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ABSTRACT 

Production of brand new protein-based materials with precise control over the 

amino acid sequences at single residue level has been made possible by genetic 

engineering, through which artificial genes can be developed that encode protein-based 

materials with desired features. As an example, silk-elastinlike protein polymers 

(SELPs), composed of tandem repeats of amino acid sequence motifs from Bombyx mori 

(silkworm) silk and mammalian elastin, have been produced in this approach. SELPs 

have been studied extensively in the past two decades, however, the fundamental 

mechanism governing the self-assembly process to date still remains largely unresolved. 

Further, regardless of the unprecedented success when exploited in areas including drug 

delivery, gene therapy, and tissue augmentation, SELPs scaffolds as a three-dimensional 

cell culture model system are complicated by the inability of SELPs to provide the 

embedded tissue cells with appropriate biochemical stimuli essential for cell survival and 

function. In this dissertation, it is reported that the self-assembly of silk-elastinlike 

protein polymers (SELPs) into nanofibers in aqueous solutions can be modulated by 

tuning the curing temperature, the size of the silk blocks, and the charge of the elastin 

blocks. A core-sheath model was proposed for nanofiber formation, with the silk blocks 

in the cores and the hydrated elastin blocks in the sheaths. The folding of the silk blocks 

into stable cores – affected by the size of the silk blocks and the charge of the elastin 

blocks – plays a critical role in the assembly of silk-elastin nanofibers. The assembled 

nanofibers further form nanofiber clusters on the microscale, and the nanofiber clusters 

then coalesce into nanofiber micro-assemblies, interconnection of which eventually leads 

to the formation of three-dimensional scaffolds with distinct nanoscale and microscale 
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features. SELP-Collagen hybrid scaffolds were also fabricated to enable independent 

control over the scaffolds’ biochemical input and matrix stiffness. It is reported herein 

that in the hybrid scaffolds, collagen provides essential biochemical cues needed to 

promote cell attachment and function while SELP imparts matrix stiffness tunability. To 

obtain tissue-specificity in matrix stiffness that spans over several orders of magnitude 

covering from soft brain to stiff cartilage, the hybrid SELP-Collagen scaffolds were 

crosslinked by transglutaminase at physiological conditions compatible for simultaneous 

cell encapsulation. The effect of the increase in matrix stiffness induced by such 

enzymatic crosslinking on cellular viability and proliferation was also evaluated using in 

vitro cell assays.   
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CHAPTER 1: GENERAL INTRODUCTION 

1.1 Biomaterials for Biomedical Applications 

Biomaterial science and technology has had experienced an unprecedented growth 

over the past several decades, the meaning of biomaterials, however, isn’t set in stone and 

is rather a constantly evolving concept. Although there had been several attempts to 

define biomaterials before, early consensus was not achieved until 1987 in a Consensus 

Conference on Definitions in Biomaterials Science of the European Society for 

Biomaterials [1]. It was determined that a biomaterial was ‘a non-viable material used in 

a medical device, intended to interact with biological systems’. However, the debate over 

the definition of biomaterials continued, and in a 1999 contextual dictionary of 

biomaterials science [2] it was redefined as ‘a material intended to interface with 

biological systems to evaluate, treat, augment or replace any tissue, organ or function of 

the body’, which implies that the scope of biomaterials is solely within the domain of 

health care. Although the preferred definition given above received general recognition in 

the biomaterial community, it is worth noting that other definitions are still considered. 

For example, biomaterials have been defined as substances other than foods or drugs 

contained in therapeutic or diagnostic systems [3] and, in some cases, have been 

described as materials composed of biologically derived components irrespective of their 

application [4].  

Regardless of the longstanding debate over the definition, biomaterials, throughout 

history, have played an important role in the treatment of disease and the improvement of 

healthcare. For example, over 2000 years ago, metals such as gold were used in dentistry 

[4]; other early biomaterials include wooden teeth and glass eyes. The advent of synthetic 
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polymers had incubated enormous new materials for biomedical applications [3, 5], 

including polymethylmethacrylate (PMMA) for dentistry in 1930s; cellulose acetate for 

dialysis tubing in 1940s; Dacron for vascular grafts; polyetherurethanes for artificial 

hearts; and PMMA and stainless steel for total hip replacement. Scientists now are 

creating new materials with improved biocompatibility, stealth properties, responsiveness 

(smart materials), specificity and other critical properties. Modern biomaterials science is 

characterized by a growing emphasis on identification of specific design parameters that 

are critical to performance, and by a growing appreciation of the need to integrate 

biomaterials design with new insights emerging from studies of cell-matrix interactions, 

cellular signaling processes and developmental and systems biology. 

Biomaterials play an enormous role in modern strategies in tissue engineering as 

designable biophysical and biochemical milieus that direct cellular behavior and function 

[6]. Tissue engineering was defined by Williams as ‘the creation (or formation) of new 

tissue for the therapeutic reconstruction of the human body, by the deliberate and 

controlled stimulation of selected target cells through a systematic combination of 

molecular and mechanical signals’ [7]. The guidance provided by biomaterials may 

facilitate restoration of structure and function of damaged or dysfunctional tissues, both 

in cell-based therapies, such as those where carriers deliver transplanted cells or matrices 

induce morphogenesis in bioengineered tissues constructed ex vivo, and in acellular 

therapies, such as those where materials induce ingrowth and differentiation of cells from 

healthy residual tissues in situ. Such materials should provide a provisional three-

dimensional support to interact both biomolecularly and biophysically with cells to 
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control their function, guiding the spatially and temporally complex multicellular 

processes of tissue formation and regeneration.  

 
1.2 Molecular Self-Assembly  

Self-assembly (SA) is known as the autonomous organization of components into 

patterns or structures without additional human intervention [8]. Molecular self-assembly 

is referred to as the spontaneous organization of nanometer scale building blocks into 

hierarchical structures. Through billions of years of molecular selection and evolution, 

Nature has selected and evolved numerous and diverse chemical and molecular structural 

motifs [9]. These motifs are the basic building blocks of a wide range of sophisticated 

nanomachines that work at astonishing speed and efficiency with the finest controls, such 

as directly and efficiently harvesting solar power by converting it into chemical energy 

that we depend on today, using the same building blocks to faithfully copy and evolve all 

life forms on Earth, and balancing the complex ecosystem. Only now we begin to learn 

from Nature-in its finest molecular details and intricate interactions of numerous fine 

parts-to go one step further and reap Nature’s power to benefit humankind while 

maintaining its delicate balance. We are learning the basic molecular engineering 

principles for nano- and micro-fabrication at the exquisitely fine scale through the 

understanding of molecular self-assembly phenomena. Molecular self-assembly 

phenomena are ubiquitous in nature: lattice packing in crystals and minerals, shell and 

tooth growth, oil droplets forming in water, tripe helical collagen structures, and the 

formation of numerous machines such as ribosomes and light-harvesting photosystems.  

In the discipline of biomaterial molecular self-assembly, relatively simple building 

blocks recognize each other, associate, and form ordered multi-dimensional structures in 
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a coordinated way. The organization of the building blocks into ordered structures is 

generally mediated by non-covalent interactions, including but not limited to ionic bonds, 

hydrogen bonds, hydrophobic interactions, as well as van der Waals interactions [10, 11]. 

Although these weak interactions are insignificant individually, when appropriate 

complementarity is met they not only dictate the 3D structural conformations of all 

proteins, nucleic acids and other molecules, but also govern their interaction with other 

molecules. Recently, molecular self-assembly has emerged as a new approach in 

chemical synthesis, nanotechnology, polymer science, materials and engineering. 

Self-assembly is frequently found in the peptide/protein world. Peptides and 

proteins serve as major building blocks for fabricating materials. Many self-assembling 

peptide/protein systems have been developed and characterized, and they represent a 

significant advance in the molecular engineering of simple building blocks useful for a 

wide range of applications. For example, Shuguang Zhang and coworkers had designed 

peptides in a way such that they will self-assemble due to the electrostatic interactions 

between the alternating positively and negatively charged moieties within the peptide 

[12]. These peptides readily assemble in aqueous solution to form fibrillar structures that 

further form scaffold hydrogels. Under appropriate culture conditions, these matrices 

have been demonstrated to maintain the functions of differentiated neural cells [13] and 

chondrocytes [14], and to promote the differentiation of liver progenitor cells [15]. 

Deming and coworkers have fabricated fibrillar hydrogels from diblock copolypeptide 

amphiphiles [16]; self-assembly occurs at low solid content and the mild gelation 

conditions support cell encapsulation [17]. Also, elastin-mimetic diblock and triblock 

copolymers have been demonstrated to self-assemble into protein-based nanoparticles 
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and nano-textured hydrogels that display considerable promise as biomaterials for 

applications in drug delivery and soft tissue augmentation [18]. The self-assembly 

process of such elastin-mimetic copolymers is dictated by the different phase behavior of 

individual elastin blocks, i.e., the selective collapse of the more hydrophobic blocks 

above the lower critical solution temperature (LCST). Additionally, silk-mimetic protein 

polymers can spontaneously form β-sheet crystals that are responsible for the high tensile 

strength and fracture toughness of native silks [19].  

 
1.3 Recombinant Silk-Elastinlike Protein Polymers 

1.3.1 Genetically Engineered Protein Polymers 

Progress in recombinant DNA technology has enabled the synthesis of genetically 

engineered protein-based polymers with precisely defined molecular weights, 

compositions, sequences and stereochemistries [20-23]. Such detailed control over the 

molecular structure of a polymer allows similarly fine control over its physicochemical 

characteristics and biological fate [24, 25]. It enables the construction of new tailor-made 

polymeric biomaterials with improved properties important for biomedical applications, 

such as better-defined gelation kinetics, biorecognition, biodegradation and stimuli-

sensitivity. 

A genetically engineered protein polymer is a polymer consisting of peptide 

sequence repeats, where each repeating unit can be composed of as few as two or as 

many as hundreds of amino acid residues, and may recur from a few to hundred of times 

[26]. The key distinction that separates genetically engineered polymers from poly(amino 

acid)s and sequential polypeptide is that they are synthesized by recombinant techniques. 

Poly(amino acid)s are homo- or copolymers resulting from chemical polymerization of a 
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single amino acid or a mixture of amino acids, respectively. Sequential polypeptides are 

produced by polymerization of short pre-synthesized peptide sequences whose molecular 

weight and possibly order of peptide blocks are not uniform. In contrast to chemically 

synthesized poly(amino acid)s and sequential polypeptides, the entire amino acid 

sequence of genetically engineered polymers is controlled at the DNA-level, leading to 

polymers with precisely defined, and potentially quite complex, sequences and structures 

[24, 27, 28]. Genetically engineered protein polymers can be designed to incorporate a 

variety of functionalities, including responsiveness to microenvironmental stimuli, 

controlled biodegradation and the presentation of informational motifs for cellular and 

subcellular interactions [27]. 

 
1.3.2 Silk-Elastinlike Protein Polymers 

The family of silk-elastinlike protein polymers (SELPs) constitutes a well-

characterized example of the control over physiochemical characteristics that can be 

achieved by variations in copolymer composition and sequence, using genetic 

engineering techniques [29]. The structure of these polymers can be generally defined by 

{[S]m[E]n}o, where S represents a silk-like block consisting primarily of repeats of 

GAGAGS (one letter amino acid abbreviations), derived from silk fibroin [30], and E is 

an elastin-like block with the general amino acid sequence VPGVG, derived from 

mammalian elastin [31]. m is from 2 to 8 (but may be as high as 16), n is from 1 to 16 

(but may have no limit as long as there is at least one silklike domain on both ends of 

each elastinlike domain), and o is from 2 to 100 chosen with respect to n and m to yield a 

final protein polymer of molecular weight ranging from about 60 000 – 85 000 [32]. 

These blocks may be substituted with other amino acids at some positions without major 
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alteration in the fundamental properties of the SELP. It has been shown that protein 

polymers consisting of silklike blocks are insoluble in water and spontaneously 

precipitate from aqueous solution. Formation of the precipitate is consistent with the 

presumed formation of extensive, aligned hydrogen bonded β-strands or β-sheets [33]. 

Elastinlike blocks have been shown to be flexible units of protein structure which 

because of their content of proline and glycine amino acids have a tendency to form 

flexible β-turns [33]. As a result, elastinlike blocks are used to interrupt and reduce the 

total crystallinity of protein polymers containing silklike blocks [21], and by combining 

the silklike and elastinlike blocks in various ratios and sequences, it is possible to 

produce a variety of biomaterials with diverse and predicable properties. Moreover, it has 

been shown that increasing the number of consecutive silk-like blocks within a silk-

elastinlike copolymer increases the rate of gelation and decreases the rate of bioresorption 

of the polymer [32]. These studies highlight the effect of polymeric sequence, a variable 

that is difficult to define in chemically synthesized polymers, on characteristics that are 

highly relevant for biomedical applications.  

SELP solutions of appropriate composition and concentration undergo an 

irreversible solution to gel transition under physiological conditions [21]. SELP solutions 

can be directly mixed with other compounds such as drugs. Even at high concentrations, 

SELP solutions are fluid and can be injected through fine gauge hypodermic needles. 

With time, SELP solutions form firm, solid gels that are no longer water soluble. The rate 

of gelation is influenced by the SELP composition, concentration, temperature, and other 

solution conditions [32]. Gelation occurs without the need for chemical crosslinking, 
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therefore, no chemical changes occur to the polymer composition or to any compound or 

drugs that might be incorporated in the polymer solution.  

 
1.4 Three-Dimensional Cell Culture and Mechanobiology 

1.4.1 The Need of Three-Dimensional Cell Culture 

The advantages of culturing cells in three dimensional scaffolds over their two 

dimensional counterparts such as flat and rigid plastic substrates had not been fully 

recognized until the pioneering work done by Bissell and coworkers [34], in which they 

showed that antibodies against a cell surface receptor called β1-integrin completely 

changed the behavior of cancerous breast cells grown in 3D culture: they seemed to 

become non-cancerous, losing their abnormal shapes and patterns of growth. This result 

had never been observed in traditional 2D cultures. Adding another dimension to the 2D 

cell culture, Bissell had shown, can radically alter cells’ behavior.  

Culturing cells within such 3D matrices, however, is not a novel idea. In 1972, 

Elsdale and Bard [35] described a model system for fibroblastic cells in the body using 

collagen I matrices polymerized in vitro to form a 3D fibrous network. These 3D 

collagen matrices induced morphological changes in fibroblasts that partially mimicked 

connective tissue cells in vivo [35]. Collagen gels since then have been used widely for 

studying cell motility [36] and the roles of the physical state of three dimensional gels 

[37]. In cancer research, tumor-stromal interactions are considered important in tumor 

progression [38], and collagen gels are used as microenvironments to study primary 

melanoma explants, for example for characterizing the importance of integrins in the 

process of malignant cell motility [39]. Three-dimensional environments that mimic in 

vivo microenvironments promote normal epithelial cell polarity and differentiation [40] 
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and have been successfully used as model systems for mammary [41] and prostate [42] 

cancer progression. Indeed, many physiological (examples exist in morphogenesis and 

organogenesis) and pathological (e.g., tumor growth) cellular processes have been 

demonstrated exclusively when cells are organized in a 3D fashion. Although now days 

two-dimensional (2D) in vitro assays are still applied in many cell culture studies, the 

increasing agreement that 3D matrices provide better model systems for physiologic 

situations [36, 43-47] has already marked the paradigm shift to 3D matrices for cell 

studies. 

