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Abstract 

Engineering of biofunctional scaffolds to precisely regulate cell behavior and tissue 

growth is of significance in regenerative medicine.  Protein-based biomaterials are attractive 

candidates for functionalization of scaffold surfaces since the ability to precisely control 

protein sequence and structure allows for fine-tuning of cell-substrate interactions that 

regulate cell behavior.  In this thesis, a series of de novo proteins for bio-functionalization of 

interfaces was designed, synthesized, and studied.  These proteins are based on a diblock 

motif consisting of a surface-active, amphiphilic block β-sheet domain linked to a disordered, 

water-soluble block with a terminal functional domain.  Several types of functional domains 

were investigated, including sequences that act as ligands for cell surface receptors and 

sequences that act as templates for the growth of inorganic particles.  Under moderate 

temperature and pH conditions, the amphiphilic β-sheet block was shown to have a strong 

affinity to a variety of scaffold materials and to form stable protein coatings on hydrophobic 

materials by self-assembly.  Moreover, the surface adsorption of the proteins was shown to 

have minimal impact on the presentation of the functional end domains in the soluble block.  

For the case of diblocks with the RGDS integrin binding sequence, the capability for 

mediating cell attachment and spreading was demonstrated via control over ligand density 

on hydrophobic polymer surfaces.  The case of diblock proteins with templating domains for 

inorganic materials was investigated for two systems.  First, hydroxyapatite-binding domains 

were ligated to the end terminus of the water-soluble block to develop proteins for possible 

bone regeneration applications.  It was demonstrated that the hydroxyapatite-binding domain 

had strong affinity to hydroxyapatite nanoparticles and was able to induce calcium 

phosphate mineralization on the surfaces coated with diblock proteins from dilute solutions 
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with Ca2+.and PO4
3-

 

.  Next, a silver-binding domain was ligated to the end terminus to create 

a diblock protein for potential antimicrobial surface applications.  The silver-binding domain 

was shown to accumulate and reduce silver ions, resulting in the formation of silver 

nanoparticles on the surfaces functionalized by the protein.   

 

Advisor: James L. Harden  
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Chapter 1  

Introduction 

1.1    Medical Challenges and Tissue Engineering 

Damage and degeneration of tissues and organs in the human body as a result of disease, 

injury and trauma are typically treated with organ and tissue transplantation. This treatment 

has been used for almost 60 years since the kidney was first transplanted in 1955. However, 

major problems exist in traditional transplantation surgeries either by autolograft, which 

transplants tissue from one site to another in the same patient, or by allograft, which 

transplants tissue from one individual to another.  Shortage of tissue or organ donors is 

probably the major problem and becomes worse yearly as the population ages [1, 2].  This 

problem is compounded by frequent cases of immunological rejection and donor site 

morbidity.  The latest annual report by the Canadian Organ Replacement Register (CORR) 

of the Canadian Institute for Health Information (CIHI) showed that there were 1,033 organ 

donors (living and deceased) in 2011 and 4,543 patients were still waiting for organ 

transplant at the end of that year [3]. The Scientific Registry of Transplant Recipients 

(SRTR), in collaboration with the Organ Procurement and Transplantation Network (OPTN) 

in the USA, registered 14,144 donors in 2011, and 120,012 patients awaiting transplantation 

at the end of that year [4]. To reduce the shortage of available organs, and to overcome 

problems associated with transplantation such as donor site morbidity and immune rejection, 
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tissue engineering has emerged and grown as a new multi-disciplinary scientific field during 

the last several decades. 

The term tissue engineering was initially defined at the first National Science 

Foundation (USA) workshop in 1988 as “the application of the principles and methods of 

engineering and life sciences toward fundamental understanding of structure-function 

relationship in normal and pathological mammalian tissues and the development of 

biological substitutes for the repair or regeneration of tissue or organ function.”[5] By 

employing a variety of knowledge from different disciplines, including biology, 

biochemistry, biophysics, biotechnology, engineering, materials science, and medical 

sciences, tissue engineering aims to create biological substitutes for the regeneration of 

damaged tissues and organs through the delivery of signaling biomolecules onto scaffolds 

for cell and tissue growth. Thus, tissue engineering encompasses three basic elements 

including scaffolds, cells and signaling biomolecules (including growth factors) [6]. 

1.2    Biomaterials as Scaffolds 

A scaffold refers to a non-living, porous, degradable structure which defines the 

geometry of the replacement tissue as well as provides environmental cues to promote tissue 

regeneration [7]. Designing scaffolds capable of recreating the in vivo microenvironment is 

one of the major goals in tissue engineering. A variety of biomaterials have been used in 

designing scaffolds. Biomaterials were first defined as non-living substances used in medical 

devices with strictly structural functions (for example, a joint prosthesis) [8]. The 

development of biotechnology extended the concept of biomaterials as naturally or 
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synthetically produced substances (other than drugs) or combination of substances which 

evaluate, treat, augment, or replace tissues, organs, or functions of the body as a whole or as 

a part of a system during a period of time [9]. Thus, biomaterials have evolved from simply 

providing structural support toward the goal of targeted tissue regeneration. Numerous 

scaffolds produced from either natural biomaterials or synthetic biomaterials have been 

developed to accommodate mammalian cells, to modulate cell adhesion and spreading, and 

to regenerate three-dimensional tissues and organs like skin, cartilage and bone. To succeed 

in these roles, such biomaterials must possess [10,11]:  

• Biocompatibility, which means no potential of serious immunogenicity or 

cytotoxicity to native cells, tissues or organs in vivo; 

• Biodegradability, to allow for the scaffold to be replaced gradually in order to 

minimize the long-term biocompatibility concerns; 

• Mechanical strength, to mimic the mechanical properties of the tissue and 

maintain geometrical tissue constraints; 

• Appropriate surface properties to stimulate and maintain normal cellular 

behavior, such as attachment, differentiation and proliferation; 

• High porosity with interconnected pores of appropriate size, to supply 

nutrition, cellular infiltration and tissue integration, etc; 

• Flexibility of fabrication into a variety of sizes and shapes. 

It is challenging to design homogeneous biomaterials that fulfill all these 

requirements for successful scaffolds at the same time. Therefore, a common approach is to 

design and fabricate composite scaffold systems from several different biomaterials, each 
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fulfilling one or more of the above criteria.  For example, a successful scaffold system might 

be fabricated from a biodegradable synthetic polymer material with appropriate mechanical 

and microstructural properties that is subsequently modified to give it specific biochemical 

surface properties needed for the desired interaction with cells or other biological attributes 

(referred in the following as “biofunctional” properties). This thesis focuses on designer 

proteins for such surface modification that incorporate biofunctional domains or inorganic 

templating sequences to improve cell attachment, induce calcium phosphate deposits, or 

initiate broad-acting biocidal activities to otherwise bioneutral materials. 

1.3    Surface Modification of Biomaterials  

Since most biological interactions occur at the interface between the scaffold material 

and the biological environment, the surface structure and properties of materials play 

essential roles in controlling these interactions [12]. Scaffolds gain new surface 

functionalities that they do not originally have through surface modification. In this case, the 

aim of such modification of a scaffold surface is to improve specific biological functions 

such as cell attachment without changing the mechanical and structural properties of the 

scaffold [13]. 

Surface modification generally focuses on: (1) physically or chemically altering the 

composition of a surface (to display specific molecules, compounds or atoms) using 

techniques such as chemical modification and etching; (2) coating a surface with a material 

of desirable composition and functionality via passive adsorption, chemical grafting, or thin 

film deposition; and (3) fabricating surface textures or patterns using lithographic or printing 
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methods such as UV-based imprinting [13]. Such modified surfaces may have a wide range 

of functions, including modulating cell adhesion and proliferation, modifying blood 

compatibility, improving anti-bacterial properties, increasing tissue-bonding affinity, 

controlling protein adsorption, improving immune response, and altering transport 

properties[13]. For example, Kazemzadeh-Narbat et al. [14] demonstrated that a micro-

porous, calcium phosphate-coated titanium surface modified by a cationic, antimicrobial 

peptide possessed antibiotic activity against certain bacteria. Plasma treatment is simple and 

widely used method for modifying the chemical reactivity of surfaces. Polycaprolactone 

scaffolds treated with oxygen plasma were shown to exhibit altered surface wettability, 

surface energy, and surface biocompatibility [15]. Physical vapour deposition has been used 

to generate antibiotic surface activity for blood-contacting materials by small biological 

protein domains [16]. Porous polyelectrolyte multilayers, assembled on glass slides by 

sequential deposition, were used to mimic the pore sizes of corneal membranes in vivo [17].   

These polyelectrolyte coatings were found to significantly enhance corneal epithelial cellular 

response such as proliferation and migration [18].  This thesis focuses on a new class of de 

novo proteins that can provide tailored surface functionalities via self-assembly on scaffold 

materials.   

1.3.1    Strategies to Functionalize Biomaterial Surfaces  

Immobilization of biomolecules such as proteins, peptides or polysaccharides on 

scaffold surfaces is crucial for generating bio-mimetic surfaces [18, 19].  Such immobilized 

molecules act to induce specific cellular behavior and direct new tissue formation, as well as 

to minimize the non-specific adsorption of biomolecules from solution.  Molecular 
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immobilization strategies typically include enhancing adsorption of specific proteins or 

materials, and passivation of scaffold surfaces to resist non-specific adsorption, in order to 

obtain a surface with well-defined cell-material interactions. 

Since most scaffold materials are not inherently bioinert, a scaffold biomaterial 

elicits non-specific protein adsorption immediately when it contacts cell culture media or 

body fluids [20]. Such non-specific proteins interact with cells and trigger unexpected 

intracellular responses. Therefore, passivating the surfaces is essential for proper function of 

bio-mimetic scaffold surfaces. It is widely accepted that hydrophilic and charged molecules 

are effective against protein adsorption [21]. Poly (ethylene glycol) (PEG), an uncharged 

hydrophilic polymer, also known as poly (ethylene oxide) (PEO), has been widely utilized 

due to its resistance to adsorption of proteins and cells [22-24].  In addition to PEG, 

phospholipid surfaces [25] and saccharide surfaces [26] are also commonly used for 

reducing the non-specific protein adsorption.  

Molecular recognition, which is a specific binding process between molecules, is 

probably the most important attribute required of de novo scaffold surfaces. The prototypical 

class of molecular recognition is the ligand-receptor interaction in which a small molecule 

(ligand) binds to another macromolecule (receptor) and elicits a normal biological response 

[27].  Such ligand-receptor interactions can be achieved by modifying scaffold surfaces with 

specific cell binding and signaling motifs.  For this purpose, native macromolecules of the 

extracellular matrix (ECM), including glycosaminoglycans such as heparan sulphate, 

proteoglycans such as aggrecan, and proteins such as fibronectin (FN), vitronectin (VN) and 

laminin (LN), have been used. Alternatively, short bio-molecular peptides or 
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polysaccharides that specifically interact with cell receptors have been isolated from ECM 

macromolecules and used for surface modification [28]. These cell-binding motifs are able 

to link the cytoskeleton with the adhesive scaffold surface, resulting in the activation of a 

variety of signal transduction cascades responsible for regulating various cell-matrix 

interactions and cellular behaviors [29].  Many cell-binding motifs have been utilized to 

generate specific cellular responses and make materials biocompatible [30, 31]. Commonly 

used cell-binding motifs in tissue engineering are discussed in more detail in chapter 2.  

Numerous functional domains initiate specific non-biological molecular recognition. 

For example, Roy et al. [32] have demonstrated that a peptide with amino acide sequence of 

SVSVGMKPSPRP has high binding affinity to hydroxyapatite (HA).  As HA is associated 

with bone tissue formation, methods to induce the formation of HA nanocrystals on scaffold 

surfaces of interest in tissue engineering.  Silver-binding peptides isolated by Naik et al. [33] 

are capable of reducing silver ions to nucleate the formation of silver nanoparticles from a 

silver nitrite aqueous solution.  Such silver nanoparticles are known to act as potent yet 

biocompatible biocides, so they are also of interest as components of biomaterials scaffolds.  

In this thesis, we are interested in generating surfaces possessing both attributes to improve 

cell attachment and to produce medically relevant inorganic particles for various applications 

in tissue engineering. 

1.3.2    Protein-based Biomaterials  

Protein-based biomaterials have demonstrated potential for applications in 

biomedicine, biotechnology and synthetic biology, due to several significant advantages they 
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have compared to naturally derived protein materials and synthetic polymers.  Naturally 

derived proteins, such as collagen, gelatin, fibrin and elastin, inevitably undergo batch-to-

batch variability, as they are typically isolated from tissues. Since these are typically large 

biomolecules, it is also difficult to modify their properties without compromising their native 

structure and function.  Moreover, the display of the desired signaling ligands in these 

proteins is not easily controlled in a non-native environment (i.e. when immobilized on a 

surface).  Disease transmission and immunogenic responses related to their natural sources 

are also a potential hazard [34].  For synthetic polymers, there are disadvantages associated 

with the lack of precise control over monomer sequence and polymer molecular weight.  

Specifically, the challenges associated with synthesis of polymers composed of more than 

two distinct monomers in a prescribed sequence order are formidable. As sequence typically 

dictates function in biomacromolecules, this is a serious deficiency. In contrast, protein-

based biomaterials possess chemical diversity and structural complexity since they are built 

from more than 20 natural and non-natural amino acids.  They possess not only biological 

functionalities and complex structures like naturally derived proteins, but also a high degree 

of design-ability when using molecular biology methods. Monodisperse product from 

recombinant protein expression and reduced toxicity are significant advantages for these 

protein-based biomaterials compared with synthetic polymers.  More importantly, protein-

based biomaterials are highly controllable in terms of molecular weight and sequence, and 

easily modified to specific needs [34-36]. 

Numerous recombinantly synthesized natural proteins, such as silk, elastin, and 

collagen, have been utilized for direct replacement of biological tissues [34, 37]. For 
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example, Liu et al. fabricated hydrogels from recombinant human collagen solutions as 

corneal substitutes.  These engineered cornea materials exhibited comparable white light 

transmission, sufficient support of in vitro epithelium and nerve overgrowth, and appropriate

1.3.3    Molecular Self-assembly 

 

tensile strength and elasticity for use in corneal replacement [38]. Later, this research group 

showed regeneration and repair of the damaged eye tissue with biosynthetic corneas based 

on an early phase clinical trial with 10 patients [39]. Bio-mimetic peptides have been used to 

impart precise biomolecular recognition and functionality to biomaterials used for specific 

medical and biological applications [34, 37]. For example, a PEGylated poly-amidoamine 

dendrimer modified by a cyclic RGD peptide demonstrated improved antitumor activity by 

actively targeting to neovascular endothelial cells and tumor cells via RGD–integrin 

recognition [40]. Finally, protein-based biomaterials can be designed to self-assemble from 

their protein or peptide components peptides into fibers, onto surfaces, or into hydrogel 

networks [30, 41-43], as discussed in more detail below.  

Molecular self-assembly is a ubiquitous process in nature by which individual 

molecular building blocks spontaneously associate and organize into complex, stable and 

supermolecular patterns or structures through weak, non-covalent interactions without 

external intervention [44]. Complementarities in shape among molecular building blocks and 

the formation of non-covalent interactions between molecules are two key elements during 

molecular assembly and organization. These non-covalent interactions, typically including 

hydrophobic and hydrophilic interactions, electrostatic interactions, hydrogen bonding, and 
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van der Waals interactions, are weak. Their collective effects, however, dominate 

conformational behavior and drive the formation of physically stable structures [44]. 

Self-assembly is critical to the high level of hierarchical structure and function 

achieved by biological systems in processes as diverse as structural scaffolding, mineral 

templating and selective transport [45-47]. It is also an attractive fabrication method for 

biomaterials, especially for tissue engineering scaffolds, as the fabrication process takes 

place in aqueous environments without toxic reagents and with minimal outside intervention.  

Many self-assembling biomaterials are formed from components with amphiphilic attributes.  

These amphiphilic domains have separate organized hydrophobic and hydrophilic domains, 

as for example, in the amphiphilic α-helical leucine zipper motif [48, 49].  Amphiphilicity 

drives biomolecules as building blocks to associate through weak, noncovalent hydrophobic 

interactions, to a variety of precisely ordered assemblies, such as micelles and filaments, 

under aqueous conditions [50].  The morphology of the self-assembling biomaterials 

depends on the structure of the building blocks as well as on the external environmental 

conditions, including the pH, temperature, and ionic strength [50, 51].   

Since self-assembling protein biomaterials are synthesized from monomeric building 

blocks with exact molecular-level precision, the structure and function of the final 

biomaterials are controllable and usually encoded in the primary structure of its building 

blocks [50].  Properties of these biomaterials can also be independently manipulated, tuned 

and tailored through appropriate genetic modular modifications to suit a specific tissue 

engineering application. In particular, by fusing biofunctional peptide sequences to assembly 

domains, the resulting self-assembled material is able to interact with cells in a prescribed 
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manner.  For example, incorporation of specific cell binding domains like RGDS and 

YIGSR in the self-assembling biomaterials leads to a significant increase in cell attachment 

and spreading [30]. Programmed biomaterial degradation can also be achieved by inserting a 

recognition site for an enzyme with proteolytic activity [52].  The addition of HA-binding 

peptides provides a route to initiate calcium phosphate deposition and subsequent HA crystal 

formation onto the biomaterial [32, 53, 54]. Overall, this approach allows for the facile 

formulation of biomaterials with a wide range of functional attributes by self-assembly. 
Numerous self-assembling systems have already been developed [55, 56]. One 

example, pioneered by the Tirrell group [57], is the triblock protein system consisting of a 

soluble, disordered coil flanked on both ends by amphiphilic helical leucine zipper domains. 

The leucine zipper motif has a repetitive heptad pattern (‘abcdefg’) with hydrophobic 

residues (often leucines) at the ‘a’ and ‘d’ positions while ‘e’ and ‘g’ are (typically charged) 

polar residues. In an aqueous solution, such sequences adopt an amphiphilic, α-helical 

secondary structure with a hydrophobic strip composed of the ‘a’ and ‘d’ residues.  These 

amphiphilic helices associate into bundles composed of a hydrophobic core of ‘a’ and ‘d’ 

residues shielded from the aqueous solution.  In a triblock protein system with such 

amphiphilic helical ends, helix bundle formation leads to the self-assembly of a reversible 

hydrogel network.  Mi et al. [58] developed the first such system that included cell binding 

domains in the central spacer block, thereby providing a means of creating self-assembly of 

protein scaffolds with specific cell binding capability. Subsequent work investigated the 

utility of such a biofunctional triblock protein motif for functionalization of otherwise 

bioneutral surfaces with the RGDS integrin binding sequence [30, 59].   
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As an alternative to amphiphilic helical sequences as association domains, this thesis 

work explores the use of amphiphilic β-sheet sequences to functionalize hydrophobic, 

bioneutral material surfaces.  In this study, a series of amphiphilic diblock proteins, 

composed of an amphiphilic β-sheet assembly sequence joined to a soluble, disordered 

domain with a terminal functional peptide sequence, were developed and studied for 

functionalizing scaffold interfaces by self-assembly.    

1.4    Aims and Hypothesis of this Study 

Inspired by the view of an ideal scaffold, self-assembling biomaterials, and genetic 

modular design methods, the principal aims of this thesis work were (1) to develop modular 

proteins based on a amphiphilic diblock motif for creating biofunctional scaffold interfaces 

by self-assembly and (2) to characterize the surface modification capabilities of these new 

proteins. Three variants of this diblock motif were explored for their capability to realize 

three different biomaterial surfaces: surfaces to regulate cell behavior such as cell adhesion 

and growth; surfaces with the ability to bind and/or bind to HA nanoparticles for potential 

use for bone and tooth tissue regeneration; and surfaces to induce the formation of bound 

silver nanoparticles for potential use as antimicrobial biomaterial surface treatments.  

The hypothesis explored in this thesis is that proteins based on an amphiphilic 

diblock motif can provide a facile and well-controlled means to functionalize scaffold 

surfaces with specific biological or physical attributes.  To test this hypothesis and achieve 

the aims of the thesis, a number of studies were carried out as presented in the following 

chapters of the thesis. 
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1.5    Layout of the Thesis 

 This thesis work is presented in seven chapters and four appendices.  Following the 

Introduction (this present chapter), the design of the diblock proteins with functional 

domains and the recombinant DNA methods used to biologically synthesize and purify these 

proteins is presented in Chapter 2.  Included in this chapter are a review of the basic 

knowledge of protein structures and protein design methodologies, and a brief presentation 

of the methods used for creating the recombinant DNA and for expression and purification 

of proteins.  In Chapter 3, the physical properties of the diblock proteins created are 

evaluated using mass spectroscopy, circular dichroism spectroscopy (CD), differential 

scanning calorimetry (DSC), and Fourier transform infared spectroscopy (FTIR).   A basic 

review of each characterization method is included in the discussion. The results 

demonstrate that incorporation of the ECM-derived bioactive peptides into diblock proteins 

does not have a significant impact on their secondary structures. Chapter 4 presents studies 

of the biofunctional surfaces generated via passive adsorption and self-assembly of BSL-

RGDS, one of the principal bioactive variants of the diblock proteins of this work.  Results 

from phase contrast optical microscopy and confocal fluorescence microscopy, biochemical 

assays for cell response, and immunofluorescence microscopy studies of cells on the 

surfaces are presented and discussed.  These studies demonstrated that the surface 

concentration of the bioactive ligand, RGDS, can be titrated and controlled, thereby 

manipulating cell responses such as attachment and spreading, and that the self-assembly 

method for surface functionalization with these bioactive diblock proteins is effective for 

both smooth and porous materials.  In Chapter 5, a diblock protein variant with a functional 
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HA-binding peptide sequences is discussed.  Electron microscopy studies demonstrated that 

this protein has high-specific binding affinity to crystalline hydroxyapatite and is able to 

direct the mineralization process of calcium and phosphate to produce hydroxyapatite or 

octacalcium phosphate (OCP) without being affected by the self-assembly of amphiphilic 

block of proteins.  In Chapter 6, another diblock protein variant with a silver-binding domain 

is discussed.  This protein was shown to reduce silver ions in solution and subsequently 

induce the formation of silver nanoparticles on the silver-binding domain. It was also 

demonstrated that immobilization of this diblock on a surface does not affect the production 

of silver nanoparticles by the silver-binding domain AG4, thus providing the possibility to 

control the deposition of inorganic silver nanoparticles on a protein functionalized scaffold.  

The final chapter consists of concluding statements about the work performed and results 

obtained, and suggestions for future applications of these diblock proteins. 
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Chapter 2 

Design of a Library of Diblock Proteins with 

Functional Domains 

2.1    Literature Review 

2.1.1    Proteins 

Proteins are large biomolecular assemblies consisting of one or more chains of amino 

acids.  As the “molecular machinery” of the cell, proteins perform functions within living 

organisms including signal transmission, enzymatic catalysis, mechanical support, 

replication of DNA, immune protection, and response to stimuli [60]. These functions 

depend strongly on the three dimensional structure of proteins.   Amino acids are the base 

monomeric units of proteins and possess common elements (sketched in Figure 2-1) 

including a central carbon (Cα) to which is attached an amino group (NH2) on one side and a 

carboxyl group (COOH) on the other side. In addition, a side chain (R) which distinguishes 

one amino acid from another links to the Cα [61].  
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Figure 2- 1 Schematic diagram of an amino acid with Cα

The 20 naturally occurring amino acids are usually divided into three different 

groups according to the physical attributes of their different side chains.  The first group 

contains hydrophobic side chains, such as Leu, Val, Ala (Here the common 3-letter 

abbreviation system is used for the amino acids) [61].  The second group consists of 

potentially charged side chains including Asp, Glu, Arg, and Lys; while the third group 

includes the neutral, polar side chains such as Ser, Thr, Asn, and Gln [61].  Together the 

second and third groups are polar or hydrophilic in nature, in contrast with the first group. 

Schematic diagrams of all naturally occurring amino acids are presented in Figure 2-2.  

.  

Proteins with a wide variety of structures and biochemical properties are produced 

through linking of amino acids by peptide bonds.  Peptide bonds are formed by condensing 

the carboxyl group of one amino acid with the amino group of another to release water [61], 

as presented in Figure 2-3. This polymerization process is repeated, forming a linear 

macromolecule defined by a polypeptide main chain with a defined sequence of side chains.    

The amino acid linear sequence of the polypeptide chain determines the primary structure of 

proteins. The conformation of the main chain and its side chains defines the higher order 

structures. The secondary structure of a protein refers to a highly regular localized 

organization of the main chain. Two main types of the secondary structure, α- helix and β-
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sheet, are discussed later in this chapter. The tertiary structure

2.1.2    The Protein Secondary Structure  

 is a description of the complex 

and irregular folding of the polypeptide chain. It creates a more compact overall structure by 

arranging the different secondary structural subunits in three dimensions. Such folding is 

driven by hydrogen boding as well as the non-specific hydrophobic interactions. The 

quaternary structure is determined by the arrangement of identical or different subunits of a 

large protein in three dimensions [61, 62]. The following discussion will focus on the 

proteins with well-defined secondary structure, particularly the β-sheet structure. 

 The secondary structure of a protein is defined by regular, localized arrangement of 

its main chain into particular conformations stabilized by hydrogen bonds between different 

amino acid residues.  The possible secondary structures are dictated by interactions 

(primarily steric) between the side chains.  Different secondary structural motifs can be 

identified using a unique set of backbone dihedral angles φ and ψ (Figure 2-4). The angle φ 

describes the rotations of the polypeptide backbone around the N-Cα, bonds, while angle ψ 

describes the rotations of the polypeptide backbone around the Cα

Two of the most commonly occurring secondary structures are the α-helix and the β-

sheet structures, sketched in Figure 2-5.  A helical secondary structure is comprised of either 

right-handed or left-handed coiled sequence with well-defined period and pitch.  It is 

primarily stabilized by hydrogen bonds between the carboxyl group of one amino acid with 

the amino group of non-neighboring amino acid.  The α-helix (Figure 2-5(a)) which is 

defined by an i i+4 hydrogen bonding scheme and right-handed helicity is the most stable 

-C bonds.  
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and abundant structure in proteins since the arrangement of side chains avoids unfavorable 

steric interactions [63]. The β-sheet is a common secondary structure formed when two or 

more adjacent, extended polypeptide chains (β-strands) of 3 to 10 amino acids long are 

organized with hydrogen bonds between the C=O moieties from one chain and the N-H 

moieties from another [61,63]. Two classes of β- sheet structures are the parallel β-sheet 

(Figure 2-5(b)) in which the amino acids of all β-strands are aligned in the same direction, 

and the antiparallel β-sheet (Figure 2-5(c)) in which the amino acids of adjacent strands are 

aligned in the opposite direction.  

