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Abstract 

A silk-based hydrogel system was explored to evaluate the effects of substrate 

stiffness and cyclic stretch on human mesenchymal stem cell (hMSCs) 

differentiation. The hydrogel fibers were highly tunable, elastic and supported the 

survival and growth of encapsulated hMSCs. The hMSCs in silk hydrogel fibers at 

50 kPa and 150 kPa both transferred from a multipotent stem cell state to a pre-

osteoblast/adipocyte state in static culture. With cyclic stretching, osteo-

differentiation was enhanced, while adipo-differentiation was suppressed. A new 

method to generate a tunable, anisotropic 3D porous scaffold with branching 

networks to enhance vascularization in vitro and direct anastomosis in vivo was also 

developed. Branched channels were generated in the silk-based scaffolds with 

proper endothelialization. Silk fibers in the scaffold aligned with a specific 

direction and achieved anisotropic diffusion of molecules with different sizes. 

These new silk-based tissue engineered constructs can integrate physical and 

chemical cues for desired stem cell differentiation to improve tissue regeneration. 
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Chapter 1 - Introduction 

The work in this thesis describes projects I have done to investigate a new method 

for generating a silk-based engineered tissue construct to recapitulate the 

microstructure and mechanical properties of natural tissue. The effects of cyclic 

stretch and substrate stiffness on hMSCs differentiation were also evaluated in a 

silk-based hydrogel system to further optimize the design of silk scaffold loaded 

with stem cells, and thus improve the treatment of specific tissue regeneration.  

Chapter 2 introduces the background information and the motivation of carrying 

out this project. The introduction begins with the clinical relevance of tissue 

regeneration and tissue engineered constructs in healing injured tissue, followed by 

an overview of biomaterial scaffolds used for tissue regeneration. The importance 

of vascularization is also elucidated. The necessity of systematically evaluating the 

effects of mechanical cues on stem cells, a key cell source in biomaterial scaffolds, 

differentiation in a 3D environment are also discussed. Finally, the advantages and 

wider application of silk biomaterials in tissue engineering are introduced. 

Motivations are provided that focus on the possibility of using silk for generating 

required tissue engineered constructs with integration of proper physical or 

biochemical cues to direct stem cell differentiation. 

Chapter 3 presents an investigation on the effects of substrate stiffness and cyclic 

stretch on hMSCs differentiation using a silk hydrogel system. The results showed 

how these physical cues affect adipogenesis and osteogenesis in 3D silk hydrogel 

fibers. The findings proved the feasibility of using the silk hydrogel system for 

further studies. 
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Chapter 4 describes the newly-formed anisotropic silk-based 3D scaffold with 

built-in branching networks. In this chapter, the anisotropic structure and diffusion 

successfully mimicked natural tissue. The endothelialization of branching channels 

established the foundation of vascularization. In the future, the silk scaffold can be 

integrated with the physical cues determined using the developed silk hydrogel 

system. 

Chapter 5 summarizes the results in these projects and also discusses the potential 

future directions for the generated silk-based engineered constructs.   
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Chapter 2 – Background 

2.1 The Need for Tissue Regeneration 

Tissue failure, caused by tumor, infection, ageing, trauma, etc., is one of the major 

life-threatening diseases [12-14]. While some tissues are able to regenerate by 

themselves after injury, many important tissues such as the heart, kidney and lungs 

have limited ability to fully restore their function. For example, cardiac tissue 

failure, which can result from myocardial infarction (MI), is one of the leading 

causes of death worldwide [15]. This is because adult cardiomyocytes have very 

limited proliferation.  

Transplantation, the traditional treatment for tissue failure, has been explored to 

replace damaged tissues. However, there are still challenges including unwanted 

immune responses, spreading of diseases and fewer donors available for 

transplantation. For example, in 2018, only 2,663 donors are available for 

transplantation, but there are 114,924 people are on the waiting list for organ 

transplantation in America (United Network for Organ Sharing, 2018). Therefore, 

other strategies such as drug delivery, synthetic prosthesis and mechanical devices, 

are under development to improve the treatments for tissue regeneration. 

Unfortunately, these therapies cannot fully recapitulate the function of damaged 

tissue or organ in the long-term [16]. Tissue engineering aims to promote 

regeneration of all structures and functions of natural tissue and was initially 

promoted by Langer et al. in 1993. The goal of tissue engineering is to generate a 
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functional tissue engineered construct in vitro to replace the damaged tissue without 

the limitation of current treatments. 

A tissue engineered construct is one of the major potential techniques for repairing 

damaged tissue and regenerating healthy tissue [17-19]. Porous 3D scaffolds are 

often generated using synthetic or natural biomaterials for cell seeding and growth 

in order to achieve formation of complex tissues or organs. Physical and 

biochemical cues including stiffness, topography, soluble factors, substrate ligands, 

mechanical and electrical stimulation can be applied to the cells in scaffolds in order 

to induce an appropriate environment for regeneration (Figure 1). The cell-laden 

engineered tissue constructs can be either cultured in vitro to form complex tissues 

for transplanting into injured areas, or directly transplanted into damaged regions 

to achieve tissue regeneration induced by the local environment in vivo. 

2.2 Biomaterial Scaffold 

Sponges and hydrogels are two major systems used for generating 3D scaffolds. 

(Figure 1) Hydrogel-based systems are more similar to natural tissues with higher 

water content and smaller pore sizes. However, compared to sponge-based systems, 

hydrogel-based systems are weaker in mechanical strength making it difficult to 

mimic harder tissues including bone, cartilage or muscle. Additionally, sponges can 

be created to have highly organized fiber direction and will maintain their structural 

integrity during and post-surgery [20, 21]. 
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The biomaterials chosen for engineered tissue constructs are crucial to their success. 

However, it can be difficult to determine the types of biomaterials to use due to the 

many complexities of natural tissues. Some of these key considerations include the 

biomaterial’s biocompatibility, biodegradability, mechanical properties, scaffold 

morphology and manufacturing method. Most biomaterials used now for tissue 

regeneration are not able to fully mimic the natural tissues and so are limited in 

their design. For example, currently available cardiac patches made from Dacron, 

PTFE or bovine pericardium are unable to mimic native mechanical strength and 

cannot remodel or integrate with the host tissue [22-24]. Therefore, development 

of a biodegradable and biocompatible engineered tissue construct that fully 

Figure 1. Tissue engineered constructs [1] are developed from cells (ex. hMSCs [8]), 

biomaterial scaffold (sponge-based system and hydrogel-based system[9]) and 

application of physical and biochemical cues such as mechanical stimuli, stiffness, 

topography, substrate ligands, soluble factors and genetic manipulation [11]. 
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recapitulates the morphology and mechanical properties of native tissue, and thus 

better integrates with the host tissue, is an important step in improving tissue 

regeneration treatments.  

Synthetic polymers and natural polymers are widely used in engineered tissue 

constructs. Synthetic polymers including polystyrene, poly-l-lactic acid (PLLA) 

and polyglycolic acid (PGA) are used due to their controlled degradation rate and 

easy access to chemical modification. However, the biocompatibility of these 

synthetic polymers remains a problem especially after implantation in vivo. On the 

other hand, natural polymers such as collagen, fibronectin, or alginate showed 

much better biocompatibilities in supporting cell adhesion and proliferation than 

synthetic polymers [25, 26]. The difficulty in using natural polymers in engineered 

constructs comes in fabricating and modifying the polymers into a desired structure 

with specific properties. Furthermore, poor mechanical properties also limit the use 

of many natural polymers. Considering both the disadvantages and advantages in 

using hydrogel versus sponge-based systems or synthetic versus natural polymers, 

attempting to combining the two systems or two polymers together has become a 

potential approach to generate complex tissue engineered constructs.  

To achieve clinical utility and to improve tissue regeneration, critically sized tissue 

engineered constructs need to be up to several millimeters thick. Because the 

diffusion of oxygen is limited to a distance of 100-200 μm, perfusion of blood in a 

thick construct is required for the cell survival and success both in vitro and in vivo. 

Therefore, a dense vascular network needs to be generated in the critically sized 

engineered constructs to deliver sufficient oxygen and nutrients. Vascular networks 
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can be generated in collagen, alginate and gelatin hydrogels using different 

techniques [27-30]. Building vessel-like structures in the tissue engineered 

constructs is one strategy to provide a platform for endothelialization and vessel 

formation. Another important strategy in forming vascular system is neoangiogenic 

which is based on the ability of endothelial cells to form new vessels. This can be 

done by adding growth factors, adhesion peptides or co-culture of several relevant 

types of cells (Figure 2). However, a major challenge using hydrogels, is not being 

able to achieve an anisotropic structure, which is important for achieving 

mechanical and electrical anisotropic in many specific tissue such as neural, muscle 

and heart tissue. For example, the native cardiac tissues with multilayers structure 

Figure 2. Five different ways to achieve vascularization through inducing 

neoangiogenesis [3]. 
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containing aligned cells in each layer to achieve specific biomechanical behavior 

of cardiac tissue, but it is difficult to generate engineered cardiac tissues with 

multiple anisotropic layers in hydrogels [31]. 

Immediate vascular anastomosis is also necessary after implantation of these 

constructs [32]. Highly functional tissues including liver and heart are very 

sensitive to low oxygen levels and thus, immediate blood perfusion post 

transplantation and generation of vascularized tissue in vivo is necessary for cell 

survival. In previous studies, channels were introduced to engineered substrates to 

enhance vascularization and rapid anastomoses, but blood flow was still needed for 

several days to recover to a normal state after implantation [29]. This was probably 

due to the lack of proper surgical connections between host vessels and engineered 

vascular system. Because of these difficulties to create vascular system in tissue 

engineered constructs, only engineered tissue with less vessels such as bone, skin 

and cartilage are used now in clinics [3].  

In summary, there is still a need for finding new methods to generate biocompatible 

and biodegradable 3D scaffolds that can be tuned to recapitulate specific tissue 

properties with proper vascularization for improving tissue regeneration. 

2.3 Stem Cell Therapy 

Cell seeding in the 3D scaffold is essential for generating functional tissues in vitro. 

Stem cells, including hESCs, iPSCs and hMSCs are well known for their ability to 

differentiate into several types of cells and thus reduce host rejection and immune 

responses. Therefore, stem cells have been considered to be a potential revolution 
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of clinical treatments for tissue failure [33-35]. Among all the stem cell types, 

hMSCs are multipotent cells with the capacity to differentiate into osteoblasts, 

chondrocytes, myocytes and adipocytes (Figure 1), and thus have been widely 

explored in regenerating damaged tissues including bone, cartilage, heart, liver and 

fat in the past few years [35]. Both MSC and MSC-conditioned medium (MSC-

CM) were found to interact with inflammatory cells and induce efficient treatments 

of liver failure [36, 37]. A comparison between allogenic and autologous hMSCs 

in patients with ischemic cardiomyopathy also showed the ability to improve 

structural and functional recovery [38]. hMSCs have also been seeded in 3D porous 

scaffolds to form adipose or cartilage like tissue engineered constructs in vitro [39, 

40]. 