 
1.4.2 The Role of Matrix Stiffness in Regulating Cell Behavior  

The mechanical forces at the cellular level have been appreciated only recently [48]. 

There are many such forces, including stretch, compression, shear stress from fluid flow, 

and static mechanical forces. These forces impact multiple aspects of cell function, 

including differentiation state, growth and survival, motility, adhesion, and contractility. 

Matrix stiffness (e.g., resistance to deformation), one of many mechanical forces acting 

on cells, is increasingly recognized as an important mediator of cell function [48]. Matrix 

stiffness is sensed by cells as they probe and exert stresses on their surrounding 

environments during tissue remodeling, morphogenesis and differentiation, and normal 

physiological functioning. At the most basic level, stiffness can regulate cell growth and 

viability, as well as resistance to apoptosis [49]. Normal NIH3T3 cells, for instance, 

undergo more apoptosis and less proliferation on soft as apposed to stiff substrates [50]. 

Matrix stiffness can regulate lineage commitment and differentiation state, such as 

differentiation of precursor cells into myofibroblasts or osteoblasts, the branching of 

neurites, and the striation of muscles [51-53]. Not surprisingly, matrix stiffness regulates 
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the degree of cell-matix adhesion and the size of focal adhesions as well as the stiffness 

and tension developed by the cell itself [50, 54]. Motility and cell alignment are 

associated with (and can be predicted from) matrix stiffness [55]:  the term “durotaxis” 

was coined to refer to the tendency of cells to migrate from softer to stiffer environments 

[56]. Although the mechanisms of many of these effects are unknown, it is clear that the 

mechanical properties of the ECM influence expression and posttranslational 

modification at the most basic level.  

With the evolving knowledge of mechanobiology, an appreciation has emerged for 

the extent to which the 3D matrix stiffness dictates the way cells both sense and respond 

to their in vitro environments, particularly for cells that naturally exist within the 3D 

interstitial space. These cells behave very differently in 3D vs. 2D environments, not only 

in their morphology and adhesion, but also in their biological response to biophysical 

factors. The modulation of cellular response is due to many interrelated factors, including 

how the extracellular matrix (ECM) transmits stress and strain to the cell, how the cell 

transmits stress to the ECM, and how the two are coupled. Nevertheless, the matrix 

stiffness, together with the number of integrin-ligand bonds formed by a cell with its 

surroundings, dictates the extent to which cells can contract the matrix [57], the ease with 

which they migrate through it [58, 59]and the degree of intracellular tension they can 

generate, which allows them to form stress fibers. The stiffer the matrix, the more 

difficult it is for cells to contract it, which promotes certain cell function and inhibits 

others [60]. 
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1.5 Scope of the Work 

Advances in genetic engineering had enabled both the rational design and mass 

production of protein-based biomaterials. Such recombinant protein materials have been 

an active research area in the past two decades owing to their controlled biodegradability, 

excellent biocompatibility, and non-immunogenicity that converge to make them an 

appealing candidate material for biomedical applications, including drug delivery, 

regenerative medicine, and tissue engineering. As a novel class of recombinant protein-

based biomaterials, SELPs have been extensively evaluated for use in biomedical fields. 

However, the fundamental knowledge regarding their self-assembly process to date still 

remains largely unresolved. Further, the suitability of SELPs scaffolds as three-

dimensional cell culture model systems is complicated by the inability of SELPs to 

provide tissue cells with appropriate biochemical stimuli. In this regard, the overall 

objectives of the present dissertation are to: 

1. Study the fundamental process of SELPs self-assembly into three-dimensional 

scaffolds on both nano- and micro-scales, and identify the critical conditions 

that govern the self-assembly process; 

2. Confer biochemical cues to the otherwise biologically inert SELPs scaffolds by 

introducing collagen into SELPs scaffolds, and at the same time have 

independent control over the hybrid scaffolds’ biophysical (matrix stiffness) 

and biochemical properties. Characterize the hybrid scaffolds’ biophysical 

properties and examine the biocompatibility;  

3. Broaden the matrix stiffness spectrum of the hybrid scaffolds by applying a 

novel bioconjugation chemistry under physiological conditions, namely, the 
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transglutaminase (TGase) crosslinking.  Characterize the matrix stiffness of the 

resulting TGase-crosslinked hybrid scaffolds and examine the effect of matrix 

stiffness on cellular viability and proliferation.  
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CHAPTER 2: SELF-ASSEMBLY OF SELP NANOFIBERS 

2.1 Introduction 

Biomaterials have already had an enormous impact on health care, and are already 

widely used in a variety of biomedical applications. Much of this success has been 

achieved through judicious selection of existing materials, with little real design for 

biomedical use [4]. Molecular self-assembly, however, offers a powerful bottom-up 

approach for creating designed biomaterials by ordering molecular motifs on the 

nanoscale (e.g., amino acids, nucleic acids, and lipids) [10, 61]. Notably, morphological 

stability/flexibility and biological function can be engineered into aqueous self-

assembling (SA) peptides/proteins by precisely controlling amino acid sequences at the 

single residue level [62-64]. Among many peptide motifs [63, 65, 66], β-sheet peptides 

are capable of self-assembling into a variety of structures with distinct nanoscale features. 

Recently, aqueous self-assembly of silk-elastin-like protein polymers, consisting of 

repeating units of β-sheet forming silk blocks and temperature-responsive elastin blocks, 

has been examined [67, 68]. Specifically, the ratio of silk-to-elastin blocks was identified 

as an important mediator that influences the assembled nanostructures [68]; mechanical 

forces were also reported to facilitate the conversion of SELP molecules immobilized on 

solid surface into nanofibers [67]. However, the fundamental mechanism of SELP 

nanofiber formation still remains to be elucidated.  

Self-assembled peptide/protein nanostructures may find important applications in 

various areas, including tissue engineering, biosensors, and drug delivery. As an example, 

self-assembled peptide nanofibers enable the cells to interact with the matrix in three-

dimensional microenvironments, enhancing neurite outgrowth [13]. However, it remains 
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a daunting challenge to order self-assembled peptide nanofibers into three-dimensional 

structures on the microscale. It has been suggested to integrate top-down approaches and 

self-assembly in the fabrication of microscale-ordered nanostructures [69]. Nevertheless, 

this strategy not only requires additional capital investment in fabrication facilities but 

also compromises the elegance of molecular self-assembly, including ease of processing 

and energy efficiency. 

In this chapter, the self-assembly of four SELP analogs with different peptide 

sequences was studied and a core-sheath model that describes the major steps of SELP 

nanofiber formation is proposed. Once the nanofibers are initiated, it is reported herein 

that SELP polymers self-assemble into three-dimensional structures with distinct 

nanoscale and microscale features, resulting from the interplay between fiber 

nucleation/growth and molecular diffusion.  

 
2.2 Materials and Methods 

2.2.1 Materials 

Frozen Polymer 1 (SELP-47K) aqueous solutions at a concentration of 13% (w/w) 

and lyophilized Polymer 2 (SELP-37K), Polymer 3 (SELP-47E), and Polymer 4 (SELP-

815K) were generously provided by Protein Polymer Technologies, Inc. (San Diego, 

CA). The complete amino acid sequence of Polymer 1 is MDPVVLQRRDWENPGVTQ-

LNRLAAHPPFASDPMGAGSGAGAGS[(GVGVP)4GKGVP(GVGVP)3(GAGAGS)4]

12(GVGVP)4GKGVP(GVGVP)3(GAGAGS)2GAGAMDPGRYQDLRSHHHHHH. 

Polymers 2, 3, and 4 have the same head and tail tags as Polymer 1 but different 

repeating units which will be specified in the main text. 
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2.2.2 Dynamic Light Scattering (DLS) 

DLS analysis was performed on a Malvern Zetasizer Nano ZS90 

spectrophotometer. Cuvettes with 1 mm path length were used. The 13% frozen SELP-

47K aqueous solutions were lyophilized and the lyophilized powders were re-dissolved in 

milliQ-purified water at various concentrations (i.e., 0.05 mg/ml, 0.1 mg/ml, 0.5 mg/ml, 1 

mg/ml, 2 mg/ml, 5 mg/ml, and 10 mg/ml). All samples were filtered through a 0.22 µm 

filter prior to measurement. The dilute SELP-47K protein solutions were introduced into 

cuvettes and the samples were equilibrated for 10 min before measurements. Experiments 

were conducted on three to six replicate samples. 

 
2.2.3 Scanning Electron Microscopy (SEM) 

Lyophilized SELP-815K and SELP-47K were dissolved in water at a concentration 

of 0.25 mg/ml. The solutions were filtered through a 0.22 µm filter and incubated at 37oC 

with SiO2 dies placed on the bottom of each vial. SiO2 dies were cleaned before 

experiments using acetone, ethanol and milliQ-purified water, and air-dried subsequently 

to remove attached particles. After 24 hours of incubation, SiO2 dies on which nanofibers 

were deposited were retrieved from the protein solutions and gently rinsed with 0.1 M 

phosphate buffer. For free-standing protein hydrogel visualization, SELP-47K was 

dissolved in water at concentrations of 10 mg/ml, 20 mg/ml, and 60 mg/ml, which were 

subsequently loaded into 1 ml plastic syringes, covered with parafilm and incubated at 

37oC for 24 h. Gels were then extruded from syringes, cut into disks and rinsed with 0.1 

M phosphate buffer.  

To preserve the subtle microstructures, all samples were fixed overnight at 4oC in 

2% glutaraldehyde in 0.1 M phosphate buffer as a primary fixation solution. All samples 
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were subsequently post-fixed by 1% osmium tetroxide in 0.1 M phosphate buffer for 1 

hour at room temperature prior to dehydration in an ethanol series. The samples were 

dried with a Polaron critical point drier (CPD) using liquid carbon dioxide. A small 

portion of the free-standing hydrogels was gently pealed off to expose their internal 

architecture. Samples were then coated with 4.5 nm of gold, and viewed by a Hitachi 

S4800 SEM. 

 
2.2.4 Transmission Electron Microscopy (TEM) 

The 13% frozen SELP-47K aqueous solutions were lyophilized and the lyophilized 

powders were re-dissolved in milliQ-purified water at a concentration of 0.5 mg/ml. The 

solutions were filtered through a 0.22 µm filter and incubated at 37/50oC for 48 hours or 

at 4oC for a week. Then, 10-µl aliquots of the aqueous solutions were dropped onto 

Parafilm papers, and copper specimen grids with Formvar coating were placed on the 

droplets for 2 min to allow protein fiber settlement. The copper grids were retrieved and 

the excess solution was removed with filter paper. Samples were stained with 2% 

aqueous uranyl acetate for another 2 min and the excess staining solution was removed 

with filter paper and subsequently air-dried at 20oC before TEM (CM12 TEM) analysis. 

 
2.2.5 Circular Dichroism (CD) 

CD spectra were recorded on the Olis DSM-20 spectrophotometer (Bogart, GA) 

under constant nitrogen gas flow. Lyophilized SELP-47K powder was dissolved in 

0.1×PBS at a concentration of 0.1 mg/ml. The protein solutions were loaded into the 

standard cylindrical cell (Hellma) with 1 mm path length and equilibrated for 10 minutes 

at each temperature before measurement. Spectra were recorded from 190 nm to 240 nm 
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at a resolution of 0.5 nm and at a scanning speed of 50 nm/min. The CD spectra were 

collected on three replicate samples. The average of the three measurements was 

smoothed using SigmaPlot data smoothing program and presented. 

 
2.2.6 Attenuated Total Reflectance-Fourier Transform Infrared (ATR-

FTIR) Spectroscopy 

ATR-FTIR spectra were acquired using a Nicolet Magna 560 FTIR spectrometer 

(Madison, WI) at room temperature and at 4.0 cm-1 resolution with 400 scans. 

Lyophilized SELP-47K powder was dissolved in 0.1×PBS at a concentration of 5 mg/ml, 

and the solution was equilibrated at room temperature for 24 h. ATR-FTIR measurements 

were obtained on SELP aqueous samples using a troughstyle sample holder with a Ge 

internal reflection element (IRE) (70 mm × 10 mm × 3 mm) subjected to a nominal 

incident beam angle of 45oC, yielding 12 internal reflections at the sample surface. 

Quantitative analysis of secondary structures of nanofiber assemblies was 

determined by curve fitting the Fourier self-deconvolution (FSD) amide I bands with 

Gaussian band profiles. Specifically, FTIR spectra in the spectral range of 1710 - 1585 

cm-1 were smoothed with a 9-point smooth Savitzky-Golay function after baseline 

correction on GRAMS/AI and fitted with Gaussian band profiles. The positions of the 

band components were fixed, whereas their bandwidths were adjusted by the program to 

perform curve-fitting. The amount of each secondary structure element is given in 

percentage terms, by dividing the area of one amide I band component by the area of the 

sum of all amide I band component areas. The band at 1616 cm-1 was assigned to 

aggregated strands; bands at 1624, 1635, 1675, and 1695 cm-1 were assigned to β-sheets 

and sheet-like structures; bands at 1662 and 1684 cm-1 were assigned to β-turns. Bands at 
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1646 and 1653 cm-1 were assigned to irregular structures, including random coils and 

extended chains [70].   

 
2.2.7 Atomic Force Microscopy (AFM) 

AFM imaging analysis of the self-assembled nanostructures of SELP samples was 

performed using a digital multimode Scanning Probe Microscope (SPM) with a 

Nanoscope III controller (Veeco). The lyophilized Polymers 2, 3, and 4 powders were 

dissolved in water at a concentration of 0.25 mg/ml. The protein polymer solutions were 

filled onto and completely immersed SiO2 wafers in glass vials, which were incubated at 

37oC for 24 h. Images of the self-assembled nanostructures were obtained using tapping 

mode in air with a tip (NSC-15, Mikromasch) at a scan speed of 1 Hz, a sample/line 512 

× 512. 

 
2.3 Results and Discussions 

2.3.1 Nanofiber Initiation  

In order to investigate how SELP nanofibers are initiated, I began by examining the 

self-assembly of SELP-47K in aqueous solutions at differing concentrations and at room 

temperature using dynamic light scattering (DLS). At a concentration of 0.05 mg/ml, a 

strong intensity of scattered light at hydrodynamic radius (Rh) of 23 ± 8 nm indicates that 

the protein polymer forms small micelle-like particles (Fig. 2.1a). As the concentration 

increases, the strong scattering peak starts to shift to the low Rh range. Specifically, 

solutions at concentrations of 1 – 10 mg/ml display strong intensity of scattered light at 

Rh of 3.5 – 4.5 nm (Fig. 2.1b), suggesting the presence of free chains in solution [71]. 