The distribution of dihedral angles of a protein structure is typically presented in a 

scatter plot of ψ versus φ for all the residues, known as a Ramachandran plot (Figure 2-6).  

Particular monolithic secondary structures are defined by specific points on a Ramachandran 

plot. For instance, the right-handed α-helix is characterized by angles φ and ψ of 

approximately -60° and -45°.  Anti-parallel β-sheets are determined by angles φ and ψ of 

approximately -135° and 150°, and parallel β-sheets are identified with angles φ and ψ of 

approximately -120° and 135° [63]. Most combinations of angles φ and ψ are excluded due 

to the steric hindrance of side chains in unfavorable main chain conformations. Figure 2-6 

indicates the favorable and unfavorable regions of φ and ψ angles. 
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Figure 2- 2 Schematic diagrams of all naturally occurring amino acids with their names and 

molecular weights beneath. The amino acids are classified based on [61]. 
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Figure 2- 3 Schematic diagram of peptide bond formation. 

 

Figure 2- 4   The dihedral angles ψ and φ of a protein conformation.  
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Figure 2- 5 Protein secondary structure. (a) α-helix; (b) parallel β-sheet; (c) anti-parallel β-
sheet.  

 

 

Figure 2- 6 A Ramachandran plot showing the combinations of angles φ and ψ for stable α-

helical and β-sheet structures. β(parallel): parallel β-sheets;  β(antiparallel): antiparallel β-
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sheets; αR: right-handed α-helices;  α 10
R: right-handed α10-helices; αL

2.1.3    Protein Design Methodologies 

: left-handed α-

helices. 

The secondary and tertiary structures of a protein are strongly influenced by its linear 

amino acid sequence.  The ability to design amino acid sequences with desired structures 

would have great impact on biotechnology and biomedical applications. However, among 

the enormous number of possible amino acid sequences of modest length, only a small 

portion of them are capable of folding correctly and quickly to native secondary and tertiary 

states.  Thus, the design of desired protein structures still poses many challenges. 

Rational protein design and combinatorial protein design are two major 

methodologies widely used by protein designers [64, 65]. In the rational protein design 

approach, the scientist uses detailed knowledge of the structure and function of the protein to 

develop new uniquely- folded, thermally-stable proteins with particular functionality one at a 

time, typically using a suite of computational and bioinformatics tools.  For example, in 

Mayo’s lab a stable, uniquely folded protein domain containing a short helix, two strands 

and a hairpin was obtained using an automated protein design algorithm. The designed 

protein was able to mimic the shape of a zinc finger domain without the use of the metal 

ligand [66].  A prior structural knowledge of a protein is required in the rational protein 

design to allow scientists to modify a protein in a predicable way. Such structural knowledge 

is usually unavailable.  Compared with rational protein design, combinatorial protein design 

involves working with a wide range of sequence libraries instead of a single sequence. A 

typical combinatorial protein design involves three steps: creating diversity by building a 
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large library of gene variants, screening and selecting mutants or variants with desired 

functions, and amplifying gene variants identified in the second step [67]. A prior structural 

knowledge of a protein is not necessary in a combinatorial protein design. On the contrary, 

to discover desired protein structure combinations and explore new protein functions is one 

of advantages of combinatorial protein designs.  Combination of efficiency and diversity 

becomes the major challenge due to the exponentially large number of possible sequences. 

To enhance the possibility of success, the sequence libraries must be confined by existing 

knowledge on protein structure and protein folding.  For instance, the Hecht group [65,69] 

has explored the amphiphilicity of domains observed in native protein folding and proposed 

a "binary code" strategy to successfully reduce the complexity of α-helix and β-sheet 

libraries in combinatorial protein design.  In this work, we have utilized this approach for the 

development of amphiphilic β-sheet domains, as elaborated below. 

2.1.4    The ‘Binary Code’ Strategy  

The use of binary patterning of polar and nonpolar amino acids has been extensively 

investigated by the Hecht group as a design tool for both amphiphilic α-helix and β-sheet 

libraries. This work demonstrated that appropriate generic patterns of polar and nonpolar 

residues in designed sequences commensurate with the inherent structural periodicity of a 

particular secondary structure guide formation of an amphiphilic form of that secondary 

structure, without regard to the precise identity of the individual amino acids.  Moreover, 

they showed that such amphiphilic secondary structures in turn guide the folding of the 

polypeptide into a tertiary structure by simultaneously exposing polar residues to solvent and 

burying nonpolar residues in the interior of the protein [68].   
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Since α-helices have structural repeats of 3.6 residues per turn, binary patterned 

sequences designed to be consistent with amphipathic α-helices are linear sequences of polar 

(P) and nonpolar (N) residues with the pattern of N-N-P-P-N-N-P-P-N-P-P-N-N-P-P-N in 

which a nonpolar residue is placed at every third or fourth position. Xiong et al. [65] have 

demonstrated that peptides with such patterns indeed fold into α-helical structures that self-

assemble into bundles in order to shield nonpolar faces from the polar solution.  In contrast 

to the α-helical NP pattern, a strict binary patterned sequence of P and N residues, i.e. with a 

pattern of P-N-P-N-P-N-P, leads to amphiphilic β-strands, regardless of the particular 

choices of N and P residues. West et al. [69] designed and synthesized a library of such 

amphiphilic β-sheet structures using this binary code strategy, which were shown to self-

associate into aggregates (oligomeric multimers and large fibrils) that shield their nonpolar 

faces from solution. Moreover, some of these amphiphilic β-sheet designs were shown to 

associate at interfaces between polar and non-polar phases (such as air-water interfaces) [70, 

71], an attribute that is crucial for the work described in this thesis. Hetcht et al. [70] 

reported that β-sheet proteins formed stable films at the air-water interface after they were 

deposited onto the aqueous surface in a Langmuir–Blodgett trough. The protein surface films 

stayed robust for many hours at surface pressures corresponding to their assembled states.  

Although the patterns of polar and nonpolar residues dictated by an NP code motif 

must be respected to ensure the formation of amphiphilic α-helices or β-sheet structures, the 

particular choice of individual residue at each polar or nonpolar position can be extensively 

varied. Therefore, the libraries generated from the ‘binary code’ strategy have enormous 

combinatorial diversity.  On the other hand, the detailed choice of residue at each polar or 
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nonpolar position influences other properties of these proteins.  For instance, the stability 

and type of aggregate formed from these amphiphilic secondary structures (dimers, trimers, 

fibrils, sheets) and their dependence on solution conditions (pH, temperature, electrolyte 

concentration) are very sensitive to the details of the sequence [69,70,72].  

2.2    Diblock Proteins with Functional Domains 

2.2.1    Design of Diblock Proteins  

This thesis describes de novo proteins based on a diblock motif designed to form 

functional interfaces by self-assembly.  The artificial protein consists of a surface-active, 

amphiphilic β-sheet block structure to direct self-assembly onto non-polar surfaces joined to 

a disordered, water soluble block with an end terminal functional domain (e.g. bio-active 

ligand or a sequence for templating growth of inorganic materials).  A sketch of this diblock 

motif is given in Figure 2-7.  Diblock proteins with several different functional end domains 

were synthesized and investigated, as described below.  Under moderate temperature and pH 

conditions, the amphiphilic block has a strong affinity for polymer surfaces by self-assembly, 

thus resulting in a stable monolayer of protein at the material-solution interfaces.  In order to 

ensure the availability of the functional end domains for interaction with cells or constituents 

in solution, a sufficiently long, soluble, and flexible spacer domain is required. Our 

hypothesis is that such diblock proteins can be designed with independent surface assembly 

and functional domains, so that proteins would coat the surfaces by self-assembly, leaving 

the functional end domain available to promote a specific biological or templating function. 

The central objective of this study is to design such proteins that are able self-assemble into 
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stable, functionalized layers with selective bioactive and/or templating sequences.  Detailed 

descriptions of the assembly, spacer and functional domains of these diblock designs are 

presented below.   A complete description of each sequence studied in this thesis is given in 

Table 2-2.   

 

Figure2- 7  A general scheme of the diblock protein.  

2.2.1.1    β-sheet Design 

The β-sheet design used in this research is based on the #17 β-sheet sequence of Xu 

et al. [70], originally designed using the ‘binary code’ strategy.  It is composed of six 

amphiphilic β-strands with the P-N-P-N-P-N-P pattern separated by four-residue turns.   It 

was previously demonstrated by Xu et al. that sequence #17 was able to fold into a stable 

amphiphilic β-sheet structure, which was shown to self-assemble into monolayers at an air-

water interface (and also oligomerize into large fibrils in electrolyte solution).  The amino 

acid sequence of β-sheet #17 is given below.  The beta strand polar/non-polar residues are 

indicated with red/green font, while the turn residues are in gray font.  
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M D Y E I K F H G D G D N F D L N L D D S G G D L Q L Q I R G P G G  

β-sheet #17:  

 

 

R V Q V H I H S S S G K V D F H V N N D G G D V E V K M H  

 

 

2.2.1.2    Spacer Designs 

 Several factors affect activity of functional domains immobilized on substrates. 

Steric inaccessibility of active sites, active sites buried within the protein, partially 

denatured protein structure due to immobilization, and even physical constraints imposed 

by the material substrate (e.g. roughness) can all result in unsatisfactory interactions. 

Combining functional domains with sufficiently long, soluble spacer arms is a proven 

method to minimize these potential problems [73]. The spacer itself should have no 

tendency to either form the ordered secondary structure or interfere with the folding of 

domains. It must be long enough to avoid steric hindrance and allow the functional domains 

to effectively gain access to the receptor binding. However, the optimal length of such a 

spacer is unclear a priori and depends on the particular final application.  Thus, hydrophilic, 

disordered coil spacers of two lengths were studied in this thesis:  an 8 amino acid peptide 

sequence (subsequently denoted “short spacer”) and a 19 amino acid peptide sequence 

(subsequently denoted “long spacer”).  These were linked to the C-terminus of the β-sheet 

sequence to enhance availability of the terminal functional domains (discussed below).  The 

long spacer was based on a sequence originally designed by Whitlow et al. [73] for 

P-N-P-N-P-N-P P-N-P-N-P-N-P P-N-P-N-P-N-P 

 

 

turns turns turns 

P-N-P-N-P-N-P 

 

 

P-N-P-N-P-N-P P-N-P-N-P-N-P turns turns 
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reducing aggregation and enhancing proteolytic stability of a single chain variable fragment 

(scFv). The short spacer is modified from the long spacer by omitting amino acids from 

Lys8 to Gly18. Glycine and serine residues in both spacers improve conformational 

flexibility; the charged residues such as glutamic acid and lysine in the long spacer improve 

the solubility [73, 74]. The sequences of the short and long spacers are shown below:  

Short spacer:  G S T S G S G T 

Long spacer

2.2.1.3    Functional  Domains 

:  G S T S G S G K P G S G E G S T K G T 

Bio-mimetic materials with tailored cell-substrate interactions can be simply 

generated by incorporation of bio-active peptides into biomaterials. Many of these peptides 

originated from ECM proteins such as fibronectin (FN), vitronectin (VN), and laminin (LN), 

and often such short consensus sequences exhibit similar receptor specificity and binding 

affinity as the intact ECM proteins.  Their advantage lies in their reduced synthesis cost, and 

their potentially improved steric availability, cell-type selectivity, and solution stability [28]. 

A range of ECM-derived, bioactive peptides that have been used in biomedical and 

biotechnology applications are summarized in Table 2-1. Many of these peptides bind to 

targets for precise regulation of particular cell behaviors. 

Well-studied examples of such cell-binding sequences include RGD, YIGSR, DGEA, 

and IKVAV.  Arg-Gly-Asp (RGD), a bioactive tripeptide derived from fibronectin (FN) and 

laminin (LN), is one of most commonly used bio-active domains. It interacts with several 

integrin cell adhesion receptors, ultimately resulting in linking the ECM to a cell’s 
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cytoskeleton [75].  This linkage plays an essential role in regulation of numerous cell 

processes including proliferation, differentiation, migration, and apoptosis. Variations of 

RGD listed in Table 2-1 were also extensively studied.  Tyr-Ile-Gly-Ser-Arg (YIGSR) is a 

laminin-derived peptide motif that binds to a 67 kDa laminin receptor in many cell types to 

mediate adhesion and perform numerous physiological processes [76]. Kubota et al. [77] 

reported that YIGSR inhibited the morphological differentiation of endothelial cells into 

capillary-like structures.  Sakamoto et al.[78] showed that YIGSR prevented embryonic 

angiogenesis via the 32/67 kDa receptor. Iwamoto et al. [79] also confirmed that YIGSR 

inhibited tumor cell metastases. DGEA, a sequence from collagen, binds selectively to the 

α2β1 integrin [80]. IKVAV is capable to bind to receptors on neurons and stimulates the 

extension of neurites [81].  This thesis focuses on diblock protein constructs that incorporate 

the RGDS and YIGSR cell binding sequences as well as on two inorganic templating 

sequences.  

Phage display (PD), a combinatorial biology technique, has been utilized as a 

powerful tool in the selection and identification of inorganic templating sequences [82]. 

Phage display peptide libraries are generated by inserting random sequences within certain 

genes encoded on phage genomes, thereby creating phages with different but random 

peptides. These phages are contacted with inorganic substrates to identify inorganic 

templating ligands. In the last decade, phage displayed peptide libraries have been utilized to 

select inorganic templating ligands which bind to metals, metal oxides, polymeric materials, 

mineral, carbon materials, or semiconductors [33, 54, 82-84]. A positively charged gold 

binding peptide identified from phage display was first reported by Whaley et al. [83]. The 
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gold nanoparticles as the target materials were assembled on the phage via this peptide. 

Similarly, two silver binding peptides AG3 and AG4 were selected from phage display 

based on their capabilities to form silver nanoparticles [33]. Gungormus et al. [54] isolated 

HA- binding peptides HABP1 and HABP2 from phage display and verified that they were 

able to produce calcium phosphate crystals.  A calcite binding peptide was selected from 

phage display by Gaskin et al. [84] and found to control the calcite crystal formation. In the 

thesis, we focus on HA-binding peptides with sequences described in Table 2-3 as 5mer, 

7mer and 9mer and a silver-binding peptide with sequence described as AG4. 
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Table 2- 1 Bio-active domains employed for polymeric surface functionalization 

Bio-active Domains Origin Receptor Function References 
RGD-based peptides including :     
RGD, RGDS, GRGD, GRGDF, 
GRGDS, GYRGDS, RGDC, 
RGDV, RGDT, LRGDN, 
GRGDY, GRGDSY, GRGDVY, 
GRGDSP, GdRGDSP, GRGDTP, 
GRGDSPC, EPRGDNYR, 
GGGRGDSP, CGRGDSY, 
CSSPHSRNSGSGSGSGSGRGD
SP 

Fibronectin, 
vitronectin, laminin,  
and  collagen 

Integrin α5 β1, αv β3, 
and α1 β

 

1 

Cell adhesion and 
proliferation 

30,75,85-
109 

YIGSR-based peptides including 
YIGSR, CYIGSR, GYIGSR, 
CDPGYIGSR, DPGYIGSR, 
CDPGYIGSRC 

Laminin (β1 67-kDa laminin(LN) 
receptor 

 chain) Cell Adhesion  and 
proliferation 

76-
79,88,90, 
102-104, 
106,108, 
110-112 

DGEA Collagen  α2 β1 Adhesion of platelets, 
other cells 

integrin 80 

LDV,  LDVP, GPEILDVPST Fibronectin integrin α4 β1 Adhesion  , 107,113 
REDVDY, GREDVY Fibronectin integrin α4 β1 Endothelial cell 

Adhesion 
, 102,114 

PHSRN Fibronectin integrin α5 β1 cell adhesion, 
invasion and wound 
healing. 

, 88,105 

IKVAV, CIKVAV, 
CSRAKQAASIKVAVSADR 

Laminin  110kDa laminin 
receptor protein 

Neurite extension,  
viability 

81,106,112, 
115-116 

PDSGR Laminin  67kDa laminin 
binding protein 

Adhesion 88 

RNIAEIIKDI  Laminin cellular prion protein neuronal adhesion 
and neurite extension 

112 

KHIFSDDSSE Neural cell adhesion 
molecules 

Specific receptors on 
the particular type of 
neuronal cells 

Astrocyte adhesion 108 

FHRRIKA Heparin binding 
domain 

putative heparin-
binding 

Improve osteoblastic 
mineralization 

117 

KRSR Heparin binding 
domain 

Mainly integrins Osteoblast adhesion 117 

LRE Laminin   integrin adhesion of neurons 118 
VTXG Thrombospondin   Adhesion of platelets 119 
HHLGGAKOAGDV Fibrinogen αIIb β platelets attachment 3 120 
RKGSGRR/KKTR Thrombospondin-1 HSPG-LRP-gp330 

syndecan sulphated 
glycolipid 

endocytosis 121 

KQAGDV Fibronectin integrin Smooth muscle cell 
adhesion 

122 

GFOGER Collagen -1 Integrin α2 β Cell adhesion 1 123 
VAPG(VGVAPG) Elastin 67kDa 

protein(unknown 
smooth muscle cell 
receptor) 

generate directed cell 
movements 

124 

MKKTRG TSP-1 Decorin Inhibits cell adhesion 125 
RFK TSP-1 Latent TGF-β Activation of latent 

TGF-β 
126 

GEFYFDLRLKGDK Collagen IV integrins Cell adhesion 108 
WQPPRARI Heparin-binding 

domain of fibronectin 
Syndecan,heparin enhance focal 

adhesion formation 
109 
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LQVQLSIR Laminin-1 Syndccan, heparin Cell attachment and 
metastasis 

127 

GVQxR TSP-1 CD36 migratory inhibition 
of TSP1 

128 

TWYKIAFQRNRK Laminin-2 α6 β1 Cell adhesion integrin 129 
KNRLTIELEVRT laminin α2 chain  Syndccan-1  promotes cell 

adhesion and neurite 
outgrowth   

130 

LALERKDHSG Thrombospondin-1 α6 β1 increases 
macrophage 
recruitment and 
tumor cytotoxicity. 

integrin 131 

KAFAKLAARLYRKA Anti –thrombin III Heparin Controls binding 
affinity and 
selectivity 

132 

ONV Thrombospondin-1 α3 β1 Cell adhesion to 
TSP-1 haemostasis 

integrin 133 

IDAPS Fibronectin α4 β Cell adhesion 1 134 
CSVTCG TSP-1 CD36 Anti-angiogenesis 

cell adhesion; 
involved in TSP-1 
mediated tumor cell 
adhesion and 
metastasis 

135 

WSHWSPW TSP-1 Protein 
glycosaminoglycan 

 

 

Activation of latent 
TGF-β; Regulation of 
Angiogenesis and 
Tumor Growth 

136 
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Table 2- 2   Different versions of diblock proteins with bioactive domains 

Peptide 

Name 

Peptide 

Length(aa) 

Peptide 

M.W.(Da) 

PI Ext. 

co. 

Peptide Sequence 

BSS-

spacer 

73 7838 4.77 6970 M D Y E I K F H G D G D N F D L N L D D S G G D L Q L 

Q I R G P G G R V Q V H I H S S S G K V D F H V N N D G 

G D V E V K M H P W G S T S G S G T 

BSS-

RGDS 

77 8253 4.80 6970 M D Y E I K F H G D G D N F D L N L D D S G G D L Q L 

Q I R G P G G R V Q V H I H S S S G K V D F H V N N D G 

G D V E V K M H P W G S T S G S G T R G D S 

BSS-

YIGSR 

81 8684 4.80 8250 M D Y E I K F H G D G D N F D L N L D D S G G D L Q L 

Q I R G P G G R V Q V H I H S S S G K V D F H V N N D G 

G D V E V K M H P W G S T S G S G T D P G Y I G S R 

BSL-

spacer 

84 8824 5.05 6970 M D Y E I K F H G D G D N F D L N L D D S G G D L Q L 

Q I R G P G G R V Q V H I H S S S G K V D F H V N N D G 

G D V E V K M H P W G S T S G S G K P G S G E G S T K 

G T 

BSL-

RGDS 

88 9239 5.07 6970 M D Y E I K F H G D G D N F D L N L D D S G G D L Q L 

Q I R G P G G R V Q V H I H S S S G K V D F H V N N D G 

G D V E V K M H P W G S T S G S G K P G S G E G S T K 

G T R G D S 

BSL-

YIGSR 

92 9670 5.07 8250 M D Y E I K F H G D G D N F D L N L D D S G G D L Q L 

Q I R G P G G R V Q V H I H S S S G K V D F H V N N D G 

G D V E V K M H P W G S T S G S G K P G S G E G S T K 

G T  D P G Y I G S R 
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Table 2- 3   Different versions of diblock proteins with inorganic templating sequences 

 Peptide 

Name 

Peptide 

Length(aa) 

Peptide 

M.W.(Da) 

PI Ext. 

co. 

Peptide Sequence 

Peptides with 

HA-binding 

domain 

BSL-

5mer 

89 9385 4.77 6970 M D Y E I K F H G D G D N F D L N L D D S 

G G D L Q L Q I R G P G G R V Q V H I H S S 

S G K V D F H V N N D G G D V E V K M H P 

W G S T S G S G K P G S G E G S T K G T E S 

Q E S 

BSL-

7mer 

91 9568 5.46 6970 M D Y E I K F H G D G D N F D L N L D D S 

G G D L Q L Q I R G P G G R V Q V H I H S S 

S G K V D F H V N N D G G D V E V K M H P 

W G S T S G S G K P G S G E G S T K G T M 

L P H H G A 

BSL-

9mer 

93 9843 4.65 6970 M D Y E I K F H G D G D N F D L N L D D S 

G G D L Q L Q I R G P G G R V Q V H I H S S 

S G K V D F H V N N D G G D V E V K M H P 

W G S T S G S G K P G S G E G S T K G T  Q 

E S Q S E Q D S 

Peptide with 

silver-

binding 

domain 

BSL-

Ag4 

96 10203 5.07 8480 M D Y E I K F H G D G D N F D L N L D D S 

G G D L Q L Q I R G P G G R V Q V H I H S S 

S G K V D F H V N N D G G D V E V K M H P 

W G S T S G S G K P G S G E G S T K G T N 

P S S L F R Y L P S D 
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2.2.2    Generation of Recombinant DNA Encoding Diblock 

Proteins 

To construct the recombinant DNA sequences encoding diblock proteins, the DNA 

fragment encoding β-sheet #17 was first annealed and amplified by PCR, then cloned into 

PQE-30 vector via EcoRI/BamHI restriction sites. The resulting clone was named vector 

PQE-β-sheet. Subsequently, DNA fragment encoding either short spacer or long spacer was 

ligated into the vector PQE-β-sheet via BamHI/KpnI restriction sites, resulting in vector 

PQE-BSS-spacer and PQE-BSL-spacer. Next, DNA fragment encoding bioactive sequence 

RGDS or YIGSR was ligated into vector PQE-BSS-spacer and PQE-BSL-spacer via 

KpnI/PstI restriction sites. After that, the whole constructs were cloned into pET-21d via 

NcoI/EcoRI restriction sites to generate vectors pET-21d(+)-BSS-spacer, pET-21d(+)-BSS-

RGDS, pET-21d(+)-BSS-YIGSR, pET-21d(+)-BSL-spacer, pET-21d(+)-BSL-RGDS and 

pET-21d(+)-BSL-YIGSR.  Inorganic templating sequences were cloned into pET-21d(+)-

BSL-spacer vector via KpnI/ EcoRI restriction sites to generate vectors PET-21d(+)-BSL-

5mer, PET-21d(+)-BSL-7mer, PET-21d(+)-BSL-9mer and PET-21d(+)-BSL-Ag4. The 

detailed methods to construct recombinant DNA are described in chapter 2.3. The whole 

gene maps are presented in Figure 2-8.  The DNA sequences encoding β-sheet #17, short 

spacer, long spacer, RGDS and YIGSR are given in Table 2-4.  
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Figure 2-8 (a) The recombinant DNA map of BSS-spacer or BSL-spacer; (b) The 

recombinant DNA map of BSS-RGDS, BSS-YIGSR, BSL-RGDS, BSL-YIGSR, BSL-5mer, 

BSL-7mer, BSL-9mer or BSL-Ag4. 

(a) 

(b) 
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Table 2-4 DNA sequences for β-sheet #17, short spacer, long spacer, and functional 
domains.  