However, unwanted differentiation and the potential to generate undesired tissue 

remain problems for implanted MSCs [4], especially for long-term application [7]. 

In a previous study, generation of calcification leading to potential bone formation 

was found after injection of MSCs into infarcted myocardium [4] (Figure 3a). 

More seriously, vision loss outcomes occurred in some patients one year after the 

injection of stem cells [7] (Figure 3b). These results indicate that largely unknown 

physical and biochemical signals in the local environment might affect the fate of 

transplanted stem cells in vivo [35]. A better understanding of the MSCs fate post-

transplantation may help mitigate these risks and achieve higher efficacy of tissue 

regeneration. Therefore, it is important to systematically investigate the 

relationship between stem cell fate and environmental signals [41]. 

2.4 Substrate Stiffness and Stem Cell Fate 
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Extracellular matrix (ECM) provides structural and functional support for the stem 

cells as the key component of the local environment in vivo. Thus, to study the 

relationship between environmental signals and stem cell fate, several studies on 

the effects of physical and biochemical properties of ECM on stem cell fate have 

been done recently. The ECM stiffness is specific in different tissues. In 

mineralized bone, the ECM stiffness is over 100 kPa, while for the skeletal muscle, 

the stiffness is only 1 to 30 kPa. The softest tissue is fat tissue whose stiffness is 

only 0.5-1 kPa [2, 42] (Figure 4a). At the cellular level, numerous studies have 

A 

B 

Figure 3. a) Von Kossa staining (left) and combined Van Gieson/ Von Kossa staining 

(middle and right) showed calcification and bone formation in heart after injection of 

MSCs [4]. b) The table showed clinical course of three patients receiving bilateral 

intravitreal injection of stem cells. All the three patients suffered significant vision 

decrease during the clinical treatment [7-9]. 
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shown increased cell spreading and focal adhesion formation on stiffer substrates, 

such as tissue culture plastic, in a range from 1 MPa to 5 MPa [43, 44].  

Experimental evidences suggest that the multipotency and differentiation of 

hMSCs is affected by the substrate stiffness. For example, culturing hMSCs on 

substrates at around 10 kPa and 30 kPa mimicking the muscle and bone tissue 

stiffness expressed myogenetic and osteogenic differentiation, respectively [10]. 

On softer hydrogels, with stiffnesses near the neural level (0.1-1 kPa), hMSCs 

prefer neurogenic differentiation instead (Figure 4b). The same trend induced by 

tissue specific substrate stiffness was also found in another stem cells [45, 46].  

2.5 Cyclic Stretch and Stem Cell Fate 

Other than substrate stiffness, transplanted stem cells also experience mechanical 

stimulation during body movement and normal tissue function, such as the heart 

beating or lung breathing. Previous studies have shown that cyclic mechanical 

stretch can regulate stem cell fate [47-50]. A recent study suggested that the 

compressed type I collagen sheet significantly increased expression of smooth 

muscle genes in MSCs and the combination of cyclic stretch resulted in a further 

enhanced smooth muscle cell phenotype [5]. Although this study failed to apply the 

cyclic stretch on substrates with different stiffness, it demonstrated that MSC 

stimulation as a result of the combination of lineage-specific matrix stiffness and 

mechanical loading led to differences in differentiation potential. Cyclic stretch 

were also found to suppress BMP-4 induced MSC adipogenesis and promote BMP-

9 induced MSC osteogenesis [51, 52]. 
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The magnitude and frequency of strain are two key parameters when applying 

cyclic stretch. Previous studies have indicated potential effects of different 

magnitudes and frequencies of strain on stem cell fate (Figure 5). A study of 

proliferation and matrix formation of MSC on Flexcell tissue train plates found that 

5-15% strain at 0.5 Hz and 10% strain at 1 Hz have positive effects with upregulated 

cell proliferation and collagen synthesis [53]. Stem cell morphologies can also be 

modified by regimens of cyclic stretch [54]. Another study showed that 5% and 10% 

cyclic uniaxial stretch demonstrated myogenesis of MSCs, while 1% or 15% strain 

failed to induce myogenic lineage, indicating the importance of magnitude of strain 

during MSCs differentiation [55]. 

Therefore, studying the effects of cyclic stretch (various frequencies and 

magnitudes of strain) and substrate stiffness is essential for fully investigating how 

the local environmental signals affect stem cell fate. 

2.6 Silk as a Biomaterial 

Silk fibroin, a natural polymer extracted from silk cocoons, has been extensively 

used in tissue engineering and regenerative medicine [56]. The biocompatibility, 

tunable mechanical and biophysical properties, and controllable degradation rate of 

silk are well demonstrated in several studies [57-59]. The ability to achieve various 

formats including fiber, film and scaffold through different fabrication methods 

also enables the wide application of silk in biomedical field [60].  
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Many studies have been done previously in discovering the formation of silk 

sponges with tunable mechanical properties through salt leaching or freeze-drying. 

Previously, a biodegradable anisotropic silk patch, that incorporated cardiac ECM 

A 

B 

Figure 4. a) Elastic modulus of different tissue in human body [2]. b) The fluorescent 

intensity of differentiation markers of hMSCs on substrate with different elasticity. 

The results showed that neurogenesis occurs blow 1 kPa, myogenesis occurs as 

around 10 kPa and osteogenesis prefer substrate elasticity over 30 kPa [8, 10] 
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(cECM), was developed using the freeze-dried silk sponges. The patch mimicked 

the anisotropy of heart tissue by control of the freezing direction, while addition of 

cECM improved cell infiltration and vascularization. Moreover, The anisotropic 

silk patch showed better cell adhesion and growth than the isotropic silk patch [61, 

62]. A recent development of silk sponges with amorphous structure offered softer 

properties for engineering soft tissue in vitro. The kinetic controls introducing in 

freeze-drying processes provided the opportunity to design silk scaffolds with 

tunable stiffness and multiple cues [63]. Although several straight channels have 

been introduced into the silk sponges [64], the silk scaffolds still lack a complete 

endothelialized branching network with proper surgical connections to achieve 

surgical anastomosis in vivo. 

Silk hydrogels can be formed through sonication [65], vortexing [66], exposure to 

an electrical field and chemical crosslinking [6]. Recently an enzymatically 

crosslinked silk hydrogel proved to be a tunable, robust and highly elastic substrate 

[67] (Figure 6a). The storage modulus varies from 200-10000 Pa with different 

silk concentration and boiling time (Figure 6b) [6]. The hydrogel remains elastic 

even when the strain is up to 70% with limited hysteresis (Figure 6c) [6]. Silk 

hydrogel fibers were demonstrated to be generated using this enzymatic crosslinked 

silk hydrogel system, with modulus from 0.5MPa to 4MPa and extensibility from 

100 to 400% ultimate strain [68].  

Collagen, HA and fibronectin are usually used as the substrate for studying the stem 

cells due to their high biocompatibility. But it is more difficult to achieve wide 

ranges of stiffness and strain using these hydrogels compared to silk hydrogel [69]. 
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The limitations of modification on mechanical properties in collagen, HA, 

fibronectin, etc. prevent studying MSCs fate in some more extreme conditions and 

thus restrict further understanding of mechanical effects on MSCs fate. Although 

synthetic biomaterials could have a wide range of stiffness and strain, the silk 

hydrogel system is non-cytotoxic and supports long-term cell encapsulation and 

growth compared to the synthetic biomaterials [6].   

Another advantage of silk as a biomaterial is that there are limited integrin binding 

sites on silk fibroin for cell adhesion and interaction. This provides possibilities for 

the addition of specific cell binding sites or specific binding of proteins. 

Modifications on specific substrate ligands would also contribute in guiding MSCs 

differentiation through specific signaling pathways [70, 71]. In conclusion, a silk 

hydrogel system can provide a highly tunable, elastic, long-term 3D substrate for 

systematically investigating effects of physical and biochemical signals on stem 

cell fate. 

2.7 Summary 

Engineered tissue constructs containing porous 3D scaffolds, cell sources and 

physical and biochemical cues have been recently considered to be a revolution for 

tissue regeneration to deal with the limitation of traditional treatments. To improve 

the clinical treatment of tissue regeneration, a biocompatible, biodegradable 

engineered tissue construct recapitulating morphology and mechanical properties 

of natural tissue need to be generated in vitro. Hydrogel-based system and sponge- 
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Figure 5. Gene expression, cell number of MSCs on collagen type I sheets for non-

stretched control and 5% stretched MSCs [5]. 
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based system are two major fabrication methods of porous 3D scaffolds. The 

hydrogel-based system is good at its similarity to natural tissue composition, and 

the sponge-based system has advantages in its mechanical properties and 

modifiable morphology.  

Because both hydrogel-based system and sponge-based systems have their 

advantages and disadvantages, it is difficult to generate a tissue engineered 

construct recapitulating all functions and structure of natural tissue. Therefore, ther 

is a need to design new 3D scaffolds which are highly tunable to meet specific 

requirements of each tissue. In the 3D scaffolds, vascularization is also necessary 

for sufficient oxygen and nutrients delivery through immediate perfusion and 

efficient diffusion after transplantation. 

Among all the cell sources used for tissue regeneration, stem cells are a major 

source given their ability to differentiate into different kinds of cells. However, the 

transplanted stem cells might undergo undesired differentiation and thus led to 

severe outcomes. In order to be able to design engineered tissue constructs with 

specific cues to guide desired stem cells differentiation, the effects of physical and 

biochemical cues on stem cell fate need to be systematically investigated in vitro 

using a highly tunable and stretchable system. 

Recent studies on the application of silk fibroin in tissue engineering provided a 

possibility to generate new engineered tissue constructs with tunable mechanical 

properties, biocompatibility, controlled degradation and anisotropic structures. A 

newly developed silk-based hydrogel system can also be potentially used for 
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evaluating the effects of physical and biochemical properties on stem cell 

differentiation.  

This project aimed to generate a new silk scaffold with endothelialized branching 

networks to improve the treatment of tissue regeneration. The properties of this silk 

scaffold will be further optimized based on the investigation of how mechanical 

stretch and substrate stiffness affect hMSCs differentiation. It was hypothesized 

that the silk-based engineered tissue constructs could successfully recapitulate the 

mechanical properties and anisotropic structures of natural tissue, and a silk-

hydrogel system with various stiffnesses can be applied with mechanical stretch to 

Figure 6. a) Schematic of the covalent crosslinking tyrosine residues in silk proteins. b) The 
storage modulus of silk hydrogel with different silk concentration and boiling time. c) stress 
strain curve of cyclic compression on silk hydrogel immersed in PBS. Fully recovery occurred 
within 40% strain [6]. 

