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“There is nothing more difficult to take in hand, more perilous to conduct, or more 
uncertain in its success, than to take the lead in the introduction of a new order of things” – 
Niccolo Machiavelli 

Chapter 1 
 

General Introduction 



 

1.1 Introduction 

Over the past three decades, researchers have been focusing on developing protein-

engineered biomimetic materials or so-called biomaterials. Controversies about 

biodegradability, biocompatibility and bioresistivity have been recurrently discussed. The 

human tissue is indeed complex and sensitive, which requires meticulous treatment. 

Therefore, investigations on bio-inspired polymers and peptides have been extensively 

scrutinized. Controlled polymerization using genetic engineering has led to major 

discoveries (Figure 1) [1]. Advances in protein engineering initiated outstanding findings 

in tissue engineering resulting for instance in reproducing liver, artificial lung branches or 

microvessels [2-4]. 

For the construction of protein-based biomaterials, various proteins and peptides were 

exploited. One of the peptides, elastin-like polypeptides (ELPs), has been genetically 

engineered with precisely controlled sequences, molecular weights, and gelation 

temperatures to create protein-based biomaterials. 

The increase use of ELPs as improved scaffold-based technique was due to many 

factors turning this polypeptide a facile tool for tissue engineering and drug delivery 

system. First of all, ELPs can easily be genetically encoded from synthetic gene. Second, 

ELPs are easily expressed and purified from Escherichia coli to fairly high yield. And last, 

ELPs can mimick viscoelasticity properties of native elastin upon crosslinking. Because of 

their biocompatibility, biodegradability and non-immunogeneticity, ELPs have gained 

huge interest in tissue engineering field and especially in design of protein-based 

biomaterials. Putting it all together, ELPs appear to be the suitable candidates as an 

extracellular matrix (ECM) and drug carrier polypeptides. However, tissue repair often 

requires not only a suitable ECM but also growth factors to enhance cell proliferation and 

induce cell differentiation.  

Then again, drug delivery system frequently requires a biodegradable carrier along 

with a growth factor appended at its end for cell-specific recognition. Therefore, 

development of techniques to bind growth factors to ELP-based biomaterials. 

This chapter will focus on biomaterials for tissue engineering and drug delivery 

system based on elastin-like polypeptides. The significance of non-covalent binding based 



 

approach for tethering growth factors to ELPs using fusion proteins and the description of 

the purpose of this study will be highlighted later on. 

 

1.2 ELP-based biomaterials 

Matrix remodeling is crucial for neovascularization, however its utilization to control 

this process in synthetic biomaterials is limited. Fibronectin, laminin, vitronectin, tenascin, 

collagen and elastin in granulation tissue and in endothelial basement membrane are 

indispensable for endothelial cell migration and development of new capillary tubule 

structures. Hyaluronic acid (HA) hydrogels, elastin-like polypeptides and collagen 

matrices have been engineered not only to replicate biological properties of native 

extracellular matrices but also to spatially control cellular remodeling during vascuslar 

network formation [5-7]. 

Along with collagen, several studies have reported exceptional properties of 

biomimetic scaffolds consisting of elastin-like polypeptides [8]. They mimic important 

features of the extracellular matrix architecture and can be finely controlled at the nano and 

microscale. Human elastin provides unique physical characteristics to the connective tissue 

in which it is found (skin, ligament, arteries and specialized cartilages) giving both strength 

and extensibility. Elastomeric domains and crosslinking domains provide the polypeptide 

with hydrophobic structure rendering it highly insoluble and viscoelastic. The potential of 

genetic engineering made it possible to recreate native elastin-like polypeptide by 

developing a repeat sequence of (Val-Pro-Xaa-Yaa-Gly)n where Xaa is glycine or alanine and 

Yaa can be any amino acid besides proline, respectively. This polymer happened to 

demonstrate a thermo-responsive and self-assembly properties that confer the recombinant 

biomaterial a stable spiral structure and easy accumulation onto hydrophobic surfaces 

(Figure 2) [9]. Additionally, its ability to form various platforms such as gels [10-12] 

(Figure 3) [13], films [14, 15], nanofibers and nanoparticles not only shows its flexibility 

in tissue engineering applications but also reveals its impressive potential as implants and 

use in drug delivery [10, 16-19]. 



 

 

 

Figure 1: Scheme highlighting some of the features and applications of chimeric protein-

based biomaterials synthesized through recombinant DNA technology [1]. 

 

 

 

 



 

	
 

Figure 2: Temperature triggered self-assembly of an elastin like polypeptide to form 

polyvalent spherical micelles, which results in the presentation of a targeting ligand (green 

triangle) and the sequestration in the core of a drug or imaging agent (lightning bolt) [9]. 

 

 

 

 

Figure 3: ELP-based hydrogel for tissue engineering. Macroscopic pictures of swollen 

hydrogels in water at 4 °C with different salt/polymer weight ratios: (A) 0/1, (B) 10/1, and 

(C) 20/1 [13]. 

 

 

 



 

1.1.1 ELP-based biomaterials for Tissue Engineering 

Tissue engineering applications of ELP-based biomaterials are abundant and depend 

on the polymer design for specific applications.  

Depending on ELP variants, uncrosslinked ELP have demonstrated the utility for 

promoting an environment encouraging chondrogenesis and led the use of coacervated 

ELP as a scaffold for cartilage tissue engineering. Additionally, it promoted stem cell 

differentiation without addition of chondrocyte-specific growth factors. On the other hand, 

crosslinked ELP formed turgid hydrogels leading to the synthesis of new cartilage-like 

matrix [20-22]. Small diameters of ELP and ELP hybrids have been studied for their 

potential application in vascular graft tissue engineering. Studies using ELP incorporated 

with cell recognition peptide sequences such as RGD sequence promoted endothelial cell 

adhesion. Results came out similar as if cells were coated on fibronectin substrate [23, 24]. 