Fragment 
name 

DNA  Sequences 

β-sheet #17 

 

                    M  D   Y   E    I     K   F   H   G    D   G   D   N    F    D   L   N    L   D   D   S    G   G 

   5’…aa ttc atg gat tac gaa atc aaa ttt cat ggc gac ggt gat aac ttc gac ctg aat ctg gat gac agc ggc ggt…3’  

   3’…       g tac cta atg  ctt  tag  ttt aaa gta ccg ctg cca cta ttg aag ctg gac tta gac cta ctg tcg ccg cca…5’ 

           D   L   Q    L    Q   I    R   G    P    G   G   R   V   Q   V   H    I   H   S    S   S    G    K   V   D 

   5’… gat tta cag ctg caa att cgt gga cca ggt ggt cgt gtg cag gtt cac att cat agt tct agc ggc aag gtc gat…3’ 

   3’… cta aat gtc gac gtt taa gca cct ggt cca cca gca cac gtc caa gtg taa gta tca aga tcg ccg ttc cag cta…5’ 

            

           F   H   V    N   N   D   G   G    D   V    E   V    K  M  H    P   W 

   5’…ttt cac gta aac aat gac ggt ggc gat gtg gaa gtt aaa atg cat ccg tgg g …3’ 

   3’…aaa gtg cat ttg  tta ctg cca ccg cta cac  ctt caa  ttt  tac gta ggc acc cct ag…5’  
        

Short spacer          G   S   T   S   G   S   G   T 

5’…ga tcc acc  tct ggg tca ggt ac…3’ 

        3’…g tgg  aga ccc agt c…5’ 

Long spacer      G   S   T   S   G    S    G    K   P     G    S    G    E    G    S   T    K   G   T 

5’…ga tcc acc tct ggg tca ggc aaa ccg ggt agc ggc gaa ggc tcg acg aag ggt ac…3’   

        3’…g tgg aga ccc agt ccg ttt ggc cca tcg  ccg  ctt  ccg  agc tgc  ttc  c…5’ 

RGDS                     R  G    D    S  stop 

        5’… c cgt ggt gat agc taa ctg ca …3’ 

 3’…ca tgg gca cca cta tcg att  g…5’ 

YIGSR                     D   P   G   Y    I    G    S   R   Stop 

        5’…c  gat cca ggt tac atc ggc agc cgt  taa  ctg ca…3’ 

3’…ca tgg  cta ggt cca atg tag ccg tcg gca  att   g…5’ 

ESQES                     E   S     Q    E    S  Stop 

        5’…c  gaa agc cag gaa agc taa g …3’ 

3’…ca tgg  ctt  tcg  gtc  ctt   tcg  att ctt  aa …5’ 

EcoRI 

BamHI 

KpnI BamHI 

KpnI BamHI 

PstI KpnI 

KpnI PstI 

KpnI EcoRI 
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MLPHHGA                     M  L   P    H    H  G   A    Stop 

        5’…c  atg ctg ccg cat cat ggc gcg taa g …3’ 

3’…ca tgg  tac gac ggc gta gta ccg cgc att ctt aa  …5’ 

QESQSEQDS                      Q   E    S    Q   S    E    Q     D  S   Stop 

        5’…c  cag gaa agc cag agc gaa cag gat agc taa g …3’ 

3’…ca tgg  gtc  ctt  tcg  gtc  tcg  ctt  gtc  cta tcg att  ctt aa …5’ 

AG4                     N   P    S    S    L   F  R    Y   L   P   S    D   Stop 

        5’…c  aac ccg agc agc ctg ttt cgt tat ctg ccg agc gat taa g …3’ 

3’…ca tgg  cta ggt cca atg tag ccg tcg gca  att   aat tc…5’ 

 

2.3    Methodology for Creating Diblock Proteins  

2.3.1    Construction of DNA Plasmids for Protein Expression 

2.3.1.1    Fragment-Vector Enzymatic Ligation  

The fragment-vector enzymatic ligation technique is a basic method to clone foreign 

genes into expression vectors. The general method is described as follows [137]. A foreign 

DNA fragment is first obtained either by annealing equal molar forward and reverse DNA 

oligonucleotides or by PCR of genes from other vectors.  It is then digested with two 

different restriction enzymes to generate noncomplementary protruding termini, and treated 

with the T4 polynucleotide kinase (T4 PNK) to add phosphate groups to the oligos for 

ligation. The expression vector is also digested with these two enzymes to generate termini 

KpnI EcoRI 

KpnI EcoRI 

KpnI EcoRI 
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compatible with the termini of the foreign DNA fragment. The digested DNA fragment and 

vector are visualized on a TAE-agarose gel and extracted by a gel extraction kit. The DNA 

fragment encoding the desired gene is ligated into the digested expression vector at a molar 

ratio of 3:1 using 1 unit of the T4 DNA ligase (NEB) in a total volume of 20 µl. The ligation 

mixture is then incubated at 16 °C for 16 hours. A ligation negative control sample is also 

prepared by mixing the digested expression vector with the same volume of ddH2

In our experiment, the DNA fragment encoding β-sheet #17 was first inserted into 

PQE-30 vector via EcoRI/BamHI restriction sites. The resulting clone was named vector 

PQE-β-sheet. Subsequently, the DNA fragment encoding either the short spacer or the long 

spacer was ligated into the vector PQE-β-sheet via BamHI/KpnI restriction sites, resulting in 

vector PQE-BSS-spacer and PQE-BSL-spacer. Next, the DNA fragment encoding bioactive 

sequence either RGDS or YIGSR was inserted into the vector PQE-BSS-spacer and PQE-

BSL-spacer via KpnI/PstI restriction sites, respectively. After that, the whole constructs were 

cloned into the vector pET-21d via NcoI/EcoRI restriction sites to generate a set of DNA 

plasmids including PET-21d(+)-β-sheet, PET-21d(+)-BSS-spacer (β-sheet-short spacer), 

PET-21d(+)-BSL-spacer (β-sheet-long spacer), PET-21d(+)-BSS-RGDS (β-sheet-short 

spacer-RGDS), PET-21d(+)-BSL-RGDS (β-sheet-long spacer-RGDS), PET-21d(+)-BSS-

YIGSR (β-sheet-short spacer-YIGSR), and PET-21d(+)-BSL-YIGSR (β-sheet-long spacer-

YIGSR).  

O instead 

of the DNA fragment. 

The DNA fragments encoding HA-binding domains (ESQES, MLPHHGA, 

QESQSEQDS) and a silver-binding domain (NPSSLFRYLPSD) were also cloned into the 
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PET-21d(+)-BSL-spacer vector via kpnI/ EcoRI restriction sites using the fragment-vector 

enzymatic ligation technique. The resulting DNA plasmids were named as PET-21d(+)-

BSL-5mer(β-sheet-long spacer-5mer), PET-21d(+)-BSL-7mer (β-sheet-long spacer-7mer), 

PET-21d(+)-BSL-9mer (β-sheet-long spacer-9mer) and PET-21d(+)-BSL-Ag4 (β-sheet-long 

spacer-AG4).  

2.3.1.2    Transformation of DNA Plasmids into XL1-Blue Competent Cells 

The reaction mixture, enriched with designed DNA, was incubated with 50 µl of 

XL1-blue competent cells in a 1.5 ml microcentrifuge tube on ice for 30 min.  The tubes 

were then heat-shocked for 45 seconds in a water bath at 42 °C before being put back on ice 

for 2 min. 500μl LB media (without antibiotics) were then added to each mixture and the 

mixture was incubated at 37 °C for 1 hour.  Since pET 21d+ is ampicillin-resistant and XL 

1-blue cell is tetracycline-resistant, 100 µl of culture was spread onto an LB agar plate 

containing 100 µg/ml ampicillin and 12.5 µg/ml tetracycline. The plates were incubated 

overnight at 37 °C. 

2.3.1.3    Recombinant DNA Screening 

DNA screening, using colony PCR and double digestion of sequences, was used to 

identify the positive recombinant DNA sequences.  Colony PCR used a single colony from 

an agar plate as the template. T7 promoter and T7 Terminator primers were formulated for 

up to 96 reactions and aliquoted into PCR tubes. The PCR annealing temperature was set at 

56ºC to ensure high specificity. PCR products were then loaded onto a 2% TAE-agarose gel 
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for visualization.  Positive colonies identified by colony-PCR screening were inoculated in 

10 ml LB medium with 100 µg/ml ampicillin and 12.5 µg/ml tetracycline and grown 

overnight at 37 °C in a shaker-incubator. Plasmid DNA was then isolated from 10 ml of the 

overnight culture by using a Wizard® plus SV minipreps DNA purification system 

(Promega, Madison, USA). Simultaneous double digestion with KpnI and EcoRI was set up 

in the same way as described previously to confirm the positive samples. Confirmed positive 

samples containing 10 µl of 12.5 ng/µl of DNA and 5 µl of 2 µM T7 promoter and 5 µl of 

T7 Terminator primer in a total volume of 15uL were sent to OHRI Stemcore laboratories 

DNA sequencing Facility to identify clones bearing the desired genes without undesired 

mutations. 

2.3.1.4    Transformation of Recombinant Protein Vectors into Expression 

Cells 

The pET-21d+ vector containing the genes was transformed into the calcium chloride 

treated competent cells of the E. coli expression strain BLR, and the transformants were 

selected on plates containing both 100 µg/ml ampicillin and 12.5 µg/ml tetracycline due to 

the ampicillin-resistance of pET 21d+ vectors and tetracycline-resistance of BLR cells. 

2.3.2    Protein Expression in E. coli  

Protein expression was performed both in small and large scales.  Small scale 

expression in shake flasks was carried out at 37 °C in 1L of LB media containing 100 µg/ml 

ampicillin and 12.5 µg/ml tetracycline, and induced with isopropyl-D-thiogalactoside (IPTG) 
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(final concentration 1 mM) for a period of 4 h when the optical density at 600 nm (OD600 ) 

approached 0.8. Cells were then harvested by centrifugation at 8000 g for 15 minutes at 4 °C. 

Large scale expression (5 L) was performed at 37 °C and with 35% of oxygen saturation 

using a BioFlo 110 Modular Benchtop Fermentor (New Brunswick Scientific Co. Inc., 

Enfield, USA). The media for 5 L protein expression consisted of the following: 50 g 

glucose, 100 g yeast extract, 10 g (NH4)2HPO4, 33.75 g KH2PO4, 4.25 g citric acid, 3.5 g 

MgSO4·7H2O, 25 ml trace metals, 500 mg Ampicillin (100 mg/ml), 62.5 mg tetracycline 

(12.5mg/ml), and 0.5 ml antifoam. A feed solution containing glucose (500 g/L), yeast 

extract (100 g/L), MgSO4·7H2O (15 g/L), ampicillin (100 mg/L), and tetracycline (12.5 

mg/L) was automatically added into the fermentor as needed to maintain pH neutral after 

about 5 h of fermentation.  Cultures were induced by IPTG for a period of 4 h when the 

OD600

2.3.3    Protein Purification   

 reached approximately 15. Cells were then harvested by centrifugation at 8000 g for 

30 minutes at 4 °C.  

Proteins were first purified using a well-established inclusion body purification 

method as follows [71]. After being harvested by centrifugation, the pellet was fully re-

suspended in a buffer solution with 50 mM Tris-HCl, PH 8.0, 25%sucrose (w.t.), and 1mM 

EDTA. Cells were then subjected to three freeze-thaw cycles and sonicated for 2 min.  The 

suspension was incubated by stirring at room temperature for 30 min after lysozyme was 

added at a final concentration of 0.5 mg/ml. Subsequently, MgCl2, MnCl2 and DNaseI were 

added with final concentration of 10 mM, 1 mM, 20 ug/ml, respectively, and the suspension 

was incubated at room temperature for another 30 min. Inclusion body wash buffer 
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containing 0.2 M NaCI, 1% Deoxycholic Acid, I% IGEPAL CA-630 , 20 mM Tris-HCI, 0.2 

mM EDTA was then added for another 30 min of incubation at room temperature, and the 

inclusion body was separated from soluble portion by centrifugation at 20,000 rpm for 15 

min. The inclusion body was further washed by dH2O and re-solubilized in dH2O at pH11.  

The re-solubilized inclusion body was further purified with the gel filtration method under 

denaturing condition using SephadexTM

2.3.4    MALDI-TOF and Amino Acid Composition Analysis 

 G-50 Fine medium (GE healthcare, Toronto, 

Canada). The expression and purification of proteins were checked by SDS-PAGE.  Pure 

proteins were then loaded into Spectra/Pro dialysis tubing (1 K MWCO, Fisher Scientific, 

Ottawa, ON, Canada), dialyzed again against MiliQ water (above 15 mΩ) at pH 11 for 48 h, 

and then lyophilized.  

Molecular weights of proteins were determined by matrix-assisted laser desorption 

ionization-time-of-flight mass spectroscopy (MALDI-TOF microflex, Bruker Daltonics Ltd. , 

Canada).  To determined protein molecular weight by MALDI-TOF, samples were prepared 

at concentrations of 1 mM, 100 µM, 10 µM and 1 µM to obtain high quality signals. MALDI 

matrix was prepared by dissolving 25 mg sinapinic acid in 1 ml of 50% acetonitrile, 50% 

proteomics grade water and 0.1% TFA.  Samples and Matrices were then mixed in a 1:1 

ratio, and applied onto a MSP 96 target ground steel sample plate. Subsequently, the 

mixtures were dried and co-crystallized through evaporation at room temperature. Finally, 

the molecular weights were studied with MALDI-TOF.  
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Sequence information for the various diblock protein designs were obtained using 

Amino acid composition analysis (AAA).  Samples for AAA were prepared by excising 

corresponding bands from an SDS-PAGE gel. The excised gel bands were sent to W.M. 

Keck foundation biotechnology Resource Laboratory (Yale University, New Haven, USA) 

for amino acid analysis.  
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Chapter 3 

Preparation and Characterization of Bioactive 

Diblock Proteins  

3.1    Introduction 

As discussed in chapter 2, the central objective of this study is to design and 

synthesize proteins for biofunctional interfaces based on a diblock motif which is composed 

of a surface-active, amphiphilic β-sheet structure ligated to a disordered and water soluble 

block named spacer with an end terminal bioactive domain.  The focus of this chapter is on 

the biophysical properties of these diblock proteins.  One of the most important questions 

relates to the structure of these proteins. Can the associating end of these proteins form β-

sheet structures under ambient, physiological conditions? Does the water soluble disordered 

chain or bioactive domain affect the β-sheet structure of the associating end?  Under what 

conditions do these β-sheet structures denature and adopt a disordered coil conformation?  

What are the denaturation (melting) temperature of these β-sheet domains and the free 

energy changes during the denaturation process?  Several physical detection techniques 

including circular dichroism (CD), Fourier transform infrared spectroscopy (FT-IR), and 

differential scanning calorimetry (DSC) were used to find answers to these questions.  In 

addition, analytical methods, including electrophoresis, MALDI mass spectroscopy, and 
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amino acid composition analysis, were used to confirm the sequence, molecular weight, and 

purity of the proteins. 

CD spectroscopy is a widely used technique for assessment of protein secondary 

structure in solution due to its utility for rapid and facile data collection. It is a form of light 

absorption spectroscopy which measures the differential absorption of right-hand and left-

hand circularly polarized components [138].  There are unambiguous differences in CD 

spectra of various protein secondary structures, including α-helix, parallel and antiparallel β-

sheet and random coils, which are qualitatively demonstrated by analysis of CD spectra 

between 260 and 180 nm [139,140]. The mean residue ellipticity (defined precisely below) is 

proportional to the difference in absorbance between left (AL) and right (AR) circularly 

polarized light, as measured by a spectropolarimeter. Figure 3-1 shows the different forms of 

the mean residue ellipticity of common protein secondary structures. α-helical structures are 

characterized by negative bands between approximately 203 nm and 240 nm with two 

minima near 209 nm and 222 nm. The CD spectra for β-sheets show a minimum band 

between 210 nm and 225 nm and a maximum band between 190 nm and 200 nm. The CD 

spectra for random coils also display a strong negative band at about 200 nm, and a weak 

positive or negative band above 210 nm [141]. 
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Figure 3-1 Schematic diagram of the various forms of the mean residue ellipticity taken for 

common protein secondary structures. 

While CD spectroscopy has certain advantages for the characterization of protein 

secondary structure, it has several limitations.  The main one is the difficulty for quantitative 

determination of secondary structure content. A complementary approach for study of 

protein secondary structure, Fourier transform infrared spectroscopy (FTIR), provides 

several prominent advantages including high resolution, sensitivity, high signal-to-noise 

ratio (S/N) and frequency accuracy, which in term allow for the possibility of quantitative 

study of secondary structure [142].  It also allows for studying the secondary structure of 

adsorbed monolayers of the diblock proteins.  FTIR spectroscopy is a technique that 

simultaneously collects infrared spectra of absorption, emission and photoconductivity of 

materials in a wide spectral range.  Proteins respond to IR in nine characteristic absorption 

bands including amide A, B and amide I-VII bands in the infrared region [141]. The amide I 

(~1600-1690 cm-1) bands have been widely used for protein structure studies.  Secondary 

structures of proteins can be characterized since α-helix, β-sheet, turn and random coil 
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structures present different amide bond geometric orientations, thereby allowing for different 

vibrational frequencies and distinct IR signals. 

Differential scanning calorimetry (DSC) is generally accepted as a thermal analysis 

technique that has contributed significantly to understanding of temperature-induced 

transitions in biological systems and the thermodynamic mechanisms underlying those 

transitions. For example, DSC studies of protein and nucleic acid folding-unfolding 

transitions have revealed not only thermodynamic properties of these transitions, but also the 

complexity of the unfolding process [143,144]. DSC measures the changes of apparent 

molar heat capacity related to phase transitions and chemical reactions as a function of 

temperature by monitoring heat flow during these processes and comparing this to heat flow 

in a reference cell maintained at the same temperature as the sample. In an endothermic 

process, more heat flows in the sample than in the reference; while in an exothermic process, 

less heat flows in the sample than in the reference. Subsequent manipulation of the 

difference in heat flow provides a complete thermodynamic characterization of a transition. 

3.2    Characterization Methods for Diblock Proteins 

3.2.1    Circular Dichroism 

CD spectra were measured for 20 μM solutions of diblock proteins in 10 mM 

phosphate buffer at pH 7.5 and in 10mM phosphate buffer with 1 M NaCl buffer at pH 7.5 in 

a 1 mm path length quartz cuvette using a Jasco 710 spectropolarimeter (Jasco Inc., Easton, 

USA).  Protein concentrations were calibrated using UV absorption spectroscopy with a 
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NanoDrop spectrophotometer (Thermo Scientific Inc., Mississauga, Canada) and molar 

extinction coefficients were estimated from primary sequences of proteins using software 

package Vector NTI(Life Technologies, Burlington, USA) . Two kinds of measurements 

were carried out. In a wavelength scan, the CD signal was collected as a function of 

wavelength at constant temperature.  In a temperature scan, the CD signal was collected as a 

function temperature for a selected wavelength.  Wavelength scans were conducted for each 

protein from 190nm to 250nm at a temperature of 20 C to determine the global secondary 

structure profile of the protein in ambient conditions.  Ten scans were recorded and averaged 

for each sample.  Thermally induced denaturation of the β-sheet domains of the diblock 

proteins was studied by monitoring the CD signal at 217 nm (indicative of β-sheet content) 

as a function of temperature from 20 to 80 °C at a rate of 1 °C/min. Data were converted into 

mean residue molar ellipticity [θ] defined by the equation  

[θ] =θ(λ)obs

where θ

/ (10 •  c  •  l  •  n),  

obs(λ) ∝ (AL(λ) - AR

The fractional β-sheet contents of proteins were estimated using online SOMCD 

software [145]. The fraction of folded β-sheet structure at a given temperature T was 

determined from the melting curves using equation f(T) = ([θ 

(λ)) is the observed ellipticity in mdeg, c is the protein 

concentration in M, l is the path length in cm, and n is the number of amino acid residues in  

a protein.  

Den(T)] – [θ (T)]) / ([θ Den(T)] 

– [θ Nat(T)]), where [θ] is the observed ellipticity, [θDen] is the ellipticity of the denatured 

state of the proteins and [θNat ] is the ellipticity of the natively folded proteins, respectively.  
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3.2.2    Fourier Transform Infrared Spectroscopy  

Monolayers formed by BSL-spacer and BSL-RGDS were evaluated by employing an 

attenuated total reflectance (ATR) accessory along with FTIR spectroscopy (FTS-40, Biorad, 

Mississauga, Canada) to provide high sensitivity.  20 µM of BSL-spacer and BSL-RGDS 

were prepared in 10 mM phosphate buffer (in D2

3.2.3    Differential Scanning Calorimetry 

O) at pH 7.5. For each protein, 10 µL of 

sample was placed onto the diamond element of ATIR for a time interval of 25 min to form 

an adsorbed layer on the surface. Afterwards, the remaining liquid was carefully removed, 

and the diamond element was gently washed with 10 mM deuterated phosphate buffer at pH 

7.5 three times to remove protein that was not part of the monolayer. Finally, the sample was 

dried under nitrogen and spectra were measured three times to obtain the average data.   

DSC studies were carried out on solutions of the diblock proteins at various 

concentrations (from 20-600 µM) in 10 mM phosphate buffer at pH 7.5 using a nano-DSC 

III calorimeter (Calorimetry Sciences, Lindon, USA). The samples were first equilibrated 

with 10 mM phosphate buffer at pH 7.5 by overnight dialysis, followed by degassing. Heat 

rate scans were recorded at the rate of 1 °C/min as temperature increased from 10 to 90 °C, 

and 3 scans for each sample were measured to acquire an average value.  Data were then 

analyzed with the software package Cpcalc (Calorimetry Sciences, Lindon, USA) to 

determine the dependence of heat capacity on temperature.  
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3.3    Results and Discussion 

3.3.1    Preparation of Diblock Proteins 

Diblock proteins were expressed and purified using the methods described in Chapter 

2. Specifically, proteins recovered from inclusion bodies were purified using gel filtration 

with an FPLC (an AKTApurifier 100, GE Healthcare Life Sciences, Toronto, Canada). A 

representative FPLC gel filtration purification trace is shown in Figure 3-2a. Gel filtration, 

also known as size-exclusion chromatography, separates proteins according to their sizes 

with large molecules eluting faster than small ones. All fractions were visualized with SDS-

PAGE gels and the fractions A8-A12, B12-B8, B2, B1, C3, C4 were demonstrated in Figure 

3-2b. Proteins with the molecular weight of around 8 kDa were separated from other 

molecules starting at fraction A12, indicating that the desired pure proteins were collected 

after this fraction.  Protein samples with fractions of A12, B12-B1, C1-C4 were then 

lyophilized. Figure 3-3 presents an overview of expression and purification of the diblock 

proteins. For 5L of E.coli protein expression with the bioreactor, all type of the BSL proteins 

yield around 400 mg proteins with the purity as shown in Figure 3-3. Comparison of pre-

induction and post-induction samples demonstrates good expression of the proteins, and 

high-level purity of proteins (greater than 90%) was achieved using FPLC. 
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Figure 3-2a  A representative purification trace of BSL-RGDS using Gel-filtration with FPLC. 

The fractions fractions A8-A12, B12-B8, B2, B1, C3, C4 were visualized with SDS-PAGE as 

in Figure 3-2b. 

 

Figure 3-2b A representative coomassie stained SDS-PAGE gel to show purification of 

BSL-RGDS with Gel-filtration. lane1: SeeBlue Plus 2 standard.  Lane2-15: fractions A8-A12, 

B12-B8, B2, B1, C3, C4 from FPLC gel filtration purification of BSL-RGDS. 

~8 kDa ~8 kDa 
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Figure 3-3a A coomassie stained SDS-PAGE gel to show the expression and purification of 

BSS-spacer (Lanes 2-4), BSS-RGDS (Lanes 5-7), and BSS-YIGSR (Lanes 9-11). The 

lanes contain the following: lane1,8: SeeBlue Plus 2 standard.  Lane2: BSS-spacer pre-

induction.  Lane 3: BSS-spacer 4h post-induction. Lane 4: purified BSS-spacer. Lane5: 

BSS-RGDS pre-induction.  Lane 6: BSS-RGDS 4h post-induction. Lane 7: purified BSS-

RGDS. Lane9: BSS-YIGSR pre-induction.  Lane 10: BSS-YIGSR 4h post-induction. Lane 

11: purified BSS-YIGSR. 

 

~8 kDa ~8 kDa 
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Figure3-3b A coomassie stained SDS-PAGE gel to show the expression and purification of 

BSL-spacer (Lanes 2-4), BSL-RGDS (Lanes 5-7), and BSL-YIGSR (Lanes 8-10). The lanes 

contain the following: lane1: SeeBlue Plus 2 standard.  Lane2: BSL-spacer pre-induction.  

Lane 3: BSL-spacer 4h post-induction. Lane 4: purified BSL-spacer. Lane5: BSL-RGDS 

pre-induction.  Lane 6: BSL-RGDS 4h post-induction. Lane 7: purified BSL-RGDS. Lane8: 

BSL-YIGSR pre-induction.  Lane 9: BSL-YIGSR 4h post-induction. Lane 10: purified BSL-

YIGSR. 

 

The molar mass of the diblock proteins was verified using Matrix-assisted laser 

desorption mass spectrometry (MALDI). Results along with protein sequences are shown in 

Figure 3-4.  BSS-spacer has a single, sharp peak at 7848 Da, BSS-RGDS has a single, sharp 

peak at 8271 Da, and BSS-YIGSR has a single, sharp peak at 8703 Da. Compared with the 

theoretical molecular weight calculated with software package Vector NTI (7838 Da for 

BSS-spacer, 8254 Da for BSS-RGDS, and 8684 Da for BSS-YIGSR), deviations were 0.1% 

for BSS-spacer and 0.2% for BSS-RGDS and BSS-YIGSR. For BSL-spacer, the dominant 

~8 kDa ~8 kDa 
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peak is at 8834 Da, with deviation of 0.1% from the Vector NTI theoretical value at 8824 Da.  

Likewise, deviation was 0.09% for BSL-RGDS with 9240 Da calculated with Vector NTI 

and 9247 Da measured with MALDI (in this case a secondary peak at 4623 in MALDI was 

due to doubly-charged ions). Finally, the molecular weight determined by MALDI for BSL-

YIGSR was 9688 Da, which is within 0.2% of its expected theoretical value of 9670 Da. The 

MALDI results demonstrated that the synthesized proteins have almost identical molecular 

mass as designed. 

The amino acid composition of the diblock proteins was analyzed by the W.M. Keck 

Foundation Biotechnology Resource Laboratory at Yale University. The results shown in 

Table 3-1 demonstrated the expected compositions of proteins with acceptable errors. 

Together, the MALDI results and amino acid analysis indicated that the synthesized proteins 

had the sequences that were intended by design.  Therefore, subsequent characterization of 

their physical properties was carried out. 
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M D Y E I K F H G D G D N F D L N L D D S G G D L Q L Q I R G P G G R V Q V H I H S 

S S G K V D F H V N N D G G D V E V K M H P W 

BSS-spacer: 

Length= 73aa, MW=7838Da, PI= 4.77 

G S T S G S G T 

 

Figure 3-4a  Sequence and MALDI spectrograph of BSS- spacer  with a significant peak of 
7848. 

M D Y E I K F H G D G D N F D L N L D D S G G D L Q L Q I R G P G G R V Q V H I H S S 
S G K V D F H V N N D G G D V E V K M H P W 

BSS-RGDS: 

G S T S G S G T
Length= 77aa, MW=8254Da, PI=4.80

 

 R G D S 

Figure 3-4b  Sequence and MALDI spectrograph of BSS-RGDS  with a significant peak of 
8271. 
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M D Y E I K F H G D G D N F D L N L D D S G G D L Q L Q I R G P G G R V Q V H I H S S 
S G K V D F H V N N D G G D V E V K M H P W 

BSS-YIGSR: 

G S T S G S G T
Length= 81aa, MW=8684Da, PI=4.80 

 D P G Y I G S R 

 

Figure 3-4c  Sequence and MALDI spectrograph of BSS- YIGSR  with a significant peak of 
8703. 