A 

B C 
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study the hMSCs differentiation.  The information of how specific mechanical and 

biochemical properties affect hMSCs differentiation could be integrated into the 

silk-based scaffold seeded with hMSCs in order to design the silk-based engineered 

tissue constructs into specific tissue regeneration such as cartilage, heart, liver, etc. 
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Chapter 3 – Evaluation of Effects of Substrate Stiffness and Cyclic Stretch  

on Stem Cell Fate in Silk Hydrogel Fibers 

3.1 Introduction 

Tissue failure is one of the major life-threatening diseases due to the limited ability 

of many important tissues such as the heart, kidney and lungs to fully restore their 

functions after damage or disease [12-14]. Therefore, hMSC-based therapy is one 

of the potential clinical treatments for healing tissue failure through tissue 

regeneration, which has been recently shown to improve tissue recovery due to its 

multipotency [72-74]. hMSCs are common stem cells used in research and clinical 

application to differentiate into several cell lineages such as osteogenesis, 

adipogenesis, neurogenesis and myogenesis [75, 76].  Direct injection of hMSCs 

into patients with myocardial infarction showed a 5.9% increase in left ventricular 

ejection fraction (LVEF) compared to the 1.6% increase in the control group [77]. 

However, some undesired differentiation of transplanted MSCs led to severe 

problems in long-term clinical trials [41]. Although several factors have been 

investigated to overcome this limitation [78], it remains an unsolved problem 

because of the lack of information regarding the effects of local environmental 

signals on post-transplantation hMSCs’ fate [79].  

It has already been well established that some chemical inductive cues and growth 

factors can effectively direct hMSCs differentiation into a desired lineage. However, 

once these cues were removed, the long-term control of hMSCs differentiation will 

be likely reduced, which leads to the uncontrolled differentiation occurred in vivo 
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after transplantation [80]. Thus, biomaterials with specific mechanical properties, 

nanotopography and composition are designed to guide hMSCs differentiation after 

delivery of hMSCs into injured areas [81]. ECM is a key component of the local 

environment in vivo that provides structural and functional support for the 

transplanted cells. The ECM stiffness is specific in different tissues with a stiffness 

of over 100 kPa in mineralized bone, 1 to 30 kPa for the skeletal muscle, and only 

0.5-1 kPa for fat tissues [2, 42]. Different tissues usually contain specific ECM 

components [82, 83]. Basement membranes are full of laminins and type IV 

collagen, while most of the soft connective tissue contains type I and III collagen 

[84]. Thus, to optimize the design of biomaterials, a variety of studies have done to 

explore the effects of different substrate stiffness, surface roughness or 

incorporated proteins, which are all essential for guiding hMSCs differentiation. A 

study on polyacrylamide (PAAM) gel for 1 week showed that the hMSCs on 

stiffness over 30 kPa preferred osteogenesis while stiffness around 10 kPa led to 

myogenesis [10].  

Moreover, transplanted hMSCs are also exposed to different kinds of mechanical 

stimuli including heart beating, gravity, breath, etc. Research on hMSCs 

differentiation under mechanical stimulation indicated that cyclic stretch inhibits 

adipogenesis of hMSCs through TGFβ1/Smad2 signaling pathway [85]. Increases 

in BMP-9 induced osteogenesis was also found in hMSCs after 12 h 1 Hz cyclic 

stretch [52]. Therefore, effects of substrate stiffness and cyclic stretch on hMSCs’ 

fate are worth evaluating in order to fabricate efficient biomaterials for directing 

hMSCs’ differentiation post-transplantation. 
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Previous studies used collagen, hyaluronic acid (HA), fibronectin, etc. to 

investigate the effects of substrate stiffness, mechanical stimulations or 

biochemical signals in ECM on stem cell fate. Although they have good 

biocompatibility, disadvantages exist for each of these substrate materials including 

fast degradation, difficulties for modification and narrow ranges of stiffness and 

strain. Because collagen, HA and fibronectin are ECM proteins, these substrates 

make it hard to separate the effects of pure mechanical and biochemical signals. 

Silk fibroin, a natural polymer extracted from silk cocoons, has been extensively 

used in tissue engineering and regenerative medicine [56]. The biocompatibility, 

tunable mechanical and biophysical properties, and controllable degradation rate of 

silk are well demonstrated in several studies [57-59]. A new way to form highly 

elastic silk hydrogel with tunable properties through horseradish peroxidase (HRP) 

and hydrogen peroxidase (H2O2) induced covalent crosslinking tyrosine residues in 

silk proteins was found by Parlow et al. [67]. The hydrogel, which remains elastic 

even when the strain is up to 70%, provides the opportunity to investigate long-

term hMSCs’ fate under changes of mechanical properties and application of cyclic 

stretch. 

The goal of this project is to generate and evaluate the ability of a highly tunable, 

elastic, long-term silk hydrogel system to fully investigate the effects of substrate 

stiffness, cyclic stretch and ECM proteins on hMSCs’ fate, and thus optimizing the 

design of silk scaffolds to direct differentiation of loaded hMSCs. 

3.2 Methods 
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3.2.1 Silk Solution Preparation 

Silk fibroin was extracted from Bombyx mori silk worm cocoons according to 

previously published methods [60]. 5 g Cocoons were cut into pieces and boiled in 

a glass beaker of 2 L Na2CO3 solution (0.02 M) for 60 minutes. The degummed 

fibers were rinsed with distilled water to remove residual Na2CO3 solution and air 

dried overnight in a chemical hood. The dried fibers were solubilized in LiBr (9.3 

M, dried fibers: LiBr solution was 1 g: 4 mL) in a 60°C oven for four hours. The 

solubilized silk solution (15 mL to 20 mL) was dialyzed in 2L distilled water with 

a regenerated cellulose membrane (3,500 molecular weight cut off, Slide-A-Lyzer, 

Pierce, Rockford, IL). The water was changed 1 and 4 hours after starting of dialysis, 

followed with 4 more times of water changing in 48 hours when the LiBr was fully 

removed calculated by the conductivity of the dialysis water (< 5 μS cm−1). The 

solubilized silk fibroin solution was removed from the dialysis cassettes and 

centrifuged for 20 mins, 3 times at 4°C to remove insoluble particulates and stored 

in a 4°C fridge. Silk concentration was determined by air drying 500 μL of the silk 

solution in a weight boat overnight at 60°C and calculating the remaining weight. 

The final silk solution yielded 6% to 8% (w/v). 

3.2.2 Silk Hydrogel Fibers Generation 

Silk solution, HRP, 10X DMEM (Sigma Aldrich, St. Louis, MO) and hMSCs were 

first mixed together to reach a final composition of 5% and 3% silk solution, 10 U 

HRP, 1X DMEM and 1×106 cells/mL. 1% H2O2, which was made through dilution 

of 30% H2O2 (Sigma Aldrich, St. Louis, MO), was added later to reach a final 
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concentration at 0.003%, 0.005% or 0.01% to trigger the crosslinking process. The 

mixed solution was drawn into a 3 mL syringe with a blunt 20-gauge needle 

immediately after H2O2 was added and left for 5-20 mins until the crosslinking 

process was close to the steady state. The hydrogel was then pressed out to form 

the fibers into the growth media (supplemented with 10% fetal bovine serum and 

1% antibiotic/antimycotic) (Life Technologies, Grand Island, NY). The silk 

hydrogel fibers were cultured at 37 °C, 5% CO2/95% air, and 95% relative humidity 

for 14 days. (Figure 7) 

3.2.3 Stiffness Measurement 

A TA Instruments RSA3 Dynamic Mechanical Analysis (DMA, TA Instruments, 

New Castle, DE) was used to test the stiffness of silk hydrogel fibers made with 

different silk concentrations at 3% and 5% on day 1 and 7 and 14 (Figure 8a). 

60min boiled silk solution was used and three different H2O2 concentrations at 

0.003%, 0.005% and 0.01% were tested. Samples were subjected to 4 tensile cycles 

to 20% strain to eliminate artifacts in a Phosphate Buffered Saline (PBS) bath. The 

fifth and sixth cycles were used to calculate tensile modulus which are quantified 

Figure 7. Schematic of silk hydrogel fiber making. 
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as the tangent of the stress-strain curves at 10% strains. All fibers were stretched at 

a constant rate of 0.025 mm/s.  

3.2.4 Cell Culture and Encapsulation 

The Flex cell plate (Bio Excellence International Tech Co.,Ltd) was used for 

applying cyclic stretch on silk hydrogel fibers. The two ends of silk hydrogel fibers 

encapsulating 1×106 cells/mL were glued on the tissue train plates (Bio Excellence 

International Tech Co.,Ltd) using the silk hydrogel with same compositions without 

cells. Cyclic stretch at 10% strain and 1Hz frequency were applied to the silk 

hydrogel fibers (3% and 5% silk concentration, 0.005% H2O2 concentration) 

continuously for 24 hours using flex cell plate in the growth media (supplemented 

with 10% fetal bovine serum and 1% antibiotic/antimycotic) (Life Technologies, 

Grand Island, NY). 

3.2.5 Cell Viability and Metabolic Evaluation  

Silk hydrogel fibers encapsulating 1×106 hMSCs/mL at 3% silk concentration and 

0.005% H2O2 concentration were made as described above in the growth media, 

and cultured at 37 °C, 5% CO2/95% air, and 95% relative humidity for 21 days. 50 

μL of 1×106 hMSCs/mL was loaded into each well in a 24 well tissue culture plate 

at the same culture condition.  

The relative metabolic activity of the hMSCs in silk hydrogel fibers after 1, 7 and 

21 days culture was determined by AlamarBlue assay (Life Technologies, Grand 

Island, NY) according to the manufacturer's directions. The silk hydrogel fibers 

were rinsed with Phosphate Buffered Saline (PBS) and incubated in DMEM 
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medium with 10% AlamarBlue reagent for 4 h at 37 °C, 5% CO2/95% air, and 95% 

relative humidity. After incubation, 100 µL aliquots were loaded into a black 96 

well plate with clear bottom. A microplate reader (Synergy™ H1, BioTek) was 

used to quantify the fluorescence intensity. The excitation wavelength was 550 nm 

and the emission wavelength was 590 nm. hMSCs seeded in 24 well tissue culture 

plates were used as positive control groups, while silk hydrogels fibers without 

hMSCs were used as negative controls.  

The viability of the hMSCs in silk hydrogel fibers after 1, 14 and 21 days culture 

was determined by Live/Dead assay. Briefly, the silk hydrogel fibers with hMSCs 

were incubated with 2 μM calcein AM and 4μM ethidium homodimer-1 (EthD-1) 

(Thermo Fisher Scientific, Waltham, Massachusetts, USA) at room temperature to 

stain live (green) and dead cells (red) respectively. After incubation for 15 min, the 

hydrogel fibers were rinsed for three times in PBS and imaged using a fluorescence 

microscope (Keyence BZ‐X700, Itasca, IL, USA). The live cells were imaged 

with excitation wavelength at 488 nm and emission wavelength at 499–537 nm, 

while the dead cells were imaged with excitation wavelength at 528 and emission 

wavelength at 617 nm. The images of live cells and dead cells were merged together 

using the analysis software (BZ-X Analyzer, Itasca, IL, USA). 

