and stem 

cell culture, its compliance should be in a rigorous manner to facilitate optimum 

microenvironment supply for proliferation and differentiation of cells (De Jong et al., 

2020). 

Of equal importance is hemocompatibility, or the capability of a material to come 

in contact with blood components in such a way that it does not result in an adverse 

reaction and hence be acceptable for use in contact with blood (Seyfert et al., 2002). 

Hemocompatibility is specifically dealt with under ISO 10993-4, wherein 

measurement of important parameters is the focus. Compliance with this standard is 

an important parameter in the development of biomaterials for blood-contacting 

applications as it eliminates the possibility of adverse hematological reactions 

(Standard, 2017). 



 14 

By tackling cytocompatibility and hemocompatibility with methodical strategies, 

researchers can create biomaterials that achieve strict biomedical safety requirements 

while also promoting tissue formation, regenerative therapy, and medical device 

development. Harmonization of these standards with biomaterials research maximizes 

translation to the clinic, and the overall outcome is safer, more effective medical 

therapy (Murphy et al., 2020). 

Apart from biocompatibility, there are other ISO standards that play significant 

parts in assessing biomaterials (International Organization for Standardization (ISO), 

2018). They include sterilization standards for the removal of microorganisms from 

the materials, toxicology testing for assessing harmful impacts, and establishing 

physical and chemical properties to provide material integrity. Figure 1 presents these 

significant standards and test procedures, demonstrating how extensive testing forms 

the foundation of delivering biomaterials in line with regulatory requirements. Tests 

are required to ensure biomaterials are reproducible in performance in clinical practice, 

improve patient outcomes, and improve medical technology (International 

Organization for Standardization (ISO), 2018).  
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Figure 1  
Summary of standards and testing protocols for biomaterials. 

Hypotheses are formed that the synergistic combination of gellan gum with sodium 
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hydrogels will mimic the ECM more effectively and promote the adhesion, growth, as 

well as differentiation of mESCs, while deleterious interactions with the constituents 

of blood will be minimized to the minimum. 
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of these combinations is expected to provide insights into the way hybrid hydrogels 

should be optimized for hemocompatibility and stem cell culture. 

1.1 Statement of problem  

While there have been successful experiments conducted on gellan gum 

hydrogels, these still do not meet the entire criteria for both cytocompatibility and 

hemocompatibility, which limits their full application in regenerative medicine and in 

biomedical devices. Further, despite such promising results, there is very little work 

being carried out on how the gellan gum-derived hydrogels work in ESC and whether 

they meet. ISO 10993-4 standards, thus creating a gap which hinders their universal 

clinical application. 

1.2 Purpose of the study 

 

This study will evaluate the extent to which gellan gum hydrogels promote mESC 

growth and blood compatibility. The study will specifically examine the synergy of 

co-blending gellan gum with silk fibroin and with sodium alginate alone for improving 

biomimicry of the ECM, stem cell differentiation, and compatibility with the 

specifications of ISO 10993-4 hemocompatibility standards. This research is aimed at 

enhancing hydrogel development for application in both regenerative medicine and 

blood-contacting biomedical devices. 

1.3 Research questions 

 

• How does the inclusion of silk fibroin or sodium alginate into gellan gum 

hydrogels affect their cytocompatibility, hemocompatibility, and swelling 

response upon exposure to physiological conditions for culturing mESC? 

• To what extent do gellan gum hydrogels with silk fibroin and sodium alginate 

satisfy ISO 10993-4 hemocompatibility standards and swell as predicted 

under physiological conditions? 

• How are proliferation, differentiation of mESC, hemocompatibility, and 

swelling behavior under physiological conditions influenced by the changes 

in gellan gum concentration and incorporation of silk fibroin or sodium 

alginate? 
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• How do the morphology, thermal stability, and swelling properties of gellan 

gum hydrogels in physiological conditions influence their suitability for 

mESC culture and blood-contact biomedical devices?? 

 

1.4 Significance of the study 

 

This research is directed towards filling the main knowledge gaps on the 

cytocompatibility of gellan gum with mESCs and hemocompatibility based on ISO 

10993-4 guidelines. By exploring the synergistic impacts of gellan gum with silk 

fibroin, and separately blended with sodium alginate, this research supports the 

development of biomaterials in regenerative medicine and biomedical devices. The 

findings can be utilized to enhance the clinical applicability of these kinds of hydrogels 

and provide valuable insights into the future optimization and standardization of 

biomaterials. 

1.5 Limitations 

 

This study has several limitations that should be kept in mind while drawing 

conclusions about the data. For example, the research was conducted on particular 

gellan gum-based hydrogels. concentrations (0.3%, 0.5%, 0.75%, and 1%), which may 

not be able to cover the whole range of potential effective concentrations. The research 

was conducted using only mESC and mouse fibroblasts (STO), so there is limited 

scope for the data to be extrapolated to other cell types or human cells. Performed in 

controlled in vitro conditions, the study findings might not fully mimic the 

complexities of the in vivo environments, and thus doubts could be raised about the 

performance of the hydrogels in actual biological systems. The swelling kinetics were 

further tested only in phosphate buffer solution (PBS) and acetic buffer solution 

(ABS), potentially overlooking other pertinent physiological fluids. The thermal 

analysis, by Differential Scanning Calorimetry (DSC), would have been 

complemented with other characterization techniques to provide a better 

understanding of thermal behavior. Surface characteristics were examined using 

scanning electron microscopy (SEM), but techniques like atomic force microscopy 

would have provided more accurate surface data. Short-term assessment of 
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biocompatibility and mechanical properties in the work lacks long-term assessment, 

which is necessary for tissue engineering use.  
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2. CHAPTER II 

Literature review 
 

2.1 Regenerative medicine and tissue engineering 

Tissue engineering is an emerging technology that revolves around the repair of 

injured tissues by using biocompatible scaffolds that facilitate cell growth and 

functioning naturally (Raghavendra et al., 2015). Stem cells are at the center of this 

technology yet are limited by ethical issues and paucity (Jin et al., 2019; Tsaryk et al., 

2017). 

 

Scientists such as Raghavendra et al., (2015) have overcome the limitation of 

tissue regeneration through the utilization of natural hydrogels as scaffolds. Their work 

not only indicated improvement in cell differentiation and viability but also examined 

hemocompatibility of the scaffold, thus ensuring that they were suitable for application 

in biomedicine. The scaffold is designed to promote maximum cell recruitment to the 

target tissue regeneration area. There, the cells are designed to grow, mature, and 

become tissue within the scaffold. Over time, the scaffold eventually dissolves away, 

and instead, new tissue forms to fill in its place. 

Researchers Aamodt & Grainger, (2016) have surpassed the issue of tissue 

regeneration through natural hydrogels as scaffolds. They based their research on 

improving cell viability and differentiation along with hemocompatibility of scaffolds 

and hence establishing their potential for biomedical uses. The motivation behind this 

concept is fueled by the assumption that biomaterials derived from natural tissues, or 

ECM biomaterials, will achieve greater integration with host tissues than fully 

synthetic biomaterials. 

 

These studies collectively emphasize the collaborative efforts in tissue engineering 

towards effective utilization of stem cells and advanced biomaterials for effective 

tissue regeneration. They also acknowledge the difficulties that scientists still face as 

the field of tissue engineering keeps developing. 

 

2.2 Biomaterials used in mESC culturing  
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Scientists have explored a wide range of natural and synthetic biomaterials to 

recreate the 3D structure of the ECM and influence stem cell behavior. Materials like 

collagen, gelatin, hyaluronic acid hydrogels, fibrin, glycosaminoglycans, alginate, 

Matrigel, silk, and hydroxyapatite have been widely used to promote stem cell growth 

and differentiation, as highlighted in Table 1. Silk fibroin, gellan gum, and sodium 

alginate stand out because their mechanical and adhesive properties are strikingly like 

those found in the natural extracellular matrix, making them particularly valuable for 

various applications (Bhatia & Bhatia, 2016). 

Alginate, a naturally derived anionic polysaccharide from brown algae, is widely used 

in tissue engineering and cell encapsulation due to its versatile properties (Andersen 

et al., 2015). The potential of purified alginic acid membranes and hydrogels for 

supporting the growth of cells and preserving certain cellular activities has been 

excellently established (Rastogi & Kandasubramanian, 2019; Wong et al., 2019). 

Naturally occurring sodium alginate is appreciated for its excellent biocompatibility, 

gelation capacity, nontoxicity, biodegradability, and simplicity to modify. Because of 

these favorable traits, alginate is extremely well-suited for a variety of applications, 

such as mESC encapsulation in hydrogels for transplantation (Seo et al., 2023; 

Vuorenpää et al., 2024). 

Gellan gum was also found to be extremely biodegradable and biocompatible. Gellan 

gum was used successfully in retinal engineering in vivo as endothelial cell sheet grafts 

with encouraging outcomes (Seo et al., 2023; Vuorenpää et al., 2024). The significant 

features of gellan gum which make it appropriate for tissue engineering are 

biocompatibility, endogenous similarity of glycosaminoglycans., nontoxicity, mild 

processing requirement, and mechanical behavior with close proximity to that of 

normal tissues (Palumbo et al., 2020; Wu et al., 2024). Da Silva et al. prepared gellan 

gum porous hydrogels with higher flexibility and enhanced mechanical strength. They 

employed these hydrogels to examine the biological reaction of stem cell 

differentiation in their three-dimensional matrix, which favored cell growth (da Silva 

et al., 2014). Additionally, Rim and colleagues created a cell delivery hydrogel system 

combining gelatin/gellan gum and gellan gum/glycol chitosan to facilitate the 

restoration of injured or diseased retinal tissue (Rim et al., 2020). Nevertheless, our 
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literature review reveals a lack of studies exploring the use of mESCs in conjunction 

with gellan gum. 
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Table 1  

Biomaterials used in mESC culturing 

Types Example Properties Reference 

Natural polymer  Gellan gum A structure like endogenous glycosaminoglycans, 

favorable mechanical characteristics like those present 

in native tissues and mild processing requirements.  