M D Y E I K F H G D G D N F D L N L D D S G G D L Q L Q I R G P G G R V Q V H I H S S 
S G K V D F H V N N D G G D V E V K M H P W 

BSL-spacer: 

Length=84aa, MW=8824Da, PI=5.05 
G S T S G S G K P G S G E G S T K G T 

 
Figure 3-4d  Sequence and MALDI spectrograph of BSL- spacer with a significant peak of 
8834. 
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M D Y E I K F H G D G D N F D L N L D D S G G D L Q L Q I R G P G G R V Q V H I H S S 
S G K V D F H V N N D G G D V E V K M H P W 

BSL-RGDS: 

G S T S G S G K P G S G E G S T K G T

Length=88aa, MW=9240Da, PI=5.07 

 
R G D S 

 
Figure 3-4e  Sequence and MALDI spectrograph of BSL-RGDS with a significant peak of 
9247. 

M D Y E I K F H G D G D N F D L N L D D S G G D L Q L Q I R G P G G R V Q V H I H S S 
S G K V D F H V N N D G G D V E V K M H P W 

BSL-YIGSR: 

G S T S G S G K P G S G E G S T K G T

Length=92aa, MW=9670Da, PI=5.07 

 
D P G Y I G S R 

 
Figure 3-4f Sequence and MALDI spectrograph of BSL- YIGSR with a significant peak of 
9688. 
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Table 3-1a  Amino Acid Analysis of BSS-spacer (without cys and trp). 

Amino acid Mole % 
Expected 
mole % # Residues 

Expected 
#residues 

asx 20.1% 19.2% 15 14 
thr 2.7% 2.7% 2 2 
ser 7.4% 9.6% 5 7 
glx 8.2% 6.9% 6 5 
gly 19.3% 17.8% 14 13 
val 8.6% 8.2% 6 6 
met 1.7% 2.7% 1 2 
ileu 4.1% 4.1% 3 3 
leu 6.0% 5.5% 4 4 
tyr 1.7% 1.4% 1 1 
phe 4.0% 4.1% 3 3 
lys 4.0% 4.1% 3 3 
his 6.5% 6.9% 5 5 
arg 2.9% 2.7% 2 2 
pro 2.6% 2.7% 2 2 

 Total  99.8%  98.6% 72 72 
 

Table 3-1b Amino Acid Analysis of BSS-RGDS (without cys and trp). 

Amino acid Mole % 
Expected 
mole % # Residues 

Expected 
#residues 

asx 16.8% 19.5% 13 15 
thr 3.8% 2.6% 3 2 
ser 8.0% 10.4% 6 8 
glx 9.7% 6.5% 8 5 
gly 17.2% 18.2% 13 14 
val 8.2% 7.8% 6 6 
met 1.4% 2.6% 1 2 
ileu 3.9% 3.9% 3 3 
leu 6.4% 5.2% 5 4 
tyr 2.1% 1.3% 2 1 
phe 3.8% 3.9% 3 3 
lys 3.7% 3.9% 3 3 
his 5.2% 6.5% 4 5 
arg 4.1% 3.9% 3 3 
pro 3.8% 2.6% 3 2 

 Total  98.1%  98.8% 76 76 
 
 
 



60 

 

Table 3-1c  Amino Acid Analysis of BSS-YIGSR(without cys and trp). 

Amino 
Acid mole % 

expected 
mole % # residues 

expected 
#residues 

asx 19.8% 18.5% 16 15 
thr 2.4% 2.5% 2 2 
ser 7.5% 9.9% 6 8 
glx 7.3% 6.2% 6 5 
gly 19.9% 18.5% 16 15 
val 8.0% 7.4% 6 6 
met 1.5% 2.5% 1 2 
ileu 4.9% 4.9% 4 4 
leu 5.5% 4.9% 4 4 
tyr 2.4% 2.5% 2 2 
phe 3.8% 3.7% 3 3 
lys 3.8% 3.7% 3 3 
his 6.2% 6.2% 5 5 
arg 3.8% 3.7% 3 3 
pro 3.4% 3.7% 3 3 

 Total  100%  98.8%  80  80 
 

Table 3-1d Amino Acid Analysis of BSL-spacer (without cys and trp). 

Amino 
Acid mole % 

expected 
mole % # residues 

expected 
#residues 

asx 17.7% 16.7% 15 14 
thr 3.9% 3.6% 3 3 
ser 9.8% 10.7% 8 9 
glx 8.9% 7.1% 8 6 
gly 21.1% 20.2% 18 17 
val 7.2% 7.1% 6 6 
met 1.1% 2.4% 1 2 
ileu 3.4% 3.6% 3 3 
leu 5.5% 4.8% 5 4 
tyr 1.1% 1.2% 1 1 
phe 3.2% 3.6% 3 3 
lys 5.8% 5.9% 5 5 
his 5.4% 5.9% 5 5 
arg 2.5% 2.4% 2 2 
pro 3.2% 3.6% 3 3 

 Total  99.8%  98.8%  86  83 
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Table 3-1e Amino Acid Analysis of BSL-RGDS (without cys and trp). 

Amino 
Acid mole % 

expected 
mole % # residues 

expected 
#residues 

asx 18.4% 17.1% 16 15 
thr 3.7% 3.4% 3 3 
ser 9.9% 11.4% 9 10 
glx 8.0% 6.8% 7 6 
gly 21.5% 20.5% 19 18 
val 7.1% 6.8% 6 6 
met 0.0% 2.3% 0 2 
ileu 3.4% 3.4% 3 3 
leu 5.1% 4.6% 5 4 
tyr 1.2% 1.1% 1 1 
phe 3.2% 3.4% 3 3 
lys 5.8% 5.7% 5 5 
his 5.6% 5.7% 5 5 
arg 3.4% 3.4% 3 3 
pro 3.8% 3.4% 3 3 

 Total  100%  99.0%  88  87 
 

Table 3-1f Amino Acid Analysis of BSL-YIGSR (without cys and trp). 

Amino 
Acid mole % 

expected 
mole % # residues 

expected 
#residues 

asx 17.4% 17.1% 16 15 
thr 3.3% 3.4% 3 3 
ser 9.4% 11.4% 9 10 
glx 7.4% 6.8% 7 6 
gly 21.4% 20.5% 19 18 
val 6.8% 6.8% 6 6 
met 1.3% 2.3% 0 2 
ileu 4.2% 3.4% 3 3 
leu 4.7% 4.6% 5 4 
tyr 2.0% 2.2% 2 2 
phe 3.1% 1.1% 1 1 
lys 5.6% 3.4% 3 3 
his 5.5% 5.7% 5 5 
arg 3.3% 5.7% 5 5 
pro 4.4% 3.4% 3 3 

 Total  99.8%  97.8%  87  86 



62 

 

3.3.2    CD Studies of Secondary Structure of Diblock Proteins  

CD wavelength scans were carried out for 20 µM of BSS-spacer, BSS-RGDS, BSS-

YIGSR, BSL-spacer, BSL-RGDS and BSL-YIGSR in 10mM phosphate buffer at pH 7.5.  

Figures 3-5a,b show plots of the mean residue molar ellipticity [θ] of the BSS proteins (BSS-

spacer, BSS-RGDS and BSS-YIGSR) at 20 ˚C as a function of wavelength λ in buffers with 

or without or 1 M NaCl.  Figures 3-5c,d show the analogous plots for the BSL proteins 

(BSL-spacer, BSL-RGDS and BSL-YIGSR). The characteristic shapes of the wavelength 

scans resulted from a combination of the spectra generated by the β-sheet, random coil and 

turn secondary structural elements of the proteins.  In particular, a pronounced single 

minimum at λ= 217 nm demonstrated that all BSS and BSL diblock proteins have robust β-

sheet structures, presumably due to their associating block domains. The similarity of all the 

CD spectra suggests that the secondary structure of the associating block is not sensitive to 

the sequence composition of the soluble, disordered, bioactive block. This apparent 

independence of the two blocks is a desired feature of the designs:  the biofunctional 

domains should not interfere with the assembly domain.  From the point of view of 

secondary structure, this seems to be the case.  Moreover, the data all show that added NaCl 

has the ability to strengthen β-sheet structure in the proteins relative to salt-free buffers (as 

indicated by the enhanced depth of the minimum at λ= 217 nm). This enhancement is 

presumably due to screening of repulsive electrostatic interactions in the β-sheet elements by 

elevated salt levels. 
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Figure 3-5a CD wavelength scans for 20 μM solutions of BSS proteins in 10 mM phosphate 
buffer, pH 7.5 at 20 °C. 

 

Figure 3-5b CD wavelength scans for 20 μM solutions of BSS proteins in 10 mM phosphate 
buffer, 1 M NaCl, pH 7.5 at 20 °C. 
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Figure 3-5c CD wavelength scans for 20 μM solutions of BSL proteins in 10 mM phosphate 
buffer, pH 7.5 at 20 °C. 

 

 

Figure 3-5d CD wavelength scans for 20 μM solutions of BSL proteins in 10 mM phosphate 
buffer, 1 M NaCl, pH 7.5 at 20 °C. 
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Since CD spectroscopy is most suitable for qualitative determination of the 

secondary structure of proteins, we can only roughly estimate β-sheet contents of the diblock 

proteins from these data. The approximate β-sheet content, determined by the software 

SOMCD software package [145], for all diblock constructs was between 40%-50% of the 

content of a homogeneous β-sheet protein.  These estimates were somewhat lower than 

expected values. The fraction of β-sheet content for BSS-spacer was estimated at 45%, a 13% 

deviation from the theoretical calculation of 58% based on sequence. Likewise, the β-sheet 

contents were 46% for BSS-RGDS (a 9% deviation compared with theoretical value of 55%) 

and 48% for BSS-YIGSR (a 4% from the theoretical calculation of 52%). This trend of 

underestimation of β-sheet content was also observed for the BSL constructs.  The estimated 

fraction of β-sheet contents using SOMCD for BSL-spacer, BSL-RGDS and BSL-YIGSR 

were 44%, 41% and 39%, respectively, corresponding to deviations from the expected 

design values of 6%, 7%, and 7%, respectively.  The differences between β-sheet contents 

from theoretical calculations based on protein design and estimation by SOMCD based on 

CD wave scans are most likely due to the difficulty in de-convolution of CD spectra into 

contributions from different secondary structures (a difficult inverse problem).  For this 

reason, FTIR was used to determine quantitative secondary structure of these proteins, as 

will be described later in this chapter. 

Solution pH and temperature affect the secondary structure of these diblock proteins.  

Figure 3-6 shows the wavelength scans of BSS-YIGSR in two buffers: dH2O at pH 11 and 

10 mM phosphate buffer with 1 M NaCl at pH 7.5.  For wavelength scans of these solutions 

at 20 ˚C, the figure shows that the pH 11 sample exists in a denatured state of the protein 
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when compared to the native state of the protein in the phosphate buffer at pH 7.5.  

Moreover, subsequent wavelength scans of the protein in phosphate buffer after heating to 

80 ˚C and again after cooling to 20 ˚C clearly show thermal denaturation of protein 

secondary structure upon heating followed by recovery of secondary structure upon cooling.  

Importantly, the wavelength scans at the initial and final 20 ˚C temperatures coincide, 

indicating full reversibility of these proteins after a denaturation process.  The thermal 

reversibility of the native and denatured states is important for protein utility.  The protein 

denatured in high pH solutions is also useful for protein preparation and protein application, 

and is also reversible by lowering pH.  

 
Figure 3-6 CD wave scans of BSS-YIGSR in buffer dH2

To further explore the thermal behavior of these proteins, CD thermal scans were 

performed for 20 μM diblock protein solutions in 10 mM phosphate buffer at pH 7.5 with or 

O, pH 11, and BSS-YIGSR in 10 

mM phosphate buffer, 1 M NaCl, pH 7.5 at 20 ˚C80 ˚Cre-20 ˚C.  



67 

 

without 1 M NaCl by monitoring the CD signals at 217 nm, the characteristic minimum 

position indicative of β-sheet secondary structure in wavelength scans.  Thermally-induced 

denaturation is exhibited by plots of mean residue molar ellipticity [θ] at λ = 217 nm for 

each protein as a function of temperature in Figure 3-7.  These results demonstrate the 

essentially identical temperature dependence of secondary structure of all the diblock 

proteins in the same buffer.  These data indicate that the insertion of different bioactive 

domains does not significantly affect secondary structure in these diblock proteins.  Values 

of [θ] obtained from these melting curves were used to calculate the relative fraction (f) of 

folded β-sheet structure. Plots of fractions as a function of temperature for each protein are 

shown in Figure 3-8. Overall, well folded β-sheets at room temperature become 

progressively more disordered with increasing temperature and then fully recovered their β-

sheet structure when the temperature decreased back to room temperature.  The melting 

temperature for the secondary structure was defined as the temperature at which f = 0.5.  

Analysis of the folded fraction data indicated melting temperatures of 43±1° for BSS and 

45±1°C for BSL proteins in 10 mM phosphate buffer at pH 7.5 without salt, and 67±1° for 

BSS and BSL proteins in 10 mM phosphate buffer at pH 7.5 with 1M NaCl.  These results 

show that added NaCl is capable of substantially increasing the stability of β-sheet structure 

relative to the protein solutions without added salt, a conclusion that is consistent with the 

previous results for wavelength scans at fixed temperature. 
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Figure 3-7a CD thermal scans for 20 μM solutions of BSS proteins in 10 mM phosphate 
buffer,pH 7.5. 

 

 

Figure 3-7b CD thermal scans for 20 μM solutions of BSS proteins in 10 mM phosphate 
buffer, 1 M NaCl, pH7.5. 



69 

 

 

Figure 3-7c CD thermal scans for 20 μM solutions of BSL proteins in 10 mM phosphate 
buffer, pH 7.5. 

 

Figure 3-7d CD thermal scans for 20 μM solutions of BSL proteins in 10 mM phosphate 
buffer, 1 M NaCl, pH 7.5. 
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Figure 3-8a Fractions of folded β-sheet contents for 20 μM solutions of BSS proteins in 10 
mM phosphate buffer, pH 7.5. 

 

 

Figure 3-8b Fractions of folded β-sheet contents for 20 μM solutions of BSS proteins in 10 
mM phosphate buffer, 1 M NaCl, pH 7.5. 
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Figure 3-8c Fractions of folded β-sheet contents for 20 μM solutions of BSL proteins in 10 
mM phosphate buffer, pH 7.5. 

 

 

Figure 3-8d Fractions of folded β-sheet contents for 20 μM solutions of BSL proteins in 10 
mM phosphate buffer, 1 M NaCl, pH 7.5. 
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Based on CD spectroscopy studies, all designed diblock proteins demonstrated 

similar secondary structures and almost identical thermodynamic properties. They all had 

distinct β-sheet structures with a pronounced minimum signal at λ= 217 nm. All diblock 

proteins undergo order-disorder transitions in secondary structure when temperature 

increased and presented very similar secondary structure melting temperatures in equivalent 

buffers. Since later studies were focused on BSL-spacer and BSL-RGDS, more detailed 

studies of their secondary structure with FTIR and their thermal behavior with DSC are 

discussed next. 

3.3.3    FTIR Analysis of Structures of Diblock Proteins  

Since the intended application of these proteins is for adsorbed biofunctional coatings 

on surfaces, it is of interest to characterize the secondary structure of the proteins in a 

monolayer configuration.  Monolayers formed by BSL-spacer or BSL-RGDS were evaluated 

with ATR-FTIR spectroscopy.  Based on the analysis of the amide I band (~1600-1690 

cm−1), which is associated with the C=O stretching vibration and backbone conformation, 

the secondary structures of these proteins in monolayers were then determined.  Figure 3-9 

shows the IR spectra of monolayers of BSL-spacer and BSL-RGDS in deuterated 10 mM 

phosphate buffer at pH 7.5. The spectra exhibited similar shapes for both BSL-spacer and 

BSL-RGDS, which indicated that both proteins possess similar secondary structure. 

Significant peaks at around 1626 cm-1 

 

corresponded to high contents of β-sheet conformers. 
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Figure 3- 9 IR spectra of BSL-spacer and BSL-RGDS in 10 mM phosphate buffer, pH 7.5. 

To obtain clearly resolved peaks, Fourier self-deconvolution and second derivative 

analysis of IR spectra were performed, as shown in Figure 3-10.  These peaks were 

associated with secondary structures such as β-sheets, turns and random coils, thereby 

characterizing the secondary structures of these two diblock proteins. Both Fourier self-

deconvolution and the second derivative of IR spectra made the underlying features of the 

spectra more evident than in the original, unprocessed IR spectra in the range of the amide I 

band. The signals of Fourier self-deconvolution of IR spectra for both BSL-spacer and BSL-

RGDS exhibited a broad but distinct peak at approximately 1660 cm-1 in addition to the peak 

at 1626 cm-1 that was also seen in the unprocessed IR spectra. The second derivative of IR 

spectra also uncovered a peak near 1692 cm-1 for both BSL-spacer and BSL-RGDS. BSL-

spacer and BSL-RGDS demonstrated very similar IR spectra in amide I band range. The 

BSL-spacer data is first discussed.  An intense absorption at approximately 1626 cm-1 for 
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BSL-spacer corresponds to its high content of β-sheet conformers. Another peak near 1660 

cm-1 identified from Fourier self-deconvolution was assigned to random coil conformers.  It 

is possible that this broad peak is actually a combination of poorly resolved multiple peaks 

between 1650 cm-1 and 1670 cm-1, as was also found using second derivative analysis. 

However, it was hard to accurately distinguish these peaks from the background noise.  

Another peak near 1692 cm-1 suggested by second derivative analysis is characteristic of 

aggregated anti-parallel β-sheet strands.  For BSL-RGDS, the signal near 1626 cm-1 is also 

attributed to a high content of β-sheet structure. The peak near 1659 cm-1 identified from 

Fourier self-deconvolution is an indication of random coil conformers (or, as before, a 

combination of multiple peaks between 1650 cm-1 and 1670 cm-1 due to the broad peak).  

The peak near 1692 cm-1

Fourier self-deconvolution and second derivative analysis of IR spectra were of great 

utility for locating minor peaks, as discussed above. For example, the peak near 1691 cm

 suggested by second derivative analysis is an indication of 

antiparallel β-sheet strands.  

-1 

that was assigned to antiparallel β-sheet strands, was only present in second derivative IR 

spectra for both BSL-spacer and BSL-RGDS.   Moreover, the Fourier self-deconvolution 

analysis uncovered a distinct peak near 1660 cm-1 which was not evident in the original, 

unprocessed data.  Based on analysis of Fourier self-deconvolution and second derivative of 

IR spectra, it can be inferred that both BSL-spacer and BSL-RGDS secondary structures are 

a combination of β-sheets and random coils, and had a very high portion of β-sheets, 

irrespective of the presence of the RGDS residues at the terminus of the disordered block.  
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However, the slightly higher peaks at around 1626 cm-1

 

 for the BSL-spacer system indicated 

relative higher fraction of β-sheet content relative to the BSL-RGDS system. 

Figure 3-10a  IR spectra, Fourier self-deconvolution and second derivative of BSL-Spacer  
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Figure 3-10b IR spectra, Fourier self-deconvolution and second derivative of BSL-RGDS. 

 

Through peak analysis of FTIR spectroscopy data, it is possible to assign a 

quantitative estimate of the fraction of different secondary structure contributions.  Based on 

the assumptions that IR spectra of proteins are a linear sum of spectra of fundamental 
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secondary structural elements, and the percentage of each element is only related to the 

spectral intensity, IR spectra of proteins can be deconvolved into several elements. IR 

spectra of BSL-spacer and BSL-RGDS were deconvolved and fitted with Gaussian-

Lorentzian functions, as shown in Figure 3-11.  The fitting parameters are shown in Table 3-

2.  The areas of deconvolved peaks correspond to fractions of different types of secondary 

structural components.  Based on curve fitting results, the secondary structure of the BSL-

spacer protein consists of 51% of β-sheets, 25% of β-turns and 24% of random coil. This is 

in excellent agreement with the theoretical values from the design sequence (50% of β-sheets, 

24% of β-turns and 26% of random coil), indicating a 1% of deviation for β-sheets and β-

turns, and a 2% deviation for random coils.  Curve fitting data for BSL-RGDS suggests a 

secondary structure composed of 49% of β-sheets, 23% of β-turns and 28% of random coil.  

Compared with theoretical values from the design sequence (47% of β-sheets, 23% of β-

turns and 30% of random coil), a 2% of deviation for β-sheets and random coils was found. 

In order to evaluate the reliability of the IR deconvolution results for these two diblock 

proteins, other curve fittings with different combination of peak location, area, FWHM and 

height were performed ( The data  are not shown in the thesis). All curve fittings of IR 

spectra yielded precise secondary structures that closely agreed with design values (less than 

5% deviation). 
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Figure 3-11a Curve fitting of IR spectra of BLS-spacer (dash line). 

  

 

Figure 3-11b Curve fitting of IR spectra of BLS-RGDS (dash line). 
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Table 3-2a Fitting parameters for IR spectra of BSL-spacer 

Peak# Peak type Location(center) height FWHM area 
1 Gaussian-Lorentzian 1522.87 0.00097 27.73 0.034 
2 Gaussian-Lorentzian 1545.36 0.00157 32.25 0.063 
3 Gaussian-Lorentzian 1569.57 0.00104 30.74 0.042 
4 Gaussian-Lorentzian 1595.82 0.00091 30.75 0.038 
5 Gaussian-Lorentzian 1626.14 0.00428 23.98 0.149 
6 Gaussian-Lorentzian 1649.51 0.00176 38.84 0.079 
7 Gaussian-Lorentzian 1671.45 0.00187 41.40 0.082 
8 Gaussian-Lorentzian 1690.39 0.00071 22.13 0.021 
 

Table 3-2b Fitting parameters for IR spectra of BSL-RGDS 

Peak# Peak type Location(center) height FWHM area 
1 Gaussian-Lorentzian 1520.42 0.00054 29.54 0.019 
2 Gaussian-Lorentzian 1543.55 0.00134 36.57 0.052 
3 Gaussian-Lorentzian 1570.16 0.00094 33.73 0.037 
4 Gaussian-Lorentzian 1596.62 0.00101 33.23 0.051 
5 Gaussian-Lorentzian 1625.80 0.00367 24.92 0.122 
6 Gaussian-Lorentzian 1650.08 0.00228 32.08 0.093 
7 Gaussian-Lorentzian 1672.98 0.00195 34.19 0.077 
8 Gaussian-Lorentzian 1692.92 0.00094 26.41 0.038 
 

3.3.4    DSC Studies of Thermodynamic Properties  

Quantitative thermodynamic properties of a protein in solution can be acquired by 

measuring its molar heat capacity at constant pressure (Cp)

Figure 3-12a shows an example of raw data obtained for the BSL-spacer protein in a 

DSC experiment with the heat flow rate as a function of the temperature. The heat flow can 

be converted to the molar heat capacity at a constant pressure by the equation  Cp = (∂H
∂T

)p . 

 as a function of temperature (T) 

using DSC. In this chapter, DSC studies were carried out for BSL-spacer and BSL-RGDS in 

10 mM phosphate buffer at pH 7.5 with a scan rate at 1 °C/min as temperature increased 

from 10 to 90 °C.  Three scans were collected and averaged for each protein.  
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The corresponding curve, illustrated in Figure 3-12b, shows the molar heat capacity of the 

protein as a function of the temperature.  The change of molar heat capacity ΔCp can be split 

into two terms, described as ΔCp= ΔCp, tran.+ ΔCp,base. [141]. ΔCp, tran is the change of the 

molar heat capacity related to the transition peak, and ΔCp,base is the change of the molar heat 

capacity related to the shift of the baseline from Cp,n   (molar heat capacity at the native state) 

to Cp,d (molar heat capacity at the denatured state) due to the transition. Curves of the change 

of molar heat capacity as a function of temperature were generated by correction with the 

Linear-polynomial (sigmoidal) baseline, as illustrated in Figure 3-13. Both BSL-spacer and 

BSL-RGDS demonstrated similar curves of ∆Cp

 

 versus temperature, which indicated a 

similar ordered-disordered transition process for both.    
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Figure 3-12a A curve of heat flow rate versus temperature for 0.45 mM solutions of BSL-

spacer in 10 mM phosphate buffer, pH 7.5.   

  

Figure 3-12b A curve of the molar heat capacity versus temperature for 0.45 mM solutions 
of BSL-spacer in 10 mM phosphate buffer, pH 7.5. Cp,n refers to molar heat capacity at 
native state;   Cp,d refers to molar heat capacity at denatured state.    
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Figure 3- 13 Curves of the change of molar heat capacity versus temperature for 0.45 mM 

solutions of BSL proteins in 10 mM phosphate buffer, pH 7.5.   

 

Quantitative thermodynamic properties were also presented with the corresponding 

change in enthalpy ΔH(T) and change in entropy ΔS(T). ΔH(T) of a system is related to the 

amount of the heat absorbed or released in a reaction carried out at constant pressure [146]. 

The entropy change of a system (ΔS) was originally defined for a thermodynamically 

reversible process as the heat transferred into the system divided by temperature (T) at which 

the process occurs. It is described as equation: ∆S = ∫ dQ
T

 [146]. In statistical 

thermodynamics, Boltzmann quantitatively defined the entropy and related it to the number 

of possible microscopic configurations available to the system by the equation S = kBlnP, 

where P is the number of configurations. The statistical definition extends the concept of 

entropy as a measure of "disorder" or “randomness” of a system [141, 146]. In DSC 
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experiments, the changes in enthalpy and in entropy are obtained by integrating ΔCp 

∆H(T) = ∆H(Tm) + ∫ ∆Cp(T)dTT
Tm

  

in the 

temperature range. 

∆S(T) = ∆S(Tm) + ∫
∆Cp(T)

T
dTT

Tm
  

In the DSC studies, the BSL-spacer and BSL-RGDS were analyzed with Cpcalc 

software package, and the changes of enthalpy and the changes of entropy (provided in the 

inset to Figure 3-14) were determined. Both diblock proteins had almost identical melting 

temperature of approximately 67 °C. The changes of enthalpy were ∆H=38±1 kcal/mol for 

BSL-spacer and ∆H=32.3±0.2 kcal/mol for BSL-RGDS, respectively.  The relatively higher 

change in enthalpy inferred for BSL-spacer is presumably the cause of the larger external 

heat absorbed during the phase transition to break β-sheet content in BSL-spacer compared 

with the BSL-RGDS. It is consistent with the theoretical protein design for which a higher 

fraction of β-sheet content is expected in the BSL-spacer. The changes of entropy were 

∆S=0.112±0.004 kcal/(K·mol) for the BSL-spacer and ∆S=0.0949±0.0006 kcal/(K·mol) for 

the BSL-RGDS, respectively. As we have already discussed, the entropy is related to the 

number of the possible microscopic configurations (microstates) available to the system. The 

increase in the entropy for both the BSL-spacer and BSL-RGDS indicated the increase of the 

possible configurations during the transitions. In another word, proteins undergo an order-

disorder transition from folded β-sheets with specific configurations to denatured random 

coils with many configurations. 
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Figure 3-14a The change of molar heat capacity versus temperature for 0.45mM BSL-
spacer solution in 10 mM phosphate buffer, pH7.5 with thermodynamic properties 
presented. 