3.2.6 Gene Expression Evaluation 

RNA in the silk hydrogel fibers with 3% and 5% silk concentrations cultured in 

growth media for 1, 7 and 14 days at static state, and stretched for 24 h was isolated 

using the Qiagen RNeasy kit according to the manufacturer's directions. The sample 
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in a 2 mL microcentrifuge tube was flash froze in liquid nitrogen and homogenized 

for 5 mins in 600 μL lysis buffer to break up the cells. The homogenized samples 

were vortexed for 1 min and centrifuged at 4 °C in a micro-centrifuge at 13000 rpm 

for 15 mins. The supernatant was transferred to a column to collect the isolated 

RNA in a RNase-free collection tube through a set of centrifuges. The 

concentrations of the RNA were determined using the Nanodrop software. RNA 

was then reverse transcribed to cDNA using an Applied Biosystems High Capacity 

Reverse Transcription Kit. Quantitative real time polymerase chain reaction (qPCR) 

was applied to analyze and investigate expressions of RUNX2 (Hs 01047973_m1, 

Applied Biosystems, Foster City, CA), PPARγ (Hs 01115513_m1, Applied 

Biosystems, Foster City, CA) and CD90 (Hs 00174816_m1, Applied Biosystems, 

Foster City, CA), indicating the osteogenic fate, adipogenic fate and multipotency 

of hMSCs in the silk hydrogel, respectively. The control group was the hMSCs 

cultured on tissue culture plates, and GAPDH (Hs 02786624_g1, Applied 

Biosystems, Foster City, CA) was used as the house keeping gene. 

3.2.7 Statistics 

Differences between groups were examined for statistical significance using 

Student’s t-test, one-way or two-way analysis of variance with Tukey post-hoc. 

Significance will be set at p < 0.05. Sample sizes were more than 3. 

3.3 Results 

3.3.1 Evaluation of Stiffness for Silk Hydrogel Fibers 
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The silk hydrogel fibers extruded from syringes were stable and stretchable thin 

fibers with 1±0.18 mm diameter. The tensile properties of these silk hydrogels were 

determined through tensile tests in a PBS bath. Fibers were immersed in the growth 

media for 1, 7 and 14 days and then cut into 2 cm long sections. 4 tensile cycles up 

to 20% strain to eliminate artifacts and the followed fifth and sixth cycles were used 

to calculate tensile modulus within 10% strains. The final diameter was measured 

before starting the tensile tests. The hydrogel fibers fully recovered after six cycles 

of stretch. The stiffness measurements indicated that by varying the silk and H2O2 

concentration, stiffness between 30 to 150 kPa can be obtained. The hydrogel fibers 

prepared with 5 wt% silk were higher than the hydrogel fibers with 3 wt% silk 

(Figure 8b, c). For 5 wt% silk (Figure 8b), the stiffness of 0.005% H2O2 

concentration is higher than the 0.01% H2O2 concentration. However, for 3 wt% 

silk (Figure 8c), significant difference only occurred between 0.003% and 0.01% 

H2O2 concentration after 7 days culture. When the H2O2 concentration was 0.005%, 

the stiffness for both silk concentrations reached steady state at day 1, but if the 

H2O2 concentration changed to 0.003% and 0.01%, the stiffness increased in the 

first to second week. 

3.3.2 hMSCs Encapsulation and Viability 

In order to validate whether the silk hydrogel fibers were suitable for hMSCs 

encapsulation and growth, a live/dead stain was carried out for hMSCs loaded silk 

hydrogel fibers after culturing for 1, 14 and 21 days. The results on day 1 suggested 

that the hMSCs were alive and uniformly distributed inside the fibers. According 

to the live/dead stain on day 14 and day 21, the hMSCs maintained spherical shapes 
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with minimal extensions until day 14, and greater cell spreading and extensions 

observed on day 21 (Figure 9). 

Figure 8. a) Applying tensile tests on silk hydrogel fibers using DMA. b) Stiffness of silk 

hydrogel fibers prepared with 5 wt% silk, 0.005% and 0.01% H2O2 concentration, after 

1, 7 and 14 days culture. c) Stiffness of silk hydrogel fibers prepared with 3 wt% silk, 

0.003%, 0.005% and 0.01% H2O2 concentration, after 1, 7 and 14 days culture. The 

results are shown as the mean values and standard deviations are presented as error 

bars. The statistically significance level was determined by p value using ANOVA: *, P 

≤ 0.05; **, P ≤ 0.01, (n=3). 
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The metabolic activities of hMSCs in silk hydrogel fibers were determined by the 

Alamar blue assay. All the results were compared to the positive control group in 

which the hMSCs were seeded on a tissue culture plate. The Alamar blue assay 

after encapsulation for 1 day indicated that the metabolic activities for the hMSCs 

in silk hydrogels were nearly half of the hMSCs in tissue culture plates (Figure 

10a). The metabolic activities of hMSCs in silk hydrogel increased after culturing 

for 7 days and reached a 1.68±0.04 and 1.7±0.11 fold increase of day 1 values for 

samples with 5% and 3%, separately (Figure 10b).  

3.2.3 Gene Expression of hMSCs in Silk Hydrogel Fibers 

The hydrogel fibers containing hMSCs were cultured either at static state or 

dynamic state where 10% strain and 1Hz cyclic stretch were applied using a flex 

cell plate for 24 h (Figure 11). The samples at static state cultured for 1, 7 and 14 

days and the samples at dynamic state were collected for analyzing gene 

expressions of RUNX2, PPARγ and CD90. Gene expression was normalized to 

GAPDH and relative to controls whose values were set to 1. In silk hydrogel fibers 

made with 3 wt% silk, the PPARγ expression was upregulated by 2-fold and 11-

fold on day 7 and day 14, respectively, and the RUNX2 expression also upregulated 

Figure 9. Live (green) and dead (red) stain of the hMSCs in the silk hydrogel fibers 

after 1 (scale bar: 50μm), 14 and 21 days (scale bar: 100μm) culture.  

Silk_DMEM Day 1 
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by nearly 6-fold and 13-fold on day 7 and day 14. While the CD90 expression 

downregulated to around 0.77-fold and 0.49-fold on day 7 and day 14 of the control 

condition. In silk hydrogel fibers made with 5 wt% silk, the PPARγ expression was 

also upregulated by 2-fold and 7-fold on day 7 and day 14, and the RUNX2 

expression upregulated by nearly 7-fold and 8-fold on day 7 and day 14. 

Interestingly, the CD90 expressions were similar to the control condition on day 1 

and 14 but upregulated to around 2-fold on day 7 of the control condition (Figure 

12a, b, c). After applying cyclic stretching for 24 hours, all the gene expressions 

were upregulated even for CD90 compared to culturing at static state for 24 h, 

especially the RUNX2 expression, which showed no significant difference to the 

samples culturing at static state for 14 days (Figure 12d, e, f). The two-day 

ANOVA also suggested interactions between cyclic stretch and substrate stiffness 

on the gene expression of RUNX2 and CD90.  

Figure 10. a) Survival of hMSCs encapsulated in silk hydrogel fibers prepared with 3 

wt% and 5 wt% silk formed in DMEM compared to cells seeded on tissue culture plate 

tested by Alamar blue at day 1 post encapsulation. b) Cell proliferation in silk 

hydrogel fibers prepared with 3 wt% and 5 wt% silk formed in DMEM and tissue 

culture plate in 21 days tested by Alamar blue. The results are shown as the mean 

values and standard deviations are presented as error bars. The statistically 

significance level was determined by p value using ANOVA: *, P ≤ 0.05; **, P ≤ 0.01, 

(n=3).  
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3.4 Discussion 

Understanding the effects of substrate stiffness and cyclic stretch on hMSCs fate is 

necessary for optimizing the biomaterial scaffold properties to support targeted 

long-term hMSCs differentiation in vivo. Silk fibroin, as a newly developed 

biomaterial, has been widely used in tissue regeneration [86, 87], drug delivery [88-

90] and in vitro models. Mechanical properties, elasticity, biocompatibility and 

controlled biodegradation of silk fibroins are all valuable properties for 

implantation and tissue regeneration. Therefore, to optimize the design of 

implanted silk scaffolds loaded with stem cell, a silk system should be developed 

to investigate how substrate stiffness and mechanical stimuli affect hMSCs 

differentiation. Recently developed enzymatically crosslinked silk fibroin hydrogel 

was use in this project as the system due to its tunable mechanical properties, high 

elasticity and biocompatibility [6, 68].  

The gelation of the silk solution was achieved through the formation of a tyrosine 

crosslinked network. This peroxidase reaction can be tuned significantly by varying 

tyrosine concentration (which can be treated as silk concentration), molecular 

weight (which is determined by the boiling time of silk fibroin), HRP and H2O2 

concentration [6]. According to a previous study, the crosslinking efficiency 

decreased when the silk concentration increased, and the modulus will increase 

with increased silk concentration until a maximum value and then decrease [91]. In 

this project, stiffer hydrogels were found with 5% silk concentration compared to 

the 3% silk concentration, which suggested that 3% and 5% silk concentration is 

still within optimal range.  
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During the gelation process, the H2O2 forms an oxyferryl center and a porphyrin-

based cation radical to active HRP for undergoing followed reaction [92]. However, 

inhibition of HRP by higher H2O2 concentration would lead to lower crosslink 

density. Thus, when the crosslink density decreased, the modulus hydrogel also 

decreased. Stiffening of the initial crosslinked silk hydrogels with time has been 

found in several studies before due to the slowly self-assembles β-sheet secondary 

structure in silk [93, 94]. This process usually took several weeks. However, the 

stiffness of silk hydrogel fibers used in this project reached the steady state in only 

1 or 2 weeks, or even in 1 day for samples with 0.005% H2O2 concentration. This 

was likely due to faster hydrogel water loss because of the higher surface to volume 

ratio of the thin fibers than a bulk of hydrogel. To further confirm this hypothesis, 

Fourier transform infrared spectroscopy (FTIR) should be taken to evaluate the 

ratio of β-sheet to random coil [93]. 

According to the mechanical properties evaluation, the silk concentrations of the 

hydrogel fibers used in this project were determined to be 3% and 5% to reach 

stiffness at around 60 kPa and 150 kPa. The concentration of H2O2 was chosen to 

Figure 11. Silk hydrogel fibers are attached to tissue train plates. Cyclic stretch with 10% 

strain at different frequencies will be applied using flex cell plates.  
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be 0.005% to eliminate the interference of stiffening on hMSCs’ differentiation. 