(Lalebeigi et al., 2024; 

Osmałek et al., 2014) 

Silk fibroin Materials derived from silk fibroin have been 

demonstrated to promote the growth of various ocular 

cell types. 

(Adalı & Uncu, 2016; 

Ciocci et al., 2018) 

Sodium alginate Alginate hydrogels have been extensively applied in 

stem cell cultures because of their biocompatibility, 

adjustable properties, high water content, improved 

mass transport characteristics, and ability to be 

functionalized with bioactive molecules to guide cell 

proliferation and differentiation. 

(Rastogi & 

Kandasubramanian, 

2019; Stachowiak et 

al., 2023) 

Collagen Naturally found in the eye  (Na et al., 2021; Payne 

et al., 2017) 
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Matrigel Composed primarily of perlecan, laminin, entactin, and 

collagen type four, these components closely mimic the 

intricate microenvironment of the ECM. 

(Sodunke et al., 2007) 

Hyaluronic Acid Exhibits superior viscoelasticity, high moisture 

retention capacity, exceptional biocompatibility, and 

hygroscopic characteristics. 

(Burdick & Prestwich, 

2011) 

Synthetic 

polymer  

PLA, PLGA, PCL, PEG, PVA, Facilitates straightforward modification, allowing for 

the design of specific properties. 

(Kannan et al., 2022) 
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Silk fibroin has several advantages like facile fabricability into shapes, high tensile strength, 

high availability, biodegradability, transparency, and low immunogenic response (U.-J. Kim 

et al., 2004). Adalı & Uncu, (2016) cited that silk fibroin is non-thrombogenic, which further 

enhances its suitability for use in scenarios requiring enhanced hemocompatibility. Hang et 

al., (2021) cross-linked anisotropic hydrogels from silk protein nanofibers, which enhanced 

cell adhesion efficiently and were designed to replicate the physical milieu of the blastocele. 

In the absence of leukemia inhibitory factors or mouse embryonic fibroblasts, hydrogels 

supported mESCs with stem cell characteristics in vitro. mESCs' growth on hydrogels led to 

increased pluripotency, genetic stability, developmental capacity, and effective germline 

transmission. These biomaterials were observed to support a more nurturing environment of 

change through autocrine factor secretion stimulation that supports and sustains embryonic 

stem cell proliferation. 

 

2.3 Challenges the use of gellan gum 

 Because of biocompatibility, gellan gum is a very useful substance in tissue 

bioengineering and regenerative medicine, has the ability to form stable hydrogels, and 

encapsulates cells, so it is appropriate for cell encapsulation and tissue regeneration. 

However, there are several challenges that must be overcome to unlock its full potential 

(Palumbo et al., 2020). 

Extensive characterisation of gellan gum and mixtures of other biomaterials must be 

carried out for their safety and biological compatibility (Mouser et al., 2016; Silva-Correia 

et al., 2011). Any variations and fluctuations in gellan gum formulation as well as differences 

in manufacturing steps may influence the cell and tissue interaction of its structure and 

consequently need standard testing procedures. 

Improvement of the mechanical properties, including stiffness and elasticity, of the gellan 

gum scaffolds is required to obtain matching of the target tissue mechanical environment 

(Raghavendra et al., 2015). Additionally, regulation of the degradation rates of the scaffold 

for matching with the tissue healing process is required to obtain long-term functionality. 
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Strict tests need to be conducted to investigate how gellan gum scaffolds interact with cells 

and blood components. Testing for proliferation, adhesion of cells, proliferation, and 

differentiation on scaffolds and their impact on blood coagulation and immunological 

reaction is necessary in terms of forecasting their in vivo performance (Braune et al., 2013; 

Claudia Sperling et al., 2005; Weber et al., 2018). 

Overcoming these challenges and looking ahead to future directions will enable us to gain a 

better understanding of the function of gellan gum in tissue engineering to broaden its 

applications in regenerative medicine. With the overcoming of these challenges, biomaterials 

derived from gellan gum can be potential key players in the development of new therapies 

for the treatment of many wounds and tissue diseases. 

2.4.Hemocompatibility of biomaterials 

For biomaterials in blood-contact devices, hemocompatibility is a key determinant of their 

clinical acceptability. ISO 10993-4 gives methods for the testing of the synergy interaction 

between blood components and biomaterials, including hemolysis, thrombogenicity, platelet 

activation, and tests of coagulation (Seyfert et al., 2002). It is especially important not to 

have a biomaterial to cause unwanted blood responses for use in vascular grafts, cell and 

drug delivery devices, wound dressings, and tissue engineering scaffolds. 

Hemocompatibility failure can also lead to life-changing and life-threatening complications 

such as thrombosis, immunodeviation, and inflammation reactions, whose intersection may 

make the material non-effective and unsafe (Moyo et al., 2023). 

For biomaterials used in blood-contact devices, hemocompatibility is a major requirement 

for determining their clinical acceptability. ISO 10993-4 provides test methods for synergy 

interaction between biomaterials and blood components including hemolysis, 

thrombogenicity, platelet activation, and coagulation tests (Seyfert et al., 2002). It is 

particularly significant not to possess a biomaterial to elicit an undesired blood reaction for 

application in vascular grafts, drug and cell delivery devices, wound dressings, and tissue 

engineering scaffolds. Hemocompatibility failure can also produce life-altering and life-

threatening complications including thrombosis, immunodeviation, and inflammation 

reactions whose intersection could render the material useless and risky (Moyo et al., 2023). 
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Blending sodium alginate with hydrogel matrices maintains the surface moist, a beneficial 

step in preventing excess blood coagulation and immune stimulation(Gao et al., 2022). The 

non-toxic gelation characteristic of sodium alginate also provides facile hydrogel surface 

creation, a feature that assists in platelet adhesion and response inhibition. 

The synergistic integration of silk fibroin, gellan gum, and sodium alginate yields an 

improved blood-compatible composite biomaterial with minimized thrombotic risks through 

their synergistic effect (Moyo et al., 2024). These hybrid hydrogels have the optimal overall 

compromise between mechanical stability, swelling ability, and hemocompatibility and have 

widespread use in practically all fields of medicine, e.g., in cardiovascular tissue engineering 

and wound healing (Carrêlo et al., 2023; Lee et al., 2021; Moyo et al., 2024). Further research 

needs to entail the manipulation of their surface characteristics, their interactions with the 

constituents of blood over extended periods, and in vivo testing to establish their clinical 

relevance. 
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3. CHAPTER III 
Materials and methods 

3.1 Materials  

A purchase of the silk cocoons (Bombyx mori) was made at a local market in the 

Turkish Republic of Northern Cyprus. Sigma Aldrich was the procurement source for gellan 

gum and sodium alginate while the  3,500 molecular weight cut-off SnakeSkin® dialysis 

tubing was purchased from Thermo Fisher USA. EMSURE® Merck in Darmstadt, Germany 

is where Anhydrous sodium carbonate (Na₂CO₃), anhydrous calcium chloride (CaCl₂), and 

ethanol (C₂H₅OH) were sourced from. Sigma Aldrich supplied reagents for the swelling 

studies, includingsodium acetate (CH₃COONa) Sodium phosphate monobasic (NaH₂PO₄), 

acetic acid (CH₃COOH), pH calibration buffers (pH 4, 7, & 10) and sodium phosphate 

dibasic (Na₂HPO₄). For the swelling using PBS, solid PBS capsules were provided by Sigma 

Aldrich. Additionally, Sigma Aldrich provided the MTT assay reagent  MTT (3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide). For the LDH dehydrogenase assay  

the cytotoxicity assay kit was provided by Thermo Fisher Scientific. For the co-cultivation 

of mESC and STO cells, appropriate cell culture components were also utilized. Siemens 

Healthineers in Bavaria Germany supplied the reagents for the coagulation assays; Siemens 

Thromorel-S was used for Prothrombin Time (PT) analysis, Siemens Actin-FS was selected 

for Activated Partial Thromboplastin Time (aPTT) analysis, and Siemens Thromboplastin 

was utilized for fibrinogen assays.   

 

3.2 Methods 

3.2.1 Silk fibroin extraction and purification process 

 

Silk cocoons were processed and arranged meticulously to produce a pure silk fibroin 

solution through a series of step-by-step processing steps, starting from washing the cocoons 

to remove dirt, impurities, and other contaminants. 

3.2.1.1 Degumming process. 

 

Degumming is also a crucial process in the process, whereby the sericin protein as an 

adhesive is removed from the silk cocoons. The process follows a procedure established by 
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Adali and Uncu employing a thermochemical treatment.  The process begins with the 

production of a sodium carbonate solution, by dissolving 12 grams of sodium carbonate in 

200 mL of deionized water, and then mixing it with a magnetic stirrer to obtain homogeneity. 

Then, 2 grams of silk cocoons are added to a flask filled with the solution of sodium 

carbonate that has been prepared, and it is magnetically stirred for three hours. This is done 

three times by replacing the solution of sodium carbonate after every cycle. The silk cocoons 

are then washed properly with deionized water until the water is clear. Finally, the fibers are 

split with care and air-dried overnight (Adalı & Uncu, 2016). 