Also, for solutions with higher protein contents, a weak and broad peak appears in the Rh 
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range of 10 – 100 nm, suggesting the existence of micelle aggregates that are several tens 

of nanometers to a few hundred nanometers in size. It is likely that the micelle aggregates,  

 
Figure 2.1 a) DLS of SELP-47K aqueous solutions at various concentrations (courtesy of 

W.B. Teng). b) Position of the strong DLS peak as a function of SELP-47K 

concentration. 
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formation of which is by nature stochastic, attract a considerable amount of SELP-47K 

molecules in solution, thus reducing the small micelles to eventually free chains due to 

the reversible conversion between free chains and micelles [72]. Indeed, SELP-47K 

molecules in 1 – 10 mg/ml solutions exist in the form of either free chains or highly 

heterogeneous micelle aggregates. 

It has been established that the self-assembly of peptide/protein molecules can 

initiate at preexisting seeds or from micelle-converted nuclei [72], as well as within large 

micelle aggregates [73]. Our TEM analysis shows that a number of nanofibers may be 

initiated at a preexisting seed (Fig. 2.2a). Also, formation of numerous individual 

nanofibers is confirmed by SEM analysis (Fig. 2.2b). It is likely that these short 

individual nanofibers were initiated direct from micelle-converted nuclei. Strikingly, 

SEM analysis reveals many nanofibers extend from a densely packed nanofiber aggregate 

(Fig. 2.2c). Formation of this aggregate is likely attributed to the aggregation of many 

individual micelles, resulting in a large number of solid nanofibers within a small space. 

Consider the rare appearance of preexisting seeds under TEM, and the fact that the 

protein manufacturing process filters out most of the preexisting seeds, the contribution 

of preexisting seeds to solid nanofibers initiation is minimal compared to that of micelle-

converted nuclei and large micelle aggregates.  
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(a) 

(b) 
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Figure 2.2 TEM analysis of  SELP-47K nanofibers in water at 4oC may be initiated at a 

preexisting seed (a) (courtesy of L.N. Jiang). SEM analysis of SELP-47K nanofibers in 

water at 37oC may be initiated from micelle-converted nuclei (b) or within large micelle 

aggregates (c). 

 
2.3.2 Nanofiber Elongation  

Micelle-converted nuclei and large micelle aggregates have been demonstrated 

primarily responsible for SELP nanofiber initiation. The next key question is how to 

unravel the fundamental mechanism of SELP nanofiber elongation, i.e., how SELP 

soluble molecules in the bulk solution are integrated in nanofibers and how the nanofiber 

longitudinal growth takes place? To address these questions, a core-sheath model that 

describes the major steps of SELP nanofiber growth is proposed. 

(c) 
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The key steps of SELP nanofiber assembly include binding of soluble SELP to 

preformed nanofibers, their conformational conversion into solid filaments, and lateral 

association of multiple filaments into nanofibers (Fig. 2.3). Binding of soluble molecules 

to preformed nanofibers precedes conformation conversion in many self-assemble (SA) 

peptides [74]. Binding of soluble SELP to preformed nanofibers is mediated by 

electrostatic attraction. The head and tail tags of SELP contain both positively and 

negatively charged residues, and the complementary charges render the ends of SELP 

“sticky”, enabling the binding of soluble SELP to preformed nanofibers (Fig. 2.3a). After 

binding, conversion of soluble SELP into solid filaments takes place (Fig. 2.3b). In this 

process, the silk blocks of SELP are folded into β-rolls, in a fashion similar to the folding 

of the silk-like octapeptide sequences [75] and the formation of β-amyloid [76]. Because 

each loop of the β-roll structure comprises two β-stands, two parallel β-sheets are formed 

within one β-roll and hydrogen bonds between adjacent β-stands in the same β-sheet may 

stabilize the β-roll structure. The two β-sheet layers within one β-roll imply that the 

stacking of β-rolls may only grow one-dimensionally, when β-sheets in different β-rolls 

are pushed together due to hydrophobic forces. Molecular dynamic simulations suggest 

that the tightly packed β-rolls with an average distance of 1 nm between two neighboring 

β-rolls possess enhanced stability over β-sheets in aqueous solutions [77]. 

The inclusion of temperature-responsive elastin blocks in SELP introduces a new 

design parameter for engineering of nanofiber-forming materials. Due to hydrophobic 

hydration [78], the elastin blocks are soluble in aqueous solutions below a transition 

temperature (Tt) but aggregate at temperatures above Tt [18]. Urry had extensively 

examined thermal responsive properties and Tt of various elastin blocks [26]. Fusion of 
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the silk blocks, however, may greatly change thermal responsive properties of the elastin 

blocks [68, 79]. Below Tt, presumably, the hydrated elastin blocks are able to form a 

dilute sheath covering the β-roll cores, leading to the formation of core-sheath structures 

(Fig. 2.3c). In a core-sheath filament of SELP-47K, each β-roll formed by four GAGAGS 

blocks is covered by seven GVGVP blocks and one charged GKGVP block. A pair of 

SELP filaments can twist into a double-stranded nanofiber, resulting in a more uniform 

and enhanced coverage of the β-roll cores by the elastin sheath (Fig. 2.3d). However, 

charges would build up on the elastin sheaths and the increased repulsion among the 

GKGVP blocks would eventually limit the lateral growth of SELP nanofibers. Above Tt, 

due to phase separation the hydrophobic hydration shells of the elastin blocks would be 

disrupted at least partially. As a result, the elastin blocks cannot form a dilute and 

continuous sheath fully covering the β-roll core. Instead, budded filaments emerge from 

the collapse of the elastin blocks distributed along the β-roll cores (Fig. 2.3e). Aligned 

individual filaments interact laterally along the axial direction, producing ladder-like 

nanofiber structures. Hydrophobic interaction between the elastin blocks is believed to be 

the mechanism driving this lateral association, while the positively charged lysine 

residues should prevent any tight packing of SELP filaments (Fig. 2.3f). Consequently, 

twisting of the filaments forms three-dimensional, loosely packed nanofibers (Fig. 2.3g).  
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Figure 2.3 A three step, core-sheath model for the self-assembly of SELP nanofibers. a) 

Soluble SELP consisting of repeated silk- and elastin-like blocks binds to nucleation sites 

(e.g., preexisting nanocrystals, preformed nanofibers) via electrostatic interactions 

(marked by red asterisks). b) Bound SELP converts into solid-like filament with a core-

sheath structure. Below Tt, c) filament elongation is facilitated by electrostatic interaction 

between the charged end segments, and d) lateral association of two filaments through 

interaction and twisting of β-roll cores, resulting in the formation of a right-handed 

twisted nanofiber. Above Tt, e) budded filaments form due to the hydrophobic 

aggregation of elastinlike blocks; f) lateral association of 2-, 3-, and 4-budded filaments 

via hydrophobic interaction of the elastinlike blocks, leading to the formation of ladder-

like multi-stranded filaments; and g) twisting of multi-stranded filaments results in the 

generation of 3D nanofibers. All scale bars are 40 nm. (TEM images and SolidWorks 

drawing are courtesy of L.N. Jiang) 

 
To test this proposed core-sheath model of SELP nanofiber growth, self-assembly 

of SELP-47K in aqueous solution was examined. Its repeating unit is [E]4[EK][E]3[S]4, 

where [E], [EK] and [S] represent the GVGVP, GKGVP and GAGAGS blocks, 

respectively. The head tag contains five positive and four negative charges while its tail 

segment contains three negative and eight positive charges. Complementary charges of 

the head/tail tags enable soluble SELP to bind to preformed nanofibers via electrostatic 

attraction. In many short self-assembling peptides, the charges of end segments are 

spatially distributed in a way such that opposite charged residues may be perfectly 

positioned, attracting each other via electrostatic interaction and enabling fiber assembly 

[10, 65, 80]. In the design of SELPs, the positions of positively and negatively charged 
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residues of the end segments permit association of head and tail tags in a less orderly 

fashion. Moreover, the end segments partially constitute the hydrated sheaths instead of 

the cores. Each repeating unit of SELP-47K contains four repeated silk blocks, which are 

capable of folding into a β-roll composed of four β-stands. TEM analysis reveals that the 

converted filaments in SELP-47K aqueous solution at neutral pH at 4oC and 37oC are 6 ~ 

10 nm in diameter and several micrometers in length (Fig. 2.4). Consistent with the 

model prediction, twisting of filament pairs are also observed along with right-handed, 

double stranded long nanofibers, while several nanofibers are loosely entangled together. 

However, packing and/or entanglement of nanofibers does not lead to the creation of 

thicker fibers. This is because the elastin sheaths are positively charged at neutral pH, and 

the electrostatic repulsive forces prevent the lateral growth of nanofibers into thicker 

fibers. When SELP-47K aqueous solutions self-assembled into nanofibers at 50oC, 

aligned individual nanofibers interacted laterally along the axial direction, resulting in 

double-, triple-, and multi-stranded nanofiber structures (Fig. 2.4). Twisting of multi-

stranded nanofibers further resulted in the formation of three-dimensional, loosely-

packed nanofiber bundles. This is in marked contrast to nanofiber assemblies in aqueous 

solutions at 4 or 37oC, where nanofibers loosely entangled together without forming fiber 

bundles or thick fibers. It is likely that the enhanced hydrophobic interactions between 

the elastin blocks at elevated temperatures are responsible for this enhanced lateral 

association, while the positively charged lysine residues should prevent any tight packing 

of SELP-47K nanofibers. Recently, Xia et al. reported a thorough analysis of temperature 

effects on the self-assembly of other SELPs [68]. Herein, it is demonstrated that SELP-
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47K self-assembled into nanofibers with distinct nanoscale features at different 

temperatures. 

 
Figure 2.4 TEM images of SELP-47K nanofibers and nanofiber structures formed  at 4oC 

(courtesy of L.N. Jiang), 37oC and 50oC (courtesy of L.N. Jiang). 

 
Formation of SELP core-sheath structures is contingent on folding of silk blocks 

into β-rolls and less-ordered conformations of elastin blocks in an aqueous solution. To 

further validate the proposed core-sheath model of SELP self-assembly, analytic 
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techniques were used to unveil the compositions of protein secondary structures. Firstly, 

conformations of SELP-47K nanofibers were analyzed using circular dichroism (CD) 

spectroscopy. In the temperature range of 4-50oC (Fig. 2.5a), CD spectra of SELP-47K 

display a negative ellipticity at 220 nm and a positive ellipticity at 190-195 nm, 

indicating the existence of β-sheet conformations [68]. Similar CD spectra were reported 

for silk-like octapeptide sequences (GAGAGAGE)24 [75], where a β-roll structure has 

been proposed as a model for their self-assembly [77]. Besides CD spectroscopy, 

conformations of biological samples in aqueous systems may be better interrogated by 

attenuated total reflectance-Fourier transform infrared (ATR-FTIR) spectroscopy [81]. 

ATR-FTIR spectra of SELP-47K display amide I band at 1641 cm-1, amide II at 1546 cm-

1, amide III at 1246 cm-1, and CC stretching at 1164 cm-1 (Fig. 2.5b). As previously 

reported [82, 83], SELP-47K films and fibers that possess a large portion of β-sheets or 

sheet like structures show amide I at or below 1630 cm-1 and amide III at 1230 cm-1. In 

this study, ATR-FTIR spectra of SELP-47K nanofiber assemblies in aqueous solution 

display amide I at 1641 cm-1, suggesting the coexistence of β-sheets and unordered 

structures. This is consistent with the model prediction. Briefly, soon after the dissolution 

of SELP lyophilized powder, silk blocks in each repeat fold into β-rolls comprised of 2 

layers of β-sheets, enabling the one-dimensional stacking of β-rolls and thus guiding the 

formation of the aligned filaments; elastin blocks, as well as the charged GKGVP blocks, 

cover the β-roll cores and prevent the lateral association of filaments from forming thick 

fibers.  

Further, the quantitative analysis of secondary structures of nanofiber assemblies 

was determined by curve fitting the Fourier self-deconvoluted (FSD) amide I bands with 
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Gaussian band profiles (Fig. 2.5c). Briefly, the band at 1616 cm-1 was assigned to 

aggregated strands, bands at 1624/35/75/95 cm-1 were assigned to β-sheets and sheet-like 

structures, bands at 1662/84 cm-1 were assigned to β-turns, bands at 1646/53 cm-1 were 

assigned to irregular structures, including random coils and extended chains [70]. The 

quantitative secondary structure analysis reveals 24% aggregated strands, 27% β-sheets, 

32% β-turns and 17% unordered structures (Table 2.1). Compared to SELP-47K films 

that are treated with methanol [70], self-assembled SELP-47K nanofibers possess a 

smaller percentage of aggregated strands and β-sheets but a larger percentage of β-turns. 

 
Table 2.1 Secondary structure contents (%) estimated by FTIR analysis 

Aggregated Stands β-sheets β-turns Irregular Structure 

24 27 32 17 
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Figure 2.5 Secondary structure analysis. a) CD spectra of SELP-47K at 4oC (solid line), 

25oC (dashed line), and 50oC (dotted line) (courtesy of W.B. Teng). b) ATR-FTIR 

spectra of SELP-47K at 25oC. c) After baseline subtraction, the FSD amide I spectrum of 

SELP-47K was fitted with Gaussian band profiles. The solid line and dots represent the 

fitted curves and the FSD amide I spectrum, respectively. 

 
As indicated in the core-sheath model (Fig. 2.3), SELP nanofibers will not be 

formed if the silk blocks cannot fold into β-rolls or the β-rolls cannot stack into solid-like 
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cores. To test this hypothesis, we investigated the self-assembly of Polymer 2, 3, and 4 in 

aqueous solutions, which have the same end segments as Polymer 1 but different 

repeating units. The repeating unit of Polymer 2 is [E]4[EK][E]3[S]3, containing only 

three silk blocks. Since four consecutive silk blocks are required to form a β-roll, the 

core-sheath model implies that Polymer 2 cannot fold into a β-roll (Fig. 2.6a). When the 

polymer solutions were incubated at 37oC for 24 hours at neutral pH, the AFM imaging 

analysis shows the formation of globular aggregates rather than nanofibers. This is in 

marked contrast to the self-assembly of nanofibers in the Polymer 1 solution after 24 

hours of incubation under the same conditions (Fig. 2.4). This study suggests that the 

formation of β-rolls is critical to the self-assembly of SELP nanofibers. 