Traditional surface seeding of hMSCs has been widely used for early drug 

discovery and screening. Compared to 2D matrices, 3D culture has been proved to 

be a more efficient way mimicking natural ECM environment. Differences of cell 

adhesion and signaling pathways were observed between 2D and 3D environment 

[95]. Here, we found that encapsulation of cells in silk hydrogel fibers enabled the 

uniform cell distribution from the center to the surface and prevented cellular 

gravity deposition. Discarding the cell loss during the encapsulation process, the 

surviving hMSCs were capable of long-term growth in the silk hydrogel fibers and 

showed increased metabolic activities and more cell spreading after culturing for 

two weeks. 

Gene expression is a direct way to study early hMSCs differentiation. To 

investigate the multipotency of hMSCs in conditions with or without mechanical 

stretch, expression of CD90, a marker for a variety of stem cells, was measured. 

Decreased CD90 expression was found in both hydrogel fibers prepared with 3 wt% 

and 5 wt% silk after 1-week culturing at static state, suggesting reduced 

multipotency and possible entering of hMSCs differentiation. However, CD90 

expression increased significantly after 24 h cyclic stretch compared to the static 

state regardless of the substrate stiffness. Scientists found that expression of CD90 

in osteoblasts was maximal during the proliferation and early stage of maturation, 

and the expression decreased close to maturation [96, 97]. It suggested that hMSCs 

entering earliest stage of osteo-differentiation due to cyclic stretch.  
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PPARγ is a critical positive regulator for adipocyte formation and a negative 

regulator for osteoblast formation. Whereas, RUNX2 is an osteoblast-specific 

transcription factor. When hMSCs were cultured at static state, a significant 

increase in expression of PPARγ and RUNX2 was found over time in both silk 

hydrogel fibers prepared with 3 wt% and 5 wt% silk. Similar trends of PPARγ and 

RUNX2 expressions were also observed at dynamic state. It suggested that 24 h 

cyclic stretch promoted hMSCs entering osteo-differentiation and thus led to 

obvious upregulation of RUNX2, which was only observed in hMSCs after two 

weeks culture at static state. Although the final direction of hMSCs differentiation 

into osteoblasts or adipocytes is determined on activation of either RUNX2 or 

PPARγ, the mechanisms still haven’t been fully developed. Recently identified 

Yes-associated protein/ transcriptional co-activator with PDZ-binding motif 

(YAP/TAZ) were found to interact with RUNX2 and PPARγ, suggesting their roles 

in switching between osteogenesis and adipogenesis [98, 99]. Therefore, the 

upregulation of both RUNX2 and PPARγ indicated that hMSCs was in a pre-

osteoblast/adipocytes state, and the further differentiation of hMSCs would be 

determined through signaling transductions. Stiffness and mechanical stretch were 

varied from the surface to the center of silk hydrogel fibers. Therefore, encapsulated 

hMSCs might also differentiate into specific lineages, such as osteo-differentiation 

at stiffer sites and adipose-differentiation at softer sites.  
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Figure 12. Gene expression of CD90, RUNX2, PPARγ in hMSCs encapsulated in silk 

hydrogel fibers with 3 wt% and 5 wt% silk formed in growth media for 1, 7 and 14 days 

at static state (a, b, c) or stretched for 24h at 10% stain and 1Hz (d, e, f). The control 

group is the hMSCs cultured on tissue culture plates. The results are shown as the 

mean values and standard deviations are presented as error bars. The statistically 

significance level was determined using ANOVA: *, P ≤ 0.05; **, P ≤ 0.01, (n=3). 
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Although these results are not sufficient for finding a conclusion on the effects of 

substrate stiffness and cyclic stretch on hMSCs’ fate in silk hydrogel system, they 

did confirm the possibility for using this silk hydrogel fiber as a 3D system for 

investigating the long-term effects of mechanical and biochemical cues on hMSCs’ 

differentiation. The study suggested that encapsulating hMSCs in silk hydrogel 

fibers over 50 kPa led to potential hMSCs differentiation, and application of cyclic 

stretch further induced expression of osteoblast-specific transcription factors, while 

inhibiting expression of adipocyte-specific transcription factors. In the future, long-

term studies on gene expression, ECM remodeling and several related signaling 

pathways would provide more information for explaining effects of different cues 

on hMSCs’ fate, and thus optimize the composition and properties of silk 

biomaterials scaffolds to direct hMSCs differentiation both in vitro and in vivo. 
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Chapter 4 – Generation of a Vascularized, Anisotropic Silk Scaffold for 

Tissue Regeneration 

4.1 Introduction 

Tissue failure due to cell death or severe damages is one of the major life-

threatening diseases [12-14]. Although several treatments such as synthetic 

prosthesis, mechanical devices and transplantation have been explored to repair or 

replace damaged tissue, there are still challenges including immature post-surgery 

function, unwanted immune responses and fewer donors available for 

transplantation. A functional engineered tissue construct containing 3D scaffolds 

and stem cells is one of the major techniques being explored for repairing damaged 

tissue. Tissue engineered constructs mimic the structure and functions of natural 

tissue with application of mechanical and biochemical cues to regenerate specific 

tissue based on cell-cell and cell-matrix interactions. To achieve the clinical utility 

and improvement for tissue regeneration treatment, a critically sized tissue 

engineered construct needs to be at several millimeters scales with a dense vascular 

network and immediate vascular anastomosis. After implantation, sufficient 

oxygen and nutrients can only reach a distance of 100-200 μm from the capillary 

due to the diffusion limit. Highly functional tissues, especially liver and cardiac 

tissue, are very sensitive to low oxygen levels and thus, direct surgical anastomosis 

with immediate perfusion of vascularized tissue is necessary for cell survival. 

Vascular networks can be generated in collagen, alginate and gelatin hydrogels 

using different techniques [27-29]. However, a major challenge using hydrogels, is 
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not being able to achieve an anisotropic structure, which is important for cells 

alignment in several natural tissues such as neural and heart tissue. Anisotropic 

structures in tissue engineered constructs are necessary to achieve various 

anisotropic functions including anisotropic diffusion, mechanics and electrical 

conduction, which are important in heart, muscle, bone or neural tissue. Anisotropic 

diffusion of macromolecules and nanoparticles through the scaffold plays an 

important role in biological activities. Stylianopoulos, T et al. have studied the 

anisotropic diffusion of macromolecules and nanoparticles in oriented collagen 

fibers using a mathematic model in 2010. The results showed that the overall 

diffusion coefficient is relatively similar in the anisotropic networks, however, the 

directional components of the diffusion coefficient varied with different degrees of 

fiber alignment, particles sizes and volume fiber fraction [100]. Anisotropic 

mechanics and electrically conduction also contribute to muscle contraction and 

spontaneous heart beating. For example, alignment of cardiomyocytes and 

anisotropic distribution of cell-cell junctions have potential effects on action 

potential propagation and generation of contractile force [101, 102]. Therefore, 

tissue engineered constructs should be able to recapitulate the anisotropic structures 

of the natural tissue they intend to replace. 

In comparison to hydrogel-based systems, the direction of the fibers in sponges can 

be well organized and maintain their structural integrity during and post-surgery. 

Synthetic polymers such as polyurethane and PLLA can be used for generating 

anisotropic sponges in tissue engineering [103, 104]. However, the limitations in 

biocompatibility and biodegradation remains problems for long-term implantation. 
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Freeze-drying is one of the frequently used techniques in introducing anisotropic 

structures, which can be used in making anisotropic collagen scaffold [105]. 

Although the collagen scaffold has advantages in biocompatibility, the difficulties 

in further modification of mechanical and biochemical properties need to be taken 

into consideration. 

Silk fibroin, an extensively studied biomaterial in tissue engineering and 

regenerative medicine [56], has shown advantages in good biocompatibility, 

tunable mechanical and biophysical properties, and controllable degradation rate in 

several studies [57-59]. The silk fibroin can also be fabricated into various formats 

including fiber, film and scaffold, enabling the wide application of silk in the 

biomedical field [60]. One type of silk sponge generated through a freeze-drying 

process can achieve both isotropic and anisotropic structures, which has been well 

demonstrated for its applications in tissue engineering. For example, a 

biodegradable anisotropic silk-ECM cardiac patch has been established previously. 

The patch mimicked the anisotropy of heart tissue while cECM improved cell 

infiltration and vascularization [61]. 

In this present study, a silk-based tissue engineered construct will be generated to 

recapitulate anisotropic structures of natural tissue such as muscle, heart, neural etc.. 

Branching networks will be incorporated into the constructs for vascularization and 

surgical anastomosis. The newly formed anisotropic silk-based sponge with 

branching networks is expected to contribute in improving tissue regeneration with 

ability to seed stem cells and integrate mechanical and biochemical cues for specific 

stem cell differentiation. 
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4.2 Methods 

4.2.1 Silk Solution Preparation 

Silk solution was made as described in the method of Chapter 3, however, the 

boiling time for the silk cocoons was 30 min. 

To prepare the concentrated silk solution (around 15% silk concentration), 20 mL 

6% to 8% silk solution were injected into a Slide-a-Lyzer dialysis cassette (3,500 

molecular weight cut off). The dialysis cassette was put in a chemical hood at room 

temperature for 12 to 24 hours until the volume of the solution decreased to 8-10 

mL to concentrate the silk solution. The concentrated silk solution was removed 

from the dialysis cassettes and the silk concentration was determined as described 

above. The final silk solution yielded 14% to 20% (w/v). 

4.2.2 Gelatin Mold Fabrication 

The channels in a silk scaffold were generated using gelatin. Solidworks ® software 

ver. 2015 (SolidWorks Corporation, Concord, MA, USA) was used to generate a 

3D parametric CAD model, which is a complementary shape of the half channels 

cut along the long axis. A milling machine was used to fabricate the CAD model 

on a high-density polyethylene (HDP) sheet. Polydimethylsiloxane (PDMS) was 

poured onto the HDE mold and placed in a 60°C oven for 4 hours for curing. Two 

PDMS molds were combined to form a whole channel. Gelatin solution was made 

by dissolving 5 g gelatin powder (Sigma, United States) into 20 mL 60°C distilled 

water. The 20% (w/v) gelatin solution was injected into the PDMS mold and left in 

-20°C freezer for 5min to induce faster curing. The cured gelatin mold was pulled 
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off from the PDMS mold and lyophilized for 24 hours to shrink the diameter of the 

mold to half. The gelatin mold was dipped into 12% silk solution followed with 

methanol to induce β-sheet formation of silk fibroin. This process was repeated 

for three times and water annealed for 4 hours later to form a uniform silk film 

around the gelatin mold. The silk film was acted as the ‘channel wall’ to prevent 

the loss of seeded Human umbilical vein endothelial cells (HUVECs). 