. 

 

3.2.1.2 Dissolution process. 
 

Silk cocoons consist primarily of hydrophilic proteins known as sericin, which, in 

combination with fibroin, a water-insoluble protein, constitute around 70% of the cocoon 

composition. The gluey sericin is accountable for the degumming process. The degummed 

fibres thus obtained are dissolved in a concentrated electrolyte solution comprising 27.79 

grams of CaCl₂, 29.13 millilitres of ethanol (C₂H₅OH), and 36 millilitres of deionized water. 

This mixture is mixed continuously until the silk fibroin has completely dissolved, giving a 

concentrated solution of silk fibroin. 

 

3.2.1.3 Dialysis. 

 

To remove strong electrolyte molecules along with other contaminants from the silk 

fibroin solution, dialysis is used as a final step of purification. The solution is filled into a 

dialysis tube and that is placed inside a beaker containing deionized water. Deionized water 

is shaken at 90 rpm, and replaced every three hours to perform the purification. After the 

process is completed, the pure silk fibroin solution is suctioned from the dialysate using a 

syringe and poured into a vessel, as stipulated in the procedures.  
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3.2.2 Sodium alginate dissolution 

 

For the purpose of preparing the solution of sodium alginate, 4.2% (w/v) was 

measured and added to the blend. It was stirred continuously at 100 rpm and heated to 60 

°C. The solution was watched closely until the sodium alginate had dissolved and a good 

smooth and even blend was achieved. 

3.2.3 Gellan gum dissolution  

 

The gellan gum was accurately weighed and poured into a beaker, to be dissolved in 

distilled water. The four different concentrations were: 0.3%, 0.5%, 0.75%, and 1% (w/v). 

The gellan gum was dissolved by stirring on a magnetic plate at 90°C for 100 rpm for 2 hours 

until dissolution. Gently, calcium chloride was added to the solution at the concentration of 

0.03% (w/v) and magnetically stirred for 10 minutes. Then the temperature was reduced to 

60°C and stirring was maintained until a solution was homogeneous. 

 

3.2.4 Hydrogel preparation 

 

Gellan gum was used as the control biomaterial and prepared at four concentrations 

for two batches (m/V): 0.3%, 0.5%, 0.75%, and 1%, by the solution mixing method. 

Although the two batches were different in gellan gum concentration, the quantity and 

concentration of the other biomaterial were kept the same for both materials. Samples A-D 

were supplemented with 1.8 mL of 3% silk fibroin, while samples AA1-DA4 were 

supplemented with 4 mL of 4.2% alginate. 

 

3.2.5 Swelling Kinetics 

 

Swelling kinetics of hydrogel samples were investigated to proceed with the 

evaluation of their behavior and swelling properties. The aim was to determine the ratio of 

biomaterial swelling under controlled conditions. The hydrogel samples, each with a volume 

of 2 cm³, were tested with the assistance of a phosphate buffer solution in order to simulate 

the pH of the mESC microenvironment, as well as acidic body fluids. The eight hydrogel 
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samples were put in 156  for  their swelling kinetics  in acetate-buffered solution (ABS, pH 

1.2) and phosphate-buffered solution (PBS, pH 7.4)  both at 0.1 M. The dry weight (Wdry) 

of each hydrogel was measured and recorded before being placed in the warmed-up buffer 

solutions (37°C). After intervals of time, materials were, blotted on filter paper to remove 

excess surface fluid and then weighed immediately afterwards to obtain wet weight 

(Wwet). For swelling behavior calculation at particular times, the following formula 

was used: 

 

Swelling Ratio (%) = (	!"#$%&(!"&))!"#$%&	(+,-)
	!"#$%&(+,-)

) x 100 

 

This procedure permitted proper observation of the swelling behavior of the hydrogel 

and provided useful information regarding their potential use as a substrate for mESCs 

culturing. 

 

3.2.6 Lyophilization 

 

Eight individual hydrogels were lyophilized simultaneously at -60°C for 24 hours 

under a highly controlled process. Individual hydrogels were made and then put into balloon 

flasks, which were then put into protective containers. These were put into the lyophilization 

chamber of the Alpha 1-2 LSCbasic (Martin Christ) to achieve an even spread, thereby 

enabling uniform freezing and effective sublimation. 

 

The samples were under slow cooling to -60°C in order to ensure complete freezing. 

The maintenance of this temperature for 24 hours enabled slow desiccation by sublimation. 

Pressure and temperature within the lyophilizer were controlled and monitored during this 

process to ensure optimal drying conditions. 

 

After the cycle, new clean trays were utilized gradually to take out the freeze-dried 

hydrogels. Care was exercised while handling them so that they are not deforms or 

contaminated. This helped in freezing the eight hydrogels to dry their entirety without any 

loss of structure and properties. 
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3.2.7 Cell culture 

The culturing of the cells was conducted in triplicate at Celal Bayar University. STO 

cell line (ECACC, Salisbury, UK), a fibroblast cell line routinely used as a feeder layer, was 

cultured in Dulbecco's Modified Eagle's Medium (DMEM) with 10% fetal bovine serum 

(FBS), supplemented with 1% L-glutamine and 1% penicillin/streptomycin for proper 

growth and viability of the cells. After reaching complete confluence in one week's time, 

STO cells were treated with a concentration of 20 µg/mL mitomycin-C (Applichem, 

Darmstadt, Germany) for 1.5 hours in standardized room conditions of 37°C and 5% CO₂, 

successfully inhibiting further cell division. After mitomycin-C exposure, the treated 

fibroblast cells served as a supportive layer for culturing embryonic stem cells (ESCs, CGR8, 

ECACC; Salisbury, UK). To ensure growth in its utmost capacity, an imperative medium 

DMEM with 4,500 mg/L glucose and sodium pyruvate (Biochrom AG, Berlin, Germany) to 

which 1% L-glutamine (Biochrom AG), 15% FBS (Biochrom AG), penicillin/streptomycin 

(1% Biochrom AG), 0.1 mM non-essential amino acids (Biochrom AG), and 

mercaptoethanol 10⁻⁶ M (Sigma-Aldrich, St. Louis, MO) were added.1,000 IU/mL 

concentration of Leukemia inhibitory factor (LIF) (Sigma-Aldrich) was  also added for self-

renewal maintenance. For the control group, the medium used for ESCs cultured with STO 

cells was collected on days 1, 4, and 7 for further analysis. Concurrently, materials AA1, B, 

B-A-2, C, C-A-3, and D were conditioned for 24 hours with an ESC culture medium. 

Subsequently, the study groups were established by seeding ESCs cultured with STO cells 

onto the conditioned materials. The media from these study groups were collected on days 

1, 4, and 7 for further analysis. Both control and study groups underwent cell viability assays 

and cytotoxicity tests. In this study, we used established mESC lines (CGR8, ECACC, 

Salisbury, UK) and mouse fibroblast (STO) cells (ECACC, Salisbury, UK). Since both cell 

lines are commercially available and previously established, ethical approval for their use is 

not required, and as such, no ethical approval is mentioned in this study. 
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3.2.8 Cell viability assay 

To assess metabolic activity and membrane integrity, MTT and LDH assays were 

performed. ESCs co-cultured with STO fibroblasts were seeded into 96-well plates at a 

density of 2×10³ cells/mL for the MTT assay, ensuring optimal conditions for viability 

evaluation. These cultures were incubated for 1, 4, and 7 days, and viability was assessed on 

each of these days for both control and experimental groups. A fresh MTT solution (2,5-

diphenyl-2H-tetrazolium bromide) was prepared at a concentration of 5 mg/mL in PBS and 

passed through a filter to ensure purity before application. After incubation, an MTT solution 

was diluted 1:10 and dispensed into each well, followed by a 4-hour incubation at 37°C. To 

halt the reaction, 50 μL of dimethyl sulfoxide (DMSO) was dispensed into each well. A 

microplate reader (ELX800UV, BioTek Instruments Inc) was used to measure absorbance 

at 540 nm. The LDH cytotoxicity assay assesses cell membrane damage by quantifying LDH 

activity in the surrounding medium. The Diaphorase reaction forms the basis of this assay, 

where LDH facilitates the conversion of lactate to pyruvate, simultaneously reducing NAD+ 

to NADH and releasing H+. After obtaining the generated NADH/H+ , the yellow 

tetrazolium salt INT is reduced, resulting in the formation of a red formazan product. The 

amount of formazan formed, proportional to LDH activity, increases with the number of 

dead or membrane-damaged cells. The controls consisted of ES culture medium without 

cells, ES culture medium with cells, and ES culture medium with cells treated with Triton 

X-100. A volume of 50 μL of supernatant was transferred to the corresponding wells of a 

96-well plate, followed by the addition of 50 μL of the reaction mixture. The plate was 

incubated in the dark at 15-25°C for a duration of 30 minutes. Absorbance was then 

measured at 490 nm. LDH activity was calculated according to the protocol provided with 

the LDH assay kit (Celltechgen CTG-CT0001). 

.   

3.2.9 Differential scanning calorimetry (DSC) 
 

Thermal analysis was carried out at Middle East Technical University (METU). 

Amongst all hydrogel biomaterial lyophilized samples, four of them were selected and 

analyzed using the DSC250 machine to find out the peak point temperatures before 
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degrading. Nitrogen gas provided a constant condition via major parameters 10°C/minute, 

from 25°C to 180°C. This enabled the assessment 

of how the hydrogels reacted to the change in temperature throughout the whole 

range. These and the maximum temperatures, phase changes, and at what phase the material 

starts to deteriorate tell us about hydrogels' behavior with regard to response to change in 

temperature, a matter of concern with regard to application where stable material is needed. 