Polymer 3 has a repeating unit [E]3[EE][E]4[S]4, where [EE] is the glutamic acid-

containing GEGVP block. Each repeating unit of Polymer 3 contains four silk blocks that 

are capable of forming a β-roll. Compared to Polymer 1, the positively charged lysine 

containing GKGVP blocks are replaced with the negatively charged glutamic acid-

containing GEGVP blocks in Polymer 3. The negatively charged GEGVP blocks interact 

with the head/tail segments that carry net positive charge. Subsequently, the electrostatic 

attraction prevents the β-rolls, even if formed, from being properly stacked into a core-

sheath structure (Fig. 2.6b). Indeed, after 24 hours of incubation at 37oC and at neutral 

pH, Polymer 3 self-assembles into cylindrical aggregates, which are less than 100 nm in 

length. The results of Polymer 3 illustrate that the stacking of β-rolls into fiber cores 

plays a crucial role in the formation of SELP nanofibers. 

The repeating unit of Polymer 4 [E]8[S]8[EK][E]7 contains eight repeats of the silk 

blocks (Fig. 2.6c). Compared to Polymer 1, the increased number of silk blocks in each 



50 
 

repeating unit of Polymer 4 enhances its ability to form β-rolls and nanofibers. After the 

polymer aqueous solution was incubated for 24 hours at neutral pH and at 37oC, AFM 

images show the formation of numerous, short nanofibers that probably grew from 

micelle-converted nuclei. Large nanofibers that comprise nanofiber bundles could not be 

resolved using AFM, and were examined using SEM, while short nanofibers may not be 

observed at this magnification. Since Polymer 4 shows surface-facilitated self-assembly 

[84], nanofiber assembly was also examined in concentrated solutions that formed free-

standing nanofiber hydrogels. In comparison to nanofibers assembled in dilute solutions, 

the nanofiber hydrogels formed in concentrated solutions display comparable fiber 

architectures (Fig. 2.7). This study demonstrates that Polymer 4 is capable of self-

assembling into nanofibers in bulk solutions. 

 

 
Figure 2.6 Self-assembly of SELP Polymers 2, 3, and 4 in aqueous solution. a) The three 

repeats of the GAGAGS sequence in each repeating unit of Polymer 2 are unable of 

folding into β-roll; consequently, AFM imaging analysis shows that protein globules 

instead of nanofibers are assembled in 0.25 mg/ml solution at 37oC. b) In Polymer 3, the 
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electrostatic attraction between the negatively charged glutamate residues and the 

head/tail tags with net positive charge prevents the β-roll form properly stacking into a 

core-sheath structure, leading to the assembly of short cylindrical aggregates that are 

assembled in 0.25 mg/ml solution at 37oC. c) The eight repeats of the GAGAGS 

sequence in each repeating unit of Polymer 4 fold into a large β-roll, enhancing fiber 

formation. AFM imaging analysis confirms the formation short nanofibers, and large 

nanofiber bundles that are out of the AFM imaging analysis can be viewed under SEM. 

(AFM images are courtesy of W.B. Teng) 

 

 
Figure 2.7 SEM image of Polymer 4 nanofibers self-assembled at a concentration of 60 

mg/ml in aqueous solution at 37oC. 
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2.3.3 Nanofiber Spatial Organization on the Microscale 

The fundamental mechanism that directs SELP nanofiber elongation is manifested 

by the proposed core-sheath model, which comprises three major steps, namely, binding 

of soluble SELPs to preformed nanofibers, their conformational conversion into solid 

filaments, and lateral association of multiple filaments into nanofibers. However, this 

core-sheath model falls short in predicting the ordered microscale structures formed by 

SELP nanofibers. Here, molecular diffusion comes into play. 

To support nanofiber growth, soluble molecules must be transported to the vicinity 

of growing nanofiber tips via diffusion. When the local population of soluble SELP is 

being depleted, the growth of a single nanofiber will create a concentration gradient that 

induces an influx of soluble SELP towards the tip of the growing nanofiber. As illustrated 

in Fig. 2.8a, consider that a single SELP nanofiber grows at an average rate 𝑛av (the 

number of monomers per time). Imagine drawing a spherical shell of radius r around the 

growing nanofiber tip. SELP monomers are moving across the shell toward the nanofiber 

tip. In a steady state, the number of SELP monomers crossing the shell per time equals 

𝑛av. Therefore, the monomer influx j(r) times the surface area of the shell equals 𝑛av, that 

is 

 𝑗 𝑟 =
𝑛!"
4𝜋𝑟! ( 2-1 ) 

 Consider a cluster of nanofibers that initiate the simultaneous growth of N 

nanofibers each at an average rate 𝑛av (Fig. 2.8b). Following the above procedure, the 

total influx of SELP monomers is now increased by N-fold: 
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 𝑗 𝑟 = 𝑁
𝑛!"
4𝜋𝑟! ( 2-2 ) 

 Figuratively, isolated growing nanofibers and smaller clusters of growing 

nanofibers function as a smaller moving sink, attracting a smaller number of soluble 

SELP molecules; large clusters of growing nanofibers function as a more powerful 

vacuum, removing a greater number of soluble molecules from the solution. Eventually, 

water-rich (i.e., SELP-free) microdomains are generated and left behind, leading to 

formation of micrometer-sized voids. 

 

 
Figure 2.8 Flux of soluble SELP toward (a) a single growing nanofiber, and (b) a group 

of growing nanofibers. 

 
Indeed, the experimental observation on SELP-815K hierarchical self-assembly is 

consistent with this proposed diffusion-regulated model. As shown in Fig. 2.9a, a 

nanofiber cluster of ~2 µm that is converted from large micelle aggregates is formed after 

24 hours incubation of 0.25 mg/ml SELP-815K solution at 37oC. This cluster of 

numerous nanofibers possesses a much greater soluble molecule imbibing capacity 

compared to individual nanofibers that are most likely initiated at micelle-converted 

nuclei. It is important to note that deposition of nanofibers or clusters of nanofibers onto 

(a) (b)
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SiO2 wafer only captures a stationary picture, these entities are in fact free to move in 

dilute solutions, and their ability of free movement is inversely correlated to their size. 

Therefore, the growing individual nanofibers and clusters of nanofibers are analogous to 

small moving sinks and much more powerful moving vacuums, respectively, to remove 

soluble molecules from solution. Aided by free movement in solution, growing 

nanofibers emerging from different nanofiber clusters may readily come into close 

contact and link together (Fig. 2.9b), resulting in the formation of nanofiber micro-

assemblies (Fig. 2.9c-d). Depending on the numbers of individual clusters nanofiber 

micro-assemblies contain, the size of the assemblies can range from several micrometers 

to over a hundred micrometers. 

While soluble SELP molecules continue to flow toward and join the nanofiber 

micro-assemblies due to concentration gradient, isolated nanofibers may also move 

toward and join the nanofiber micro-assemblies. It is worth pointing out that the 

individual nanofibers deposited on SiO2 wafer lose the free movement ability and are 

unable to join the micro-assemblies. Nevertheless, the growth of remaining isolated 

nanofibers in the bulk solution is greatly suppressed, and they are eventually absorbed by 

nanofiber micro-assemblies. 
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Figure 2.9 Hierarchical structures of SELP-815K nanofiber micro-assemblies. 

 
In dilute SELP solutions, nanofiber micro-assemblies are short in number and size 

to further connect to form a continuous network (Fig. 2.9e). This is because at dilute 

concentrations, soluble SELP molecules are unable to provide sufficient number of 

building blocks, i.e., nanofiber micro-assemblies, to form a continuous network. As a 

result, sol-gel transition is not observed in dilute SELP solutions. Nevertheless, 

depending on the concentration of SELP solutions, the proposed diffusion-regulated 

model may predict two distinct microscale structures when continuous nanofiber network 

can occur. At or slightly above the critical sol-gel concentration, nanofiber micro-

assemblies are linked together and a continuous network is formed. This gel formation 

bears great importance in that it renders the nanofiber micro-assemblies immovable, the 

assemblies then serve as stationary powerful vacuums to remove soluble molecules and 

isolated nanofibers from solution. Therefore, SELP-free, water-rich microdomains are 

created within the gels, and in dry samples these microdomains simply appear as 

micrometer-sized voids. As SELP concentration continues to increase, however, growing 
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nanofiber assemblies that comprise the continuous network are fed with more and more 

monomers/isolated nanofibers. Consequently, these nanofiber assemblies will increase in 

size until SELP-free microdomains are all occupied with newly formed nanofibers, 

leading to the formation of relatively uniform nanofiber matrices. 

As expected, 5 mg/ml (i.e., 0.5% w/w) SELP-47K aqueous solution formed weak 

nanofiber hydrogels. At a concentration of 10 mg/ml, a typical concentration for 

preparing peptide scaffolds for tissue regeneration [10], mechanical robust SELP-47K 

nanofiber scaffolds with distinct nanoscale and microscale features were self-assembled 

(Fig. 2.10A). On the microscale, the nanofiber scaffold consists of two continuous 

phases: a water-rich phase that appears as interconnected voids of 20 ~ 40 µm in size in 

dry samples, and a nanofiber-rich phase that is comprised of interconnected nanofiber 

clusters of 2 ~ 10 µm in size. On the nanoscale, SELP-47K nanofibers are randomly 

oriented and densely packed in the nanofiber clusters, and inter-fiber spacing varies from 

several to a few tens of nanometers. Consistently, at a concentration of 20 mg/ml, 

nanofiber clusters increase in size while micrometer-sized voids decrease in size (Fig. 

2.10B). At a concentration of 60 mg/ml, SELP-47K self-assembled into relatively 

uniform nanofiber matrices with sub-micrometer-sized voids (Fig. 2.10C), Presumably, 

sufficient number of large micelle aggregates exist in the SELP-47K solution at this 

concentration, initiating the simultaneous growth of nanofibers uniformly; there are 

enough soluble molecules in the solution to support the growth of nanofibers in the 

micro-assemblies and soluble molecules are added to growing nanofibers locally, with no 

flux of monomers occurring over a distance of several micrometers; and thus no 

micrometer-sized voids are formed. 
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Figure 2.10 SEM images of nanofiber scaffolds assembled in 10 mg/ml (A), 20 mg/ml 

(B), and 60 mg/ml (C) SELP-47K aqueous solutions. 

 
2.4 Conclusions 

It has been demonstrated that SELP soluble molecules form micelles or large 

micelle aggregates soon after dissolution in water, with greater concentration favoring the 

formation of large micelle aggregates (Fig. 2.1). These micelles or micelle aggregates 

initiate SELP nanofiber nucleation, converting SELP molecules to solid nanofibers. 

Subsequently, the initiated nanofibers recruit more soluble molecules to sustain their 

longitudinal growth. This nanofiber elongation consists of three major steps: 1) binding 

of soluble SELPs to preformed nanofibers; 2) their conformational conversion into solid 

filaments; and 3) the lateral association of multiple filaments into nanofibers. The 

formation of core-sheath structures is key in determining the self-assembly of SELP 

nanofibers (Fig. 2.3). In this process, the size of the silk blocks and the charge of the 

C 
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modified elastin blocks have been shown to fundamentally influence the folding of silk 

blocks into β-rolls and the stacking of β-rolls into nanofiber cores. Specifically, hydrogen 

bonding is involved in the folding of silk blocks into β-sheets which, in turn, fold into 

more stable β-rolls via hydrophobic interactions amenable to nanofiber assembly. 

Without the orderly folding of β-rolls and the one-dimensional stacking of β-rolls, SELPs 

will form aggregates rather than nanofibers. Additionally, electrostatic attractions are 

necessary for the elongation of nanofibers. However, electrostatic repulsive forces are 

also needed to properly balance attractive forces to limit the lateral growth and promote 

the longitudinal growth of nanofibers. These results have established a basis for the 

design of new SELPs and the selection of SELPs for the fabrication of nanofiber 

structures. 

The interplay of SELP nanofiber nucleation and molecular diffusion leads to the 

preferential growth of large nanofiber clusters that are likely initiated within large micelle 

aggregates in aqueous solutions. The growth of isolated nanofibers that are converted 

form within micelle-converted nuclei, however, is greatly suppressed due to their 

compromised ability to recruit soluble monomers. The nanofiber clusters further connect 

to form nanofiber micro-assemblies that possess even greater capacity to imbibe soluble 

monomers. As a result, sharp monomer concentration gradient may be created over a 

distance of at least micrometers. Eventually, soluble monomers together with isolated 

nanofibers will be incorporated into nanofiber micro-assemblies. Notably, SELP-free 

microdomains are generated provided that soluble monomers are depleted before the 

nanofiber micro-assemblies uniformly occupy the entire space, resulting in the formation 

of 3D nanofiber scaffolds with distinct nanoscale and microscale features (Fig. 2.10A-B). 
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Otherwise, relatively uniform nanofiber scaffolds are formed when sufficient monomers 

exist in the solution to sustain the growth of nanofiber micro-assembies to reach the 

entire space (Fig. 2.10C).   
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CHAPTER 3: COLLAGEN BLENDED SELP HYDROGELS 

AS NOVEL 3D CELL CULTURE SCAFFOLDS  

3.1 Introduction 

It has become increasingly recognized that cells can feel and respond to the 

stiffness of their substrate [85, 86]. Excellent previous studies have shown that matrix 

stiffness regulates cellular processes ranging from differentiation [87, 88] to motility [56] 

and phagocytosis [89], and to cellular organizations and structures including morphology, 

cytoskeletal structure, and adhesion [90]. In order to decouple biophysical from 

biochemical effects, these studies prepared biologically inert hydrogels prior to 

extracellular matrix (ECM) molecule coating or covalent grafting to provide adhesion 

ligands. Cells are subsequently seeded on the modified surfaces. This practice provides 

substrates with tunable matrix stiffness, but it engages the cells on 2 dimensional (2D) 

surfaces, which is different from cell’s 3D in vivo environment. As the discrepancies of 

cell behavior between 2D and 3D cell cultures have been increasingly documented [43, 

91], there exists a growing need to fabricate a 3D scaffold model system that allows the 

same independent control over the scaffolds’ biochemical and mechanical properties and 

has the added benefit of allowing cells to be encapsulated within the scaffold, such that 

matrix stiffness effects on 3D cell behaviors might be systematically analyzed. Currently, 

there are very few such 3D model systems due to the difficulty to decouple the scaffolds’ 

mechanical from biochemical properties and at the same time enable 3D cell 

encapsulation. As an example, perhaps the simplest way to vary ECM stiffness is to 

change the natural ECM protein (e.g. collagen, fibrin) concentration, however, this 
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concurrently changes the biochemistry such as density of adhesion ligands experienced 

by cells, thus making it impossible to assess which portion of the cellular behavior is 

attributed to matrix stiffness [92]. Yet another way is to stiffen the natural ECM protein 

scaffolds at fixed protein contents, however, cytotoxicity, speed, and cost continue to 

prevent the exclusive use of natural ECM proteins: irradiation and chemical crosslinking 

can be highly cytotoxic [93], glycation often requires weeks [94], and the use of enzymes 

such as lysyl oxidase or transglutaminase can be prohibitively expensive [95]. As a result, 

the relative contributions of matrix stiffness to individual cellular mechanisms and their 

cumulative role in dictating 3D cell behaviors are not yet completely understood. 