4.2.3 Anisotropic Scaffold Assembly 

A HDP made squared container with a metal bottom located on a box of dry ice 

and 98% ethanol was used to make the anisotropic silk scaffold with channels. The 

gelatin mold was fixed in the middle of the container and 10-20 mL 3% silk solution 

were poured into the container (Figure 13b) to immerse the gelatin mold. The 

freezing agent froze the metal bottom and in turn froze the silk solution to create 

anisotropic silk fibers around the gelatin mold. The frozen silk was then lyophilized 

and autoclaved. The silk scaffold was immersed in 60°C distilled water to melt the 

gelatin out and finally generate an anisotropic silk sponge with channels (Figure 

13a). 

4.2.4 Microstructure Observation using Scanning Electron Microscope (SEM) 

The silk scaffold was dehydrated in a series of graded ethanol extractions. The dried 

silk scaffold was cut from the middle of channels along the long edges using razor 

blades. SEM (Supra55VP, Zeiss) was used to observe the microstructure of the silk 

scaffold and channels coated with gold/palladium for 120 secs before SEM 

observation.  
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4.2.5 Diffusion Coefficient Measurement 

The diffusion coefficients in the anisotropic silk scaffold were measured using a 

Macroscope (Olympus MVX10 microscope using cellSens Dimension software 

(version 1.8.1, Olympus Corporation)). The measurement of diffusion coefficients 

followed the method described in a previous paper [106]. Briefly, the anisotropic 

silk sponge was trimmed into thin slices (0.1-0.2 mm) and immersed in distilled 

water overnight to reach equilibrium. 3 kDa and 40 kDa were chosen as the two 

tested molecular weights to mimic small molecules such as growth factors and large 

molecules such as proteins in the tissue. 2 μL 1 mg/mL 3 kDa or 40 kDa fluorescein 

isothiocyanate-dextran (FITC-dextran) was pipetted in the middle of sponge slices 

and a sequence of fluorescence images with 0.3 s intervals were taken to record the 

FITC-dextran diffusion. The fluorescent intensity maps at major axis (along the 

aligned fiber) and minor axis (perpendicular to the aligned fiber) of each image 

Figure 13. a) Schematic of silk scaffold making. b) Device of making the silk scaffold 
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were plotted. Gaussian fits of these curves were performed using Matlab following 

the equation: 

I(x, y, t) = 𝐸(𝑡)exp⁡[−(
𝑥2

𝛾𝑥2
+
𝑥2

𝛾𝑦2
)] 

The curves of 
𝛾𝑥

2

4
 or 

𝛾𝑦
2

4
 with respect to time (s) was plotted and the slopes were 

considered to be the diffusion coefficients. Isotropic silk sponge slices were used 

as the controls to directly visualize the difference between isotropic diffusion and 

anisotropic diffusion. 

4.2.6 Cell Seeding and Immunohistochemical Staining 

HUVECs were cultured in optimized growth media (EGM-2) consisting of 

Endothelial Basal Medium-2 supplemented with EGM-2 Bullet kit (PromoCell). 

Cells were cultured at 37 °C, 5% CO2/95% air, and 95% relative humidity. Cell 

culture medium was changed every two days, and cells were passaged at 

approximately 80% confluence using Trypsin-EDTA (0.25% trypsin with 1 mm 

EDTA·4Na) and frozen in cryogenic media consisting of growth medium 

supplemented with 10% (v/v) dimethyl sulfoxide (DMSO).  

To determine the protein used to coat the channel walls, silk films were made in 24 

well tissue culture plates and coated with 100 μg/mL type I collagen, fibronectin 

and type IV collagen separately. HUVECs were seeded on the silk films at the 

density of 5,000 cells/cm2 and cultured at 37 °C, 5% CO2/95% air, and 95% relative 

humidity for 7 days. The silk films were stained with DAPI for cell counting at day 

3 and day 7. The junctions between endothelia cells were determined through VE-
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cadherin stain at day 7. The images were analyzed using Cellprofiler to count the 

cell numbers and positive VE-cadherin expression, which was calculated as the 

ratio of number of cells expression VE-cadherin over the total number of cells in 

an image. 

Before seeding the HUVECs, the channel walls were coated with 500 μg/mL 

collagen-I to improve the HUVECs adhesion. 20 μL suspension of HUVECs with 

the density at 5×106 cells/mL were pipetted into the channels and incubate at 37 °C 

for 1 hour until the HUVECs attached to half of the channel walls. The silk scaffold 

was then turned over and HUVECs were seeded on the other half of channel walls 

following the same process. The silk scaffold was cultured in the growth medium 

which was changed every day. 

The silk scaffold was fixed in a 4% formaldehyde solution in PBS for 15 mins at 

room temperature, and permeabilized with 0.05% Triton X-100. After blocking 

with 1% bovine serum albumin (BSA) and 5% donkey serum in PBS, the silk 

scaffold was cut into half from the middles of the channels and incubated with the 

mouse anti-VE-cadherin (1:100) overnight at 4°C, followed by detection using 

Alexa Fluor-coupled secondary antibodies (Life Technologies). Nuclei were 

counterstained using DAPI (Carl Roth) added at the last 5min during incubation 

with the secondary antibody to prevent the high background signals from the silk 

fibroin. The images were taken with a fluorescence microscope (Keyence BZ‐

X700, Itasca, IL, USA). 

4.2.7 COMSOL Simulation 
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COMSOL Multiphysics (COMSOL Inc.) was used for building a simplified 

mathematical model representing the anisotropic silk scaffold with a straight 

channel through the middle. Physical equations used in prior bioreactor simulation 

research were modeled through COMSOL 5.2’s “Reacting Flow in Porous Media” 

module; fluid mechanics were described by the continuity equation and Navier-

Stokes equations, including the solutions in porous media developed through 

incorporation of Darcy’s Law, while the convection-diffusion equation describes 

the transport of dissolved oxygen by both moving fluid and diffusion down its 

concentration gradient [107, 108].  

To incorporate biomass behavior, and the connected equations for describing 

oxygen consumption, COMSOL’s module for general partial differential equations 

was used in conjunction with a modified form of Fisher’s equation: 

𝑑𝐶

𝑑𝑡
 = [H(S – Sh) μR 

𝑆

𝐾𝑚+𝑆
 - kd]C (1 - 

𝐶

𝐶𝑚𝑎𝑥
) + 𝛻 ∙ (Deff, C𝛻C) 

which incorporates terms intended to represent biomass growth, death, and 

diffusion [108, 109]. C represents the cell density [cells/m3], S the substrate 

(oxygen) concentration [mol/m3], H is the Heaviside step function as approximated 

through COMSOL’s smoothed step function options, which returns 1 if the input is 

positive and 0 otherwise, Sh a threshold concentration of oxygen intended to prevent 

oxygen consumption at miniscule levels of substrate from causing negative 

solutions, and Km is a Michaelis-Menten oxygen concentration constant which 

decreases cell growth rate at sufficiently low oxygen concentrations as in the 

Monod equation: 
𝑑𝐶

𝑑𝑡
=⁡μR 

𝑆

𝐾𝑚+𝑆
⁡𝐶 (3) [109]. The specific replication rate and cell 

death rate are represented by μR and kd, respectively [cell/s]. Cmax is a parameter 
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calculated using approximate cell volume and the scaffold porosity and represents 

the maximum density at which further biomass growth is prevented by physical 

limits. The effective diffusion coefficient Deff, C [m2/s] describes the diffusion rate 

of cells throughout the scaffold down their concentration gradient and was assumed 

to be similar to COMSOL’s diffusion approximation for porous media where the 

relevant diffusion coefficient multiplied by εp
3/2, where εp is scaffold porosity. The 

scaffold’s porosity and permeability (κ) were assumed to decrease with increased 

cell concentration as in previous research accounting for cell growth: εp = 

εp0𝑒
−𝑉𝑐𝑒𝑙𝑙(𝐶𝑡𝑜𝑡𝑎𝑙)

𝜀𝑝  and κ = κ0𝑒
−𝑉𝑐𝑒𝑙𝑙(𝐶𝑡𝑜𝑡𝑎𝑙)

𝜀𝑝 ⁡[54]. Ctotal is a sum of local biomass density 

and the local density of HUVECs where the channel layer is, as the HUVECs were 

assumed to provide a similar barrier to diffusion and fluid motion. 

To model oxygen consumption, the reaction equation, describing oxygen sink 

behavior in the convection-diffusion equation, was made to incorporate both the 

custom biomass and consumption behavior assumed for a constant layer of 

HUVECs: 

R = −𝑅𝐻𝑈𝑉𝐸𝐶CHUVEC
𝑆

𝐾𝑚⁡𝑆
H(S – Sh)H(

𝑤𝑐ℎ𝑎𝑛𝑛𝑒𝑙

2
 + wHUVEC – x) – RESCC

𝑆

𝐾𝑚⁡𝑆
H(S – Sh) 

RHUVEC and RESC denote values for oxygen consumption rates by HUVECs and 

embryonic cells, where the latter was assumed for the growing biomass. The 

Michaelis constant Km was assumed to produce consumption-limited behavior at 

the same concentration as growth would become inhibited. CHUVEC describes an 

assumed constant density of the HUVEC layer; the HUVEC population is 

physically defined by the second step function in the above equation, which stops 
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accounting for HUVEC-related oxygen consumption beyond a fixed distance from 

the channel wall (𝑤𝑐ℎ𝑎𝑛𝑛𝑒𝑙). 

4.2.8 Statistics 

Differences between groups were examined for statistical significance using 

Student’s t-test. Significance will be set at p < 0.05. Sample sizes were more than 

3. 

4.3 Results 

4.3.1 Anisotropic Silk Scaffold Fabrication and Microstructure 

Following the steps described in the methods, the branched PDMS molds (Figure 

14a) and gelatin molds (Figure 14b) for the channels were successfully made. The 

surfaces of the molds were smooth, and the diameters of the gelatin mold decreased 

to half of the originals after lyophilization without changes on shapes. A thin and 

transparent silk film was coated on the gelatin mold by dipping the mold repeatedly 

in concentrated silk solution and methanol for 3 times. The 3% silk solution froze 

along the direction of the branched channels. After lyophilization and sterilization 

and β-sheet formation through autoclave, an anisotropic silk sponge was formed 

with the gelatin mold in the center. The gelatin can be fully washed away with 60°C 

water and left with branched channels in the silk sponge.  

Water with red dye was injected through the inlet of the channels and confirmed 

fluent fluid flow through the channels. After injecting the water with red dye for 5 

mins, the silk scaffold was cut into half from the center of the channels along the 
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direction of fluid flow. The images showed that the whole channels were stained to 

red. The surrounded silk sponge was still whitish suggesting no diffusion of water 

from the channels into the sponges due to fully silk coating around the channels 

(Figure 14c).  