Overall, using the DSC250 with nitrogen allowed us to fully analyze the response of 

the hydrogels to heating and provided useful data for moving forward with the refinement 

of the material and study. 

 

3.2.10 Scanning electron microscopy (SEM) 

 

  Surface morphology characterization of lyophilized hydrogels was performed on a 

Thermo Scientific Apreo S SEM at Middle East Technical University (METU). Charging 

was prevented by sputter coating the samples with a 7 nm thick gold-palladium (Au/Pd) alloy 

layer. Secondary-electron in-lens mode SEM imaging, optimized for high-magnification 

zoom, was used. The accelerating voltage of the microscope was 5 kV, and the working 

distance was 10 mm. The samples were imaged at 100 µM magnification to allow for high-

resolution morphological examination of the biomaterials. The images were processed using 

EDAX Genesis software to estimate pore size and distribution by measuring from at least 

three different regions of each sample for statistical significance. SEM instrument calibration 

was conducted before each imaging session using a reference material in a standard form to 

ensure accuracy and consistency. 

 

3.2.11 Blood biocompatibility 

 

 Donor blood was donated and segregated into sodium citrate (Na citrate) and 

dipotassium ethylenediaminetetraacetic acid (K2EDTA) tubes for experiments in Figure 2. 

Untreated blood was placed in blank tubes, negative controls were shaken and incubated, 

and following centrifugation of Na citrate tubes at 850 rpm for 10 minutes, plasma was 

analyzed for PT, aPTT, and fibrinogen levels. After incubation of the hydrogel-treated 
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samples at 37°C for 1 hour, PT, aPTT, and fibrinogen were assessed, while CBC, hemolysis 

studies, and peripheral blood smears were performed in K2EDTA tubes. The hydrogel-

contacted blood was used to prepare smears, which were stained and assessed for platelet 

adhesion and erythrocyte morphology under 400× magnification, while the hemolysis index 

was measured by centrifuging the K2EDTA tubes at 850 RPM for 10 minutes. 

Treated whole blood was magnetically spun at 100 rpm for 1 hour, then centrifuged, and 

hemolysis index was measured in the plasma. This was carried out to ascertain that the likely 

hemolytic action of the hydrogel treatment could be effectively assessed. 

 

These were conducted to thoroughly test the interaction between the hydrogel and blood 

components. PT, aPTT, and fibrinogen tests were used for coagulation pathway analysis, 

and the CBC and hemolysis analysis provided information on the impact of the hydrogel on 

red blood cells and general blood conditions. Erythrocyte morphology and platelet adhesion 

analysis through peripheral blood smears was critical in evaluating the biocompatibility of 

the hydrogel. 

 

 
Figure 2  

ISO 10993-4 hemocompatibility assay steps 
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3.2.11.1 In-vitro clotting assessment 

 

 Coagulation parameters, including PT, aPTT, and fibrinogen levels, were measured 

using the Sysmex CS-1600 Automated Coagulation Analyzer with Siemens reagents, with 

results reported in seconds for PT and aPTT. Fibrinogen levels were reported in mg/dL. 

 

3.2.11.2 Complete blood count profile. 

 

 Using the Sysmex XN-1000 Automated Hematology Analyzer, the primary 

hematological parameters were analyzed, including red blood cell (RBC) count, mean 

corpuscular hemoglobin concentration (MCHC), hemoglobin concentration, white blood 

cell (WBC) count with differential, platelet count, and indices such as mean corpuscular 

volume (MCV). The analyzer was calibrated and quality controls were run before 

experimenting in order to achieve precise and dependable results. The interpretation of 

complete blood count (CBC) results was completed by utilizing reference ranges, through 

which any potential hydrogel effects on blood components could be determined. 

3.2.11.3 Hemolysis quantification index. 

 

 With the Abbott Architect C4000 Automated Biochemistry Analyzer, the hemolysis 

index was tested by detecting the degree of hemolysis of samples in order to evaluate the 

effects of hydrogels on the stability of blood cells and corresponding biochemical indices. 

 

3.2.11.4 Analysis of erythrocyte structure and platelet adhesion. 

 

 Blood and hydrogel were combined in test tubes and shaken at 150 rpm for 45 

minutes at room temperature using an IKA KS 260 shaker, followed by incubation at 37°C 

for 1 hour. Peripheral blood smears were prepared, air-dried, and alcohol-fixed, and stained 

using the Wright-Giemsa method. The platelet adhesion and erythrocyte morphology were 

then qualitatively assessed to identify the occurrence of any shape defects in erythrocytes 
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and to track interactions of platelets with the hydrogel matrix. The stained smears were 

observed under a microscope at 450 μm magnification, and the analysis was performed over 

10 different fields. 
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4. CHAPTER IV 

Findings and discussion 
 

4.1 Formulations of hydrogels 

 

Outlined Listed in Table 2 are the individual formulations to facilitate extensive 

analysis of the possible application of hydrogels in biomedical fields. The individual samples 

were subjected to harsh testing regimens to obtain data on thermal stability, swelling ability, 

coagulation behavior, hemolysis ability, and blood cell compatibility. These extensive 

studies informed us regarding the functionality and the degree to which gellan gum hydrogels 

operate, and the possibility of utilizing them for various clinical and research-oriented 

applications. 

 

Table 2  

Formulated hydrogels and their compositions 

Sample Gellan gum 

concentration (%) 

Silk fibroin 

concentration (%) 

Sodium alginate  

concentration (%) 

A 0.3% 3% - 

B 0.5% 3% - 

C 0.75% 3% - 

D 1% 3% - 

AA1 0.3% - 4.2% 

BA2 0.5% - 4.2% 

CA3 0.75% - 4.2% 

DA4 1% - 4.2% 
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4.2 Swelling kinetics. 

 
 

 
 
Figure 3  

Gellan gum hydrogel swelling in PBS (A, B) and ABS (C, D). 

 

We observed in our research that hydrogels swelled to a higher swelling ratio in PBS 

compared to ABS. This may be attributed to the buffering capability and pH differences 

between ABS (pH 1.2) and PBS (pH 7.4), whereby PBS's increased pH enables more 

swelling due to greater ionization and electrostatic repulsion of the hydrogel network. 

Besides, as revealed in Figure 3, our findings identified appreciable differences among 

hydrogels treated with sodium alginate and silk fibroin. The hydrogels with silk fibroin had 

better stability and lower swelling ratios compared to the hydrogels with sodium alginate. 

The finding implies that silk fibroin might create denser crosslinking of the hydrogel matrix, 

thus reducing water absorption and enhancing strength. We also investigated the impact of 

gellan gum concentration on hydrogel swelling behavior. Our results repeatedly indicated 

that increased gellan gum concentrations resulted in decreased swelling capacity. This 

phenomenon is most probably due to increased crosslinking density and reduced pore size 
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in the hydrogel network, limiting the absorption and storage of water within the structure. In 

summary, our findings identify the contributions of buffer composition, biomaterial choice 

(silk fibroin vs sodium alginate), and effect of polymer concentration on hydrogel swelling 

response. These findings are pivotal in the optimization of hydrogel product design and 

performance in biomedical and therapeutic applications. 

 

4.3  Cell culture. 

 

The fibroblastic morphology of STO cells and mESCs was systematically explored in all the 

hydrogel samples. Upon analysis of cultures, it was noted that the STO cells preserved their 

unique fibroblastic morphology, as seen from Figures 4A and 4B. Remarkably, this 

morphology was preserved even upon treatment with mitomycin C, as shown in Figure 4 C 

and D. Following treatment of confluent STO cells with mitomycin C, the mESCs were 

observed to be rounded in shape with distinctively bright nuclei, as in Figure 5. The mESCs 

went on to further develop by adhering together in the culture plates, ultimately forming 

well-established colonies that were distinctively observable from the remainder of the mouse 

fibroblast cells, as in Figure 5. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4  
Morphological changes in STO cells during culture. 
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(A) STO cells at day 3 of culture and (B) STO cells at day 5 of culture. (C, D) STO cells 

after Mitomycin-C administration. Scale bar: 100 µm. 

 
 

 

 

 

 

 

 

 

 

 

Figure 5  

Images of STO + mESC co-culture over time. 

 

(A–D) Representative images of STO + mESC co-cultures at (A) Day 0, (B) Day 1, (C) Day 

4, and (D) Day 7. show progressive changes in colony morphology. At first, individual 

mESCs were rounded with well-defined, bright nuclei on the mitomycin C-treated STO 

feeder layer. Over time, mESCs became attached to one another and developed compact 

colonies that became increasingly demarcated from the overlying fibroblast layer. By Day 

4, small clusters had grown into large, dense colonies, which continued to grow in size and 

number by Day 7. General colony growth in size and number is a sign of healthy proliferation 

and self-renewal of mESCs in the co-culture system. Scale Bar: 100 µm 

 

The mESCs cultured with STO on various materials also demonstrated obvious differences 

in colony formation. Fewer colonies developed on AA1 and CA3, with a visible reduction 

in number with time (Figure 6A, E; 7A, E; and 8A, E). This loss may be due to suboptimal 

material properties, which may adversely affect cell adhesion, limit nutrient diffusion, or 

induce stress that inhibits proliferation. For materials B and D, whilst well-formed colonies 

were seen in the first day, colony growth declined in advanced stages of culture (Figure 6B, 

F, Figure 7B, F, and Figure 8B, F), maybe due to accumulated cellular stress or 
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differentiation-associated effects. Conversely, BA2 and C materials had a support of 

increased numbers of colonies in subsequent stages (Figure 6C, D; 7C, D; and 8C, D). 

suggesting that such materials provided an improved microenvironment for long-term mESC 

proliferation. Control cells also presented stable colonies on Day 1, Day 4, and Day 7, 

reflecting normal proliferation under standard conditions (Figure 6G, Figure 7G, and Figure 

8G). Lower colony number over time on certain materials suggests that material properties 

and prolonged culture conditions are significant determinants of the survival and growth of 

mESCs.  