 

Figure 3-14b The change of molar heat capacity versus temperature for 0.45 mM BSL-
RGDS solution in 10 mM phosphate buffer, pH 7.5 with thermodynamic properties 
presented. 
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The concentration dependence of the melting temperature was also studied by 

performing DSC measurements of BSL-spacer solutions at various concentrations. As before, 

the melting temperatures were determined by Cpcalc software. Figure 3-15 shows that the 

melting temperature increases with increasing concentration of proteins. The inferred 

melting temperature data was fit to a LogNormal function using the Igor Pro software 

package (Wave metrics, Inc., Oregon, USA). It is evident from the fit to the data (Linear 

curve in Figure 3-15) that the melting temperature of the BSL-spacer proteins increased 

logarithmically with the increase of concentration of proteins. The melting temperature was 

approximately 47 °C for 20 µM protein solutions which was consistent with the result from 

CD studies.   The close correspondence at 47 °C between the loss of secondary structure 

from CD and the transition in the DSC is an indication that DSC is primarily monitoring the 

thermal behavior of secondary structure near the order-disorder transition in this system. 

  
Figure 3-15 Concentration-dependent melting temperature of BSL-spacer in 10 mM 
phosphate buffer, pH 7.5. 
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3.4    Conclusions  

Basic characterization of the molecular properties of the β-sheet-based proteins was 

presented in this chapter. The primary structures of proteins were confirmed using both 

MALDI-TOF mass spectroscopy and amino acid composition analysis.  Techniques of CD, 

FTIR and DSC were used to study the secondary structure of the proteins. It is demonstrated 

that the proteins are composed of β-sheet, β-turn, and disordered coil secondary structures in 

ambient and physiological temperature conditions.  The fraction of β-sheet content was 

shown by FTIR studies to be close to the designed β-sheet content. Thus, the disordered coil 

domains attached to the β-sheet structures were demonstrated to not dramatically affect 

secondary structure of the β-sheet domains.  In particular, this suggests that the insertion of 

bioactive domains, such as RGDS, YIGSR, at the terminus of the disordered coil module did 

not affect secondary structures of proteins.  This suggests that the inclusion of other domains, 

including the silver-binding domain and hydroxyapaptite-binding domain discussed in later 

chapters, would also not adversely affect the function of the associating β-sheet domain.  

CD thermal scans and DSC studies also demonstrated that diblock proteins undergo 

reversible order-disorder transitions associated with loss of β-sheet secondary structure as 

temperature increased.  Importantly, it was found that β-sheet structure was fully restored 

after denaturation by temperature decrease below the melting point.  Such a reversible order-

disorder transition is useful for manipulation of proteins during the experiments and for 

future applications of these materials. Moreover, the presence of NaCl in diblock protein 

solutions caused the reinforcement of minimal mean residue molar ellipticity in CD 
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wavelength scans and the increase of melting temperature in CD thermal scans. Both 

phenomena indicate that added NaCl is capable of increasing the stability of β-sheet 

structure relative to the salt-free diblock protein solutions. 
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Chapter 4 

Biofunctional Surface Coatings with Diblock 

Proteins 

4.1    Introduction 

The interactions between material surfaces and cells play an important biological role 

in cellular behavior. These interactions influence or determine many aspects of cell 

physiology such as cell adhesion, spreading, migration, proliferation, and differentiation 

[147,148]. Investigation of cell-surface interactions is paramount to biomedicine and 

bioengineering including tissue engineering, biomaterials design and developmental biology. 

The cell-surface interactions strongly depend on the biophysical and biochemical properties 

of surfaces including roughness, surface energy, hydrophilicity, topography and presence of 

functional groups [149-153].  

Several techniques to carefully control biofunctional properties of substrate surfaces 

have been developed. One strategy to regulate cell–substrate interactions is to physically 

change the morphology of the materials by introducing patterned surfaces [154]. Another 

approach is to modify surfaces using chemical treatments. There are numerous examples of 

this approach in the literature.  Reactive groups for bioconjugation of ligands can be 

introduced to polymeric materials via plasma treatment or wet chemical methods [155,156].   
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Carboxylated polyurethanes can be produced using a bimolecular nucleophilic substitution 

[98]. Silane treatments are able to modify hydroxylated surfaces such as silicon and glass 

with stable monolayers of amines, thiols, epoxides or carboxylic acids that may in turn be 

used to attach biofunctional agents such as peptides and proteins [157-159]. Photochemical 

methods have also been used for functionalizing polytetrafluoroethylene with reactive 

groups [160,161].  Chemical functional moieties like amines, carboxyl, hydroxyl or other 

groups can also be grafted to the relatively hydrophobic polymer surfaces using ionizing 

radiation, UV radiation or ozone [162-164].  

An alternative strategy to regulate cell-surface interactions is achieved by self 

assembly methods based on physical association of surface-active molecules with surfaces.  

Although such physically associated molecules are not irreversibly bound to a surface, the 

resulting surface layers can be stable for the typical lifetime of an experiment or application.  

Self-assembled monolayers (SAMs) are used to create controlled interfaces with the high 

ligand density and efficient ligand presentation [165,166]. Structurally well-ordered SAMs 

of alkanethiolates are spontaneously formed once a gold-coated substrate is immersed into a 

solution of alkanethiols [166].  By introducing a variety of ligands with the defined densities 

and patterns onto an otherwise non-interacting substrate, Mrksich [166] demonstrated a good 

control of SAMs on interfacial molecular structures and the ligand-receptor interactions 

between material surfaces and cells. Another uses protein surface activity as a means of 

immobilizing artificial proteins with conjugated cell-interactive biomolecules (such as 

growth factors) or embedded cell recognition peptide motifs (such as the Arg-Gly-Asp 

(RGD) peptide) onto the substrate surfaces to control cell behavior via ligand-receptor 
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interactions [30].  These artificial proteins can be designed to ensure that their biologically 

active ligands are fully functional and do not interfere with their surface-active assembly 

domains, thus ensuring a well-defined bioactive surface [30]. The bioactive ligands can be 

chosen to act as adhesion peptides, antibiotics, inhibitors, cell-membrane receptor fragments, 

enzymes, plasminogen activators, and may be designed to mimic particular native 

biomolecules such as adhesive carbohydrates, glycosaminoglycans, and extracellular matrix 

(ECM) components.  The adhesion peptide sequence Arg-Gly-Asp (RGD), a ubiquitous cell-

binding domain originated from cell adhesion ECM proteins like fibronectin and vitronectin, 

is by far the most studied bioactive domain in cell-interactive surfaces. The RGD sequence is 

recognized by the integrin family of cell surface adhesion receptors, and forms the well 

studied ligand–receptor pair that stimulates the formation of focal adhesion complexes [75, 

147, 167-169].   Early work demonstrating the efficacy of the RGD sequence for cell binding 

and focal adhesion formation used glass surfaces to immobilize the ligands [30].   

Subsequently, RGD-based peptides have been covalently coupled to numerous natural and 

synthetic materials, including silk [93, 94], collagen [170-173], alginates [96], titanium 

implants [99], synthetic polymer hydrogels [100, 174-176], PDMS surfaces [91], and 

surface-active protein polymers [30, 177-178]. RGD peptide variants that have been studied 

include RGD[90,94-96], RGDS[30,90,94,96], RGDV[90], RGDT[90], GRGDS[94], 

GRGDY[95], GRGDVY[98], GRGESY[98], GRGDSP[96], GRGDNP[96].   

This chapter reports on the studies of the surface activity and cell interactions of 

designed amphiphilic diblock proteins incorporating an integrin-binding ligand RGDS.   

Self-assembly of stable surface layers of these diblock proteins onto both smooth and porous 
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synthetic polymer materials, polystyrene (PS) and polyethylene terephthalate (PET), was 

first studied.  Subsequently, cell adhesion and response to these coated surfaces was 

characterized using optical microscopy and cell proliferation assays.   It was found that (i) 

surface adsorption of the proteins had minimal impact on the presentation of the bioactive 

domains in the soluble block, and (ii) the biofunctional interfaces were capable of inducing 

appropriate cellular responses in a variety of human cell types.  In particular, we were able to 

mediate cell behavior such as attachment and spreading by controlling the ratio of bioactive 

protein (with RGDS) and bioneutral protein (without RGDS), thus providing a tunable cell 

adhesion system. 

4.2    Materials and Methods 

    4.2.1    Materials and Reagents 

Untreated, porous polyethylene terephthalate (PET) meshes were purchased from 

New Brunswick Scientific (Edison, NJ, USA).  Untreated polystyrene petri dishes were 

purchased from Corning Inc. (NY, USA). Gold-coated SPR sensor chips were purchased 

from SensiQ Technologies Inc. (Oklahoma, OK, USA). C2C12 mouse myoblast cells were 

kindly provided by the lab of Prof. Andrew Pelling at the University of Ottawa, and Human 

Foreskin Fibroblasts (HFF) were purchased from ATCC (Manassas, VA, USA). DMEM 

medium, fetal bovine serum (FBS) and streptomycin/penicillin (P/S) were purchased from 

Sigma-Aldrich (Oakville, ON, Canada). The WST-1 Cell Proliferation Assay was purchased 

from Roche (Laval, QC, Canada). All reagents for fluorescent labeling of cells were 
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purchased from Life Technologies (Burlington, ON, Canada).  All other chemicals were 

purchased either from Sigma-Aldrich or Fisher Scientific (Ottawa, ON, Canada).   

 4.2.2    Surface Plasmon Resonance (SPR) 

To characterize the surface activity of the proteins, surface plasmon resonance (SPR) 

studies were carried out.  Surface plasmons (SPs) are collective oscillations of the 

conduction electrons that exist at the interface between two materials with dielectric 

constants of opposite signs such as metal-dielectric interfaces [179]. The resonance 

condition is established by matching the frequency of photons which excite surface 

plasmons with the natural frequency of surface electrons. SPR occurs when polarized light 

interacts with a supported conducting metal layer, typically gold and silver in conditions of 

total internal reflection. At a particular angle of incidence (corresponding to total internal 

reflection), a resonance occurs in which the evanescent wave excites an intense wave of 

conducting electrons (the so-called plasmon excitation) at the free surface of the metal layer, 

resulting in a reduction in intensity of the reflected light due to the energy transferred to the 

plasma [141]. This surface plasmon excitation is sensitive to the presence of material at the 

free surface of the metal film, providing a means to detect subtle changes in adsorption to 

this surface. This sensitivity has been exploited for biosensing applications [179].  SPR-

based biosensors monitor changes in the light reflected by the interface between metal film 

and the dielectric glass support to deduce the presence of analytes at the free surface of the 

film.  In one typical mode of operation, one monitors an interaction between a ligand 

immobilized onto the sensor surface and a second soluble component (analyte) injected in 

am aqueous solution that flows across the sensor surface. When the analyte binds to the 

http://en.wikipedia.org/wiki/Resonance�
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ligand or dissociates from the ligand, the mass increases or decreases, and results in the 

change in the refractive index close to the surface. This change in refractive index is detected 

in real time and is expressed in arbitrary or resonance units (RUs). A Sensorgram is plotted 

by detecting the changes of resonance signal (RUs) as a function of time (s).  It is also 

straightforward to study physical self-assembly of a material onto a sensor surface that has 

been pre-coated to have a non-specific affinity for the materials.  This study uses the latter 

SPR modality by preparing sensor surfaces that have a hydrophobic polymer layer and 

monitoring the surface association of an amphiphilic protein domain to this surface. 

In order to determine the adsorption of BSL-spacer and BSL-RGDS to the 

hydrophobic surface, we created sensor chips with such hydrophobic surfaces by spin 

coating polystyrene (PS) onto native gold sensor chips as described in the following.  Gold 

(Au) sensor chips were spin-coated for 60 s at 2000 rpm with 0.1% (wt) polystyrene (Mw= 

350,000, Density=1.04 g/cm3) in toluene using a WS-400BZ-6NPP/LITE Spin Coater 

(Laurell Technologies co., North Wales, PA, USA), and subsequently mounted in a SensiQ 

SPR system (SensiQ Technologies Inc., Oklahoma, OK, USA).   Stock 100 μM solutions of 

diblock proteins in 10 mM phosphate buffer, pH 7.5 were prepared for adsorption studies. 

Protein concentrations were verified by UV absorption at 280 nm using a NanoDrop 2000 

spectrophotometer (Thermo Scientific, Wilmington, DE, USA) and molar extinction 

coefficients of proteins that were estimated from their primary sequences.  For adsorption 

studies, 250 μl of samples were injected into the microfluidic loop of the SensiQ and passed 

across the chip flow cell at a speed of 5 μl/min.  Subsequently, the chips were exposed to 

5ul/min flows of 10 mM phosphate buffer at pH 7.5 for more than 1 hour to eliminate non-
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specific binding signals from the protein-coated Au sensors.  During loading and washing 

stages, the SPR reflectance signal was continuously collected to subsequent analysis of the 

surface associated protein on the PS-coated sensor chip. 

4.2.3    Cell Culture 

Human foreskin fibroblasts (HFFs) and C2C12 mouse myoblast cells were 

maintained in DMEM medium containing 300 mg/L L-glutamine, 10% fetal bovine serum 

(FBS), 100 U/ml penicillin, and 100 mg/ml streptomycin. All cells were cultured in a 

humidified incubator at 37 °C and 5% CO2

4.2.4    Assays for Cell Response 

 and harvested with a solution of 0.05% trypsin 

EDTA when nearly confluent. For experiments, C2C12s and HFFs were cultured in serum-

free medium with 100 U/ml penicillin and 100 mg/ml streptomycin added. The serum-free 

medium was used to minimize competitive adsorption effects occurring for serum proteins.  

The responses of HFFs and C2C12s on protein-coated surfaces were examined for 

several combinations of adsorbed proteins.  Cells were cultured on polystyrene plates coated 

with 25 µM of protein solution for the following compositions:  100% BSL-spacer, 97.5% 

BSL-spacer with 2.5% BSL-RGDS, 90% BSL-spacer with 10% BSL-RGDS, and 100% 

BSL-RGDS. Prior to coating, stock BSL-spacer and BSL-RGDS solutions were prepared at 

a concentration of 25 μM in 10mM phosphate buffer at pH 7.5, filtered through 0.22 μm 

syringe filters, and mixed at the ratios listed above. Triplicate wells were then coated by 

passive adsorption overnight at 4 °C and rinsed excessively with 10mM phosphate buffer at 
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pH 7.5 before use in order to remove unbound proteins.  Subsequently, 200 μL of the cell 

suspension with a density of approximately 50,000 cells/ml in serum-free media was seeded 

into each well. After culturing for 24 h, phase contrast microscopy images were taken with 

an inverted microscope (Eclipse Ti, Nikon, Missisauga, Canada). 

In order to quantitatively evaluate the responses of HFFs and C2C12s on the protein-

coated surfaces, cells were also cultured in 24-well untreated polystyrene (PS) plates coated 

with BSL-spacer, BSL-RGDS, or combinations of them. As before, 25μM solutions with 

different ratios of BSL-spacer and BSL-RGDS in 10mM phosphate buffer (pH 7.5) were 

prepared, filtered through 0.22 μm filters, and coated in triplicate wells by passive adsorption 

overnight at 4̊C and rinsed with PBS to remove unbound protein before testing. Relative 

metabolic activities of HFFs and C2C12s were then assessed using the WST-1 Cell 

Proliferation Assay, which directly measures the number of the metabolically active cells in 

the culture by the cleavage of tetrazolium salts to formazan. Since the formazan exhibits 

absorbance maxima at 440 nm, quantification of the formazan dye produced by 

metabolically active cells can be carried out using an ELSA reader (Scanning multi-well 

spectrophotometer) with the absorbance at 440 nm. 20 μL of WST-1 reagent was added into 

each well and incubated for 3 h. The absorbance at 440 nm was then monitored with a 

SpectraMax 190 microplate reader (Molecular Devices, Sunnyvale, CA, USA). 

4.2.5    Fluorescence Microscopy 

Fluorescent staining of cytoskeletal components (F-actin and vinculin) was 

performed on HFFs and C2C12s cultured on PS plates coated with protein solutions. As 
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before, triplicate sterile untreated PS plates were coated with filtered 25 µM protein 

solutions in 10mM phosphate buffer at pH 7.5 by passive adsorption overnight at 4 ˚C. After 

rinsing off unbound proteins, 1 ml cell suspensions (approximately 20,000 cells/well) were 

seeded onto the plates and cultured for a period of 12 h in serum-free medium.  The cells 

were then warmed to 37 ˚C, rinsed with PBS, fixed with 3.5% paraformaldehyde (PFA) for 

10 min, followed by permeabilization with warm Triton X-100 for 10 min and rinsing with 

PBS.  For actin filament staining, samples were incubated with Alexa Fluor 488 phalloidin 

(Invitrogen) (diluted in 5% FBS in PBS) at room temperature for 20 min, and followed by 

wash buffer (5% FBS, 0.05% sodium azide in PBS) for 15 min.  For focal adhesion staining, 

samples were incubated with monoclonal mouse anti-vinculin (diluted in 5% FBS in PBS) 

(Sigma-Aldrich, Oakville, ON, Canada) at room temperature for 15min, followed by 

incubation with Alexa Fluor 546 conjugated rabbit anti-mouse immunoglobulins (Invitrogen, 

Canada) diluted in 5% FBS in PBS for 15 min. After each treatment the cells were incubated 

for 15 min with wash buffer. Finally, nuclear staining was performed on ice by washing the 

sample with PBS, followed by incubation with DAPI (diluted in cold PBS) for 10 min. After 

rinsing with PBS, the plates were mounted onto microscope slides with DABCO Antifade 

(Sigma-Aldrich, Oakville, ON, Canada) and imaged with an A1R laser scanning confocal 

microscope (LSCM) using a 60X water immersion objective (Nikon, Mississauga, Canada). 

 Fluorescent staining of HFFs cultured in fibrous PET matrices was also carried out 

using 6 mm diameter FibraCel disks (New Brunswick Scientific, Edison, NJ, USA).  The 

triplicate disks were placed in 24-well plate wells and coated with filtered solutions of either 

25 μM BSL-spacer or BSL-RGDS in 10 mM phosphate buffer at pH 7.5 overnight at 4 ˚C. 
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The wells were then rinsed 3 times for 5 min each time with PBS to remove any unbound 

proteins. Subsequently, 50 μL of a concentrated cell suspension with approximately 20,000 

cells in serum-free medium was seeded onto each disk and incubated at 37 ˚C for 2 h to 

allow for cell attachment.  1 ml of serum-free medium was then added to each well and the 

cells were incubated for an additional 24 h. After that, the disks were incubated with 2 μM 

solutions of calcein-AM in PBS for 45 min at 37 ˚C. Calcein-AM is a membrane-permeable 

dye for the determination of the cell viability. Upon being transported into live cells, the 

nonfluorescent acetoxymethyl (AM) ester group is cleaved by intracellular esterases and 

converted to a green-fluorescent calcein.  Fluorescent microscopy images of live cells were 

then taken with an A1R laser scanning confocal microscope (Nikon, Canada) at 488 nm. 85 

optical slices were obtained along the vertical z-axis (corresponding to a depth of 2.65 µm 

per slice) for both BSL-RGDS and BSL-spacer samples. Images were projected onto the x-y 

plane with ImageJ for the ease of presentation.   

4.3    Results and Discussion 

4.3.1    SPR Studies of Surface Adsorption of Diblock Proteins  

 Dilute solutions of BSL-spacer and BSL-RGDS proteins are able to passively adsorb 

onto hydrophobic materials (such as PS, treated glass, and PET) through self-assembly into a 

monolayer film.  In order to characterize this self-assembly process, several experiments 

were carried out to study surface adsorption of the proteins. One such study used SPR-based 

biosensors, since they are able to detect surface affinity in real time by monitoring the 
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change of mass when proteins adsorb onto a treated sensor surface. In order to obtain 

hydrophobic surfaces, the Au sensor chip was spin-coated with 0.1% (w.t.) polystyrene in 

toluene at 2000 rpm for 1 min to create an ultrathin PS surface film. Figure 4-1 shows a 

representative example of the SPR signal of an Au sensor chip before and after coating with 

PS. The position of the minimum in the reflectance signal (the so-called “dip”) shifted due to 

presence of the PS coating on the Au sensor chips. As we have elaborated, the angle of the 

incident light to sustain the surface plasmon excitation depends on the refractive index of a 

material, which in turn depends on the mass of the material at the free surface of the metal 

film. Accumulation of materials on the metal surface can be accurately determined by 

monitoring the change of the reflected light intensity or the shift in the SPR angle (the dip 

shift). The 7 pixel dip shift as shown in Figure 4-1 can be converted to 7000 RU (resonance 

unit) using the relationship of 1 pixel corresponding to 1000 RU. Since 1 RU is equal to 1 

pg/mm2 and the density of the polystyrene for coating is 1.04 g/cm3, the thickness of the thin 

layer of the PS on the Au sensor chip was roughly 7 nm. 
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Figure 4-1 Dips in reflectivity from the SPR sensor chip before coating with PS (black 

dashed line) and after coating with PS (red solid line). The dip shift in this case 7 pixels.  

Figure 4-2 shows the SPR signals in response units (RU) for adsorption and 

desorption of six diblock protein species.  All six diblock proteins exhibited similar 

adsorption onto the PS-coated Au surfaces, with approximately 500 RU signals obtained in 

steady state conditions of flow of protein solution across the PS-coated Au sensor chips.  

The signals, a measure of the quantity of adsorbed protein, reach quickly reach a stable value 

even after being washed by buffer solution through the sensor channels for several hours (the 

initial rapid drop in signal at the start of the buffer wash period is presumably due to the loss 

of poorly associated proteins). The final steady-state adsorption signals were 550±50 RU for 

the BSL-spacer, 560±50 RU for the BSL-RGDS and 520±50 RU for the BSL-YIGSR. Since 

1RU=0.1 ng/cm2, this corresponds to surface protein densities of 55±5 ng/cm2 for the BSL-

spacer, 56±5 ng/cm2 for the BSL-RGDS and 52±5 ng/cm2 for the BSL-YIGSR. Similarly, 
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the final steady-state adsorption signals were 500±20 RU for the BSS-spacer, 490±50 RU for 

the BSS-RGDS and 480±80RU for the BSS-YIGSR, which correspond to the surface protein 

densities of 50±2 ng/cm2 for the BSS-spacer, 49±5 ng/cm2 for the BSL-RGDS and 48±8 

ng/cm2 for the BSS-YIGSR.  Since the area of a single β-sheet domain is approximately 6.5 

nm2 [71] and the molecular weight of the β-sheet domain is 7204 Da, the maximum surface 

density (correponding to a perfectly packed monolayer) is approximately 1cm2/6.5nm2× 

(7204g/mol/6.02×1023/mol) = 184 ng/cm2.  The surface protein densities inferred from the 

SPR data are much less than theoretical calculations, possibly due to several effects. First, 

since the BSL-spacer and BSL-RGDS adsorb from a flowing solution across the SPR 

biosensor, the adsorption process is limited by the diffusive flux of protein from the laminar 

low onto the surface.  This is a relatively inefficient process compared with solution casting 

from a quiescent sample (indeed, another passive adsorption method briefly described below 

yielded substantially higher surface densities).  Second, the soluble spacer domain acts as a 

steric barrier to adsorption of one protein in the immediate neighborhood of an already 

bound protein.  This steric effect, although always a factor limiting the kinetics of adsorption 

of these proteins, is particularly limiting for adsorption of proteins in flows, as the spacer 

chains of the adsorbed proteins strongly perturb the flow profile of the solution of flowing 

proteins, leading to enhanced heterogeneity of adsorption.  Nevertheless, the result of 

essentially irreversible adsorption of proteins at a relatively high surface coverage 

(approximately 30%) is quite good a flow-based, non-directed assembly process in a 1 h 

time window.   
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Figure 4-2a Sensorgrams of BSS proteins. The signals for proteins adsorbed onto PS 
coated Au sensor chips are roughly 500 RU after 50 min of flow with 250 ul of 100 μM 
solutions of BSS proteins in 10mM phosphate buffer at pH 7.5, and then washed with 10mM 
phosphate buffer at pH 7.5 for more than 1 hour. 
 

 
Figure 4-2b Sensorgrams of BSL proteins. The signals adsorbed onto PS coated Au 
sensor chips are roughly 570 RU after 50 min of flow with 250 ul of 100 μM solutions of BSL 
proteins in 10 mM phosphate buffer at pH 7.5, and then washed with 10 mM phosphate 
buffer at pH 7.5 for more than 1 hour. 



102 

 

Parallel studies of passive adsorption from a quiescent solution were shown to give 

higher final surface coverage (but without providing any kinetic data).   These studies, 

performed by Dr. Scott Dick, utilized proteins labelled with 125I via their tyrosine residues, 

allowing of radiographic detection of the surface coverage of proteins.  The 125I –labelling 

studies, described briefly below, show that passive adsorption yields a final monolayer 

coverage of approximately 140 ng/cm2

Figure S-4-1 (Supplementary materials) shows the surface adsorption of the 

, and also that there were no appreciable competitive 

adsorption effects among the different diblock construct. Therefore, for subsequent cell 

studies, coated surfaces were always prepared by passive protein adsorption overnight to 

maximize adsorption. 

125I-

labeled BSL-RGDS in both PBS buffers and IMDM media with FBS when they were 

passively adsorbed onto the PS surfaces for 50 days. IMDM media with FBS was used to 

assess the stability of the protein surface coating in physiological media with competitive 

adsorption effects of serum proteins.  The BSL-RGDS in both solutions demonstrates similar 

surface adsorption curves. The surface density of the BSL-RGDS adsorbed onto PS surfaces 

decreased rapidly for the first 72 h (3 days) due to the fact that the protein molecules 

overlapping with others come off rapidly. The BSL-RGDS was supposed to form monolayer 

on the PS surfaces after 384 h (16 days) when its surface density became steady in both 

solutions. Therefore, the protein in PBS buffers created a monolayer on PS surfaces with 

adsorbed signals of 130-140 ng/cm2, which was a little bit lower but still agreed well with 

the theoretical estimation. A similar result was exhibited by the protein in IMDM media with 

FBS.  A signal of 120-130 ng/cm2 was adsorbed onto the PS surface to create a monolayer. 
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Together, it shows that the monolayer formed with BSL proteins is sufficiently robust to 

support both serum-free and serum-containing cell cultures.  