The microstructures of the silk fiber alignment and the silk film made channel wall 

were observed using SEM. All the silk fibers were aligned along one direction to 

form an anisotropic silk sponge (Figure 15a) and no gaps were found on the 

channel walls made with concentrated silk (Figure 15b). The thickness of the 

Figure 14. The pictures of a) Plastic and PDMS molds, b) gelatin mold, lyophilized 

gelatin molds coated with silk films and c) a silk scaffold with channels 
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channel wall can be adjusted by the changing the concentration of the silk solution 

and the dipping times of the gelatin mold into the silk solution.  

The direction of the silk fiber alignment can be directed by changing the freezing 

direction. Two types of silk sponges were made with silk fiber alignment either 

along (Figure 16a) or perpendicular (Figure 16b) to the channels. In order to 

observe the directions of water diffusion, pores were made on the channel walls by 

mixing 1% polyethylene glycol (PEG) into the concentrated silk solution. After 

injecting the water with red dye, the directions of the water diffusion were shown 

to follow the silk fibers alignment. 

4.3.2 Anisotropic Diffusion Evaluation 

Figure 15. The SEM images of a) aligned silk fibers, Scale bar: 100μm and b) channel 

walls. Scale bar: 20μm 

B A 
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Once the anisotropic structures have been confirmed in the silk sponges. Further 

analysis on the diffusion coefficients in the anisotropic sponges were measured 

according to a previous published method [106]. Because the dextran diffused 

faster in the silk sponge than the hydrogel, small time intervals were used to capture 

a sequence of images. 

The fluorescent images showed that in isotropic silk sponges, FITC-dextran 

diffused uniformly to all the directions forming a circular shape (Figure 17a). 

However, in anisotropic silk sponges, FITC-dextran diffused faster along the fiber 

alignments and slower perpendicular to the fiber alignments and formed a spindle 

shape (Figure 17b).  

Figure 16. The fluid diffusion from channels to the surrounded areas in the silk scaffold 

with fibers a) aligned with the channels or b) perpendicular to the channels. 

B 
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To statistically measure the anisotropic diffusion coefficients, fluorescent density 

maps on major and minor axis were plotted with respect to the distance. The density 

profiles were fitted with Gaussian curves in Matlab to obtain the values of 
𝛾2

4
 at 

different time points (Figure 18a). The values of 
𝛾2

4
 were then plotted with respect 

to the times and the diffusion coefficients were determined as the tangent of the 
𝛾2

4
-

time curves. For both 3 kDa and 40 kDa FITC-dextran, the diffusion coefficients 

of the major axis were higher than the minor axis. However, 40 kDa FITC-dextran 

diffused slower than the 3 kDa FITC-dextran in the anisotropic silk sponges. The 

diffusion coefficients of 3 kDa FITC-dextran on the major and minor axis were 

(7.78± 1.04) ×  10-6 cm2/s and (0.83± 0.08) ×  10-6 cm2/s (Figure 18b). The 

diffusion coefficients of 40 kDa FITC-dextran on the major and minor axis were 

(1.39±0.12) × 10-6 cm2/s and (0.41±0.01) × 10-6 cm2/s (Figure 18c). 

Figure 17. Sequence of images taken after the injection of 3kDa FITC-dextran in a) 

isotropic and b) anisotropic silk sponge with 0.3 s interval (scale bar 100 m). The major 

axis represents the direction along the fiber alignment and the minor axis represents 

the direction perpendicular to the fiber alignment. 
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4.3.3 Endothelialization 

The first step for vascularization was to achieve endothelialization of the built-in 

channels in the silk scaffolds. HUVECs before passage number 4 were used for the 

endothelialization. Before seeding HUVECs in the channels, the channels need to 

be coated with specific proteins to promote the HUVECs adhesion and extension 

and thus improve the confluent HUVEC layers formation. To determine the most 

efficient protein to use for coating channels, 3 of the most abundant ECM proteins 

in the natural basal membrane: type I collagen, fibronectin and type IV collagen 

were evaluated for their efficacy in supporting cell proliferation and endothelial cell 

junction formation. 

Silk films coated with 100 μg/mL type I collagen, fibronectin and type IV collagen 

separately were used to determine the best choice of coating protein to enhance 

HUVECs’ proliferation and junction formation. The results indicated significant 

cell proliferation on all the coated silk films. But the silk films coated with type I 

collagen showed significant higher cell numbers than type IV collagen and 

fibronectin coated silk films on day 3. After 7 days culture, cell numbers on both 

type I collagen and fibronectin coated silk films were significant higher than the 

silk films coated with type IV collagen (Figure 19a). Both type I collagen and 

fibronectin coated silk films also achieved significantly more junction formation 

between HUVECs on day 7 compared to type IV coated silk films (Figure 13b). 

Therefore, type I collage was determined to be the best choice of protein to be used 

for coating channels. 
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Figure 18. a) Fluorescence intensity profiles (black) extracted at t = 0.3 s along major 

axis are fitted with gaussian curves (blue). b) The values of diffusion coefficients of 3 

kDa FITC-dextran at major (solid line) and minor axis (dash line) were estimated from 

the 
𝛾2

4
 versus time curves. The equations and values of R2 were displayed beside fitted 

lines. c) The values of diffusion coefficients of 40 kDa FITC-dextran at major and minor 

axis were estimated from the 
𝛾2

4
 versus time curves. 
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A straight channel in the silk scaffolds were coated with 500 μg/mL type I collagen 

and seeded with HUVECs. The silk scaffold was flip upside down one during the 

HUVECs seeding process to seed the HUVECs uniformly around the channel. A 

Figure 19. a) HUVECs numbers on collagen-1, fibronectin and collagen-4 coated silk 

films after culturing for 3 and 7 days. b) formations of endothelial cells junctions on 

collagen-1, fibronectin and collagen-4 coated silk films after culturing for 7 days. The 

results are shown as the mean values and standard deviations are presented as error 

bars. The statistically significance level was determined by p value using ANOVA: *, P 

≤ 0.05; **, P ≤ 0.01, (n=3). 
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confluent HUVECs layer was observed on the channel and maintained until day 7 

(Figure 20a, b). The HUVECs could also be seeded into branched channels, but 

the cells didn’t reach higher confluency after 3 days culture (Figure 20c). 

4.3.4 Simulation 

In order to better understand the biological environment in the silk scaffold and 

thus optimize the design of the silk scaffold, COMSOL was used to simulate the 

changing of oxygen concentration (Figure 21a, b) and biomass growth (Figure 

21c, d) in the silk sponge around the channels. The model was simplified to a 

squared silk scaffold with a straight channel through the middle of it. A confluent 

HUVEC layer was on the side of the channel and cardiac fibroblasts were seeded 

in the silk sponge. 5 mm and 10 mm wide silk scaffold was used for the simulation. 

The fresh media flew from the inlet to outlet of the channel. According the results 

of the running the model simulation, after culturing for 2 h, only the area within 2 

mm from the channel remained normal oxygen concentration. The areas near the 

outlet or over 2 mm away from the channel are hypoxia regions. Due to the 

limitation of oxygen, the hypoxia regions were also where the lower biomass 

growth occurred compared to the region with normal oxygen concentration. 

4.4 Discussion 

In the recent years, with the increased demands of clinical treatment in healing 

injured tissue and replacing failed organs, development of complex engineered 

tissues or even organs for transplantation becomes a potential revolution of clinical 

treatment for tissue failure. However, many obstacles still need to be overcome to 
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meet clinical requirements. Recapitulation of the natural microstructures for 

specific tissue through a tunable tissue engineered construct and providing 

sufficient oxygen and nutrients to the entire engineered constructs are considered 

to be two of the major problems.  

In natural tissue, the structures of many tissues are anisotropic and aligned 

following specific direction. For example, the structure of native myocardium is 

composed of several layers with parallel myocardial and collagen fibers and thus 

achieved anisotropic cell-cell junctions relating to electrical conduction [101, 102]. 

The alignment of each layer varies slightly with a small angle [110, 111]. The native 

bone tissue is also an anisotropic material which lead to different behaviors when 

the load was applied at different directions. For instance, the bone tissue, 

mechanical loading is generally applied in the longitude direction rather than the 

load being applied to the bone surface [112].  

The silk-based construct generated in this project successfully recapitulate the 

anisotropic structures of nature tissue. The orientation of the silk fibers can be well 

controlled by the freezing direction. To match the anisotropic structures of specific 

tissue, the freezing direction can be maintained unchanged during the process or 

changed slightly at each layer to achieve different alignments in multi-layers. The 

stiffness of the silk sponge can also be tuned to match the specific stiffness of 

natural tissue with changes on molecular weight of silk fibroin or the concentration 
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of silk [86]. According to previous study, the average pore size of the silk sponge 

can also be adjusted based on the freezing reagent including liquid nitrogen, dry ice 

with 99.8% ethanol or dry ice with 70% ethanol. The higher the freezing rate was, 

the larger the pore size achieved [64]. 

Figure 20. Confluent HUVEC layer formation on the channel walls after a) 3 and b) 7 

days culture. DAPI (blue) was used to stain nucleus and VE-cadherin stain (red) 

represented junctions between endothelial cells. c) HUVECs (green) seeding on the 

branched channel walls after 3 days culture. 
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Through modifying the anisotropic structure, the silk-based construct is also able 

to achieve anisotropic diffusion of molecules with sizes similar to growth factors 

and proteins. Transportations of growth factors and proteins secreted from cells are 

important in inducing signal pathways, regulating metabolic activities and 

remodeling ECM environment [113, 114]. The diffusion coefficients measured in 

natural tissues varied significantly with different types of tissue and sizes of the 

diffusion molecules [106, 115, 116]. In heart muscle cells, 10 kDa dextran diffused 

at (1.6 ± 0.2)× 10-7 cm2/s in the transverse and (1.9 ± 0.3)× 10-7 cm2/s in the 

longitudinal directions [117]. For 3 kDa dextran, the measured anisotropic 

coefficients in the molecular layer of isolated turtle cerebellum were 

(8.95⁡±⁡1.31)× 10-7 cm2/s and (5.65⁡±⁡0.83)× 10-7 cm2/s at major and minor axis, 

respectively. And for 75kDa dextran, the measured anisotropic coefficients were 

(1.24⁡±⁡0.11)× 10-7 cm2/s and (0.7⁡±⁡0.09)× 10-7 cm2/s at major and minor axis, 

respectively. Although the diffusion coefficients in silk sponges are hard to match 

specific natural tissues, similar to the previous published results, the diffusion of 

dextran with larger molecular weight diffused slower than the dextran with smaller 

molecular weight. The values of measured diffusion coefficients might be much 

closer to the natural diffusion coefficients after growing cells in the silk scaffolds.  

The microvascular system in the body, which is a complex branching network 

containing different sizes of blood vessels, supplies the surround tissues with 

sufficient oxygen and nutrients. To successfully build a complex engineering tissue 

construct in vitro, a similar branching network need to be built in the construct. 