 

 

 

 

 

 

 

 

 

 



 42 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 

Figure 6  
Morphology of mESCs with hydrogels on day 1 
 
Control mESCs cultured in the absence of hydrogel materials, as a control for comparison 

purposes. Day 1 Photo of mESC cultured with material AA1 (A), B (B), BA2 (C), C (D), 

CA3 (E), and D (F). Control mESC (G). Scale Bars: 100 µm. Distinct differences in cell 

attachment, spreading, and colony formation are apparent with the different hydrogel 

conditions.   
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Figure 7  
Morphology of mESCs with hydrogels on day 4. 
 

Representative microscopic images illustrate morphology of mESCs cultured in various 

hydrogel preparations at Day 4. Microscopic picture of mESC Cultured using materials AA1 

(A), B (B), BA2 (C), C (D), CA3 (E), And D (F). Control mESC (G). Scale Bars: 100 µm. 
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Distinct differences in morphology and cell aggregating behavior are observed with different 

composition of hydrogels. mESCs in sodium alginate containing gels (A,C,E) express some 

form of clustering, suggesting certain distinct interactions with the substrate. The mESCs in 

silk fibroin containing hydrogels (B, D, F) have dispersed or attached-like morphology, 

which may reflect better surface interactions and biocompatibility of the material with the 

cell. The control group (G) serves as a reference, and it displays normal undifferentiated 

mESC morphology in the normal culture conditions. These results provide information 

regarding the impact of hydrogel composition on attachment, proliferation of stem cells, and 

overall cell behavior. 

 

 
 
Figure 8  
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Morphology of mESCs with hydrogels on day 7. 

Representative microscopic images demonstrate the morphology of mESCs cultured on 

various hydrogel formulations after seven days of incubation. Images are for mESCs 

cultured on AA1 (A), B (B), BA2 (C), C (D), CA3 (E), and D (F), with control mESCs 

cultured on a standard substrate in (G). Scale bars represent 100 µm. 

By Day 7, differences in cell morphology, aggregation, and distribution patterns are evident 

among the different hydrogel compositions. mESCs on AA1 (A), BA2 (C), and CA3 (E) 

exhibit dense, rounded colonies characteristic of strong cell-cell adhesion and potential 

maintenance of pluripotency. Cells on hydrogels B (B), C (D), and D (F) exhibit more spread 

morphologies, potentially indicative of altered cell-material interactions and potentially 

increased adhesion to the substrate. 

Control group (G) displays normal undifferentiated mESC morphology, serving as a 

reference for normal colony formation under routine culture conditions. The results 

emphasize the role of hydrogel composition on stem cell attachment, proliferation, and self-

renewal over extended durations. 

 

4.4  MTT results 

 

Used to quantify cell viability and proliferation, the MTT assay is a colorimetric assay that 

quantitates the reduction of MTT to a purple formazan product by living cells. The amount 

of formazan produced is directly proportional to the number of living cells and can be used 

to determine metabolic activity and the effect of different treatments or conditions. 

 

mESCs were co-cultured with STO cells on materials AA1, B, BA2, C, CA3, and D for 1, 

4, and 7 days, as indicated in Figure 9. MTT assay was employed to measure cell viability 

and examine cell proliferation kinetics over the culture duration. All of the materials had 

comparable viability to promote ES cell growth on day 1. Nonetheless, by day 4, significant 

differences in cell viability were evident between the different groups. Specifically, materials 

AA1, B, C, and D exhibited a severe reduction in cell viability compared to BA2 and CA3, 
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reflecting their variation in supporting cell growth throughout the period. By day 7, further 

differences in cell viability were apparent. Materials C and CA3 performed better with higher 

cell viability compared to the other test materials. This indicates that materials C and CA3 

can create a more suitable condition for long-term cell survival and proliferation compared 

to materials AA1, B, BA2, and D. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9  

MTT Results for day 1, 4 and 7 of mESC ,CM and hydrogels. 

In CM, cell viability was assessed using the MTT assay on day 1, 4, and 7, culture medium 

with STO cells (CM+Cells), and biomaterials (AA1, B, BA2, C, CA3, and D). Cell viability 

on day 1 was alike in all the conditions. On day 4, viability was reduced considerably in 

AA1, B, BA2, and D compared to BA2 and CA3. AA1 and B showed a drastic reduction in 

viability between days 4 and 7. The reduction was so pronounced that it could be due to 

material degradation within this time period, which could have compromised hydrogel 

mechanical stability or released cytotoxic byproducts. Byproducts could interfere with cell 
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processes, leading to reduced viability. Additionally, changes in nutrient diffusion, 

mechanical property changes of the biomaterials, or perturbed cell-matrix interactions may 

also have caused decreased cell adhesion and proliferation. On the contrary, by day 7, C and 

CA3 showed improved viability, suggesting that these materials were more stable or 

supportive as a microenvironment for mESC development. LDH assay data presented in 

Figure 10 also illustrated material-dependent differences in cell proliferation and 

cytotoxicity. These findings were reproducible in three independent experiments, 

demonstrating the reliability of the results. 

 
4.5. Lactate dehydrogenase cytotoxicity detection 

To assess cell membrane integrity, the LDH assay measures leakage of LDH into 

culture medium upon damage or disruption of cells. The level of LDH in the medium is 

directly proportional to the degree of cellular damage or cytotoxicity. It is commonly used 

to assess cell viability and the extent of cellular injury or death.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 10  
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LDH results for day 1, 4 and 7 of mESC ,CM and hydrogels. 

Figure 10 shows the LDH assay data comparing cytotoxic activity of different biomaterials 

(AA1, B, BA2, C, CA3, and D) against mESCs co-cultured with STO cells for seven days. 

On day one, all biomaterials tested were shown to be of low cytotoxicity, which means cell 

viability was relatively uninhibited. On day four, however, cytotoxicity was heightened in 

AA1, B, and C, while D evidenced maximum LDH release indicating major cell destruction. 

BA2 and CA3 evidenced quite minimal cytotoxicity. By day seven, however, cytotoxicity 

was down in all the biomaterials as indicated by minimum LDH release, indicative of the 

fact that no further cell destruction was occurring. These findings substantiate that cytotoxic 

effects are time-dependent and vary with the composition of biomaterial employed. 

 

4.6  Differential scanning calorimetry(DSC)  
 

DSC is a technique to measure the heat flow of phase transitions in materials, i.e., 

melting, crystallization, or glass transition. Heating or cooling a sample and comparing the 

heat flow to a reference, DSC provides information on the thermal properties, stability, and 

composition of the material. This can be particularly useful to examine biomaterials, 

polymers, or hydrogels. 
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Figure 11  
DSC thermograms 
 

Figure 11 showing the thermal transitions of four scaffolds: (A) BA2, (B) DA4, (C) 

C, and (D) D. Each curve represents heat flow as a function of temperature in a nitrogen 

environment, spanning from 25°C to 180°C with a heating rate of 10°C/min. 

 

 

 

4.7 Scanning electron microscopy (SEM) 
 

By focusing a narrow electron beam on the surface of a sample, SEM generates signals 

from electron interactions with the atoms of the target material. These signals form detailed 

images of the structure, shape, and chemical composition of the surface. It is primarily 

employed to study materials' microstructure at the microscopic level, such as biomaterials 

and cells. 
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Figure 12  
SEM images  
 

Figure 1 presents a morphological analysis at 100 µm magnification, illustrating the 

surface characteristics of gellan gum-based hydrogels and highlighting distinct structural 

differences between the silk fibroin (A–D) and sodium alginate (AA1–DA4) formulations, 

revealing notable variations in their surface structures. 
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4.5  Hemocompatibility studies. 

Surface characteristics, such as roughness, topography, and texture, are significant in 

regulating the hemocompatibility of gellan gum-based hydrogels. Such physical 

characteristics are relevant to the regulation of how the hydrogels interact with the various 

constituents of blood, as confirmed by hemocompatibility assay results. Specifically, 

smoother surfaces were revealed to minimize undesired interactions with both plasma 

proteins and blood cells, lowering the activation of coagulation cascade and hemolysis. 

Conversely, rougher or more irregular surfaces can promote platelet adhesion and 

aggregation and thus induce thrombotic responses. The analysis of erythrocyte morphology 

also illustrates the influence of surface characteristics, as hydrogels with optimized surfaces 

maintained the structural integrity of red blood cells with no deformation or lysis. The 

findings collectively indicate that the alteration of surface characteristics of gellan gum-

based hydrogels is important in improving their hemocompatibility, with profound effect on 

their potential use in blood-contacting applications such as drug delivery systems, vascular 

grafts, and wound dressings. 