 
Figure S-4-1 Adsorption of BSL-RGDS onto PS surfaces. 

 In order to demonstrate the relative surface activities of BSL-spacer and BSL-

RGDS, 125I- labeled BSL-RGDS and non-labeled BSL-Spacer in 10 mM phosphate buffer, 

pH 7.5 were mixed together at different ratios and adsorbed onto PS substrates overnight. As 

shown in the Figure S-4-2 (Supplementary materials), the amount of 125I-labeled BSL-

RGDS adsorbed onto the substrate linearly increased with the fraction of BSL-RGDS in the 

mixed solutions with the correlation coefficient R2=0.9976. This result demonstrated that the 

protein compositions coated onto PS surfaces were identical with the compositions of the 

bulk solution used for coatings, which implied that BSL-spacer and BSL-RGDS had similar 

surface activities, and the surface density of the ligand RGDS was tunable simply by 

adjusting the relative solution concentration of two proteins. 
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Figure S-4-2 Relationship of amount of adsorption of BSL-RGDS onto PS surfaces and 

amount of BSL-RGDS in the bulk solution. 

4.3.2    Adhesion and Viability of Cells on Protein-Coated 

Surfaces  

The interactions between material surfaces and cells play an important role in cellular 

behavior. The affinity and density of bioactive ligands embedded on the material surfaces to 

which cells are exposed is a key factor for such interactions, thereby influencing or 

determining cell adhesion, migration and proliferation [147,148]. A cell responds differently 

to various ratios of the density of the ligands, while different cell types respond differently to 

a single ligand at a fixed density. Therefore, there is the possibility to control cell behavior 

through controlling the density of the ligands, thereby regulating cell-surface interactions. 

The central purpose of this chapter is to demonstrate tunable cell adhesion based on 
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adjusting the density of the RGDS ligand by examining the response of different cell types 

on the surfaces coated with various ratios of BSL-spacer and BSL-RGDS. 

We first studied the responses of two common types of adhesion-dependent cells, 

HFFs and C2C12s, on the surfaces coated with various ratios of BSL-spacer and BSL-RGDS 

proteins, in order to evaluate the effect of RGDS ligand density on cell adhesion and 

spreading. Untreated PS surfaces were prepared for these studies by coating with mixtures of 

BSL-spacer and BSL-RGDS at various ratios, and then incubating the coated surfaces with 

HFF and C2C12 cells in serum-free conditions for 24 h. Figure 4-3 shows representative 

images of cell adhesion and morphology on the surfaces coated with various ratios of BSL-

RGDS. On the surfaces coated with only BSL-spacer, most HFFs and C2C12s remained 

rounded and unattached after 24 h of culture.  Notably, HFFs started to attach and spread on 

the surfaces coated with as little as 2.5% of BSL-RGDS proteins, while C2C12s started to 

attach and spread on the surfaces coated with 10% of BSL-RGDS.  Both cell types spread 

very well on the surfaces coated with pure BSL-RGDS solutions.  The density of the RGDS 

ligands affects the attachment and morphology for both HFF and C2C12 cells. HFFs first 

stayed round and unattached without RGDS ligands on the surface, then they started to 

elongate and attach as the density of RGDS ligands on the surface increased, and finally 

cells became well-spread and highly polarized morphology. The C2C12s demonstrated the 

similar behavior as HFFs except that C2C12 cells spread on the substrates with less 

polarized morphology when the density of RGDS ligands increased. Based on these results, 

we can conclude that cell attachment and spreading generally increased with increasing 

amount of BSL-RGDS. Further evidence for the positive effects of BSL-RGDS protein 
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density on cell response was obtained from subsequent studies of the metabolic activity of 

HFFs and C2C12s on the surfaces coated with combinations of BSL-spacer and BSL-RGDS, 

and from immunohistochemistry studies of the focal adhesions and actin stress fibers that 

form in response to adhesion of cells to BSL-RGDS coated surfaces, as discussed below. 
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Figure 4-3 Phase contrast images of C2C12s (a-b) and HFFs (d-e) on protein coated 

polystyrene dishes after 24 h in culture. Substrates were coated with a mixture of BSL-

spacer and BSL-RGDS with different ratios. 

(a) 

(b) 

Figure 4-3c 

(d) 

(f) (c) 

(e) 
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The metabolic activity of the HFFs and C2C12s on the protein coated PS substrates 

was investigated using the Roche WST-1 assay, which directly measures cellular metabolic 

activity through the bioreduction of tetrazolium salt to formazan. The formazan dye 

correlates to the number of viable cells and is measured using ELSA reader with absorbance 

at 440 nm. In these studies, metabolic activity was investigated as a function of RGDS 

ligand density through varying the ratio BSL-spacer and BSL-RGDS on the PS surface.  

These studies were also restricted to HFF and C2C12 cells that were actually attached to the 

substrate, as only attached and viable cells are of interest.  Figure 4-4 shows relatively 

metabolic activity of HFFs and C2C12s, as indicated by absorbance at 440 nm, after 

culturing for 24 h as a function of amount of BSL-RGDS coated onto the surfaces. The 

metabolic activity of C2C12s and HFFs increased rapidly with the amount of BSL-RGDS on 

the surface, reaching 85% of maximal metabolic activity for surface coatings with 

approximately 10% RGDS ligand.  The metabolic activity of both cells types reached an 

apparent maximum value at approximately 50% BSL-RGDS coverage, suggesting that the 

effect of the RGDS ligand on cell viability saturates at some value [180,181]. These results 

confirmed that the de novo protein BSL-RGDS is capable of improving the attachment and 

viability of cells, and that these effects are density dependent.  However, it also appears that 

the adhesion and spreading of the cells is cell dependent at any given density of BSL-RGDS, 

and that in any case the metabolic activity eventually becomes insensitive to increasing 

density of the RGDS ligand.  
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Figure 4-4 Normalized absorbance at 440 nm of formazan produced by HFFs and C2C12s 

incubated for 3 h in the presence of the WST-1 reagent on substrates with varying 

composition of BSL- spacer and BSL-RGDS proteins.  

4.3.3    Fluorescence Microscopy Studies of Cells on Surface 

Coatings  

Cells adhere to and interact with their extracellular environment through dynamic 

protein assemblies, called focal adhesions, as sketched in Figure 4-5. Focal adhesions are 

generated in response to the binding of ligands such as the RGDS peptide to the extracellular 

domains of integrins, and the subsequent intracellular signalling cascade initiated by these 

binding events. Integrins thus serve both to anchor cells and to provide dynamic links 

between the extracellular and intracellular environments through bi-directional signal 

transduction and organization of intracellular cytoskeletal and signalling elements.  In 
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particular, integrin signalling is linked with the recruitment of proteins forming the focal 

adhesion complex and with cytoskeleton assembly of actin filaments.  In turn, these actin 

filaments reorganize into larger stress fibers, which lead to further integrin clustering and 

enhanced binding to the extracellular environment. Well-developed aggregates formed by 

ECM proteins, integrins, and cytoskeletal proteins on each side of the membrane can be 

detected by immunofluorescence microscopy [168]. 

 
Figure 4-5 Sketch of integrins linking the ECM with cytoskeletal filaments through the focal 

adhesion complex.  

 

To evaluate the ability of surfaces coated with BSL-RGDS protein layers to induce 

focal adhesion formation and enhance cytoskeletal reorganization, immunohistochemistry 

studies of HFFs and C2C12s cultured on smooth protein coated surfaces were conducted.  

HFFs and C2C12s were cultured on untreated PS dishes coated with BSL-spacer or BSL-
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RGDS protein by exposure to 25 µM solutions for 12 h under serum-free conditions. The 

adherent cells were subsequently fixed and fluorescently stained for F-actin and vinculin (a 

prominent member of the focal adhesion complex; see Figure 4-5) as previous described.  

Figure 4-6 shows fluorescence microscopy images of fixed and stained cells on the surfaces 

coated with either BSL-spacer or BSL-RGDS proteins. Well-developed actin filaments 

terminating at focal adhesions were formed in the strongly adherent and polarized adherent 

cells on the BSL-RGDS coated PS surfaces for both C2C12s (Figure 4-6b) and HFFs (Figure 

4-6d-e).  In contrast, poorly attached C2C12s (Figure 4-6a) and HFFs (Figure 4-6c) were 

observed on BSL-spacer coated PS surfaces, neither of which exhibited well-developed F-

actin or focal adhesions.  By analyzing with ImageJ software package, the average area of 

HFF cells on the surface coated with BSL-spacer is 150±30 μm2, the average length is 18±3 

μm and average breadth is 9±2 μm. The average area of HFF cells on the surface coated with 

BSL-RGDS is 4600±600 μm2, the average length is 170±40 μm and average breadth is 

40±10 μm. The HFF cells increase by roughly 30 times in size on the surface coated with 

BSL-RGDS  compared with that on the surface coated with BSL-spacer. The number of 

focal adhesions formed on the BSL-RGDS coated surfaces was 45±4 and the average area of 

focal adhesions was (3±4) μm2. These results demonstrated that surfaces coated with BSL-

RGDS were effective in inducing strong cell adhesion via integrin-RGDS peptide binding 

and subsequent focal adhesion formation and cytoskeletal organization for both HFFs and 

C2C12s cell types.  Moreover, together with the previous phase microscopy results,  this 

study suggests that cell response, including cell adhesion, spreading, and internal 

cytoskeletal re-organization, can be regulated by adjusting the ratio of BSL-RGDS and BSL-

spacer proteins used for surface coatings.   
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Figure 4-6  Representative fluorescence microscopy images of HFFs and C2C12s cultured 

on untreated PS dishes coated with BSL-spacer or BSL-RGDS for 12h in serum-free 

conditions. Actin is indicated in green, vinculin is indicated in red, and the cell nucleus is 

indicated in blue: (a) C2C12s cultured on a BSL-spacer coated PS surface; (b) C2C12s 

cultured on a BSL-RGDS coated PS surface; (c) HFFs cultured on a BSL-spacer coated PS 

surface; (d-e) HFFs cultured on a BSL-RGDS coated PS surface. 

 

 

(a)             BSL-spacer-C2C12 

(c)                BSL-spacer-HFF 

20um 

(b)               BSL-RGDS-C2C12 

20um 

20um 20um 

(d)                    BSL-RGDS-HFF 
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4.3.4    Fluorescence Microscopy Studies of Cells on Porous 

Substrates  

Porous 3-D scaffolds can also be functionalized with bioactive ligands by the passive 

adsorption of dilute protein solutions, as with the case of smooth 2-D substrates presented 

above.  This possibility was investigated using 3-D scaffold of non-woven PET mesh coated 

with bioactive (BSL-RGDS) and bioneutral (BSL-spacer) proteins to generate protein-

functionalized porous 3-D matrices.  PET has similar physical properties and equilibrium 

contact angle with PS substrates. The response of HFFs on PET meshes coated with either 

BSL-spacer or BSL-RGDS were evaluated by staining the cells with the live stain calcein-

AM after culturing in serum-free conditions for 24 h.  Figure 4-7 and Figure 4-8 demonstrate 

the 2-D projections of a series of confocal microscopy images taken at various depths of the 

meshes.  The total depth of image was 222.6 µm (85 optical slices with a depth of 2.65 µm 

per slice) in z-axis for both the BSL-spacer and BSL-RGDS coated meshes.  For the case of 

the BSL-spacer-coated PET mesh (Figure 4-7), the HFFs remained mostly rounded and 

poorly attached.  The 2-D projections for top third slices (with a depth range of 0-90.1 µm), 

middle third slices (with a depth range of 92.75-129.85 µm) and bottom third slices (with a 

depth range of 132.5-222.6 µm) show the distribution of cells at various depth ranges. Most 

cells were found in the depth range of 0-90.1 µm, implying that the cells did not migrate into 

the mesh. However, in the case of the BSL-RGDS-coated PET mesh (Figure 4-8), HFFs 

adhered well to the treated PET surfaces, migrated into the mesh, and polarized along the 

PET fibers in the mesh. The 2-D projections for top slices (with a depth range of 0-90.1 µm), 

middle slices (with a depth range of 92.75-129.85 µm) and bottom slices (with a depth range 
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of 132.5-222.6 µm) show that the cells distributed well in all depth ranges. It is clear that the 

HFFs exhibited similar behavior on the protein coated porous 3-D scaffolds as they did on 

the more idealized 2-D coatings.  This suggests that the surface-active diblock protein 

system studied in this thesis may be a simple and robust way to functionalize many 

traditional synthetic polymer scaffold materials (such as PLGA) used in cell and tissue 

engineering applications by passive adsorption from a solution of bioactive protein species. 
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Figure 4-7 2-D projections of confocal microscopy images of HFFs cultured on BSL-spacer-

coated PET mesh in serum-free conditions for 24 h. The HFFs were stained with Calcein-

AM which is shown in green. (a) 2-D projections of all confocal microscopy images; (b-d) 2-

D projections of confocal microscopy images for top, middle and bottom, respectively. 

 

a b 

d c 
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Figure 4-8 2-D projections of confocal microscopy images of HFFs cultured on BSL-RGDS-

coated PET mesh in serum-free conditions for 24 h. The HFFs were stained with Calcein-

AM which is shown in green. (a) 2-D projections of all confocal microscopy images; (b-d) 2-

D projections of confocal microscopy images for top, middle and bottom, respectively. 

  

a b 

d c 
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4.4    Conclusions  

In this chapter, a simple method for surface biofunctionalization through passive 

adsorption of BSL proteins was developed and characterized.  By studying the adsorption of 

proteins to hydrophobic substrates using the SPR and 125I radio labelling methods, it was 

shown that surface activities of BSL-spacer and BSL-RGDS proteins are similar and very 

robust, suggesting that the spacer and the bioactive domains do not interfere with surface 

adsorption domain of the proteins. Two adhesion-dependent cell lines, HFFs and C2C12s, 

were used to characterize the cell response to coatings of these two protein variants.  The 

bioneutral BSL-spacer protein was shown to inhibit adsorption, spreading, and cytoskeletal 

remodeling of these cell types.  On the other hand, the putative bioactive BSL-RGDS 

proteins exhibited the expected strong adsorption, spreading, and polarization of cells on 

coated surfaces.  Furthermore, focal adhesions and F-actin stress fibers were observed for 

cells on the BSL-RGDS coated surfaces.  These cell adhesion studies also implicitly 

demonstrated that surface adsorption domain did not interfere with the cell binding function 

of the terminal RGDS sequence.  Thus, the data support the hypothesis that diblock proteins 

with independent assembly and biofunctional domains can de realized in practice.  Moreover, 

since the BSL-spacer itself was shown to inhibit cell adhesion, it was shown by microscopy 

and cell proliferation assays that the cell response to surface coatings formed by passive 

adsorption of the diblock proteins could be titrated and controlled by tuning the ratio of 

bioneutral BSL-spacer and bioactive BSL-RGDS proteins in solution, providing a facile 

means of tailoring bioactivity of a surface.  While this study focused on a single bioactive 

domain, the ubiquitous RGDS integrin-binding ligand, we believe that the method should be 
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applicable to diblock protein variants with other bioactive ECM peptide sequences.  

Expansion of the variants to include a broad range of terminal functional domains will be the 

next step in the development of a combinatorial biomaterials platform that will allow for 

custom combinations of bioactive ligands and other functional domains for particular cell 

types and applications. The next two chapters will explore the extension of this amphiphilic 

diblock motif to proteins with terminal functional domains that act to nucleate the growth of 

nanoparticles of inorganic materials. 
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Chapter 5 

Surface-Active Proteins with  

Hydroxyapatite-Binding Domains 

5.1    Introduction 

Biomineralization is a highly regulated process in vivo by which living organisms 

produce inorganic minerals that are organized hierarchically across a range of dimensional 

scales [182,183].   Over 60 different kinds of minerals, including hydroxyapatite, carbonates, 

silicates, phosphates, metals and metal oxides, have been identified in organisms [182,183].  

Biomimetic materials with properties similar to teeth [184-186], bones and cartilage [187-

189] have been widely developed and studied in order to satisfy the high demand for bone 

and dentin–like biological hard tissues in regenerative medicine.   

Mineralized tissues are hierarchically organized biocomposites of a structured 

organic matrix impregnated mainly with hydroxyapatite (Ca10(PO4)6(OH)2; HA) crystals 

[53].  A variety of extracellular matrix proteins have been proposed to play crucial roles in 

the biomineralization of HA in bone and dentin [53,190-191] by acting as nucleators or 

inhibitors, growth modifiers, or by recognizing molecules and self-assembling as scaffolds 

for mineral deposition [53, 192-194]. Although the detailed apatite crystallization process is 

not well characterized, and the detailed molecular recognition mechanisms between proteins 
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and mineral remain to be understood, it is postulated that interactions between mineral nuclei 

and soluble or immobilized matrix proteins kinetically control the biomineralization process 

[195]. 

Protein sequences related to biomineralization have been identified using several 

methods. He et al. [53] have shown that the mixture of the two peptide motifs [motif-A 

(ESQES) and motif-B (QESQSEQDS)] which are found in dentin matrix protein1 (DMP1) 

enhanced in vitro HA formation when immobilized onto a glass plate.  Along with DMP1’s 

motifs, Tsuji et al. [196] synthesized motifs using an artificial protein programmed library 

prepared from these two DMP1 motifs and selected motifs which accelerate HA formation 

without immobilization. Gungormus et al. [54] combinatorially selected two disulfide bond 

constrained peptides with higher and much lower binding affinity to hydroxyapatite from 

phage display.  Both peptides, the strong binder (CMLPHHGAC) and the weak binder 

HABP2 (CNPGFAQAC), affected calcium phosphate formation. However, HABP1 

accelerated and regulated the formation of crystalline calcium phosphate with much larger 

plate-shaped nanoparticles than did HABP2, and also increased the rate of transformation of 

the amorphous phase to the crystalline phase.  Roy et al. [32] have screened and isolated 

other HA-binding peptides, such as peptide HA 6-1 (SVSVGMKPSPRP), and tested their 

selectivity for amorphous calcium phosphate and hydroxyapatite. The peptide HA 6-1 

sequence (SVSVGMKPSPRP) exhibited higher binding affinity for hydroxyapatite and 

human tooth surface, which is rich in hydroxyapatite minerals, than for calcium carbonate 

and amorphous calcium phosphate [32]. 
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A variety of bone mineral-binding proteins have been studied in detail for bone-

specific applications, and fusions with other functional proteins have been created.  Kaplan 

et al. [197,198] reported that a new functionalized spider silk-bone sialoprotein fusion 

protein was able to provide good support for cell viability and induce the deposition of 

calcium phosphate during osteoblast in vitro culture. A native FGF2 fused with a bone 

mineral-binding domain of osteocalcin exhibited a strong HA-binding affinity and 

significantly increased mitogenic activity and cellular differentiation of osteoblastic cells 

[199]. Kang et al. [200] showed that a new extracellular matrix protein with a cell adhesive 

RGD sequence and a bone mineral-binding domain of osteocalcin bound to HA and 

stimulated differentiation of MC3T3-E1 cells. Fusions of HA-binding peptides with surface-

active proteins, however, have received less attention. In this study, we synthesized BSL-

spacer protein variants with motif-A (ESQES) or motif-B (QESQSEQDS) at the terminus of 

the spacer domain (these variants are named BSL-5mer and BSL-9mer, respectively). At the 

same time, another HA-binding peptide, HABP1 (MLPHHGA), as was also fused to the 

terminus of BSL-spacer (this variant is named BSL-7mer). With these variants, we studied 

HA-binding affinity and the regulation of HA formation, as a first step toward development 

of protein surface coatings for bone tissue engineering scaffolding materials. 

5.2    Materials and Methods 

5.2.1    Materials and Reagents 

The putative HA-binding variants were designed and synthesized as described earlier 

in Chapter 2.  HA nanoparticles and mounting media were purchased from Sigma-Aldrich 
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(Oakville, ON, Canada). EZ-Link®

5.2.2    In Vitro Binding of Peptides to HA 

 Sulfo-NHS-LC-Biotin (Thermo Scientific) was 

purchased from Thermo Scientific (Wilmington, DE, USA). Alexa Fluor 488 streptavidin 

was obtained from Life Technologies (Burlington, ON, Canada). Primers were ordered from 

Integrated DNA Technologies (Toronto, ON, Canada). All other chemicals were purchased 

either from Sigma-Aldrich (Oakville, ON, Canada) or Fisher Scientific (Ottawa, ON, 

Canada).  

The cleaning procedure for preparing the HA nanoparticles before binding 

experiments was essential. A suspension of 15 mg of HA nanoparticles (mean size<200 nm) 

was prepared in a mixture of 100 µL of dH2O and 900 µL of 1:1 methanol/acetone, and then 

sonicated for 20 min. The mixture was centrifuged and the supernatant was taken out. After 

that, the HA nanoparticles were resuspended in 1 ml of isopropanol, vortexed and sonicated 

for 20min. The HA nanoparticles were subsequently washed with dH2O. The alcohol and 

acetone washes were used to remove any organic contaminants, and sonication was 

employed to improve the cleaning by physically removing the contaminants and dispersing 

the nanoparticles into the solution.  Washing in dH2

Stock solutions of proteins (BSA, lysozyme, BSL-spacer and BSL-7mer) were 

prepared by mixing 250 µM of a given protein in a 10 mM phosphate buffer at pH 7.5.  

Solutions for binding experiments were prepared by combining 500 uL of each protein 

O was used to remove any organic 

solvents remaining. The same cleaning procedure was performed in all experiments using 

HA particles.  
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solution with 15 mg of washed HA in a 2 ml eppendorf tube and agitating using a vortex 

mixer for 1 min.  Three samples for each protein were prepared and placed in an orbital 

shaker running continuously at approximately 100 rpm. The concentration of the free, 

soluble protein in each sample was determined at 0, 0.5, 1, 2, 4, 8 and 24 h after mixing as 

follows.  At the prescribed time points, three tubes of each sample were removed from the 

shaker and centrifuged at 5000 rpm for 5 min, creating a pellet of HA-nanoparticles 

(potentially with bound protein) and a supernatant solution of soluble protein.  The 

concentrations of protein in the supernatant solutions were measured by observing UV 

absorbance at 280 nm with a NanoDrop 2000 UV-Vis Spectrophotometer (Thermo Scientific, 

Wilmington, DE, USA).  The fraction of bound protein at a given time point was then 

inferred by subtracting the amount of soluble protein in the supernatant from the original 

amount in the prepared mixtures.   

5.2.3    Sample Preparation for Electron Microscopy 

For TEM studies of the nucleation and growth of HA on the proteins in solution, 

samples of 5 µM BSL-7mer and BSL-spacer were prepared in aqueous HA-reaction solution 

(1.2 mM CaCl2 and 0.72 mM KH2PO4 at pH 7.5). The samples were then transfered to 1 K 

MWCO Spectra/Pro dialysis tubing (Fisher Scientific, Ottawa, Canada) and dialyzed against 

the same buffer while gently stirring on a plate stirrer for 5 days. Carbon coated TEM grids 

were then dipped into the solutions for 1 min, followed by wicking away the extra liquid on 

the TEM grids using a Filter paper (Qulitative circles 42.5 mm, WhatmanTM). The dried 

grids were stored in a desiccated container for subsequent TEM analysis. 
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SEM studies were also carried out to examine the HA nanoparticle binding affinity of 

BSL-7mer that has been previously immobilized onto a surface. For these studies, previously 

washed HA nanoparticles were re-suspended in dH2O and filtered through a 0.2 µm Sterile 

Syringe Filter (Corning, NY, USA). Filtering of the cleaned HA nanoparticle solutions 

through 0.2 μm filter was used to remove all aggregates larger than 200 nm. Samples of 25 

µM of BSL-7mer and BSL-spacer in 10 mM phosphate buffer at pH 7.5 were loaded onto 

polystyrene (PS) surfaces and passively absorbed overnight. Subsequently, the surfaces were 

rinsed three times with dH2

The experiments were performed using JSM-7500F Scanning Electron Microscope 

(fitted with Energy dispersive X-ray spectroscopy (EDS)) (JEOL, Japan). SEM images were 

acquired using the “SEM” mode by setting the acceleration voltage at 5 kV and the emission 

current at 20 µA.  TEM images were acquired using the “SEM” mode by setting the 

acceleration voltage at either 15 kV or 20 kV and the emission current at 20 μA. Focus, 

stigmatism adjustment, and bright and contrast are optimized before imaging. EDS was 

employed on the same samples prepared for TEM to obtain the information on the mineral 

elements [201]. EDS conditions were set as the acceleration voltage at 20 kV, emission 

current at 20 µA and magnification at X7500. 

O for 5 min, to remove any poorly bound proteins.  The PS 

surfaces were then put into contact with the HA solutions and incubated for 24 h placed in an 

orbital shaker run continuously at approximately 100 rpm.  The resulting coated PS surfaces 

were dried in vacuum and stored in a desiccated container for subsequent SEM analysis. 
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5.2.4    Preparation of Fluorescently-Labeled Diblock Proteins 

To facilitate the study of HA-binding affinity, BSL-7mer and BSL-spacer (control) 

were biotinylated for subsequent binding by Alexa Fluor 488 streptavidin.  Solutions of 1 ml 

of 2 mg/ml BSL-7mer and 1 ml of 2 mg/ml BSL-spacer were biotinylated with a 20-fold 

molar excess of EZ-Link® Sulfo-NHS-LC-Biotin (Thermo Scientific).  The EZ-Link®

The proposed process by which biotinylated proteins bind to HA nanoparticles and 

are subsequently bound to fluorescently-labeled streptavidin is presented in Figure 5-1. The 

experimental steps performed for this process are as follows. First, approximately 5mg of 

HA nanoparticles are exposed to 5 mg/ml solutions of BSA in 0.1 M NaHCO

 Sulfo-

NHS-LC-Biotin was first equilibrated to room temperature before use.  Subsequently, a 10 

mM solution of the biotin reagent was prepared and immediately added into the BSL-spacer 

and BSL-7mer solutions, respectively. The reaction solutions were then incubated on ice for 

2 h. After that, the proteins were dialyzed against TBS buffer (50 mM Tris-HCl, pH 7.5, 150 

mM NaCl) using 1 K MWCO Spectra/Pro dialysis tubing (Fisher Scientific, Canada) to 

remove the excess non-reacted and hydrolyzed biotin reagent from the protein solutions.  