Silk-elastin like protein polymers (SELPs), as one class of the genetically 

engineered proteins that are synthesized using recombinant DNA techniques [4, 21, 96], 

are capable of self-assembling into ordered 3D structures under physiological conditions 

[84]. SELPs are composed of amino acid sequence motifs from Bombyx mori (silkworm) 

silk (Gly-Ala-Gly-Ala-Gly-Ser) and mammalian elastin (Gly-Val-Gly-Val-Pro). Silk 

blocks can spontaneously form insoluble tightly packed β-sheets, and are thought to be 

the primary gelation driving force and responsible for the superior mechanical stiffness 

[97], whereas the periodic inclusion of elastin blocks increases the flexibility and aqueous 

solubility of the protein polymer [98]. It is important to note that SELP hydrogels can 

stiffen over several orders of magnitude for only modest increases in protein 

concentration. More importantly, owning to the absence of cell-binding motifs, SELP 

hydrogels manipulate the matrix stiffness independently of the biological cues. Because 

most tissue cells are anchorage dependent and are simply not viable upon dissociation or 

suspension in a fluid [99] this absence of cell-binding motifs, on the other hand, renders 
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SELP gels biologically inert to cell adhesion and thus limits their use as 3D cell culture 

scaffolds. In this regard, bio-functionality must be incorporated. Although various 

chemistry had been developed to incorporate bio-functional groups such as RGD cell 

adhesion oligopeptides to biologically inert polymer networks, many of them are not 

ideal for live cell entrapment, a critical condition for 3D cell culture scaffolds, due to a 

number of factors including UV exposure [100], harsh chemical reactions [101], etc. 

Consequently, it would be advantageous to introduce the bio-functionality to the inert 

SELP polymers in a cell compatible manner. Perhaps the most straightforward way is to 

incorporate natural ECM proteins to SELP networks such as collagen that can self-

assemble into fiber networks and provide essential biochemical cues to promote cell 

attachment and function via various integrins that match multiple binding sequences on 

the surface of the molecule [60, 102-104]. In doing so, the matrix stiffness of such hybrid 

systems may be modulated independently of their biochemical cues by progressively 

varying the SELP content while leaving collagen concentration unchanged.  

Therefore, we speculate a hybrid scaffold composed of SELP and collagen can 

result in properties not achievable by each individual components, in other words, SELP 

and collagen may contribute to mechanical stiffness and bio-functionality of the hybrid 

scaffold, respectively. In this chapter, we characterized the stiffness of our SELP-

Collagen (SELP-COL) hybrid gels with different SELP contents by parallel plate 

rheometry and visualized their microarchitecture by electron microscopy. We analyzed 

the gel equilibrium swelling ratio and soluble fraction. We then assessed the cyto-

biocompatibility of the hybrid gels and provided results demonstrating the role of 

collagen in promoting cell attachment and spreading. Combining these results, we 
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conclude that, in our SELP-COL hybrid scaffolds, SELP mainly confers the system with 

highly tunable matrix stiffness while collagen provides essential biochemical cues and 

contributes to promoting silk crystallization and stabilizing the scaffolds. 

 
3.2 Materials and Methods 

3.2.1 Polymer Solution Preparation 

Frozen SELP-47K aqueous solution at a concentration of 12 w/v% was generously 

provided by Protein Polymer Technologies, Inc. (San Diego, CA). Frozen SELP-47K was 

thawed at room temperature. It was then diluted with cell culture medium to yield 20 

mg/ml SELP-47K solution. Additionally, 5/10/20 mg/ml SELP-47K & 1 mg/ml collagen 

(Type I, bovine collagen was purchased from Invitrogen (cat.#: A10644)) blend solutions 

were prepared by mixing thawed 12 w/v % SELP-47K, 5 mg/ml Type I bovine collagen 

and cell culture medium on ice, using 10×PBS and NaOH to maintain appropriate 

osmotic pressure and neutral pH. 1 mg/ml collagen was prepared by diluting 5 mg/ml 

Type I bovine collagen solution with cell culture medium, according to manufacturer’s 

protocol.  

Solutions prepared for soluble fraction and equilibrium swelling ratio studies were 

prepared the same way as above except using 1×PBS instead of cell culture medium to 

exclude interfering agents which compromise the BCA protein assay. 

 
3.2.2 Soluble Fraction Measurement 

Solutions were loaded to 1 ml plastic syringes, covered with parafilm and incubated 

at 37oC for two days. Gels were extruded from syringes and placed in 1 ml of 1×PBS in 

polypropylene vials and incubated at 37oC at 120 rpm in a shaking incubator. Eluants 
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were collected from these vials over a period of 7 days. The amount of released proteins 

in the eluants was analyzed using bicinchoninic acid (BCA) protein assay (Pierce BCA 

protein assay kit was purchased from Thermo Scientific (cat.#: 23227)) at a wavelength 

of 562 against a standard curve for bovine serum albumin. Elution was thought to be 

complete when soluble fraction does not change more than 1 % over a 24 hours period.   

 
3.2.3 Rheological Measurements 

Rheological properties of swollen gels were obtained by performing small-strain 

oscillatory shear experiments on a AR-G2 rheometer with plate-plate geometry at 37oC. 

An amplitude sweep (G’ measured as a function of strain) was performed to confirm that 

subsequent measurements were conducted within the linear viscoelastic regime. Storage 

(G’) and loss (G’’) moduli, as well as phase angle (δ), were measured as a function of 

frequency (from 0.1 to 10 Hz) in a constant strain (2%) mode. 

A time sweep run at a constant frequency of 0.54 Hz and a constant strain of 0.2% 

was performed to obtain the time spectra of complex shear modulus. The time spectra 

were recorded for 45 min after solution preparation. 295 µl of solution samples were 

placed directly onto the plate which was preset at 37oC. A 25-mm stainless steel plate 

was lowered until a gap of 600 µm was reached, allowing solutions to completely fill the 

space between the plates. The exposed perimeter of the solutions was covered with light 

mineral oil (Sigma, cat. #: M8410) to prevent evaporation. 

 
3.2.4 Scanning Electron Microscopy 

Gels were extruded from syringes and rinsed with 0.1 M phosphate buffer. For cell-

matrix interaction studies, 3T3 fibroblasts were seeded onto the extruded 10 mg/ml 
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SELP-47K & 1 mg/ml collagen hybrid gels at a density of 5×104 cells/ml, cultured as 

described below and fixed 2 days after initial cell seeding with primary fixation solution 

(4% formaldehyde, 1% glutaraldehyde in 0.1 M phosphate buffer) at room temperature 

overnight. For hydrogel microarchitectural studies, gels were fixed overnight at 4oC in 

2% glutaraldehyde in 0.1M phosphate buffer as a primary fixation solution. All samples 

were post-fixed by 1% osmium tetroxide in 0.1M phosphate buffer for 1 hour at room 

temperature prior to dehydration in an ethanol series. Gels were then dried with a Polaron 

critical point drier using liquid carbon dioxide. The specimen were coated with 4.5 nm of 

gold, and viewed by a Hitachi S4800 SEM. 

 
3.2.5 Cell Culture 

NIH-3T3 cells were cultured at 37oC and 5% CO2, in Dulbecco’s Modified Eagle’s 

Medium (DMEM), supplemented with 10% fetal bovine serum (FBS). Cells were 

removed from substrates using 0.05% trypsin/0.02% EDTA, centrifuged at 2500 rpm for 

5 min and resuspended in culture medium. Cells from subconfluent cultures at passages 

P12-P20 were used. 

 
3.2.6 Cell Viability Assay and Cell Morphological Analysis 

For cell viability test, resuspended NIH3T3 cells were directly mixed with protein 

polymer solutions at a final density of 5×104 cells/ml and gently pipetted into 24-well 

plates. Plates were transferred into a humidified incubator at 37oC and 5% CO2 and 

incubated for 2 day after which fresh cell culture medium was added. Medium was 

changed everyday thereafter. Live/Dead assay kit (Invitrogen, cat#: L3224) was used to 

evaluate cell viability on day 7 according to manufacturer’s instructions. Briefly, after 
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removing culture medium, samples were rinsed three times with 1× PBS and then 

incubated for 30 min with the staining solution containing 2 µM calcein AM and 4 µM 

EthD-1. Live and dead cells were imaged under a fluorescent microscope (Nikon 

TE2000U) after removing the staining solution and rinsing the samples three times with 

1× PBS. 

For cell morphological analysis, 500 µl NIH3T3 cell suspension at a density of 

5×104 cells/ml were seeded onto the gels. In order to determine cell area and 

compactness, 2 days after initial cell seeding cells were stained by calcein AM according 

to manufacturer’s instructions. Fluorescent images were collected using Nikon TE2000U 

inverted microscope. Parameters such as cell area A and perimeter P were extracted from 

fluorescent images using Image J. Cell compactness was computed by C=4π×A/P2 (C=1 

for a circle, C<1 for an ellipse). 

 
3.3 Results and Discussion 

3.3.1 Mechanical Characterization 

In order to investigate whether addition of SELP could progressively alter gel 

stiffness, I began by synthesizing a series of SELP-COL hybrid gels in which collagen 

concentration was fixed at 1 mg/ml and that of SELP was varied from 5 to 20 mg/ml. 

Storage modulus of all samples that represents gel elasticity was extracted by conducting 

small strain oscillatory shear experiments. Fig. 3.1 shows the storage modulus of all 

tested SELP-COL hybrid gels increased over time. Unlike the control study of 1mg/ml 

COL gels that exhibited almost a constant storage modulus of 18 Pa over the time period 

studied, the storage modulus of hybrid gels is time dependent. This time-dependent 

increase is consistent with earlier observations that the spontaneous crystallization rate of 
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SELP was a function of both concentration and curing time at physiological temperature, 

with the greater SELP concentration and longer incubation time yielding mechanically 

more robust gels [32]. As expected, rheological measurements revealed that the storage 

modulus of SELP-COL gels on day 14 increased by nearly 2 orders of magnitude when 

SELP content was increased from 5 to 20 mg/ml, with the highest storage modulus 

approaching 13 kPa. This is because the presence of more silk-like blocks per unit 

volume increases the formation of cross-links within and between polymer chains, 

therefore imparting more rigidity to the hydrogel. These results suggest the matrix 

stiffness of the hybrid gels can be tuned over several orders of magnitude by varying the 

SELP contents within modest ranges.  
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Figure 3.1 Time sweep of storage modulus at 37oC, frequency of 0.54 Hz and a constant 

strain of 2%: (▼) 20 mg/ml SELP-47K & 1 mg/ml collagen; (■) 20 mg/ml SELP-47K; (

〇) 10 mg/ml SELP-47K & 1 mg/ml collagen; (●) 5 mg/ml SELP-47K & 1 mg/ml 

collagen; (▽) 1 mg/ml collagen. Each bar represents mean ± 1 standard deviation for n=3 

samples. 

 
To serve as a successful candidate scaffold that enables direct 3D cell 

encapsulation, the sol-gel transition must be fast enough to prevent cell sinking. For this 

reason, time sweep of complex shear modulus was recorded for 45 min after solution 

mixing to gain insights of the initial gelation kinetics. As shown in Fig. 3.2, the complex 

shear modulus G* of both COL and SELP-COL solutions showed a rapid initial increase 

due to gel formation. Consistently, the loss factor 𝑡𝑎𝑛𝛿 (δ is the phase lag between stress 

and strain) of both solutions reached the critical sol-gel transition point, at which 𝑡𝑎𝑛𝛿=1, 

within 3 minutes (Fig. 3.3). However, it was observed that G* of SELP-COL is 

significantly smaller compared to that of COL at the end the rapid phase of nucleation 

(2.5 Pa vs 11 Pa), even though they have the same collagen concentration. Forgacs and 

coworkers [106] found that the initial stage of the collagen fiber assembly is a nucleation 

process of collagen monomers associating to randomly distributed branched clusters with 

extensions of several microns, and the next stage is the interconnection of these collagen 

fibril clusters [106]. In this context, due to the electrostatic interactions between the 

slightly positively charged SELP and negatively charged collagen, interconnection of the 

collagen fibril clusters in SELP-COL is greatly hindered by the excessive amount of 

SELP (Fig. 3.4B). As a result, the increase in G* for the blend solution is dramatically 
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compromised compared to pure collagen where the second stage of collagen fiber 

assembly is unaffected. Nevertheless, this rapid sol-gel transition for both SELP and COL 

solutions is important in that it counteracts cells’ gravity such that relative homogeneous 

cell distribution can be achieved within the gelled scaffolds. In addition, as opposed to 

pure collagen which encountered a plateau in G* the SELP-COL solution instead entered 

another phase in which G* is gradually increased. Notably, the rate of increase in G* for 

SELP-COL is greater than pure SELP. Such observation might be accounted for by the 

role of pre-polymerized collagen in nucleating more crystal formation of silk-like blocks 

and therefore accelerating the gelation (Fig. 3.4C). Indeed, a similar mechanism was 

reported by Cappello where pre-crystallized nucleation sites serve to nucleate new crystal 

formation and accelerate the gelation process of SELPs [32].  
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Figure 3.2 Initial time sweep of complex shear modulus at a temperature of 37oC, 

frequency of 0.54 Hz and a constant strain of 0.2%: (○) 1 mg/ml collagen; (●) 10 

mg/ml SELP-47 & 1 mg/ml collagen; (▼) 10 mg/ml SELP-47K. 

 
Figure 3.3 Initial time sweep of loss factor (𝑡𝑎𝑛𝛿) at a temperature of 37oC, frequency of 

0.54 Hz and a constant strain of 0.2%. (〇) 1 mg/ml collagen; (●) 10 mg/ml SELP-47 & 

1 mg/ml collagen. 

 

 
Figure 3.4 Schematic illustration of the initial gelation for 10 mg/ml SELP-47K & 1 

mg/ml collagen blend solution. After mixing, SELP (blue) and collagen (red) molecules 
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are evenly distributed in the blend solution (A). Collagen monomers associate to 

randomly distributed branched clusters with extensions of several microns (B). Due to the 

electrostatic interactions between the slightly positively charged SELP and negatively 

charged collagen, interconnection of the collagen fibril clusters in SELP-COL is greatly 

hindered by the excessive amount of SELP. The disconnected collagen fibril clusters will 

eventually join to form collagen fibers (C), but at a significantly slower rate compared to 

pure COL solution where the interconnection of collagen fibril clusters is unaffected. The 

schematic is not drawn to scale. 