Using the method in this project, the channels can be generated in the anisotropic 
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silk scaffold with varied dimensions and shapes. Complex branching networks can 

be designed and generated by combining several layers of branched channels and 

thus mimic the morphologic characteristic of natural vascular system. Another 

advantage of this method is that the final dimension of the channels is half of the 

designed dimension, which resulted in easier generation of smaller channels.  

The pore sizes on the silk film made channel walls could be adjusted from 10 μm 

to around 30 μm with PEG concentration varying from 1% to 10% [118]. The 

average size of endothelial cells is around 10 μm. Therefore, to determine the ability 

of the engineering silk-based construct in supporting vascularization, endothelial 

Figure 21. a) Simulation of biomass growth in the silk sponges with confluent HUVEC 

layer. b) Simulation of oxygen concentration in the silk sponges with confluent HUVEC 

layer. 
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cell adhesion, proliferation and the lumen formation were evaluated in the channels 

where silk films with no pores were used to make channel walls. The prevention of 

potential cell movement into surrounded sponge regions ensured HUVECs growing 

into confluency within 3 days of static culture. The maintenance of this confluent 

HUVECs layer was proved within 7 days. 

If the channel walls were made using silk films with pore sizes larger than HUVCEs’ 

diameter, the HUVECs would have the possibilities to move in to the bulk areas. 

This type of open channel configuration might be useful in investigating the 

fundamental mechanisms of endothelial lumen formation and capillary 

morphogenesis. Capillary morphogenesis has been found in collagen hydrogels 

with opened microchannels due to initiation of signaling pathways by native ECM 

cues [119]. Considering tissue engineering, capillary morphogenesis is necessary 

to provide sufficient oxygen and nutrients to the whole engineered construct. For 

investigating the capillary morphogenesis, bioreactors are under making to culture 

the silk-based constructs with fluid flow through channels for several months.  

The model representing the silk constructs generated using COMSOL can be used 

to optimize the design of channel morphology and silk scaffold dimensions based 

on the oxygen concentration. With specific design, a hypoxia region can be 

generated to trigger the capillary formation. However, more information including 

the oxygen consumption of the cells in bulk space or the structure of branched 

channels need to be acquired to improve the COMSOL simulation. 
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This system can be used for further studies in development of regenerative tissue 

or long-term in vitro tissue models. HUVECs adhesion, proliferation and lumen 

formation were achieved in the channels which are the fundamentals of forming 

vascular system in the engineered construct. Co-culturing of other types of cells in 

the bulk space should be determined next to demonstrate the application of this 

system in various tissue formation with developed vascularization. 

In conclusion, the project provides a new way to produce a critically sized 

engineered construct with anisotropic structures and branching networks. The silk-

based scaffold can be tuned to achieve different microstructures and mechanical 

properties and thus successfully recapitulate the structures and functions of natural 

tissue. The findings of specific mechanical or biochemical cues for guiding desired 

stem cell differentiation collected from silk-hydrogel system developed in Chapter 

3 can be also integrated into the silk scaffolds, and thus induce regeneration of 

targeted tissue including heart, cartilage, bone or liver. 
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Chapter 5 – Conclusions and Future Directions 

5.1 Conclusion 

In order to improve the efficacy of tissue regeneration, tissue engineered constructs 

have gained much focus as a potential treatment which might overcome several 

limitations of transplantation, synthetic prosthesis and mechanical devices. 

Recapsulation of specific natural tissue morphology and mechanical properties are 

essential for generation of porous 3D scaffolds with proper functions. Cells should 

be seeded into the 3D scaffold to form complex tissue in vitro. Stem cells are one 

of major cell sources used to create tissue engineered constructs. Therefore, fully 

understanding how the mechanical and biochemical cues affects the stem cell fate 

is important for improving efficiency of tissue engineered constructs.  

The thesis provides a biocompatible, tunable silk system to systematically 

investigate the effects of substrate stiffness and mechanical stimulation on hMSCs 

fate, which is a well-established stem cell therapy. The hydrogel fibers can achieve 

a wide range of stiffness from 50 kPa to 150 kPa by changing the silk or H2O2 

concentration. The survival and growth of encapsulated hMSCs are also proved in 

the silk hydrogel system for over 3 weeks culture. The hMSCs in silk hydrogel 

fibers at 50 kPa and 150 kPa both tended to enter the pre-osteoblast/adipocytes state 

after 2 weeks in static culture. With 24 h, 1 Hz cyclic stretching, osteo-

differentiation was enhanced, while adipo-differentiation was suppressed.  

This thesis also presents a new method to generate an anisotropic silk-based 

scaffold with branching networks for vascularization. Stable endothelialization 

with HUVECs was confirmed in the channels. Silk fibers in the scaffold aligned 
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with a specific direction. Analysis of anisotropic coefficients showed higher 

coefficients along the fiber directions than the coefficients perpendicular to the fiber 

directions, which comfirmed the anisotropic functions due to the fiber alignments. 

The simulation in COMSOL not only provided information to optimize the design 

of channels dimensions, but also indicated potential of using this system to generate 

hypoxia region for studing neuoroangiogenesis. Specific mechanical cues 

discovered in the silk-hydrogel system for guiding desired hMSCs fate can be 

integrated into the silk-based scaffold to generate specfic tissue such as heart or 

cartilage from differentiation of seeded hMSCs. 

5.2 Future Directions for Evaluating hMSCs Fate 

Further analysis of hMSC differentiation can be applied though protein expression. 

Lineage specific antibodies will be used to stain the cells to study the protein 

expression: Myogenesis Differentiation Protein 1 (MyoD1) and desmin for 

myogenesis; Core Binding Factor α1 (CBFA1) and osteocalcin for osteogenesis; 

and phosphorylated and dephosphorylated Neurofilament Heavy chain (NFH), 

Neurofilament Light chain (NFL) for neurogenesis [10]. The proliferation of 

hMSCs can also be evaluated by Ki67 staining (Abcam, Cambridge, MA, USA).  

Besides mechanical properties, all the transplanted stem cells are exposed to 

various biochemical signals including ECM proteins, growth factors and adhesion 

molecules. Different tissues usually contain specific ECM components [82, 83]. 

Basement membranes are full of laminins and type IV collagen, while most of the 

soft connective tissue contains type I and III collagen [84]. The ECM components 

are also very different at various developmental stages. A study comparing cardiac 
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ECM at fetal, neonatal and adult stages indicated that fibronectin and periostin 

decrease with increased ages, and fibrillin-2 is only found in fetal and neonatal 

cardiac ECM. Type I collagen kept increasing from younger to older stage, and type 

III collagen only occurred in adult cardiac ECM [120]. Several experiments have 

been done to compare the effects of different ECM composition on stem cell fate. 

For example, a study combining the geometric cues and chemical cues showed that 

the stem cells in fibronectin or laminin patterns prefer an adipogenesis fate while 

the stem cells on collagen matrix tended to neurogenesis regardless of geometry 

[121]. Human elastin based biomimetic coating was also shown to stimulate 

osteogenesis of MSCs [122]. These all suggests that different ECM composition 

plays specific roles in regulation of stem cell fate. 

Although a wide range of studies have been done on investigating how mechanical 

or biochemical factors affect stem cell fate at some aspects, fewer experiments 

combine mechanical and biochemical factors in a system to investigate stem cell 

fate when both substrate stiffness and ECM components are changing. Therefore, 

the developed silk hydrogel-based system can be made with addition of specific 

biochemical cues to study synergistic effects on stem cell fate by mechanical and 

biochemical signals. 

If the silk system can be further optimized to guide the differentiation of hMSCs in 

vivo based on the studies in vitro, more factors such as electrical stimulation can be 

also added to this system. Furthermore, a mathematical model can be developed to 

represent the relationship between factors and stem cell fate and predict the 

potential differentiation of hMSCs, which would improve the design of stem cell 
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therapies and thus contribute to improving tissue regeneration in clinical treatment. 

Once the methods for analyzing multi-factors induced hMSCs fate can be 

established, other cell types such as ihPSCs or progenitor cells can also be 

investigated using this method. 

5.3 Future Directions for Silk Scaffold 

Once the silk-based tissue engineered constructs have been established, different 

components could be added into the constructs to further optimize the functions 

and host-construct interface. 

Establishing a functional interface between host tissue and engineered constructs 

remain challenges in post-implantation [123, 124]. Differences in biomechanical 

properties between host tissue and an implanted silk-based engineered construct 

would inhibit cell infiltration and host tissue integration. The formation of a barrier-

like fibrous capsule also limits vascularization and host integration of the implanted 

scaffold [125]. Hydrogel-type coatings, such as poly(hydroxylethyl methacrylate) 

(PHEMA), PEG and poly(vinyl-alcohol) (PVA), have been applied to overcome 

the foreign body response and improve device/host tissue interactions of 

implantable devices [126]. However, the chemical agents and mismatched 

biochemical properties could cause several biocompatibility issues [127]. Because 

the complex biochemical environment of the ECM plays an important role in 

regulating cell adhesion, metabolism and gene expression [128]. ECM-based 

hydrogels might successfully recapitulate the native tissue biochemical 

microenvironment containing tissue specific cues, and thus improves host cell 

infiltration and tissue integration [129].  
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Several anti-inflammation therapies are found to reduce fibrous capsule formation 

such as tanshinone IIA (Tan IIA) [130, 131], dexamethasone (DEX) [132-134], 

methylprednisolone [135], and Prostaglandin E2 (PGE2). DEX is preferred in the 

proposed work because it is an FDA approved anti-inflammatory drug that has been 

widely used in minimizing host immune responses. However, the disadvantages of 

the DEX include their inhibition on vascularization, wound healing and tissue 

regeneration [132, 136]. Therefore, the silk-based engineered constructs can be 

coated with a micro scale layer of DEX-loaded ECM hydrogel to reduce the 

formation of a fibrous capsule immediately after implantation and also prevent the 

potential side effects in the long term. 

Poor electrical conductivity is another major limitation of tissue regeneration in 

cardiac and neural tissue reported in the literature. Many conductive components 

including gold/silver nanowires [137], carbon nanotubes (CNTs) [138, 139], and 

conducting polymers have been investigated to improve electrical communication 

between cells in the tissue engineered constructs due to their superior electrical 

conductivity. Therefore, conductive components can be also incorporated into the 

silk-based engineered constructs in the applications of cardiac or neural tissue 

regeneration. 

With application of further development on the project in this thesis, the silk-

hydrogel system is hypothesized to systematically investigate physical and 

biochemical cues in differentiating stem cells into specific lineage. The information 

of differentiation cues is expected to integrate into the silk-based scaffold 
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developed in the project to optimize the scaffold design and thus leads to fully 

regeneration into desired tissue including heart, cartilage, bone and liver. 
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