3 with 0.02% 

(w.t.) sodium azide at 4 °C for 1 h, followed by six wash cycles with TBS buffer to remove 

soluble BSA.  The purpose of this BSA coating step is to minimize the effects of non-

specific binding with HA nanoparticles. Next, 50 µM of N-terminal biotinylated BSL protein 

solution (either BSL-7mer or BSL-spacer as a control) in TBS buffer was added to the BSA-

blocked HA solutions and incubated for 24 h at 23°C with shaking at approximately 100 rpm 

on an orbital shaker to allow BSL-7mer to displace bound BSA and bind to HA 

nanoparticles. After that, the soluble protein components in solution were removed from the 
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mineral samples by vacuum aspiration, followed by six wash cycles with TBS buffer.  

Fluorescence labeling of bound BSL proteins was carried out by adding 1 μg/ml of Alexa 

Fluor 488 streptavidin in labeling buffer (0.1 M NaHCO3

 

, 5mg/ml BSA, and 0.02% (w.t.) 

sodium azide) to the samples and incubating the mixtures at 23 °C with shaking at 

approximately 100 rpm on an orbital shaker for 30 min. Once again, soluble proteins in 

solution were subsequently removed after incubation by vacuum aspiration, followed by ten 

wash cycles with TBS buffer to eliminate the influence of non-binding BSL protein and 

streptavidin.  Finally, the samples were mounted onto the microscope slides with 20 μL of 

mounting media and sealed for subsequent fluorescence microscopy studies. All samples 

were then visualized using an A1R laser scanning confocal microscope (Nikon, Missisauga, 

Canada).  

 

Figure 5-1 Hypothetical process of adsorption of biotinylated diblock proteins to HA 

nanoparticles, followed by binding of fluorescently-labeled streptavidin to the surface-

associated biotinylated BSL proteins. 
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Another experiment was performed (as described below) to test if BSL-7mer proteins 

still retained an amphiphilic β-sheet domain capable of assembling at hydrophobic surfaces 

after binding of the functional 7mer terminal sequence with HA nanoparticles. The BSL-

spacer and BSL-7mer proteins tend to aggregate each other with amphiphilic β-sheet blocks 

when they are mixed together. Therefore, the mixture of the biotinylated BSL-spacer and the 

BSL-7mer would be observed by confocal microscopy after staining with fluorescently-

labeled streptavidin if the BSL-7mer protein retains β-sheet structure after binding with HA 

nanoparticles. The proposed process is presented in Figure 5-2.  As before, approximately 5 

mg of HA nanoparticles was coated by exposure to 5 mg/ml solutions of BSA in 0.1 M 

NaHCO3 with 0.02% (w.t.) sodium azide at 4 °C for 1 h, followed by six wash cycles with 

TBS buffer to remove soluble BSA. Next, 50 µM of non-biotinylated BSL-7mer peptide 

solution in TBS buffer was incubated with the BSA-blocked HA nanoparticles for 24 h at 

23 °C while shaking at approximately 100 rpm on an orbital shaker to achieve maximum 

binding capacity. The peptide solution was then removed from HA mineral sample by 

vacuum aspiration, followed by six wash cycles of the remaining HA mineral sample with 

TBS buffer.  Next, 50 µM of biotinylated BSL-spacer in TBS buffer was added to the HA 

mineral sample and incubated with the sample for 24 h at 23 °C while shaking at 

approximately 100 rpm on an orbital shaker.  The BSL-spacer solution was then removed by 

vacuum aspiration from the HA sample, followed by six wash cycles of the remaining HA 

mineral sample with TBS buffer.  Subsequently, 1 µg/ml of Alexa Fluor 488 conjugated 

streptavidin in labeling buffer (0.1 M NaHCO3, 5 mg/ml BSA, and 0.02% (w.t.) sodium 

azide) was added to the HA sample and incubated at 23°C while shaking at approximately 

100 rpm on an orbital shaker for 30 min.  Next, the solution containing streptavidin was 
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removed by vacuum aspiration and the remaining HA sample was washed 10 times with 

TBS buffer.  The HA samples were then placed onto microscope slides with 20 μL of 

mounting media and sealed.  All samples were visualized using an A1R laser scanning 

confocal microscope (Nikon, Canada).  

 

Figure 5-2 Hypothetical process to demonstrate the functionality of the β-sheet domain in 

the BSL-7mer after binding with HA nanoparticles. 

5.3    Results and Discussion 

5.3.1    Synthesis and Purification of HA-Binding Diblock 

Proteins  

Several BSL diblock proteins variants with terminal HA-binding motifs were 

designed and synthesized for these studies.  These include the BSL-7mer diblock protein that 

incorporates the HABP1 sequence (MLPHHGA)[54], the BSL-5mer diblock protein that 

incorporates the motif-A sequence (ESQES)[53], and the BSL-9mer diblock protein that 

incorporates the motif-B (QESQSEQDS)[53].  One important design criterion for these 
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proteins is the independence of the β-sheet and the HA-binding domains, as a functional 

amphiphilic β-sheet domain is crucial for preserving the ability of these proteins to self-

assemble on hydrophobic surfaces.  All three of these HA-binding BSL variants were 

successfully produced recombinantly in E. coli with high yields. The vectors PET-21d+ 

containing 5mer (ESQES), 7mer (MLPHHGA) and 9mer (QESQSEQDS) genes were 

constructed with the fragment-vector enzymatic ligation technique, as described previously.  

Primers encoding these HA-binding peptides are provided in Table 2-3 of Chapter 2.  

BSL-5mer, BSL-7mer and BSL-9mer were expressed and purified using the methods 

described in Chapter 2. In particular, proteins recovered from inclusion bodies were purified 

using gel filtration with an FPLC to obtain high-level purity. A representative FPLC gel 

filtration purification trace is shown in Figure 5-3a. The fractions A3-A12 and B12 collected 

from gel filtration were visualized with an SDS-PAGE gel (Figure 5-3b). The proteins 

initially loaded onto the FPLC contained a significant quantity of impurities and fragments 

of various molecular weights, as shown in fractions A3-A6. The desired pure proteins were 

collected after fraction A8, since the eluted fractions after fraction A8 primarily contained 

single bands near 8 kDa as demonstrated by SDS-PAGE analysis. Figure 5-4 provides a 

summary of SDS-PAGE results for the three types of HA-binding diblock proteins at 

different stages of expression and purification. This figure shows that good expression and 

high level of purity (greater than 95%) using the FPLC gel filtration method were obtained 

for all these three HA-binding diblock proteins. 
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Figure 5-3a A representative purification trace of BSL-7mer using Gel-filtration with FPLC. 

The fractions A3- A12, B12 were visualized with SDS-PAGE. 

 

Figure 5-3b A representative coomassie stained SDS-PAGE gel (Tricine) to show the 

purification of BSL-7mer with FPLC gel-filtration. Lane1: SeeBlue Plus 2 standard.  Lane2-

12: fractions of A3-A12, B12 from FPLC gel filtration purification of BSL-7mer. 
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Figure 5-4 A coomassie stained SDS-PAGE gel to show the expression and purification of 

BSL-5mer, BSL-7mer, and BSL-9mer. The lanes contain the following: Lanes 1, 5 and 12: 

SeeBlue Plus 2 standard.  Lane 2: BSL-5mer pre-induction.  Lane 3: BSL-5mer 4h post-

induction. Lane 4: purified BSL-5mer.  Lane 6: BSL-9mer pre-induction.  Lane 7: BSL-9mer 

4 h post-induction. Lane 8: purified BSL-9mer.  Lane 9: BSL-7mer pre-induction.  Lane 10: 

BSL-7mer 4 h post-induction. Lane 11: purified BSL-7mer.   

The molar masses of the purified BSL-5mer, BSL-7mer and BSL-9mer proteins were 

verified using Matrix-assisted laser desorption mass spectrometry (MALDI); results along 

with protein sequences are shown in Figure 5-5.  The molecular weight determined by 

MALDI for BSL-5mer was 9385 Da, which is within 0.2% of its expected theoretical value 

of 9400 Da. Likewise, BSL-7mer demonstrates a single, sharp peak at 9590 Da, with a 

deviation of 0.2% from the theoretical value at 9560 Da.  Finally, for BSL-9mer the 

measured MALDI value was deviation was 9843 Da, a value within 0.2% of its expected 

molecular weight of 9860 Da.  

~8 kDa ~8 kDa 
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It is promising to use the surface-active proteins with HA-binding domains to control 

the mineralization of the calcium phosphate on the scaffold surfaces for bone and tooth 

implant substitutes. Three proteins allow us to carry out mineralization experiments in three 

ways by using only the BSL-7mer, the BSL-5mer and 9mer (QESQSEQDS), and the BSL-

9mer and 5mer (ESQES). The BSL-7mer, the one that I focus on in the following studies, 

can induce mineralization by itself. The other two combinations (the BSL-5mer and 9mer, 

the BSL-9mer and 5mer) have the potential to act as triggers for calcium phosphate 

mineralization since the minerals cannot form on the surface coated with the BSL-5mer (or 

BSL-9mer) unless the 9mer (or the 5mer) is added.  

M D Y E I K F H G D G D N F D L N L D D S G G D L Q L Q I R G P G G R V Q V H I H S S 

S G K V D F H V N N D G G D V E V K M H P W 

BSL- 5mer: 

G S T S G S G K P G S G E G S T K G T

Length=89aa, MW=9385Da,  PI=4.77 

 

E S Q E S  

 

Figure 5-5a Sequence and MALDI spectrograph of BSL-5mer with a significant peak at 

9400. 
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M D Y E I K F H G D G D N F D L N L D D S G G D L Q L Q I R G P G G R V Q V H I H S S 
S G K V D F H V N N D G G D V E V K M H P W 

BSL- 7mer: 

G S T S G S G K P G S G E G S T K G T

Length=91aa, MW=9568Da,  PI=5.46  

 
M L P H H G A 

 
Figure 5-5b Sequence and MALDI spectrograph of BSL-7mer with a significant peak at 

9590. 

M D Y E I K F H G D G D N F D L N L D D S G G D L Q L Q I R G P G G R V Q V H I H S S 
S G K V D F H V N N D G G D V E V K M H P W 

BSL- 9mer: 

G S T S G S G K P G S G E G S T K G T

Length=93aa, MW=9843Da,  PI=4.65 

 
Q E S Q S E Q D S 

 
Figure 5-5c Sequence and MALDI spectrograph of BSL-9mer with a significant peak at 

9860. 
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5. 3.2    Binding Affinity of BSL-7mer for HA 

Solutions of BSA, lysozyme, BSL-7mer and BLS-spacer were incubated with HA 

nanoparticles for 24 h to determine the affinity of these proteins for HA. A semi-log plot of 

the percentage of peptides bound to HA versus time is shown in Figure 5-6.  BSL-7mer 

proteins demonstrated immediate and significant binding affinity for HA with over 20% of 

initial peptides bound after the first 30 minutes, followed by a second fast binding regime 

from 2 to 8 h and a third regime characterized by a slow increase in bound protein (Figure 5-

6, 5-7).  All other peptides exhibited relatively low binding affinity for HA nanoparticles.  

BSA and lysozyme exhibited similar binding curves characterized by a gradual increase in 

binding during first 4 h before saturating at plateau value of about 9% of protein bound to 

HA.  This behavior is indicative of weak, non-specific binding of protein to the mineral 

surface.  Binding kinetics for BSL-spacer are somewhat more complex, characterized by a 

lag time with a slow binding rate, followed by a dramatic increase in binding from 2 to 4 h to 

a plateau value of bound protein.  Such an abrupt increase of BSL-spacer binding suggests a 

second mechanism in addition to non-specific binding.   One possibility is that the rapid 

period of binding is initiated by Ca2+  interaction sites (present in Asp or Glu residues) in the 

β-sheet domain, which are known to be abundant in mineralized tissues and to initiate HA 

growth [202,203].  The binding rate of the BSL-7mer proteins also suddenly increased 

during this period, consistent with the potential role of Ca2+ interaction sites in the β-sheet 

domain (as both proteins have identical β-sheet domains).  BSL-spacer then reached binding 

plateau of about 25% of bound protein after 4 h of incubation, indicating that the binding 

sites in the β-sheet structure were saturated with HA.  



135 

 

The BSL-7mer showed significantly higher binding affinity for HA nanoparticles 

compared with all other peptides studied. After a rapid increase in binding during the first 30 

min, the binding of the BSL-7mer to HA steadily increased during the 24 h of incubation to 

about 60% binding, with no sign of saturation.  Given sufficient incubation time, these 

results suggest that BSL-7mer proteins would displace all weakly bound proteins and fully 

saturate the surfaces of the HA nanoparticles.  After a transient period of weak non-specific 

binding, two modes of binding of BSL-7mer to HA nanoparticles are suggested by the 

results:  (1) specific binding by the MLPHHGA HA binding sequence and (2) binding due to 

Ca2+ interaction sites in β-sheet structure (as was also seen for the BSL-spacer proteins).  

Since the β-sheet domains of BSL-7mer and BSL-spacer are identical, we can estimate 

contribution due to the β-sheet Ca2+ 

 

interaction sites (and any residual non-specific binding) 

to be at most 23% of binding events.  Thus, the contribution due to the specific MLPHHGA 

binding sequence should account for at least 37% of the binding contribution.  The fact that 

the bound BSL-7mer increases steadily from about 23% at 4 hours to about 60% at 24 hours 

suggests that the binding that occurs after 4 hours in solution is exclusively associated with 

specific binding events (and perhaps also conversion between non-specific or β-sheet 

binding and specific MLPHHGA binding with the passage of time).  In any event, it can be 

concluded that main contributor to the significant differences in binding affinity between the 

BSL-7mer and the other proteins studied was the HA binding domain, MLPHHGA.  
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Figure 5-6 Semi-log of the percentage of peptides bound to HA nanoparticles versus time 

for the BSL-7mer and controls. 

 
Figure 5- 7 The percentage of peptides bound to HA nanoparticles at 30 min and 24 h.  
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5.3.3    Electron Microscopy Studies of Calcium Phosphate 

Formation  

Biomineralization experiments were carried out using 5 µM BSL-7mer and BSL-

spacer solutions in 1.2 mM CaCl2 and 0.72 mM KH2PO4

 

 at pH 7.5. The reaction solutions 

were continuously stirred to facilitate proteins interactions with the mineralization solution.  

After 5 days, the reaction solution containing BSL-7mer contained appreciable precipitated 

material, while the solution containing BSL-spacer only showed a low level of precipitation. 

The precipitates from the reaction solutions were analyzed with TEM (JSM-7500F, JEOL, 

Japan). TEM observations revealed that only very tiny precipitates were present in the 

reaction solution with BSL-spacer (Figure 5-8a).  Compared with the BSL-spacer solution 

(the control reference), the reaction in the presence of the BSL-7mer had a significant 

amount of larger precipitates, as shown in Figure 5-8b-d. At low magnification, we observed 

larger precipitates aggregating each other and forming structures. The shapes of the crystals 

were identified as the magnification increased, as shown in Figure 5-8c-d. The crystals 

formed in the presence of the BSL-7mer were large plate-like crystals growing to several 

hundred nanometers in width and length. 



138 

 

  

  
 

Figure 5-8 TEM images for mineralization formmation in the presence of BSL-7mer and 

BSL-spacer proteins. (a) Control sample with 5µM solution of BSL-spacer in 1.2 mM CaCl2 

and 0.72 mM KH2PO4 at pH 7.5 after 5days of reaction;  (b-d) 5 µM solution of BSL-7mer in 

1.2 mM CaCl2 and 0.72 mM KH2PO4

  
 at pH7.5 after 5 days of reaction. 

(a) 

(c) 

(b) 

(d) 
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The precipitates formed from the reaction of Ca2+ and PO4
3- are likely to be either 

crystalline octacalcium phosphate (OCP; Ca8(HPO4)2(PO4)4·5H2O) or hydroxyapatite (HA; 

Ca10(PO4)6(OH)2) depending on the pH of the solutions and the reaction conditions[196, 

204-206].  EDS was used to identify the ratio of Ca and P in the precipitate crystals.  EDS 

measurements of these precipitates showed that the ratio of Ca to P is Ca/P=1.3±0.1 (N=3), 

which matches the ratio expected for OCP (Ca/P=1.33). Based on the results above, we 

inferred that the precipitates for these reaction conditions were OCP not HA (which has a 

ratio Ca/P=1.67).  The OCP has been regarded as a precursor of HA crystals in bone and 

tooth mineralization [207]. It contains a layer structure of alternating water molecule layers 

and apatite layers [208]. The transformation of OCP to HA by hydrolysis reaction occurs 

both in vivo and in vitro [209-211].  The conversion of OCP-HA in vivo is accompanied by 

a series of physicochemical changes, thereby affecting the tissue reaction around the location 

where osteoblastic cells are seeded and stimulating osteoblastic cell differentiation. The 

recent studies in biomaterials and tissue engineering have demonstrated that the OCP has the 

potential to be used as a synthetic bone substitute material and a scaffold material for 

exogenous osteoblastic cells due to its high osteoconductivity and biodegradability. 
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Figure 5-9 A representative EDS result for precipitates from BSL-7mer in a reaction 

solution of 1.2 mM CaCl2 and 0.72 mM KH2PO4

Since the reactions above were carried out in bulk solutions, we cannot definitely 

confirm that BSL-7mer protein is still able to bind to HA or OCP crystals after it is 

immobilized onto surfaces by passive adsorption.  To study this possibility, we next 

performed the following binding experiment.  First, PS surfaces were coated overnight at 

4°C with a 25 µM solution of BSL-spacer or BSL-7mer in 10 mM phosphate buffer at pH 

7.5. The PS surfaces were rinsed 3 times with dH

 at pH 7.5 after 5days.  The atomic 

percentages of Ca and P are 56% and 44%, respectively, giving a ratio of Ca/P=1.3.  

2O to remove unbound proteins. 

Subsequently, solutions of pre-washed HA nanoparticles were put in contact with the 

protein-coated PS surfaces overnight under gently shaking. Figure 5-10a shows SEM images 

of the control study using the BSL-spacer protein.  It is evident that there are very few bound 

HA particles for the control.  Figure 5-10b-c shows SEM images of bound HA on the 
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surfaces coated with BSL-7mer. The SEM images clearly demonstrate bound HA 

nanoparticles distributed fairly evenly on the surface. Since we previously demonstrated that 

diblock proteins form monolayers on surfaces by self-assembly under the low concentration, 

uniform distribution of HA nanoparticles on the surface coated with BSL-7mer is likely to 

be due to the distribution of the HA-binding domain (7mer) on the surface.  Because the 

density of the ligands can be controlled by the composition of the protein solutions (BSL-

7mer+BSL-spacer), it is possible to control the distribution of the HA on the scaffold 

surfaces and regulate the hard tissue regeneration. A high magnification image of bound HA 

(Figure 5-10c) indicated the presence of clusters of bound HA particles. The aggregation 

may be due to the interaction of functional domains with HA particles and the preparation 

for SEM samples. This experiment, although very basic, did prove that BSL-7mer was able 

to bind to HA particles after immobilization onto the PS surface.   
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Figure 5-10 SEM images for binding of HA nanoparticles to BSL-spcaer and BSL-7mer 

coated surfaces. (a). Control sample with HA on a PS dish coated with a 25 µM solution of 

BSL-spacer in 10 mM phosphate buffer at pH 7.5; (b-c). HA on PS dish coated with a 25µM 

solution of BSL-7mer in 10 mM phosphate buffer at pH 7.5. 

5.3.4    Studies on Binding of BSL-7mer to HA using 

Fluorescence  

The use of fluorescent labeling provided the means to characterize the binding 

affinity of BSL-7mer to HA nanoparticles, and also to indirectly demonstrate that BSL-7mer 

retained its surface-active β-sheet structure after binding to HA particles. Biotinylation of 

(a) (b) 

(c) 
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BSL-spacer and BSL-7mer was carried out first.  We chose one of the most popular types of 

biotinylation reagent, (EZ-Link® Sulfo-NHS-LC-Biotin (Thermo Scientific) which reacts 

efficiently with primary amino groups (-NH2

Biotinylated BSL-spacer and BSL-7mer were incubated with BSA-blocked HA 

nanoparticles. After incubating for 24 h, samples were thoroughly washed and incubated 

with Alexa Fluor 488 streptavidin for 30 min to fluorescently tag the biotinylated proteins 

attached to HA. A washing step after staining aimed to eliminate soluble and non-

specifically bound streptavidin. Fluorescence confocal microscopy was then used to 

visualize the location of the bound peptides. Figure 5-11a shows relatively little binding of 

BSL-spacer peptide (the control) to HA after incubating for 24 h.  Figure 5-11b, however, 

indicates significant binding of BSL-7mer to HA after incubating for 24h. These 

fluorescence microscopy studies verify that BSL-7mer has a dramatically enhanced binding 

affinity to HA nanoparticles compared with the BSL-spacer control.  

) to form stable amide bonds) to label BSL-

spacer and BSL-7mer proteins. NHS-activated biotins target the side chain of lysine (K) 

residues and the N-terminus of each polypeptide in BSL-spacer and BSL-7mer, allowing for 

the biotinylation of the proteins. The efficacy of biotin-labeling depends on the distribution 

of amino groups in the BSL-spacer and BSL-7mer proteins, their concentration, and the 

amount of biotin reagent used. Experiments performed in this chapter used a 20-fold molar 

excess of biotin reagent to label 1 ml of 2 mg/ml proteins, which yielded 4-6 biotin groups 

per antibody molecule according to the protocol (Thermo Scientific Inc., Mississauga, 

Canada). 
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We also studied whether BSL-7mer was still able to self-assemble on the 

hydrophobic surfaces after binding to HA nanoparticles.  To do so, non-biotinylated BSL-

7mer was first to reacted with HA nanoparticles for 24 h.  Subsequently, biotinylated BSL-

spacer was added to this solution containing non-biotinylated BSL-7mer associated with HA 

nanoparticles, and allowed to incubate for another 24 h.  If the amphiphilic β-sheet structures 

of the BSL-7mers bound to HA are not compromised, the β-sheet structures of the soluble 

biotinylated BSL-spacer and the bound BSL-7mer should dimerize (to protect the 

hydrophobic surface of the β-sheet structures from the aqueous solution).  The existence of 

such interactions may be visualized after the proteins were stained with Alexa Fluor 488 and 

the samples were to remove soluble and non-specifically bound proteins and free 

unassociated chromophores.  Figure 5-12 shows the fluorescence microscopy images of 

mixtures of proteins and HA particles.  Since only BSL-spacer was biotinylated, and it has 

already been shown that BSL-spacer does not bind as strongly to HA nanoparticles as the 

BSL-7mer proteins, the only explanation for the fluorescent signal associated with HA 

nanoparticles in the images is that conjugation of the non-biotinylated, HA-bound BSL-7mer 

with soluble, Alexa Fluor 488 labeled, biotinylated BSL-spacer has occurred due to 

intermolecular association of the amphiphilic β-sheet domains of the two types of BSL 

proteins.  Therefore, we may infer that BSL-7mer still possessed surface-active β-sheet 

structure after binding to HA particles. 
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Figure 5-11 Binding ability test with biotinylated BSL-proteins. (a) Images of HA particles 

after incubating with BSL-spacer. (a-1) The Fluor 488 image of HA particles after incubating 

with BSL-spacer; (a-2) The phase contrast image of HA particles after incubating with BSL-

spacer. (b) Images of HA particles after incubating with BSL-RGDS. (b-1) The Fluor 488 

image of HA particles after incubating with BSL-7mer; (b-2) The phase contrast image of 

HA particles after incubating with BSL-7mer.  

(a-1) (a-2) 

(b-1) (b-2) 
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Figure 5-12 Surface activity test for BSL-7mer with pre-bound HA nanoparticles. (a). The 

Fluor 488 image of HA particles after incubating with BSL-7mer followed by biotinylated 

BSL-spacer; (b).The phase contrast of HA particles after incubating with BSL-7mer followed 

by biotinylated BSL-spacer.  

5.4    Conclusions  

A HA-binding peptide sequence (MLPHHGA) attached to the terminus of the BSL 

protein exhibited high-specific binding to crystalline hydroxyapatite and was able to direct 

the mineralization process of calcium and phosphate to produce OCP, a precursor of the HA 

in bone and tooth growth (or HA, depending on solution conditions [196, 212]. Moreover, 

fluorescence labeling studies showed that the surface-active amphiphilic β-sheet domain and 

the biomineralzation domain in these proteins were able to act independently.   Together, 

these results suggest that the hybrid peptide BSL-7mer may be suitable as a 

biomineralization substrate. BSL-7mer, on one hand, has ability to form well-defined two-

dimensional surface layers (or even three dimensional fibrils [69]), which makes this hybrid 

(b) (a) 



147 

 

peptide an attractive candidate for biofunctionalization of scaffolding materials for bone 

tissue engineering.   On the other hand, BSL-7mer has capacity to localize in bone tissue and 

direct the formation of calcium phosphate deposits.  Combined with other genetically 

selected or designed HA-binding peptides, calcium phosphate biomineralization could be 

controlled and regulated using this designer protein platform.  The findings of this work are 

promising initial steps toward the development of systems for fundamental studies of 

biomineralization and for practical applications in restoration and regeneration of the hard 

tissues such as bone, cartilage, and teeth [213]. In the future research, we will focus on 

investigating the effect of the minerals produced by the BSL-7mer on the activity of 

osteoblasts and formation of skeletal tissues. We will explore the utility of BSL-5mer and 

BSL-9mer as triggers of calcium phosphate mineralization on scaffold surfaces as well.  
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Chapter 6 

Surface-Active Proteins with Silver-Binding 

Domains 

6.1    Introduction 

Metal nanoparticles have received considerable attention in recent years due to their 

unique properties and their enormous potential for applications in areas such as catalysis 

[214], biological labeling [215], (bio) chemical sensing and imaging [215,216], electronics 

[217], photonics[218], and drug delivery[219]. Silver nanoparticles (AgNPs) in particular 

have become one of the most widely studied metal nanoparticle types due to their distinctive 

properties, including broad-acting biocidal activity [220,221], electrical conductivity and 

chemical stability [217] and optical polarizability [218].  Indeed, AgNPs are routinely used 

to inhibit bacterial colonization and biofilm formation in many consumer materials.  It is also 

impressive that AgNPs can be used to protect cells against HIV-1 infection and promote 

wound healing [220].  