 
3.3.2 Hydrogel Microarchitecture 

The above mechanical results imply that collagen plays an important role in 

gelation, but does the hybrid gel still retain microarchitectures representative of collagen 

and SELP gels? To answer this question, we used scanning electron microscopy (SEM) 

to visualize their microstructures as shown in Fig. 3.5. SEM images revealed that 

collagen gels are composed of long, seldom end-linked fibers with low curvature. SELP-

47K gels, on the other hand, are composed of two hierarchical structures. On the 

submicron level, SELP-47K forms apparent fibrous structures with an approximate 

diameter of less than 40 nm, substantially smaller than that of collagen (~130 nm). In 

stark contrast to collagen gel microarchitecture, homogeneous distribution of SELP-47K 

nanofibers was not observed in the concentration range studied, they instead aggregate 

spatially and form a higher hierarchical structure: nanofiber micro-assemblies of microns 

in size. These assemblies seem to grow in size as SELP content increases, resulting in 

smaller SELP-free voids that are filled by water. After investigating this unique 

hierarchical structure of SELP, we have proposed a novel mechanism that explains this 
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self-assembly process [84, 107]. Notably, SEM images of SELP-COL hybrid gels 

revealed distinct collagen fibers and SELP nanofiber micro-assemblies. No detectable 

variation in fiber microarchitecture and organization was observed, suggesting that our 

hybrid scaffolds can be essentially viewed as two building blocks: collagen fibers and 

SELP nanofiber micro-assemblies. Moreover, a close examination suggests some 

collagen fibers are embedded in SELP nanofiber micro-assemblies, as depicted by the 

arrows in Fig. 3.5.  

 

20#SELP�10#SELP�

1#COL� 10#SELP&1#COL�



76 
 

Figure 3.5 Scanning electron micrographs of 1 COL (1 mg/ml collagen), 10 SELP & 1 

COL (10 mg/ml SELP-47K & 1 mg/ml collagen), 10 SELP (10 mg/ml SELP-47K), 20 

SELP (20 mg/ml SELP-47K). Scale bar: 5 µm. 

 
3.3.3 Soluble Fraction Characterization 

In addition to the above characterizations, the soluble fraction of the hydrogels was 

studied because it is often predictive of the mechanical properties and structural integrity 

[108, 109]. The fraction of polymers in the hydrogels not participating in cross-linking is 

termed as soluble fraction that can be washed out of the gels. The SELP-COL hybrid gels 

showed a decrease in the amount of soluble fraction with increasing SELP concentration 

(Fig. 3.6). This is because soluble fraction ultimately depends upon the strength of 

interactions between and within polymer chains, and this strength of interactions can be 

improved by increasing the cross-linking density [110]. Indeed, gels at greater SELP 

concentrations have more silk-like blocks per unit volume that form physical cross-links, 

resulting in a greater cross-linking density that decreases the amount of free polymers not 

participating in gel network formation. Interestingly, SELP-COL hybrid gels displayed a 

smaller amount of soluble fraction compared to SELP gels at the same SELP 

concentration (Fig. 3.6). This is likely due to the stabilizing effect of collagen on the 

hybrid gel network that can probably be accounted for by the negatively charged aspartic 

and glutamic acids in collagen interacting with the positively charged lysine in SELP 

backbone. A similar phenomenon had been reported in previous work [111], though our 

results indicate an even smaller soluble fraction, this could be attributed to the longer 

curing time in the present study (2 days vs 4 hours) that tends to further stabilize the gel 

network and decrease the soluble mass within the gels. 
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Figure 3.6 a) Release profiles of soluble fraction from 1 mg/ml collagen (●), 5 mg/ml 

SELP-47K & 1 mg/ml collagen (〇), 10 mg/ml SELP-47K & 1 mg/ml collagen (▼), 20 

mg/ml SELP-47K (■), 20 mg/ml SELP-47K & 1 mg/ml collagen (△). Each symbol 

represents mean ± 1 standard deviation for n=3 samples.  

 
3.3.4 Cell Viability and Morphology 

It has been so far demonstrated that the hybrid scaffold is able to progressively 

manipulate its matrix stiffness simply by changing the SELP concentration while fixing 

collagen concentration as a constant. Since an ideal scaffold should have excellent cyto-

biocompatibility, we performed Live/dead assay to access cell viability for NIH 3T3 

fibroblasts that were embedded within our hybrid gels. After staining, live cells produce 

an intense green fluorescence while dead cells emit bright red fluorescence. 7 days after 
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3T3 cell entrapment almost no dead cells can be detected in our Live/Dead assay (Fig. 

3.7a), suggesting our hybrid gel is highly biocompatible. In addition, the 3T3 cells 

embedded within our hybrid gels exhibited a typical 3D spindle morphology (Fig. 3.7b) 

[112]. Next, single-cell morphological parameters (cell area and compactness) that were 

quantified on preformed gel surfaces as a function of surrounding extracellular matrix 

were used to study the biological role of collagen in the hybrid gel. Most 3T3 cells were 

washed away during the gentle staining process and the remaining cells adopted a 

rounded geometry on pure SELP gels (Fig. 3.7d, Fig.3.8). It was observed that almost 

identical results using DU-145 prostate cancer cells, implying that the scaffolds lack cell-

binding motifs and provide impaired cell-matrix interaction. This observation should 

come as no surprise in that SELP hydrogel is considered biologically inert to cell 

attachment for its lack of integrin-binding motifs such as RGD [113]. Also, it fails to 

engage integrin-independent cell membrane receptors to encourage cell attachment like 

those previously reported [114]. Upon addition of collagen, however, pronounced 

difference in 3T3 cell morphology was observed (Fig. 3.7e, Fig. 3.8): cells on SELP-COL 

gels were able to settle down, polarize, and protrude prominent filopodium, suggesting 

active cell-matrix interactions. Quantitative analysis revealed upon incorporation of 

collagen to SELP, mean cell area increased from 260 µm2 to 500 µm2 and mean cell 

compactness dropped from 0.89 to 0.53, respectively (Fig. 3.8). These results confirm our 

hypothesis that pure SELP gels lack cell membrane receptor ligands whereas collagen 

confers SELP-COL gels with cell binding motifs. In addition, notable morphological 

differences were observed between cells on SELP-COL gels and rigid 2D polystyrene 
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surfaces, in which mean cell area further increased to 792 µm2 and mean cell 

compactness dropped to 0.25 (Fig. 3.7f, Fig. 3.8). 

 
Figure 3.7 Fluorescent staining for cell viability of NIH3T3 fibroblasts embedded within 

10 mg/ml SELP-47K & 1 mg/ml collagen composite gel (a): cells were stained 7 days 

after cell encapsulation and the out-of-focus light indicates cells on other focal planes. A 

bright field close-up view of NIH3T3 fibroblasts embedded in 10 mg/ml SELP-47K & 1 

mg/ml collagen hybrid gels (b). NIH3T3 cells sank to the gel-petri dish interface due to 

gravity effect (c). Representative fluorescent images of NIH 3T3 fibroblast on 10 mg/ml 
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SELP-47K gels (d), 10 mg/ml SELP-47K & 1 mg/ml Collagen hybird gels (e), and 

standard 2D polystyrene culture dishes (f): 3T3 fibroblast was stained by calcein AM 

before imaging; cells barely settled onto SELP-47K gels (d); whereas cells adopted in-

vivo like spindle morphology on SELP-47K & Collagen hybrid gels (e); cells further 

polarized and extrude evident lamellipodium on stiff 2D polystyrene substrates (f). Scale 

bar: 50 µm for (b), (d), (e), and (f), 100 µm for (a) and (c). 
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Figure 3.8 Cell morphology was quantitatively analyzed by the projected cell area (a) and 

compactness (b) as a function of substrate: The boxes represent 25th and 75th percentile 

with the median shown by the solid line bisecting the box, the mean is shown by the 

dashed line, the whiskers represent 10th and 90th percentiles of the data. (n=3; ~100 cell 

tracks; (***) P<0.001 for difference to hybrid SELP & Collagen gels; student’s t test, α-

level 0.01). 

 
To further demonstrate our hypothesis that collagen exclusively confers the hybrid 

scaffold with biochemical cues that allow cell attachment and polarization, we acquired 

SEM images to unveil the detailed cell-matrix interactions at high magnifications. Fig. 

3.9A is an overview of NIH3T3 fibroblasts seeded on the surface of the hybrid gel. A cell 

with long lamellipodium that managed to squeeze into the scaffold is shown in Fig. 3.9B, 
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the cell seemed to be hunting down collagen fibers while no interaction between cell 

periphery and SELP nanofiber micro-assemblies was observed. Indeed, as revealed in 

Fig. 3.9C, cells protrude prominent lamillipodium and interact with collagen fibers, as 

depicted by the arrows. Similarly, a close examination showed individual cells 

exclusively pulling and aligning the collagen fibers, as indicated by the double arrows in 

Fig. 3.9D. Together, our SEM analysis has confirmed the cells’ exclusive interaction with 

collagen fibers, rather than with SELP nanofibers, on the hybrid gels. 

 
Figure 3.9 Scanning electron micrographs of NIH3T3 fibroblasts interacting with 10 

mg/ml SELP-47K & 1 mg/ml collagen hybrid gels. Cells were fixed 2 days after the 

initial cell seeding. Scale bar: 10 µm. 
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3.4 Conclusions 

It has been demonstrated the hybrid gel system can be essentially viewed as two 

functionally and spatially distinct components: collagen fibers and SELP nanofiber 

micro-assemblies. SELP confers the system with highly tunable matrix stiffness while 

collagen imparts the essential biochemical cues and plays an important role in gelation. In 

particular, collagen enables a faster gelation rate and therefore averting cell sinking, a 

limiting factor for homogeneous cell encapsulation within pure SELP gels at low SELP 

concentrations. Collagen also contributes to stabilize the hybrid system presumably due 

to its electrostatic interaction with SELP. SELP, on the other hand, offers an alternative 

to the common practice of controlling the matrix stiffness of 3D scaffolds simply by 

varying natural ECM protein concentration. The methodology introduced herein gives 

rise to a hybrid cell culture system whose stiffness is substantially independent of its 

biochemical property, from dozens of Pa to over 10 kPa at the concentrations studied. 

This range covers the elasticity of a broad range of living tissues from soft brain to rigid 

muscle [48, 85], enabling future scientists to unveil the exclusive effect of matrix 

stiffness on 3D cell behaviors [115-117] using one simple model system that can map the 

in vivo stiffness of a variety of different living tissues. It is worthy pointing out this 

superior mechanical property can be further tuned by altering the primary structure of 

SELPs thanks to its genetically engineered nature, e.g., altering the number of silk-like 

repeats within the primary repetitive sequence or changing the relative arrangement of 

silk and elastin-like repeats. In doing so, our work adds to the small but growing 

repository of such hybrid materials [118-122]. Unlike these blend materials, however, our 

system used a completely protein-based polymer, SELP, to modulate its mechanical 
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property, meaning the degrading product is nontoxic amino acids that can be reutilized by 

cells when used as implants [27]. To the best of our knowledge, our scaffold is the first 

completely protein-based hybrid scaffold that can substantially decouple its matrix 

stiffness from its biochemical cues. 

In conclusion, a hybrid scaffold platform has been introduced in this chapter whose 

matrix stiffness can be modulated independently of its biochemical cues. This 

independent tunability of matrix stiffness can be achieved by progressively varying the 

concentration of a genetically engineered protein, silk-elastinlike protein, while leaving 

collagen content unchanged. We have also demonstrated collagen’s role in the formation 

of our hybrid system by conducting rheology, SEM, soluble fraction, and equilibrium 

swelling studies. We anticipate that the hybrid scaffolds described in this chapter may 

prove valuable to unravel the mysterious effect of matrix stiffness on 3D cell behaviors. 
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CHAPTER 4: TRANSGLUTAMINASE CROSSLIKING OF 

THE SELP-COLLAGEN HYBRID SCAFFOLDS 

4.1 Introduction 

Numerous hydrogel formulae have been developed for 3D cell culture/ tissue 

engineering purposes. These scaffolds provide a template on which cells can migrate, 

divide, secrete new matrix and differentiate. Selection of the appropriate hydrogel 

scaffold materials is governed by the following design criteria: the desirable hydrogel 

scaffold should  

i) match the elastic modulus of the living tissue to provide appropriate 

mechanical input, as recent experiments have shown that the mechanical 

input to the cells can have as great an impact on cell growth, differentiation 

and ultimate tissue formation as the biochemical input [85];  

ii) provide desirable cell-binding motifs to facilitate cell attachment and 

ingrowth, i.e., the hydrogel forming polymers should be recognized by cell 

membrane receptors in order for cells to adhere [123];  

iii) allow proper diffusion of nutrients and metabolites to and from the 

entrapped cells, i.e., solid mass of the hydrogel should be comparable to 

that of the natural extracellular matrix, which in many cases has less than 

1.5 % solid mass [124]; and  

iv) enable direct cell encapsulation during gelation, i.e., capable of being 

gelled without damaging the cells [123].  
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Despite the advances in both biologically derived and synthetic materials currently 

being explored as gel materials, one major limitation is the inability of one single 

hydrogel platform to approximate the mechanical stiffness of a broad range of living 

tissues ranging from near 100 Pa for the brain to the order of 1 MPa for soft cartilage 

[125] (Table 4.1), and at the same time still retain excellent permeability for nutrients 

supply and waste removal, cell-binding motifs for cell attachment and ingrowth, and the 

ability to enable direct cell encapsulation. Many approaches have been developed to vary 

extracellular matrix (ECM) stiffness in 3D scaffolds. Perhaps matrix stiffness is most 

commonly varied by changing the concentration of the biologically derived materials. For 

example, collagen hydrogels are able to achieve modulus ranging from 328 Pa to 1589 Pa 

when concentration is varied from 2 to 4 mg/ml [126]; fibrin gels can span the stiffness 

ranging from 60 to 3000 Pa when concentration is varied from 6.25 to 50 mg/ml [127]; 

Matrigel is capable of achieving modulus ranging from 9 to 53 Pa when concentration is 

doubled from 0.5 to 1 mg/ml [128]. Because collagen, fibrin, and matrigel encode cell-

associating motifs, this simple strategy of increasing material concentration would 

concurrently change cell-binding ligand density that can independently influence cell 

behaviors. Even so, hydrogel stiffness can only be tuned by these approaches within 

modest ranges.  

Other biologically derived materials, such as alginate and silk fibroin, lack cell-

associating motifs, therefore their concentration can be changed to approximate the 

stiffness of different tissues without affecting cell-binding ligand density. For instance, 

alginate gels can achieve stiffness modulus ranging from 900 to 8000 Pa when 

concentration is varied from 1 to 3 mg/ml [129], however, alginate gels undergo 
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uncontrolled dissolution that would compromise their mechanical integrity. Silk fibroin 

hydrogels, on the other hand, can achieve modulus from 0.2 MPa to 1.1 MPa when 

concentration is increased from 40 to 80 mg/ml [130]. However, the fabricating process, 

especially the purification process of silk fibroin, is time consuming. In addition, direct 

cell encapsulation by mixing cells with the reconstituted silk fibroin solution during 

gelation is challenging due to the slow gelling rate that leads to cell sinking. Another 

notable drawback for these two materials is that they don’t encode cell-associating motifs, 

therefore other means must be adopted to facilitate cell attachment. 