 

4.5.1 Complete blood count assessment 

 
Table 3 shows CBC values for hydrogel-treated specimens, negative control and 

blank. All significant parameters were within clinically acceptable values, showing no 

unwanted effects on the blood components by the hydrogels. Specifically, the red blood cell 

(RBC) counts were between 5.35 and 5.60 × 10⁶/µL, and the white blood cell (WBC) counts 

were between 4.00 and 4.93 × 10³/µL. Platelet counts were also consistent in all the groups 

between 337 and 365 × 10³/µL without deviation, and hemoglobin (HGB) was also 

consistent at 16.2 to 16.4 g/dL. In addition, the mean corpuscular volume (MCV) and mean 

corpuscular hemoglobin (MCH) values indicated no abnormal changes, ensuring function 

and morphology of blood cells were maintained. Absence of abnormal blood reactions, such 

as hemolysis or platelet activation, emphasizes the hemocompatibility of the hydrogels. 

These findings collectively ensure the hydrogels are nontoxic and well tolerated and 



 52 

therefore appropriate for blood-contact applications, attesting to their desirable utility in 

biomedical therapies and devices.
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Table 3  

Complete blood count (CBC) assessment 

 

Blood cells 
Measurement 

units 
Standard range Blank sample 

Negative 

control 
A B C D AA1 BA2 CA3 DA4 

White blood cells 

(WBC) 
[103/µL] 4.0–11.0 5.21 5.9  4.64 4.75 4.67 4.93 4.67  4.73 4.40 4.44 

Red blood cells (RBC) [106/µL] 4.2–6.1 5.67 5.59 5.41 5.42 5.52 5.42  5.35 5.44 5.38 5.60 

Hemoglobin (HGB) [g/dL] 12.1 −17.2 16.8 16.5 16.3 16.4 16.4 16.3  16.3 16.4 16.2 16.4 

Hematocrit (HCT) [%] 36–54 48.6 48.1 46.7 46.8 47.5 46.9  46.2 46.8 46.4 48.3 

Mean corpuscular 

volume (MCV) 
[fL] 80–100 85.9 86.1 86.5 86.5 86.2 86.7 86.5 86.2 86.4 86.2 

Mean corpuscular 

hemoglobin (MCH) 
[pg] 27–33 29.6 29.6 30.1 30.2 29.7 30.0 30.4 29.9 29.7 29.6 

Mean corpuscular 

hemoglobin 

concentration (MCHC) 

[g/dL] 31.5–35.5 34.5 34.4 34.8 35.0 34.4 34.7 35.2 34.7 34.7 34.1 

Platelets (PLT) [103/µL] 150–450 365 361 340 337 350 350 338 359 365 340 
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Red cell distribution 

width-standard deviation 

(RDW-SD) 

[fL] 35–55 40.3 40.2 41.0 40.4 40.3 41.2 40.8 40.8 40.7 40.5 

Red cell distribution 

width-coefficient of 

variation (RDW -CV) 

[%] 11.5–14.5 12.9 12.7 13.4 13.2 13.0 13.3 13.3 13.3 13.0 13.3 

Platelet distribution 

width (PDW) 
[fL] 9–17 10.7 10.6 10.6 10.7 11.2 11.3 11.6 10.7 10.9 10.2 

Mean platelet volume 

(MPV) 
[fL] 7.5–11.5 9.6 9.7 9.7 10.0 10.0 9.9 9.8 10.3 9.9 9.9 

Platelet-large cell ratio 

(P-LCR) 
[%] 15–30 20.8 23.1 21.4 23.0 22.9 23.0 21.8 24.3 23.3 21.6 

Plateletcrit (PCT) [%] 0.2–0.5 0.36 0.34 0.34 0.35 0.36 0.36 0.34 0.38 0.36 0.35 

Nucleated red blood 

cells (NRBCs) 
[103/µL] 0–2 0.00 0.00 0.00  0.00 0.00  0.00 0.00  0.00 0.00  0.00 

Neutrophils (Neut) [103/µL] 1.8–7.8 2.66 2.70 2.42 2.69 2.61 2.55 2.70 2.53 2.29 2.36 

lymphocytes (Lymph) [103/µL] 1.0–4.8 2.05 1.86 1.73 1.75 1.74 1.62 1.66 1.73 1.64 1.63 

Monocytes (Mono) [103/µL] 0.2–0.8 0.46 0.38 0.42 0.43 0.43 0.47 0.40 0.41 0.39 0.38 

Eosinophils (Eo) [103/µL] 0–6 0.08 0.06 0.08 0.09 0.09 0.10 0.08 0.08 0.08 0.07 

Basophils (Ba) [103/µL] 0–0.2 0.02 0.01 0.02 0.02 0.02 0.03 0.03 0.02 0.02 0.02 
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Immature granulocytes 

(IG) 
[103/µL] 0.0–0.1 0.01 0.01 0.01 0.02 0.02 0.02 0.01 0.02 0.01 0.01 
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4.5.2 Coagulation analysis 

 

Coagulation analysis of test samples was compared to control samples. Table 4 

shows that the fibrinogen, PT, and aPTT levels of all test samples were within normal ranges. 

This is direct evidence that test samples did not influence coagulation parameters, hence 

providing a hemostatic balance similar to that of control samples. 

 

Table 4  

Coagulation analysis of test samples against controls 

Parameter Standard 
range Blank Negative 

control A B C D AA1 BA2 BA3 BA4 

PT (Sec) 10–14 12.2 12.7 12.3 12.5 12.6 12.8 12.5 12.7 12.8 13.1 
aPTT (Sec) 25–35 28.2 25.0 27.3 27.0 27.7 28.2 28.3 28.5 29.8 30.7 
Fibrinogen 
(mg/dL) 200–400 200.9 172.9 203.3 200.6 206.1 206.1 195.4 195.4 195.4 192.9 

 

Table 4 presents the hydrogel sample coagulation parameters, negative control, and blank. 

Fibrinogen level was marginally less than normal (200–400 mg/dL) in all of the sodium 

alginate-treated groups, with the maximum decrease observed in the sodium BA4 group. The 

fibrinogen level was, however, sufficient to cause clot formation without any serious 

inhibition. 

Values for PT ranged from 12.3 to 13.1 seconds, and those for aPTT ranged from 27.0 to 

30.7 seconds. All the values were within clinical normal ranges, indicating that there was no 

significant effect of the hydrogels on coagulation pathways. 

In comparison of the hydrogel preparations, the silk fibroin-derived hydrogels (A-D) had 

marginally increased clotting times, indicating speeded-up activation of the extrinsic 

coagulation pathway. Alternatively, sodium alginate-derived hydrogels (AA1-DA4) had 

increased clotting times, suggesting altered coagulation profiles, indicating reduced 

initiation of the intrinsic pathway of coagulation. 

These findings highlight the role of hydrogel composition in blood coagulation kinetics. Silk 

fibroin hydrogels enabled speeded clotting, but sodium alginate hydrogels extended clotting 

time and impacted fibrinogen level, which was reduced minimally. These findings highlight 
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material-dependent interactions with blood components and provide important insights into 

hydrogel hemocompatibility for medical use. Supplemental CBC analyses corroborate these 

findings. 

 

4.5.3 Quantitative hemolysis index analysis 

 

As shown in Table 5, quantitative analysis indicated a minor level of hemolysis in all test 

samples, while hemocompatibility remained within acceptable limits. 

 

Table 5  

Quantitative hemolysis index analysis 

Parameter Standard 
Range Blank Negative 

Control A B C D AA1 BA2 CA3 DA4 

Hemolysis 
index 30/0 25/0 23/0 46.4/1+ 56.5/1+ 59.2/1+ 66.4/1+ 22.9/0 39.0/1+ 40/1+ 39.5/1+ 

 

Table 5 illustrates variation in hemolysis of hydrogel samples with surface properties 

during RBC lysis. Sample A of gellan gum–silk fibroin hydrogels revealed a hemolysis index 

of 46.4/1+, while sample D reached 66.4/1+, since hemolysis was promoted by higher gellan 

gum contents. AA1 revealed lowest hemolysis (22.9/0), reflecting good compatibility with 

blood cells. Normal hemolysis was encountered in the 0.5% and 0.75% gellan gum 

formulations, whereas those of 1% gellan gum induced greater RBC lysis, though not to an 

excessive degree. Hemolysis indices of BA2 and CA3 were 39.0/1+ and 40/1+, respectively, 

still within the acceptable blood-contact material limit. Further increasing to 1% gellan gum 

led to greater hemolysis, as encountered for the DA4 formulation. While increased gellan 

gum concentrations produced greater hemolysis, the net effect was still within a moderate 

level, which suggests that the formulations were still acceptable for biomedical uses. Since 

hemolysis index <30/0 is typically taken as a critical test of hemocompatibility, the following 

results indicate that despite the elevated level of gellan gum that tends to raise hemolysis, 

the net effect is low and confirms the feasibility of using such hydrogels in blood-contacting 

applications. 
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4.5.4 Erythrocyte structural analysis and platelet adhesion assessment. 

 

Figure 13 presents peripheral blood smear tests and erythrocyte morphology studies, 

which play a vital role in determining the hemocompatibility of 400 µm hydrogels. 

Hydrogels containing 0.3% and 0.5% gellan gum (A, B) revealed no significant changes in 

RBC morphology or platelet aggregation, suggesting that these concentrations neither induce 

RBC damage nor platelet adhesion. On the other hand, 0.75% gellan gum hydrogels (C) 

presented minimal hemolysis and a marginally denser yet still normal platelet distribution, 

indicating very little effect on erythrocytes and platelets. Hydrogels with the highest gellan 

gum concentration (D and DA4) exhibited dispersed dysmorphic erythrocytes and partial 

platelet clumping, most likely due to surface roughness. On the other hand, more smooth 

surfaces—such as in A, B, AA1, and BA2—appeared to alleviate cell membrane stress, with 

normal erythrocyte morphology and enhanced blood compatibility. The more irregular 

surface of D caused more hemolysis and platelet aggregation, which was confirmed by 

hemolysis index and SEM observation. 400 µm blood smears in 10 fields under observation 

also supported the results. 