Physical and chemical methods to synthesize silver nanoparticles are well-established.  

These include the use of electromagnetic radiation [222, 223], gas condensation [224], 

thermal decomposition in organic solvents [225], chemical reduction with reducing agents 

like dimethylformamide (DMF) or with stabilizing and protective agents [221, 226]. In 
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recent years, efforts have focused on more environmentally friendly nanoparticle synthesis 

processes, including bio-inspired approaches. In particular, using biological organisms to 

produce inorganic nanoparticles, either intracellularly or extracellularly [227-229], has been 

increasingly utilized.  A number of inorganic nanomaterials have been synthesized using a 

number of different microorganisms including bacteria [230], yeast [231], fungi [229,232] 

and algae [233]. The bacterium Pseudomonas stutzeri AG259, originally isolated from the 

soil of a silver mine[234], was found to reduce silver ions in aqueous solutions of AgNO3 

Based on the hypothesis that the organic matrices implicated in biosynthesis of silver 

particles contain silver-binding peptides that act as nucleation sites, Stone et al. [33] 

identified silver-binding peptides using a phage-displayed peptide library, thereby bridging 

the divide between biological and biomimetic synthesis of silver nanoparticles. In this study, 

and to agglomerate them within the periplasmic space of the bacteria into silver 

nanoparticles of well-defined size and distinct morphology [230].  Bacillus licheniformis, on 

the other hand, was found to produce silver nanoparticles extracellularly by enzymatic 

reduction of nitrate reductases [228]. The fungus Verticillium was shown to intracellularly 

reduce silver ions and form silver nanoparticles probably due to the metal ion reduction of 

enzymes in the cell wall membrane [229].  Various fungi such as Penicillium 

fellutanum[232], Phoma sp. 3.2883[235], Aspergillus fumigates[236], Fusarium 

oxysporum[237] have also been reported for producing stable silver nanoparticles when 

silver nitrate was introduced to the aqueous medium. Some plant-derived systems, such as 

Azadirachta indica (Neem) leaves and the citrus limon aqueous extract, have also been used 

for the synthesis of silver nanoparticles [238,239].  
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the 12-mer peptides AG3 (AYSSGAPPMPPF) and AG4 (NPSSLFRYLPSD) were 

determined to be the predominant silver binding peptides due to their significantly high 

binding affinity for silver ions and capability to form silver nanoparticles. 

As part of this thesis research, we utilized these established silver-binding peptides to 

create proteins capable of forming stable coatings on surfaces and subsequently nucleating 

the growth of AgNPs.  The focus of these studies was a chimera (named BSL-Ag4) 

consisting of the AG4 silver-binding domain (NPSSLFRYLPSD) appended to the end 

terminus of the BSL-spacer protein.  Detailed studies using UV-Vis, SEM, TEM and EDS 

demonstrated that the recombinant protein was able to accumulate and reduce the silver ions 

to synthesize silver nanoparticles on surfaces functionalized by self-assembly of BSL-Ag4.  

The ability to control surface composition and density of these coatings (e.g. though the use 

of mixtures of BSL-Ag4 and other BSL variants) provides the possibility to tailor the 

formation and distribution of silver nanoparticles on surfaces. This investigation was 

motivated in part by potential applications for anti-microbial biomaterial surfaces. 

6.2    Materials and Methods 

6.2.1    Materials and Reagents 

The putative AgNP-binding protein was designed and synthesized as described 

earlier in Chapter 2.   AgNO3 was purchased from Sigma-Aldrich.  All other chemicals were 

purchased either from Sigma-Aldrich (Oakville, ON, Canada) or Fisher Scientific (Ottawa, 

ON, Canada).  
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6.2.2    Synthesis of AgNPs on BSL-Ag4 Templates 

AgNPs were produced in aqueous solution by reduction of silver nitrate in the 

presence of the BSL-Ag4 protein.  To do so, 600 μl freshly prepared BSL-Ag4 (100 μM) (or 

BSL-spacer as a control) were mixed at room temperature with 50 μl of a 20 mM aqueous 

solution of silver nitrate at pH 7.5 and stirred for 10 min. The samples were then placed in a 

dark environment for 48 h at room temperature to allow the AgNP formation to occur. The 

AgNP content of the resulting solutions was then initially characterized using a Cary100 

UV-vis spectrophotometer (Varian Medical Systems, Inc., Palo Alto, USA) to monitor the 

size-dependent surface plasmon resonance absorption peak around 400-440 nm [240]. 

6.2.3    Electron Microscopy Studies of BSL-Ag4 induced AgNPs 

Transmission electron microscopy was performed to examine the silver-binding 

affinity of BSL-Ag4 after it was immobilized onto the surface by self-assembly of its 

amphiphilic β-sheet domains.  To do so, 25 μM of BSL-Ag4 (or BSL-spacer as a control) 

were coated by passive adsorption onto Au grids for 24 h. Grids were then rinsed three times 

with dH2O to remove excess unbound protein. Subsequently, 2 mM silver nitrate solution 

was added to cover the surface of protein-coated Au grids and kept in a dark environment for 

24 h at room temperature. The grids were then rinsed gently with dH2O and dried before 

TEM characterization.  Similar samples were also prepared with BSL-Ag4 peptide-coated 

PS surfaces (instead of Au grids) and incubated in aqueous silver nitrate solutions for 48 h 

for subsequent imaging with SEM and quantitative composition analysis with EDS, as 

described previously.   
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6.3    Results and Discussion 

6.3.1    Synthesis, Expression and Purification of the BSL-Ag4 

Protein  

The Ag4 silver-binding domain (NPSSLFRYLPSD) was appended to the end of the 

BSL-spacer gene to create a BSL protein variant with acquired antimicrobial activity from 

the formation of silver nanoparticles at the terminus. This protein would produce surface-

tethered silver nanoparticles in situ by reducing and binding silver to the termini of proteins 

previously adsorbed onto surfaces via their amphiphilic β-sheet domains.  Such a protein 

could be used as a component of novel biomedical scaffold materials.  To achieve the goal, 

the vector PET-21d+ containing BSL-Ag4 gene was constructed using the fragment-vector 

enzymatic ligation technique, identified with colonies PCR, and then verified by DNA 

Sequencing in the OHRI Stemcore laboratories DNA sequencing Facility, as previously 

described.  

BSL-Ag4 protein was expressed and purified using the methods described in Chapter 

2.  Inclusion body purification was first performed, followed by gel filtration purification 

using Fast protein liquid chromatography (FPLC) with SephadexTM G-50 Fine media. A 

representative FPLC gel filtration purification trace is shown in Figure 6-1a.  The gel 

filtration method separates protein according to size, with the largest molecules eluting first 

(the A1 fraction in this case).  The fractions A1-A10, B8-B5 collected from FPLC were 

visualized with SDS-PAGE (Figure 6-1b).  The eluted fractions from A7 to B5 primarily 
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were found form the SDS-PAGE results to contain single bands near 8 kDa.  Hence, these 

protein fractions were collected and then lyophilized.  Figure 6-2 provides a summary of 

SDS-PAGE results for protein BSL-Ag4 at different stages of expression and purification. 

This figure shows that good expression (as indicated by the difference between pre-induction 

and post-induction bands) and high level of purity (greater than 90%) using the FPLC gel 

filtration method was obtained for BSL-Ag4.   

The molar mass of protein BSL-Ag4 was verified using Matrix-assisted laser 

desorption mass spectrometry (MALDI).  The MALDI results for BSL-Ag4 shown in Figure 

6-3 indicate a dominant peak at approximately10213 Da, with a deviation of 0.1% from the 

theoretical value of 10202 Da. 
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Figure 6-1a A representative purification trace of BSL-Ag4 using Gel-filtration with FPLC. 

The fractions A1-A10, B8-B5 were visualized with SDS-PAGE. 
 

 

Figure 6-1b A representative coomassie stained SDS-PAGE gel to show the purification of 

BSL-Ag4 with Gel-filtration. Lane1: SeeBlue Plus 2 standard.  Lane2-15: fractions A1-A10, 

B8-B5 from FPLC gel filtration purification of BSL-Ag4.   

~8 kDa ~8 kDa 
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Figure 6-3  Sequence and MALDI spectrograph of BSL-Ag4 with significant peak at 10213. 

Figure 6-2 A coomassie stained SDS-PAGE gel 

to show the expression and purification of BSL-

Ag4. The lanes contain the following: Lane1: 

SeeBlue Plus 2 standard.  Lane2: BSL-Ag4 pre-

induction.  Lane 3: BSL-Ag4 4h post-induction. 

Lane 4: purified BSL-Ag4.   

 

~8 kDa ~8 kDa 
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6.3.2    Monitoring Production of Silver Nanoparticles with UV-

Vis 

The AG4 peptide binds silver ions from aqueous silver nitrate solution and nucleates 

formation of silver nanoparticles.  Stone et al. [241] proposed a model for peptide-induced 

silver-crystal formation based on the hypothesis that interactions between silver-binding 

peptides and silver nanoclusters in the aqueous silver nitrate solution create a chemically 

reducing environment around these clusters, which in turn accelerated the reduction of silver 

ions at the interface between silver-binding peptides and metal clusters. As shown in Figure 

6-4, when silver-binding peptides are added to the aqueous silver nitrate solution, silver-

binding peptides start to reduce silver ions, induce silver nucleation, and form silver 

nanoclusters in the solution (step 1). As silver-binding peptides continually reduce silver 

ions around silver clusters, a chemically reducing environment is created (step 2), thus 

accelerating the reduction of silver ions at the interface between silver-binding peptides and 

silver clusters. Ultimately silver crystals with various distinct particle morphologies, such as 

triangles and hexagons, are formed in the solution (step 3). 
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Figure 6-4 Proposed pathway for the formation of silver crystals with silver-binding peptides.  

Since silver nanoparticles exhibit a size-dependent surface plasmon resonance 

absorption peak around 400-440 nm [240] which can be characterized using UV-Vis 

spectroscopy, we can in turn study the formation of silver nanoparticles by monitoring UV-

Vis spectroscopy when silver nitrate solution is incubated with the silver-binding peptides.  

The shift in UV-Vis spectra with time is an indication of nucleation and growth of silver 

nanoparticles in solution.  To examine the capability of BSL-Ag4 peptide to induce AgNP 

formation, aqueous solutions of 100 µM BSL proteins (BSL-Ag4 or BSL-spacer, as a 

control) and 20 mM silver nitrate were incubated for a period of 48 h at room temperature. 

The UV-Vis spectral response as a function of time of the silver nanoparticles induced by 

BSL-Ag4 is shown in Figure 6-5. The spectrum for the reaction with BSL-Ag4 peptide and 

silver nitrate solution was measured when they were initially mixed together and after 48 h 

of incubation at room temperature. For comparison, the UV-Vis spectrum using BSL-spacer 
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as a control reaction was also measured when initially mixed and after 48 h of incubation in 

silver nitrate solution. 

  There is no indication from UV-Vis absorption of AgNPs immediately after mixing 

of silver nitrate with BSL-Ag4 or BSL-spacer solutions.  Moreover, after incubating for a 

period of 48 h, the UV-Vis spectrum for the reaction containing BSL-spacer peptide still 

showed no significant absorption band near 440 nm; however, the reaction containing BSL-

Ag4 peptide exhibited a distinct but broad absorption band around 440 nm.   The breadth of 

the absorption band at longer wavelengths is presumably due to the size and shape 

distribution of silver nanoparticles [242].  These UV-Vis results conclusively demonstrated 

that BSL-Ag4 peptide is capable of reducing silver ions from aqueous solutions and forming 

silver nanoparticles without the addition of any external reducing agents. In contrast, the 

BSL-spacer control, without the silver binding domain, was found to have no capability of 

reducing silver ions from a solution of silver nitrate.  
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Figure 6-5 The UV-Vis spectral response of silver nitrate solutions in the presence of BSL 

proteins.  For the case of BSL-Ag4, the presence of silver nanoparticles after 48 h is 

indicated by the absorption band at around 440 nm, whereas the presence of the control 

BSL-spacer did not lead to silver nanoparticles formation.   

6.3.3    Silver Nanoparticle Formation on BSL-Ag4 Coated 

Surfaces 

Electron microscopy was used to characterize the silver-binding ability of BSL-Ag4 

peptide after it was immobilized onto surfaces by passive adsorption and the sizes and 

shapes of silver nanoparticles induced by the BSL-Ag4 peptide.   An SEM experiment was 

first carried out to examine the formation process of silver nanoparticles in the presence of 

surface-bound BSL-Ag4 peptide.   In the experiment, either BSL-Ag4 or BSL-spacer peptide 

was first immobilized onto the PS surface by passive adsorption of the amphiphilic β-sheet 

domains, as previously discussed.   After subsequent exposure of silver nitrate solution for 



160 

 

48 h, the surfaces were prepared for SEM measurements by gently rinsing and drying the 

surfaces as previously described. Figure 6-6 shows representative SEM images of the 

samples.  For the case of the BSL-spacer control protein (Figure 6-6a), there is no significant 

evidence of silver nanoparticles on the surface.  A few small dots have square shapes 

probably due to the silver nitrate salts dried on the polystyrene surface. However, the PS 

surfaces coated with BSL-Ag4 protein have numerous faceted silver nanoparticles of 

different shapes and sizes (Figure 6-6b,c). The relatively smaller silver particles were 

observed using TEM, which is discussed later. These results confirmed that the silver-

binding domain AG4 peptide was still functional after it was ligated to BSL-spacer and even 

after immobilization of BSL-Ag4 onto PS surfaces. Thus, the dual functionality of the BSL-

Ag4 protein design (the ability to induce silver nanoparticles and to self-assemble on 

hydrophobic surfaces) has been achieved.  SEM images of the silver particles synthesized 

using BSL-Ag4 peptide also revealed various distinct particle morphologies, including 

circular discs, hexagons, rod-like shapes, triangles and other irregular shapes. Particularly, 

faulty twinned crystals which partially contributed to the large size and shape of the 

nanoparticles [243] was also observed, as shown in Figure 6-6c.  

The samples prepared for SEM studies were also used to verify the composition of 

nanoparticles with Energy-dispersive X-ray spectroscopy (EDS) [201]. A representative 

EDS spectral trace is shown in Figure 6-7. Grey lines in the figure indicate the positions of 

the characteristic X-ray lines of silver. Two significant silver peaks located at 3.34 keV and 

3.51 keV were observed, and no visible atomic impurities were shown in the EDS 
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measurements. Thus, the EDS measurements confirmed that nanoparticles obtained with 

BSL-Ag4 were very pure silver. 

  

 
Figure 6-6 (a) A representative SEM image of negative control with BSL-spacer; (b-c) 

Representative SEM images of silver nanocrystals produced with BSL-Ag4, including 

hexagonal, trianglular, and rod-like shaped particles. 

(a) 

(c) 

(b) 
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Figure 6-7 Representative EDS spectra for a nanoparticle obtained with BSL-Ag4 protein. 

Grey lines indicate the positions of the characteristic X-ray lines of silver. 

The resolution limitations of the JSM-7599F SEM precluded the characterization of 

silver nanoparticles with size less than 50 nm.  In order to characterize these smaller 

nanoparticles, additional studies were conducted using TEM.  To do so, silver nanoparticles 

were produced on Au-grids by incubating a 2 mM silver nitrate solution with Au-grids that 

had been pre-coated with BSL-Ag4 or BSL-spacer peptides in dark environment for a period 

of 24 h. The silver nanocrystals formed on the surfaces were analyzed with TEM (Figure 6-

8).  For the case of the BSL-spacer control protein (Figure 6-8a), there were only a small 

number of very small silver nanoparticles found on the TEM grids; while there were 

numerous nanoparticles associated with the TEM grids coated with BSL-Ag4 (Figure 6-8b-

d).   As with the larger particles in the previous SEM studies, small circular, hexagonal, and 

triangular silver nanoparticles were observed for BSL-Ag4 coated grids. The size 
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distribution of these silver nanoparticles was obtained from a collection 266 distinct particles 

in the images by measuring the diameters of circles, the longest edges of the triangles, and 

length of rods, etc. This analysis yielded a mean size of 20±8 nm. Approximately 68% of the 

silver nanoparticles were in the size range of 10-25 nm that is particularly suitable for 

biomedical uses.   

  

  

Figure 6-8 (a) Representative TEM image of negative control with BSL-spacer; (b-d) 

Representative TEM images of silver nanocrystals (hexagons, triangles, discs, and rods) 

produced with BSL-Ag4. 

Hexagon 

Triangle 

(b) 

(c) 

(a) 

(d) 
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Figure 6-9 Particle size distribution for silver nanocrystals produced with BSL-Ag4.  

6.4    Conclusions 

A one-step synthesis method for protein-stabilized silver nanoparticles based on the 

bioreduction ability of BSL-Ag4 peptide under ambient conditions has been developed and 

validated. Using the well-known UV-Vis absorption characteristics of silver nanoparticles, 

the ability of the silver-binding domain in the BSL-Ag4 protein was shown to act as a 

reducing agent for silver ions in aqueous solution and to nucleate the subsequent formation 

of silver nanoparticles without addition of any external surfactants, protecting or linking 

agents. By characterization with TEM, SEM and EDS, it was also shown that 

immobilization of the BSL-Ag4 protein on surfaces did not inhibit the production of silver 

nanoparticles.  
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Since many applications of metal nanoparticles require their assembly on surfaces, 

this surface functionalization ability of BSL-Ag4 provides the possibility to build templates 

for deposition of inorganic silver nanoparticles.  For instance, there is potential to spatially 

control the deposition of silver crystals into patterned arrays by spatially controlling the 

deposition of the BSL-Ag4 protein (e.g by using a materials printer). Such a facile means to 

functionalize surfaces with well-defined and controllable inorganic silver crystals may have 

utility in areas of biology, chemistry, engineering, and medicine. For example, as silver 

nanoparticles have innate antimicrobial properties, their templated patterning on surfaces 

would have numerous health care applications that are currently being explored in the group.  

Bio-synthesis of other metal nanoparticles such as gold, platinum and palladium based on 

BSL proteins is promising future work as well. 
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Chapter 7   

Conclusions  

Protein-based biomaterials have significant potential for fabrication of new scaffolds 

with properties that can be easily customized for particular tissue engineering applications.  

By combining multiple functional domains, such biomaterials are able to simultaneously 

induce various functions, such as improving cellular adhesion and response, generating 

antimicrobial attributes, and forming mineral deposits that may in turn generate a cell 

response.  Since protein-based biomaterials are synthesized from monomeric building blocks, 

their structures and functions are controllable to suit for specific tissue engineering 

applications through appropriate genetic modular designs. 

This thesis described the development of a library of 

Diblock proteins, composed of a surface-active, amphiphilic block joined to a 

disordered, water-soluble block with an end terminal functional domain, were designed, 

cloned, expressed and purified. The proteins BSS-RGDS, BSS-YIGSR, BSL-RGDS and 

BSL-YIGSR were developed for generating and controlling cellular response to scaffold 

de novo β-sheet-based diblock 

proteins for functionalizing scaffold interfaces using recombinant DNA methods. A variety 

of methodologies and techniques were involved in characterizing their structures and 

compositions and assessing their functional behaviors. Achievements within this thesis can 

be summarized as follows. 
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surfaces. Additionally, the proteins BSL-5mer, BSL-7mer and BSL-9mer were developed 

for calcium phosphate mineralization on scaffold surfaces, and the protein BSL-Ag4 was 

developed for inducing silver nanoparticles and imparting antimicrobial properties on 

scaffold surfaces.  

The primary structures of the proteins were confirmed using MALDI-TOF mass 

spectroscopy and amino acid composition analysis. By analyzing their secondary structures 

and thermal properties using CD, DSC and FTIR, it was demonstrated that the diblock 

proteins are composed of β-sheet, β-turn, and disordered coil secondary structures under 

moderate temperature and pH conditions, and that there is a well defined thermal transition 

between β-sheet and disordered coil structure in the amphiphilic block with increasing 

temperature.  The insertion of bioactive domains, such as RGDS, YIGSR, at the terminus of 

the disordered coil module did not significantly affect the secondary structures of the 

proteins. This suggested that the various functional domains, including the cell binding, 

silver-binding, and hydroxyapaptite-binding domains, can be incorporated to the diblock 

proteins for the development of new attributes and applications without affecting the 

function of the associating β-sheet domain.  

By studying the adsorption of proteins onto the hydrophobic substrates with the SPR 

technique and 125I radio-labeling methods, it was demonstrated that the presentation of the 

bioactive domains has minimal impact on the surface adsorption of the proteins. The cell 

response to RGDS-functionalized scaffold surfaces was characterized using two adhesion-

dependent cell lines, HFFs and C2C12s.  Microscopy studies showed that cells remained 

round and un-attached on the surfaces coated with bioneutral BSL-spacer protein; while cells 
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strongly adhered and spread on the surfaces coated with the bioactive BSL-RGDS protein.  

Results from the microscopy and cell proliferation assays also showed that the cell response 

to the protein coated surfaces could be titrated and controlled by tuning the ratio of the 

bioneutral BSL-spacer (which inhibits cell adhesion) and the bioactive BSL-RGDS in 

solution, providing a facile means of tailoring bioactivity of a surface. Thus, a well-

controlled method has been developed and verified for surface biofunctionalization based on 

the results that: (1) these diblock proteins self-assemble into stable, surface-active coatings 

on synthetic polymer materials; (2) the bio-active ligands distributed on the surfaces can be 

adjusted by the composition of coating solutions. This study focused on a single bioactive 

domain, RGDS; however, the method for surface biofunctionalization should be applicable 

to diblock protein variants with many other bioactive ECM peptide sequences.  Different 

types of the bioactive ECM peptides could be introduced to substrate surfaces with 

optimized ratios to regulate the behavior of a wide range of cell types and cell culture 

applications. 

Hydroxyapatite-binding domains were also fused to the terminus of the diblock 

proteins to produce biofunctional materials for bone regeneration. The binding affinity of the 

BSL-7mer for hydroxyapaptite was first quantitatively estimated by monitoring the 

concentration changes of the protein during the incubation with hydroxyapatite nanoparticles. 

The results indicated that as much as 60% of the protein was bound to the hydroxyapaptite 

after incubation for 24 h.  Additional studies with SEM showed that BSL-7mer exhibited 

significant binding affinity for hydroxyapatite nanoparticles even after it was immobilized 

onto PS surfaces. It is also shown in TEM and EDS studies that the BSL-7mer is able to 
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direct the mineralization process of calcium and phosphate to produce OCP, a precursor of 

hydroxyapatite, in a dilute aqueous solution of Ca2+ and PO4
3-

To develop a diblock variant with potential biocidal activity, the protein BSL-Ag4 

with the Ag4 silver-binding domain attached to the terminus of the soluble random coil 

block was created and studied.  Through UV-Vis spectroscopy, TEM and SEM studies, the 

silver-binding domain in the BSL-Ag4 protein was shown to be capable of reduction of 

silver ions in a silver nitrate aqueous solution, and subsequent nucleation and formation of 

silver nanoparticles without addition of any external surfactants, protecting or linking agents.  

The corresponding EDS spectra exhibited several distinct peaks for metallic silver, which 

confirmed that the nanoparticles obtained with the BSL-Ag4 are composed of essentially 

pure silver. Analysis of the size distribution of the silver nanoparticles obtained from a 

collection of 266 distinct particle images yielded a mean size of 20.0 nm. Approximately 68% 

of the silver nanoparticles was in the size range of 10-25 nm that is particularly suitable for 

biomedical uses.  The surface functionalization ability of the BSL-Ag4 also provides the 

. The resulting OCP materials 

had the morphology of large plate-like crystals with dimensions of several hundred 

nanometers in width and length.  Moreover, studies with fluorescently stained biotinylated 

BSL-spacer and BSL-7mer (with Alexa Fluor 488 streptavidin) showed that the surface-

active amphiphilic β-sheet domain and the biomineralization domain in the proteins were 

able to act independently. Therefore, BSL-7mer may be suitable as a biomineralization 

substrate since it is able to form well-defined two-dimensional surface layers by surface-

adsorption of the β-sheet domain that are capable of subsequent mineralization by the 

displayed 7mer binding domain. 
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possibility to precisely control the distribution of silver nanoparticles on a scaffold surface. 

Such silver nanoparticles on surfaces may be used for imparting innate antibacterial 

properties to various biomedical materials.  

The results described in this thesis clearly demonstrate the potential of the 

amphiphilic diblock protein motif as an effective means of surface functionalization of 

biomaterials for tissue engineering and other biomedical applications. In the specific 

examples explored by the present work, we were able to improve cell adhesion and 

spreading in the presence of the RGDS ligands, induce calcium phosphate mineralization 

with the addition of the HA-binding domains, and form silver nanoparticles with insertion of 

the silver-binding domain. With the inherent surface self-assembly attribute of this diblock 

protein motif, a variety of biological functionalities may easily be imparted to otherwise bio-

inert scaffold surfaces simply by incorporating an appropriate active sequence at the free 

terminus of the soluble block.  

Given the potential applications of these diblock proteins in tissue engineering and 

biomedicine, several areas are worthy of future research.  After demonstrating the capacity 

of the BSL-7mer to induce calcium phosphate mineralization, the lab will next focus on the 

investigation of the effect of the mineralized surfaces on the activity of osteoblasts and 

formation of skeletal tissues, and on the potential of directing stem cell differentiation to 

osteoblasts. The other two types of surface-active proteins with HA-binding domains (BSL-

5mer and BSL-9mer) will also be studied as triggers of calcium phosphate mineralization on 

scaffold surfaces, as discussed in chapter 5. Another promising study is related to the 

antimicrobial activity of silver nanoparticles produced by BSL-Ag4. Since the use of silver 
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nanoparticles as an antimicrobial agent has rapidly increased, evaluation of the efficacy of 

surface-associated silver nanoparticles against different microorganisms will be investigated 

for several representative bacteria of interest.  It will also be very interesting to expand the 

number of diblock variants to include a broad range of terminal functional domains and to 

combine various functional domains (such as bioactive ligands and HA-binding domains) for 

particular cell types and cell culture applications. In this scenario, the possibility of 

synergistic activities between various functional domains is particularly interesting.  Finally, 

there is potential to directly use diblock proteins as scaffolds for tissue engineering, since 

they are in fact able to self-assemble to hydrogels in certain conditions. Although the results 

for the hydrogel formation with these diblock proteins were not discussed in this thesis, the 

methods to form hydrogels with the proteins have been developed and the characterization 

studies are currently being conducted.  
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