Aside from the abovementioned biologically derived materials, synthetic materials 

are also being exploited for use in tissue engineering. Perhaps the most widely used is 

poly (ethylene glycol) (PEG). Bryant S.J. and coworkers reported stiffness of PEG 

hydrogels spanning from 34 kPa to over 1 MPa when concentration is increased from 100 

to 400 mg/ml [131]. Polyacrylamide (PA) hydrogels, also widely used, can achieve 

stiffness of 80 Pa to 119 kPa when concentrations of acrylamide and bis-acrylamide were 

varied from 30 to 150 mg/ml, and 0.05 to 1.2 mg/ml, respectively [132]. However, both 

PEG and PA gels have a hydrogel solid mass that is significantly greater than that of the 

natural extracellular matrix, which is usually less than 1.5%. This increased hydrogel 

solid mass could decrease the gel permeability for soluble components such as nutrients, 

waste products, oxygen, growth factors, drugs and so forth, an unfavorable condition for 

3D cell culture. Another drawback associated with synthetic materials such as PEG and 

PA is their involvement of UV irradiation and harsh reagents to induce gelation. These 

processes can denature proteins and cause cell damage or death, therefore, those methods 

don’t allow direct cell encapsulation.  
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Table 4.1 Comparison of mechanical properties of different scaffolds commonly used for 

cell culture purposes. 

 Concentration 
(mg/ml) 

Modulus  
(Pa) Treatment Ref. 

PA 30-150 80-119,000 ** 0.05 – 1.2 g/ml bis-acrylamide [132] 
PEG 100-400 3.4×104-1.37×106 * UV irradiation [131] 

p(HEMA) 200-400 8×104-9.26×105 * EGDMA: 0.3 mol%1 
APS-TEMED: 0.1 mol%1 [133] 

PVA 200-250 2×106-2.5×106 * saline: 0.9%  [134] 
collagen 2-4 328-1589 *  [126] 
gelatin 165-265 1.5×104-1.2×105 *** TGase: 15 unit/gram-gelatin [135] 
fibrin 6.25-50 60-3000 ** Thrombin: 2.5 U/ml [127] 

matrigel 0.5-1 9-53 **  [128] 
agarose 3-25 1.5×103-2.54×105 *  [136] 

HA 20 1.4×104-3.35×104 **** PEGDG: 25-100%2 [137] 
10 100-4000 ** PEGDA: 1.5-9 mg/ml [138] 

alginate 1-3 900-8000 * CaCl2: 0.0018 M 
NaCl: 0.15 M [129] 

chitosan 1 0.8-13 ** GTA: 0.32-1.63 [139] 
silk fibroin 40-80 2×105-1.1×106 *   [130] 

ELPs 75-175 3×103-1×104 **** TSAT [140] 
RAD16-I 1-10 46-7000**  [141] 

Abbreviations: PA: polyacrylamide; PEG: poly(ethylene glycol); UV: ultraviolet; p(HEMA): 
poly(2-hydroxyethyl methacrylate); EGDMA: ethylene glycol dimethacrylate; APS-TEMED: 
ammonium persulfate-tetramethyl ethylenediamine; PVA: poly(vinyl alcohol); HA: hyaluronic 
acid; PEGDG: poly(ethylene glycol) digycidyl ether; PEGDA: poly(ethylene glycol) diacrylate; 
GTA: glutaraldehyde; ELPs: elastin-like polypeptides; TSAT: tris-succinimidyl aminotriacetate; 
RAD16-I: AcN-(RADA)4-CNH2 oligopeptide. 
Superscript notes: 1: with respect to HEMA content; 2: The amount of crosslinker added was 
based on the molar ratio of alcohol groups in HA to epoxide groups in PEGDG, and varied from 
12.5% to 100% of theoretical crosslinks, where 100% of theoretical crosslinks indicates that 2 mol 
of PEGDG were added per mole of HA; 3: Stoichiometry of functional aldehyde groups per mole 
of chitosan. 
Test mode: *: static compressive; **: storage modulus; ***: static tensile; ****: complex modulus. 

 
 

Based on the shortcomings of the abovementioned prior art, it would be 

advantageous to provide a 3D cell culture/tissue engineering scaffold that meets all the 

following requirements: i) spanning gel stiffness ranging from near 100 Pa for the softest 

organs such as brain, to tens of thousands Pascals in muscle tissues, and to the order of 
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MPa in cartilage. ii) having less than 1.5 % hydrogel solid mass to improve permeability 

for soluble components such as nutrients, waste products, oxygen, growth factors, drugs 

and so forth. iii) enabling direct cell encapsulation during gelation. iv) having gel 

stiffness independently tuned with cell-binding ligands. 

In our previous work we have successfully fabricated a collagen blended silk-

elastinlike protein polymer hydrogel with tunable mechanical property that can achieve 

storage elasticity of 10kPa. It is worth mentioning the solid material in this hybrid gel 

amounts to 2.1% to achieve the 10 kPa modulus, still slightly larger than solid mass of 

the natural extracellular matrix milieus, which normally have less than 1.5% solid 

material. The small fraction of solid material in natural ECM is attributed to the presence 

of many crosslinking agents in the ECM that contribute to the excellent yet variable 

modulus. Inspiring by the crosslinking mechanism, we speculate that the modulus of the 

composite scaffold can be further enhanced by means of enzymatic activity that allows 

physiologic gelation for direct cell encapsulation. 

Transglutaminase is recognized by its modified double-displacement mechanism to 

carry out an acyl transfer reaction between the ϒ-carboxamide group of a peptide-bound 

glutamine residue and the ε-amino group of a peptide-bound lysine or the primary amino 

group of a polyamine [142]. Because of the recurring glutamine and lysine in the primary 

structure of the silk-elastinlike protein polymer analog SELP-815K, we hypothesize that 

our SELP-815K can be a good transglutaminase substrate. Consider the self-assemble 

nature of our genetically engineered SELP-815K and the mild transglutaminase 

crosslinking requirements, both of which are cell-tolerable thus enabling direct tissue cell 
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entrapment, we expect this novel biomaterial would be a promising candidate for use in 

tissue engineering that spans a broad range of tissue elasticity. 

 
4.2 Materials and Methods 

4.2.1 Material Fabrication 

Lyophilized SELP-815K was generously provided by Protein Polymer 

Technologies, Inc (San Diego, CA). The protein was dissolved in double distilled water 

at 6% w/v and temporarily stored in 4oC freezer for subsequent mixing. Sterile TGase 

was kindly supplied by Ajinomoto. Type I, bovine collagen was purchased from 

Invitrogen (cat.#: A10644). SELP-815K (final concentration: 1.5%, 2% w/v), collagen 

(final concentration: 0.1% w/v), and TGase (final concentration: 1 unit/ml) were 

thoroughly mixed on ice. The mixture was either loaded into 1 ml plastic syringes or 96-

well plates and allowed to gel at 37oC in a humidified atmosphere of 5% CO2 and 95% 

air for 2 days.  

 
4.2.2 Soluble Fraction Characterization 

Solutions were loaded to 1 ml plastic syringes, covered with parafilm and incubated 

at 37oC for two days. Gels were extruded from syringes and placed in 1 ml of 1×PBS in 

polypropylene vials and incubated at 37oC at 100 rpm in a shaking incubator. Eluants 

were collected from these vials over a period of 8 days. The amount of released proteins 

in the eluants was analyzed using bicinchoninic acid (BCA) protein assay (Pierce BCA 

protein assay kit was purchased from Thermo Scientific (cat.#: 23227)) at a wavelength 

of 562 against a standard curve for bovine serum albumin. Elution was thought to be 

complete when soluble fraction does not change more than 1 % over a 24 hours period. 
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4.2.3 Scanning Electron Microscopy 

Gels were extruded from syringes and rinsed with 0.1 M phosphate buffer. Gels 

were fixed overnight at 4oC in 2% glutaraldehyde in 0.1M phosphate buffer as a primary 

fixation solution. All samples were post-fixed by 1% osmium tetroxide in 0.1 M 

phosphate buffer for 1 hour at room temperature prior to dehydration in an ethanol series. 

Gels were then dried with a Polaron critical point drier using liquid carbon dioxide. The 

samples were coated with 4.5 nm of gold, and viewed by a Hitachi S4800 SEM. 

 
4.2.4 AFM Nano-Indentation 

The force between an AFM probe and a SELP hydrogel was measured in the AFM 

force calibration mode by applying a Digital Instrument Nanoscope IIID AFM in air at 

room temperature (25 ± 1oC). The separation distance (H) between the probe and the 

SELP hydrogel was measured by monitoring the deflection of the cantilever. Triangular 

Silicon nitride NP-20 cantilevers were obtained from Veeco, CA, with a nominal spring 

constant of 0.58 N/m, and used for the AFM force measurements. 

The SELP hydrogel was incubated and formed in a 1 ml sterile plastic syringe. It 

was then gently extruded from the syringe, the front of which was cut off beforehand. A 

tiny amount of glue was used to attach the cut side of the SELP hydrogel, with 2 mm in 

thickness, on a 1 cm × 1 cm pre-cleaned silicon wafer. The intact side of the SELP 

hydrogel was studied by an AFM force measurement. During the force measurement, for 

each SELP hydrogel sample, at least three force curves were collected for each of three 

different spots on the sample surface by intentionally moving gently an AFM probe along 
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the surface. The obtained force curves were then averaged and reported in the present 

work. 

The force-separation curves of SELP hydrogels were analyzed by using the Hertz 

model in the elastic region as follow [143], 

 
𝐹 =

0.7453 ∙ 𝐸!"" ∙ 𝑡𝑎𝑛𝜃
1− 𝑣!"#$%&! 𝛿! 

4.1 

in which, F is the applied force, θ (=20o) is the semi-included angle of the four-sided 

pyramid tip of the AFM probe, νsample is the Poisson ratio of the SELP hydrogels, δ is the 

penetration depth, and Eeff is the effective modulus, which can be calculated as follow, 

 1
𝐸!""

=
1− 𝑣!"#$%&!

𝐸!"#$%&
+
1− 𝑣!"#$%!

𝐸!"#$%
   

4.2 

where Esample is the elastic modulus of the SELP hydrogels, Eprobe (=200 GPa) and νprobe 

(=0.25) are the elastic modulus and Poisson ratio of the NP-20 AFM probe, respectively. 

Because the AFM probe is much stiffer than the SELP hydrogels, the second term on the 

right hand side of the above equation can be neglected. Bringing eq (4.2) into eq (4.1), 

one can readily evaluate Esample. Because the Hertz model was applied in the elastic 

region, we used the force-penetration data in the small penetration region (the first 

penetration of 30 nm relative to the total penetration of 300 nm) for the calculation of 

Esample. In the calculation, νsample was assumed to be 0.2. 

 
4.2.5 Cell Viability and Proliferation 

NIH-3T3 cells were cultured at 37oC and 5% CO2, in Dulbecco’s Modified Eagle’s 

Medium (DMEM), supplemented with 10% fetal bovine serum (FBS). Cells were 

removed from substrates using 0.05% trypsin/0.02% EDTA, centrifuged at 2500 rpm for 
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5 min and resuspended in culture medium. Cells from subconfluent cultures at passages 

P12-P20 were used. 

Each scaffold/well was initially seeded with NIH3T3 fibroblasts at 8000 cell/well. 

The cell culture media were refreshed every day. Cellular viability on the gels was 

determined using a Live/Dead Cytotoxicity Kit (Invitrogen) on day 7 after initial cell 

seeding according to the manufacturer’s instructions. Briefly, after removing culture 

medium, samples were rinsed three times with 1× PBS and then incubated for 30 min 

with the staining solution containing 2 µM calcein AM and 4 µM EthD-1. Live and dead 

cells were imaged under a fluorescent microscope (Nikon TE2000U) after removing the 

staining solution and rinsing the samples three times with 1× PBS. 

Cell proliferation of NIH 3T3 fibroblasts was determined using a MTT (thiazolyl 

blue tetrazolium bromide) assay. Cell culture plates were analyzed at day 1, day 3, day 5, 

and day 7 after initial cell seeding at a density of 8000 cell/well, with the cell culture 

media being refreshed every day. Briefly, 20 ul of MTT reagent at a concentration of 0.5 

mg/ml was added to cells with 100 ul of phenol red free culture medium and incubated 

for 4 hrs at 37oC. Culture medium was then gently aspirated and the reduced MTT 

reagent was dissolved in DMSO. The cell culture plate was placed in a shaking incubator 

at 200 rpm for 5 min to ensure complete dissolution. The optical density of the reagent 

was then measured using a Nanodrop UV-vis spectrophotometer (Thermo Scientific) at a 

wavelength of 570 nm. Optical-density values were converted into actual cell numbers by 

comparing to a standard curve in the linear region of MTT absorbance curve. 
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4.3 Results and Discussions 

4.3.1 AFM Nano-Indentation 

In vivo, tissues are naturally crosslinked by TGase due to its ability to establish 

ε(ϒ-glutamyl)lysine cross-links [144, 145]. Therefore, TGase has been used to crosslink 

the extracellular matrixes [146]. Given the recurring glutamine and lysine in the primary 

sequence of SELP-815K, we firstly tested if SELP-815K is a good substrate of TGase. 

We began by synthesizing 20 mg/ml SELP-815K hydrogels in the presence and absence 

of 1 unit/ml TGase. Atomic force microscopy (AFM) nano-indentation experiments 

revealed that the SELP-815K & 1 unit/ml TGase gels had an elastic modulus of 1.01 

MPa, more than a 2-fold increase compared to SELP-815K gels without TGase (Fig. 4.1), 

suggesting TGase’s potent role in improving SELP hydrogel’s elastic modulus. 

Because SELP-815K is devoid of functional groups that promote cellular 

attachment, cells cultured on pure SELP hydrogels showed a round morphology instead 

of a in vivo like spindle-like shape (Fig. 3.7d). In order to confer SELP gels with cell 

association ability, we previously blended SELP with naturally occurring collagen to 

fabricate a hybrid gel system with tunable mechanical property and essential cell 

association factors by progressively varying the SELP content at a constant collagen 

concentration. Since SELP was demonstrated to be a good substrate of TGase, we asked 

if TGase would have the same crosslinking effect on the SELP–COL hybrid gels and 

significantly increase its elastic modulus. To test this, AFM nano-indentation experiments 

were carried out to obtain the elastic moduli for SELP−COL hybrid gels in the presence 

and absence of 1 unit/ml TGase. We found that 15 mg/ml SELP & 1 mg/ml collagen gels 

without TGase displayed an elastic modulus of 0.09 MPa, yet the 15 mg/ml SELP & 1 
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mg/ml collagen gels undergone TGase crosslinking exhibited an elastic modulus of 0.22 

MPa (Fig. 4.1). Together, AFM nano-indentation suggested SELP is a good substrate of 

TGase and TGase crosslinking could significantly increase the elastic modulus of 

SELP−COL gels. This TGase crosslinking of SELP−COL hybrid gel bears great 

importance in that it avoids harsh chemical crosslinking to enhance scaffolds’ mechanical 

property, thereby allowing direct tissue cell encapsulation. Besides, our method is in stark 

contrast to the common practice of increasing the concentration of solid material to 

enhance the modulus of the scaffold, which inevitably lowers the water content (porosity) 

and hinders the diffusion of essential nutrients. 