Overall, hemocompatibility was strongly influenced by surface characteristics, with 

smoother surfaces (A, B, AA1, BA2) demonstrating superior blood compatibility. These 

findings highlight the critical role of surface smoothness in optimizing hemocompatibility 

for blood-contact applications, reinforcing the need to meet ISO 10993-4 standards for safe 

clinical use. 
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Figure 13  

Peripheral blood smears  

 

Figure 13 illustrates the analysis of peripheral blood smears for erythrocyte morphology and 

platelet adhesion, conducted on blank samples, negative controls, and hydrogel-treated blood 

samples, all observed at a magnification of 400 µm. 
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5. CHAPTER V 

Discussion 
 

In this present research work, different concentrations of gellan gum (0.3%, 0.5%, 0.75%, 

and 1%) were mixed with silk fibroin (3%) and separately with sodium alginate (4.2%). This 

choice was significant as it allowed us to investigate the mechanical and biological 

characteristics of such blends, which have not been extensively investigated so far. 

Interestingly, no direct comparisons are found in the literature for gellan gum-silk fibroin 

and gellan gum-alginate blends at these particular concentrations. Furthermore, to our 

knowledge, neither of these types of blends has ever been thoroughly evaluated for their 

impact on mESC or their hemocompatibility. Through exploration of these aspects, we hope 

to offer new insight into biomaterial science and, at best, discover new applications or 

upgrades on existing biomaterial formulations. Comparison to existing work helps to 

characterize our research's unique focus on these specific blend compositions and biological 

testing, thereby adding to the field's understanding of their potential biomedical applications. 

 

In contrast to earlier studies that focused on single-component biomaterials or different blend 

ratios, our research extends this foundation by systematically examining the effect of gellan 

gum at different concentrations (0.3%, 0.5%, 0.75%, and 1%) in combination with silk 

fibroin and separately with alginate. This approach is derived from the work of S. Lee et al., 

(2021) by comparing the exact compositions of blends directly, which were not extensively 

researched previously. Furthermore, though S. Lee et al., (2021) researched similar 

biomaterials, they never examined the mESC-specific uses or comprehensive 

hemocompatibility tests, which are subjects explored within this work to further explain and 

potential uses for these blends of biomaterials. 

 

The importance of testing biomaterials at various pH levels in an effort to study their stability 

and functionality in diverse biological environments was highlighted by Silva-Correia et al., 

(2011) This principle has since been further applied in our current research, where swelling 

kinetics of our gellan gum-based materials at pH 7.4 and pH 1.2 is specifically studied. This 

comparative approach not only helps to place in relief the ultimate significance of wide pH 

characterization but also operates to emphasize our dedication to biomaterial design 
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innovation for applications demanding toughness in a diverse set of physiological 

environments. Extending Silva-Correia et al., (2011) preliminary work, our study contributes 

to the literature on biomaterial behavior in different pH conditions, providing essential 

information to enable the creation of more durable and cross-functional medical materials. 

 

Our sample testing in both pH 1.2 and pH 7.4 contributes to traditional biomaterial research 

testing only at physiologic pH 7.4 in an attempt to deliver cell culture and blood 

compatibility. While pH 7.4 is a norm for biologic application, our inclusion of pH 1.2 is an 

extension to stress the material to function in more extreme acidic conditions. This 

comparative study allows us to examine the material's response to pH excursions mimicking 

hostile physiological milieus, e.g., acidic gastric fluid or local inflammatory tissues. Such 

findings are very important in the design of biomaterials that can be used efficiently for a 

broad range of clinical applications, e.g., tissue engineering scaffolds and drug delivery 

systems for site targeting. 

 

Through the observation of the interaction between pH media and biomaterials, we further 

understand its biocompatibility. We are dedicated to the scientific validity of our findings, 

placing them at the cutting edge of biomaterial science, with reflective data useful in the 

optimization of design and biomedical science research innovation. Hydrogels were, in this 

work, verified to be swellable in PBS more than ABS. Hydrogels in this study were more 

swellable in PBS compared to ABS because of the high pH nature of PBS which favors 

ionization and electrostatic repulsion of the hydrogel. This is in line with Mouser et al., 

(2016), which also found more swelling in basic to neutral pH conditions compared to acidic 

conditions. 

The results revealed that silk fibroin hydrogels were less swollen and more stable than 

sodium alginate hydrogels. This was because the silk fibroin was more crosslinked, thus 

being stronger and more resistant to swelling. This is in agreement with Kim et al., (2004), 

where hydrogels formed from silk fibroin were found to be mechanically stronger and 

swelling was repressed due to stable β-sheet structures. 
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Higher gellan gum concentration lowered swelling capacity as a result of denser crosslinking 

and smaller pore size. This is also reported by Mouser et al., (2016) who reported the same 

with higher polymer concentration leading to denser networks that limit water imbibition. 

 

These facts, as usual for other experiments, demonstrate that buffer composition, form of the 

biomaterial, and polymer concentration influence hydrogel swelling, required for the 

optimization of hydrogel design in biomedical applications. 

 

This study comprehensively assessed hydrogel performance in cell culture experiments with 

STO cells and mESCs. Oliveira et al. (2010) analyzed cell morphology and other cellular 

behaviors, viability dynamics, and cytotoxicity by LDH assays and concluded that it gave 

valuable information regarding their suitability for biomedical applications. 

 

G. H. Kim et al., (2012) examined the fibroblastic morphology of mESCs and the mESCs' 

colony formation specifically in all hydrogel samples. These materials were observed to 

maintain cellular morphology even after mitomycin C treatment, indicating their capacity to 

maintain cellular integrity during experimental durations. 

 

Variations in cell viability for the hydrogel samples were noted during the experimental time. 

BA2 and CA3 were initially the same on day 1, and they exhibited superior cell viability on 

days 4 and 7 compared to AA1, B, C, and D. The results support that BA2 and CA3 are an 

environment that is favorable to sustaining and enhancing cellular activity with time. G. H. 

Kim et al., (2012) results highlight the significance of selecting the most appropriate material 

in order to achieve the best of experimental outcomes. 

 

Oliveira et al., (2010) have also conducted LDH cytotoxicity assays to identify BA2 and C 

materials with reduced cytotoxicity rates than others. This indicates reduced disruption to 

cell membrane integrity and cell health in general, further indicating BA2 and C as high 

biocompatibility materials for cell culture use. 

 

BA2, AA1, and C material compositions were examined as to how it affects the later 

performance in cell culture. 
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BA2 with 4.2% sodium alginate and 0.5% gellan gum, AA1 with equal quantity but in 

reduced ratio of gellan gum, and C with the incorporation of 0.5% gellan gum and 3% silk 

fibroin, as far as biocompatibility and cellular activity are concerned, blends differ on their 

merits. These findings show that gellan gum, sodium alginate, and silk fibroin have a 

synergistic effect of cell morphology and viability maintenance excellent during extended 

periods of culturing. Enhanced cell culture performance of BA2, AA1, and C biomaterials 

will bring striking effects to further biomedical science and applications. The research 

confirms the effectiveness of the materials against the reduction of cell viability and 

cytotoxicity with humongous potential for them to be applied in their eventual use in 

regenerative medicine and tissue bioengineering research studies. BA2, AA1, and C 

materials exhibit effective characteristics of maintenance of cell viability, morphological 

integrity, and the reduction of the cytotoxic effect. 

 

DSC analysis is one of the most significant analysis methods for assessing thermal properties 

of hydrogels, particularly those made from gellan gum. DSC analysis provides valuable 

information on thermal transitions such as peak temperatures with direct relevance to the 

stability, integrity, and potential application of hydrogels in biomedicine. These thermal 

properties are relevant to the prediction of hydrogel behavior under physiological conditions, 

i.e., biocompatibility and functionality in cell culture systems. 

 

Two of the gellan gum hydrogels, Sample C and Sample BA2, were chosen from our study 

because they showed high performance when used in cell culture. Alternatively, two of the 

hydrogels with undesirable swelling kinetics, i.e., Sample D and Sample DA4, were chosen 

for comparative purposes. 

 

Gellan gum is generally well recognized to be thermomutability and solid gel-forming 

character that impacts maximum temperatures tolerated by hydrogels (Vieira et al., 2021). 

Use of gellan gum will rather enhance general heat resistance of a matrix in a hydrogel 

producing greater peak temperatures. 

 

Silk fibroin addition also lowers the peak temperature compared to the pure gellan gum 

systems. Silk fibroin is incorporated into the hydrogel matrix, showing flexibility and 
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biocompatibility to enhance cell adhesion and growth (Dong et al., 2015). Sample C, for 

example, contained a lower peak temperature of 58.41°C, an indicator of increased 

incorporation and homogeneity and appropriateness for use in cell cultures. 

Concurrently, the sodium alginate addition would also rise peak temperature as seen from 

Sample BA2 (76.54°C) and Sample DA4 (79.30°C). Sodium alginate will generate heat-

resistant firmer network within gellan gum matrix that will reduce porosity and flexibility 

and impair cell culture performance. 

 

Generally, gellan gum will exhibit heat transitions between 80°C and 120°C depending upon 

concentration and additive dependence. Alginate hydrogels will generally exhibit maxima 

between 70°C and 90°C, and silk fibroin hydrogels will generally exhibit transitions between 

50°C and 80°C depending upon their relative biocompatibility and flexibility. 

 

Our DSC studies of hydrogels of gellan gum show that thermal properties of hydrogels are 

regulated by which additive is used (alginate or silk fibroin). 

 

Lower peak temperature values of hydrogels, indicating higher integration and homogeneity 

within the matrix, are shown to exhibit better performance under cell culture with focus on 

higher biocompatibility and biomedical application (Kumar et al., 2016). Gellan gum also 

has an appropriate thermal backbone but certain additives such as silk fibroin and sodium 

alginate can influence the top temperatures and therefore hydrogel performance during cell 

culture (Morris et al., 2012). As opposed to in our work in accordance with Lee et al.'s (2021) 

study comparing gellan gum-based hydrogels which differ based on additives. 

 

Lee et al., (2021) also observed that silk fibroin-loaded hydrogels have lower peak 

temperatures, a reflection of higher matrix incorporation and homogeneity similar to our 

finding in Sample C. The two other studies confirmed that the sodium alginate-loaded 

hydrogels tend to have higher peak temperatures as a result of stiffer network formed in the 

gellan gum matrix similar to our finding in Sample BA2 and DA4. Lee et al., (2021) study 

on the different concentrations of gellan gum, sodium alginate and silk fibroin also confirms 

our understanding on how these preparations affect thermal stability and swelling behavior 

necessary for effective hydrogel design in biomedical applications. 
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Thermal characterization of certain hydrogel samples reveals the significant role played by 

silk fibroin and sodium alginate additives in altering the thermal characteristics and nature 

of gellan gum-based hydrogels. The comparative method serves to establish the hydrogel's 

behavior, which ends up in the synthesis of biomaterials that are well engineered for 

biomedical applications. 

 

The SEM micrographs exhibit typical surface morphologies of the six hydrogel scaffolds 

and the main contribution of variance is due to gellan gum, sodium alginate and silk fibroin 

concentration. Every hydrogel has different topographical features, which are accounted by 

ratios of three component mixing. 

 

 Hydrogel DA4 possesses the most complicated surface with a strongly porous structure that 

contains major roughness. The above conclusion agrees with the Akkineni et al. (2016) 

study, where greater amounts of gellan gum and sodium alginate concentration have been 

shown to form hydrogels with an interconnected network, dense and more solid structure. 

Such a structure is useful when used, e.g., in drug delivery or tissue scaffolding, since in 

such cases porosity as well as strength are major criteria. 

 

Further research could include the mechanical and biological properties of these hydrogels 

with a more detailed research into their applications in the field of regenerative medicine in 

the future. 

 

For our hemocompatibility experiment, Samples BA2, AA1, and C were investigated to 

study their interaction with blood constituents in terms of coagulation parameters, CBC, 

hemolysis, erythrocyte morphology, and platelet adhesion. 

In vitro, coagulation tests also showed that the samples BA2, AA1, and C did not have any 

effect on major coagulation parameters, such as PT, aPTT, and fibrinogen level. 

 

The finding is consistent with that of Gaharwar et al. (2014), where they showed that 

hydrogel materials are able to preserve hemostatic integrity without interfering with key 

clotting factors in blood coagulation. Additionally, Gaharwar et al., (2014) demonstrated that 
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these materials significantly reduced in vitro blood clotting times were reduced by 77%, and 

also increased stable clot formation. The study by Rastogi & Kandasubramanian, (2019) 

investigated the fibroblastic morphology of STO cells and the evident colony formation of 

mESCs on all the hydrogel samples. Studies demonstrated that the materials sustained 

cellular morphology even upon treatment with mitomycin C, which proved their capacity to 

uphold cellular integrity during experimental conditions. 

 

Hemocompatibility of gellan gum hydrogels is closely linked to their surface characteristics, 

which are critical for blood interaction and overall compatibility, which determine blood 

component interactions. Hydrogels with smoother surfaces exhibited reduced platelet 

adhesion and reduced coagulation and hemolysis risks, while rough surfaces correlated with 

increased platelet aggregation and thrombotic response. Optimizing the surface is 

emphasized, particularly in the potential application for vascular grafts and other biomedical 

implants. 

 

CBC determination (Table 3) confirmed that hydrogel-treated blood samples remained to 

possess major parameters in medically acceptable ranges. 

 

Hemoglobin concentration and cell indices, MCH and MCV, remained unchanged with no 

adverse influence on blood cell structure or function. Erythrocyte morphology tests again 

confirmed these observations, with hydrogels preserving cell structure without deformation 

or lysis. Peripheral blood smear analysis (Figure 13) revealed that smoother hydrogel 

surfaces, e.g., in 0.3%–0.5% gellan gum formulations, minimized membrane stress and 

maintained normal erythrocyte morphology. Coagulation testing (Table 4) revealed that all 

hydrogel specimens maintained PT, aPTT, and fibrinogen at normal levels, maintaining 

hemostatic homeostasis. Material composition-dependent distinctions were silk fibroin-

derived hydrogels with increased clotting times, this suggests potential activation of the 

extrinsic coagulation pathway, and sodium alginate-derived hydrogels with slowed clotting 

and lower fibrinogen, suggesting slowed intrinsic pathway activation. These differences 

indicate the value of material composition in regulating coagulation response for specific 

clinical application. 
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The hemolysis index (Table 5) was within limits for all of the formulations, confirming their 

blood compatibility. 

 

Smaller gellan gum levels (0.3%–0.5%) exhibited minimal hemolysis, whereas the upper 

levels (0.75%–1%) exhibited relatively high indices, which are likely attributable to 

increased surface roughness. Although the hemolysis varied with increased amounts of 

gellan gum, overall values were mild and suggested these hydrogels remain deserving of 

blood-contact application. The results underscore the need for accurate polymer 

concentration adjustment for maximum compatibility. Platelet adhesion study also 

established the function of surface properties. 

 

Hydrogels with smoother surfaces such as 0.3% and 0.5% gellan gum showed minimal 

platelet aggregation, exhibiting better blood compatibility. Formulations with 0.75% and 1% 

gellan gum, however, showed localized platelet aggregation, which was caused by higher 

surface roughness. SEM imaging confirmed these findings, highlighting the role of smoother 

surfaces in reducing platelet interaction and enhancing hemocompatibility. BA2, AA1, and 

C samples had good hemocompatibility profiles in this research, as they did in previous work 

demonstrating them to be suitable for biomedical applications involving blood contact. 
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6. CHAPTER VI 

Conclusion and recommendations 
 

In the current thesis, we have extensively examined gellan gum-based biomaterials, blended 

with silk fibroin and alginate at various concentrations, to enhance their properties, 

biological interactions, and suitability in biomedical applications. Our study fills some 

significant voids in available information on such biomaterial blends in terms of how they 

function under different physiological conditions and how they interact with biological 

systems. 

 

The study began with an evaluation of some physio-chemical characteristics of gellan gum 

hydrogels. By mixing sodium alginate and silk fibroin at 0.3% to 1% concentrations, we 

systematically explored the influence of these additives on the stiffness, swelling behavior, 

and thermal stability of the hydrogels. DSC analysis revealed distinct thermal transitions 

based on the nature and concentration of additives, which suggested the structural integrity 

and possible biomedical applications of the hydrogels. 

 

At the center of our studies was the investigation of such biomaterial blends in biological 

environments. We conducted comprehensive cell culture experiments using mESCs and 

STO cells to examine biocompatibility, cytotoxicity, and the capability of sustaining cellular 

proliferation and morphology over long time frames. BA2, AA1, and C samples were 

particularly interesting ones with much higher cell viability and morphology compared to 

other samples. These results underscore the significant potential of these blends in driving 

tissue engineering and regenerative medicine applications, where it is critically important to 

maintain cellular integrity and function. 

 

Appreciating the role of the environment in biomaterial performance, we broadened 

conventional pH characterization to encompass measurements at pH 7.4 and pH 1.2. This 

led us to understand how the changes in pH influence hydrogel swelling kinetics, giving 

valuable insights into their stability in physiological and acidic environments. Such thorough 

pH characterization is absolutely necessary for the development of biomaterials that are 
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resistant to dynamic biological environments, thus making them practically useful in various 

clinical applications. 

 

In addition, our research explored the hemocompatibility of these biomaterial blends by 

evaluating their interaction with blood constituents using coagulation tests, hemolysis 

experiments, and erythrocyte morphology analysis. BA2, AA1, and C samples had little 

effect on blood clotting factors and erythrocyte viability, implicating their suitability for use 

in direct blood contact applications, for example, implantable devices and wound dressings. 

 

In conclusion, this thesis has a major contribution to biomaterial science by advancing the 

understanding of gellan gum-based blends with silk fibroin and alginate. From 

comprehensive mechanical, biological, thermal, and hemocompatibility tests, we have 

established the significant features that influence their performance and applicability in 

biomedical purposes. Our findings highlight the importance of tailor-made biomaterials that 

can support cellular activity, adapt to physiological conditions, and circumvent futile 

biological interactions. Future research may include other additives, optimize blend 

compositions, and utilize these findings for successful biomedical breakthroughs to benefit 

patient care and outcome. 

 

By answering these research objectives, this thesis not just contributes to the fundamental 

knowledge of biomaterials but also gives the foundation for future development in 

biomaterial design, laying down the groundwork for more efficient therapeutic interventions 

and innovation in biomedical technologyre. 
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