 

 
Figure 4.1 Effect of TGase crosslinking on the elastic modulus of SELP-815K and SELP-

COL gels.  
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4.3.2 Soluble Fraction 

The crosslinking mechanism of TGase to covalently tether a peptide-bound 

glutamine residue and a peptide-bound lysine could imply a more densely crosslinked 

network. To confirm this, soluble fraction, the fraction of polymers in the hydrogels not 

participating in cross-linking, was analyzed. The wt % soluble fraction was obtained by 

the percentage weight ratio of the total amount of the released polymer to the initial 

polymer present in the hydrogel [109]. From a material characterization point of view, 

soluble fraction can be used to predict the microstructure of hydrogels, with smaller 

soluble fraction value corresponding to a more densely crosslinked polymer network and 

therefore less soluble mass that can be released from the gels. The soluble fraction of 

SELP–COL gels was compared for 15 mg/ml SELP & 1 mg/ml collagen gels in the 

presence and absence of TGase (Fig. 4.2). Both SELP–COL–TGase and SELP–COL gels 

showed a burst release pattern of the soluble mass, with an equilibrium soluble fraction of 

10% for SELP–COL–TGase gels and 18% for SELP–COL gels, respectively. Not 

surprisingly, SELP–COL–TGase gels showed a smaller amount of soluble fraction 

compared to SELP–COL gels, which is attributed to presence of TGase that contributes 

to the densely crosslinked polymer network. 
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Figure 4.2 Influence of TGase crosslinking on the wt % soluble fraction in SELP-COL 

gels. Release profile of soluble fraction from 15 mg/ml SELP-815K & 1 mg/ml collagen 

(●) and 15 mg/ml SELP-47K & 1 mg/ml collagen & 1U/ml TGase (〇). Each symbol 

represents mean ± 1 standard deviation for n=3 samples. 

 
4.3.3 Scanning Electron Microscopy 

We have previously proposed a mechanism by which SELPs self-assemble from 

soluble monomer to ordered three-dimensional structures [84]. Briefly, the nanoscale 

self-assembly of SELP nanofiber is described by a core-sheath model, while the 

microscale spatial organization of the nanofibers is dictated by the interplay between 

nanofiber nucleation and molecular diffusion of soluble monomers. Further, we have 

demonstrated that microarchitectures representative of the collagen and SELP gels are 

retained in the hybrid SELP-COL gels. Here, the effect of TGase crosslinking on the 
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architectures of the gels is analyzed. Not surprisingly, the presence of TGase rendered the 

nanofiber micro-assemblies denser and smaller, resulting in larger SELP-free voids (Fig. 

4.3a-b). This is because at a fixed SELP concentration, TGase that recognizes additional 

crosslinking sites further packs SELP nanofibers, leading to denser and hence smaller 

nanofiber micro-assemblies. Nevertheless, a close-up view reveals identical nanofiber 

architectures except for more densely packed nanofiber micro-assemblies for SELP 

hydrogels crosslinked by 1 unit/ml TGase (Fig. 4.3a,b insets). Moreover, the SEM 

analysis suggests that the SELP nanofiber architecture was also preserved in the presence 

of TGase and collagen, with an approximate diameter of 40 nm and 130 nm for SELP 

and collagen nanofibers, respectively (Fig. 4.3c). This is in good agreement with our 

previous work [84] where the hybrid SELP-47K–collagen gels exhibited the same 

hierarchical structures.  

 

a 
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Figure 4.3 Scanning electron microscopy imaging of 20 mg/ml SELP gels (a), 20 mg/ml 

SELP gels crosslinked by 1 unit/ml TGase (b), and 15 mg/ml SELP & 1 mg/ml COL gels 

crosslinked by 1 unit/ml TGase (c). 

b 

c 
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4.3.4 Cell Viability and Proliferation 

In order to be utilized for 3D cell culture/tissue engineering applications, TGase 

crosslinked gels need to have excellent cyto-biocompatibility and promote cell 

attachment and growth [147]. In this study, in vitro cell viability and cyto-compatibility 

of the gels were accessed through a NIH/3T3 fibroblast model. After staining, live cells 

emitted intense green fluorescence while dead cells produced a bright red fluorescence. 

The viability assay showed that most of the cells seeded on the SELP−COL and SELP–

COL–TGase hydrogels were alive (Fig. 4.4.). Cell viability was quantified by counting 

the number of live cells versus the total cells on each type of the gels. On day 7, the 

percent viability of 3T3 fibroblasts on SELP−COL and SELP–COL–TGase hydrogels 

was determined to be 93.3 ± 1.3, 92.1 ± 1.5 %, respectively. Interestingly, cells seeded on 

SELP–COL–TGase gels had a more flattened morphology compared to those on SELP–

COL gels. This increased spreading is most likely attributed to the more stable focal 

adhesions of cells on stiffer substrates [54, 132]. 
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Figure 4.4 Fluorescent staining for cell viability of NIH3T3 fibroblasts grown on SELP–

COL gels (A) and SELP–COL–TGase gels (B) on 3 days. Living cells were in green and 

dead cells in red. Scale bar: 200 µm. 

 
A MTT assay was utilized to assess the ability of the SELP−COL, SELP–COL–

TGase hydrogels to support cellular proliferation. All gels were seeded of 80 µl cell 

suspension at 8,000 cells/well. The assay utilizes a reduction reaction of yellow MTT to 

purple formazan in the mitochondria of living cells. The quantity of formazan present is 

directly related to the number of viable cells. Assays were completed at day 1, day 3, day 

5, and day 7 after initial cell seeding. All the gels showed a staggering growth profile 

over the course of the first 5 days, after which they showed a dramatic increase in cellular 

proliferation (Fig. 4.5). Interestingly, gels crosslinked by TGase started to promote more 

cellular proliferation on day 5. On day 7, gels crosslinked by TGase had around 28,000 

cells/well, 1.7 times more cells than gels not crosslinked by TGase. The ability of 

SELP−COL−TGase gels to support more cellular proliferation is in good agreement with 

A B 
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previous work [148] that documented faster fibroblast proliferation rate on stiffer 

substrates. 

 
Figure 4.5 Proliferation profiles of NIH/3T3 fibroblasts grown on the SELP−COL gels 

and SELP−COL−TGase gels.  

 
4.4 Conclusions 

Our novel biomimetic scaffold utilizes supramolecular self-assembly to form 

nanofibrillar matrices in situ. Although many of the self-assembled structures must be 

fabricated under conditions that are intolerable to cells, several can gel at near-

physiological conditions to allow simultaneous cell encapsulation, a favorable condition 

for 3D cell culture/tissue engineering. Zhang and coworkers developed a class of 

nanofibrillar gels formed by the self-assembly of self-complimentary amphiphilic 

peptides in physiological medium [13, 14]. These gels, however, are not equipped with 
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specific biofunctional elements, instead, they engage the cell membrane receptors 

through an integrin-independent approach. Having a small but constant amount of 

collagen, our scaffold, however, is able to maintain a constant biochemical environment, 

i.e., constant density of cell-adhesion motifs bound to by integrin adhesion receptors. It is 

important to note that in order to dissect the relative contributions of 3D ECM stiffness to 

cell and tissue behaviors, ECM stiffness must vary independently of ECM biochemical 

environment [149]. Further, by introducing the TGase crosslinking, the ECM stiffness of 

0.22 MPa is achievable, providing a range of matrix stiffness that can approximate the 

stiffness spectrum found in a variety of living tissues. Thus, our scaffold adds to the small 

but growing repository of materials that can control stiffness without changing the 

biochemical environment [118, 122]. Although polyacrylamide gels enable independent 

control of ECM stiffness and ligand density [54], and depending on the ratio of monomer 

(acrylamide) to crosslinker (bis-acrylamide), the rigidity of polyacrylamide gels can 

range from 80 Pa to 119 kPa [132], linear polyacrylamide is toxic to mammalian cells 

and acrylamide monomer is a potent neurotoxin in animals, hence its in vivo utility is 

limited [150]. In contrast, our biomimetic scaffold is innovative in that: 1) its gelation 

conditions enable 3D cell encapsulation, b) it offers, to the best of our knowledge, the 

largest range of ECM stiffness with the smallest solid material mass, c) it is capable of 

varying its ECM stiffness without changing its biochemical environment. Together, our 

results suggest that the TGase crosslinked of SELP-COL hybrid scaffolds provide a 

simple yet cell compatible means to adjust matrix stiffness and this novel biomaterial can 

be a potent tool for 3D cell culture/tissue engineering. 
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CHAPTER 5: CONCLUSIONS AND FUTURE WORK 

5.1 Conclusions 

The self-assembly process of silk-elastinlike protein polymers from soluble 

monomers to solid three-dimensional structures was evaluated thoroughly in this 

dissertation. Specifically, after being initiated primarily from within micelles or micelle 

aggregates, SELP nanofibers experience a three-step growth process that comprises 

molecular binding, conversion, and lateral association. Briefly, the electrostatic charge 

pattern on the head/tail tags in the protein polymer primary sequence modulates the 

molecular binding of surrounding soluble monomers to nanofiber growing tips. 

Conversion of bound monomers to solid filaments is critically dependent upon the proper 

formation of the proposed core-sheath structures, i.e., the folding of the silk blocks into 

β-rolls and the stacking of β-rolls into nanofiber cores. This process is influenced by the 

size of the silk blocks and the charge of the modified elastin blocks. The converted solid 

filaments then laterally associate to form SELP nanofibers. Depending on the curing 

temperature, the assembled nanofibers might comprise a single filament or several 

intertwisting filaments. At elevated temperatures (above the critical transition 

temperature Tt), phase separation of elastin blocks leads to imperfect protection of the 

hydrophobic core, as a result, more than one converted filaments must be laterally twisted 

together to improve the coverage of the hydrophobic core.  

SELP nanofibers originally initiated from within micelle aggregates naturally form 

dense nanofibers that continue to grow in size, leading to the formation of nanofiber 

clusters. Nanofiber clusters further connect to form nanofiber micro-assemblies, 

interconnection of which eventually leads to the formation of three-dimensional scaffolds 
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with distinct nanoscale and microscale features. In this nanofiber spatial arrangement 

process, it is the interplay between nanofiber nucleation and molecular diffusion that 

ultimately defines the microarchitectures of SELP nanofiber scaffolds.  

Hybrid scaffolds consisting of collagen and SELPs were fabricated to confer 

biochemical signals to the otherwise biologically inert SELP hydrogels. NIH 3T3 

fibroblasts were demonstrated to actively engage with the scaffolds only when collagen 

was incorporated into SELP. NIH 3T3 fibroblasts were also found viable within the 

SELP-COL hybrid gels after prolonged culture, suggesting excellent scaffold 

biocompatibility. Additionally, collagen was found to significantly accelerate the gelation 

kinetics of the blend solutions and also help to stabilize the gels. It is important to note 

the striking feature of the SELP-COL gels: decoupling of the scaffolds’ biochemical cues 

from their matrix stiffness, a prerequisite to study the effect of matrix stiffness on cell 

behaviors. This decoupling was readily achieved by progressively varying the SELPs 

concentration while leaving collagen content unchanged.  

The hybrid SELP-COL scaffolds were further crosslinked under physiological 

conditions by transglutaminase, a cell compatible enzyme that is well recognized to 

induce covalent binding between a peptide-bound glutamine and a peptide-bound lysine. 

Both SELP and the hybrid SELP-COL gels were demonstrated to be a good substrate of 

TGase. Notably, the enzymatic activity of 1 unit/ml TGase was able to yield elastic 

modulus of 0.22 MPa for 1.5 mg/ml SELP-815K & 1mg/ml collagen hybrid gels, a 2.5 

fold increase compared to the elastic modulus of gels without TGase crosslinking. It is 

worth pointing out that aided by the TGase crosslinking activity, the hybrid gels are able 

to approximate the mechanical stiffness of a broad range of living tissues ranging from 
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soft brain to stiff cartilage. Further, the enzymatic crosslinking was shown not to 

compromise the excellent scaffold biocompatibility, and cell proliferation was also 

observed on both types of scaffolds, with the stiffer TGase crosslinked scaffolds favoring 

a higher growth rate of NIH 3T3 fibroblasts. It is anticipated that the approaches 

described herein may prove valuable to unravel the mysterious effect of matrix stiffness 

on 3D cell behaviors, and the SELP-COL scaffolds with distinct nanoscale and microscle 

features may find important applications in cell and tissue engineering. 

 
5.2 Future Work 

In the present dissertation, a novel hybrid three-dimensional scaffold system that 

decouples its matrix stiffness from its biochemical cues has been established, thereby 

enabling systematic investigation to unravel, in a three-dimensional context, the effect of 

matrix stiffness on cell behaviors. Despite the preliminary results presented in this 

dissertation that clearly marked the cell morphological differences as a function of the 

surrounding matrix stiffness, there still exists many intriguing research aspects to be 

exploited in great detail.  

One immediate research interest could be directed to the study of how 3D matrix 

stiffness affects angiogenesis. Specifically, microfluidic devices with the design detailed 

in Fig. 5.1 will be fabricated and integrated with SELP-COL gels. Human umbilical vein 

endothelial cells (HUVECs) will be seeded on all surfaces of the center channel, 

replicating the in vivo blood vessel. The matrix stiffness of the SELP-COL gels in the gel 

regions will be progressively varied. Yet another appealing feature with this design is that 

it allows the establishment of stable concentration gradient of growth factors simply by 

introducing growth factors into the stimuli channel. Preliminary results have shown that 
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stable concentration gradient of VEGF can be established within 1 hour, which can be 

maintained for at least 6 hours and readily resumed by replenishing the stimuli/cell 

channels (Fig. 5.2). This is of great importance in that angiogenesis in vivo is usually 

triggered by relevant growth factors. By using this platform, well-defined biochemical 

and biophysical stimuli can be applied to endothelial cells, thereby replicating many 

aspects of the in vivo microenvironment.  

 
Figure 5.1 Design of the microfluidic lab-on-a-chip device for three-dimensional 

angiogenesis studies. a) AutoCAD design of the photomask for cleanroom 

photolithography fabrication; b) The device consists of two gels regions and three 

channels, each of which is individually accessible; c) Three-dimensional representation 

of the fabricated lab-on-a-chip device. 

 
Live cell imaging will be conducted to record the evolution of angiogenesis in 

SELP-COL gels with differing matrix stiffness. Endothelial cell migration speed, 

endothelial vacuolation and lumen formation might be extracted from the recorded 

images and analyzed as a function of the surrounding matrix stiffness. It is anticipated 
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that this proposed study might help elucidate the intricate processes of angiogenesis, 

especially from a mechanical point of view. 

 
Figure 5.2 Diffusion profiles of texas red conjugated dextran along the yellow line 

indicated in the inset. Texas red conjugated dextran was used to simulate the diffusion of 

VEGF across 15 mg/ml SELP-815K & 1 mg/ml collagen gels as they have similar 

molecular weight.  
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