Engineered ELP sequences containing CS5 fibronectin domain showed that cell 

attached on glass surfaces, promoting epithelial cell attachment, proliferation and retention 

of differentiated phenotype, aimed to develop naturally-derived polymer scaffolds to be 

used in ocular surface tissue engineering [25, 26]. Primary hepatocyte culture on ELP 

substratum conjugated with positively charged polyelectrolytes formed spheroids and 

urged cells to produce albumin and urea, two important markers of hepatocyte function, 

allowing hepatic tissue regeneration [27, 28].  

ELPs are not cell adhesive unless combined with RGD [29, 30]. When cells mixed 

with RGD-containing ELP and coated on RGD-ELP surface are maintained above the 

transition temperature of the ELP sequence for several days and then undergo a 

temperature decrease below transition temperature of ELP, cells are released with their 

ECM as a sheet without ELP polymer. This scaffold-free cell-sheet engineering 

revolutionized the tissue-engineering field especially in tissue transplantation area (Figure 

4) [31]. 

 

 



 

 

Figure 4: Schematic drawing of ELP-RGD fusion protein. Gn: n times repeat of GVGVP 

sequence, GxRGy: RGD sequence (R) between Gx and Gy. Gn was coated on plate 

followed by addition of cells with GxRGy. Gn and GXRGy were coaggreagated at 37 °C 

[31]. 

 

 

 

 

 

 

 

 

 

 



 

1.1.2 ELP-based biomaterials for Drug Delivery System 

Targeted drug delivery using ELP polypeptides has been considerably researched due 

to their temperature sensitiveness, in other words, their ability to switch from hydrophilic 

state (below their transition temperature) to hydrophobic state (above their transition 

temperature). Depending on how ELPs have been genetically engineered and also on the 

their target delivery, ELPs are capable to undergo inverse transition [32] or maintain their 

particulate systems even after undercoolings [18]. This proved to confer ELPs with 

controlled drug release characteristics (Figure 5) [33]. 

Drug vehicules based on ELPs varied for instance a thermally responsive biopolymer 

for intra-articular drug delivery has been engineered for prolonged release of disease-

modifying protein drugs for osteoarthritis and other arthritides [34]. An injectable form of 

ELP has been developed thanks to its lower critical solution temperature (LCST). When 

mixed with poly(N-isopropylacrylamide) (pNIPAAm)-based block copolymers along with 

drugs or cells, gel formation is observed at body temperature [35-37]. ELP injectable gels 

have been applied for sustained release of antiobiotics for orthopedic applications [38] or 

for controlled release of immunomodulator therapeutics [39] and also for the release of 

compounds such as vitamins [40]. 

Slightly similar to cell-sheet engineering, drug-eluting films can be used in medical 

applications as film-based implants for site-specific drug delivery applications [41] such as 

degradable biomedical implants [42, 43], and film coatings on medical devices [44]. ELP 

triblock copolymers are casted on biodegradable drug-loaded film by solvent evaporation 

process [12].  

 

 

 

 



 

 

Figure 5: ELP–drug delivery strategies. This figure depicts four strategies that use ELPs to 

deliver drugs to a solid tumor in vivo. (A) Drug attachment triggered self-assembly of an 

ELP into micelles. Hydrophobic drugs are attached to the C-terminus of a hydrophilic ELP 

to trigger the self-assembly of micelles. These micelles accumulate in the tumor by passive 

diffusion through the leaky tumor vasculature. (B) Thermal targeting of an ELP to a heated 

tumor by the phase transition triggered aggregation of the ELP in tumor vasculature. ELP–

drug conjugates can be actively targeted to a tumor by using the ELP phase transition in 

combination with the application of mild hyperthermia to the tumor to trigger formation of 

micron-sized aggregates of the ELP that adhere to the vessel walls. Upon cessation of 

hyperthermia, the aggregates dissolve, generating a large concentration gradient that drives 

the ELP that dissolves from the aggregates into the tumor. (C) Multivalent targeting of a 

solid tumor by thermally-triggered self-assembly of a diblock ELP into micelles in a 

heated tumor. (D) Local delivery of an ELP that coacervates in a solid tumor upon 

intratumoral injection. An ELP with a Tt below body temperature can be directly injected 

into a tumor to form an insoluble coacervate which forms a long-lasting depot, which 

extends the exposure of a conjugated radiotherapeutic to the tumor [33]. 

 



 

1.3 Biomaterials incorporated with growth factors  

Appropriate growth factors such as vascular endothelial growth factor (VEGF), 

commonly known in angiogenesis activation, are needed to develop a proper environment 

for cell sprouting and tubular network formation [45].  Other growth factors are also used 

as delivery for tissue engineering like epidermal growth factor (EGF), basic fibroblast 

growth factor (bFGF) and platelet derived growth factor (PDGF) [46-49]. 

The use of VEGF in vascular tissue engineering is used in a great extend. However, its 

application in tumor suppression, in other words, delivering VEGF to tumor cells to trigger 

apoptosis is rarely mentioned. Generally, researchers fear the utilization of VEGF as it 

activates angiogenesis, which if not controlled, would lead to its over-expression and 

therefore initiates tumor angiogenesis. Usually, researchers tend to develop new techniques 

to block VEGF receptors (VEGF-R) or employ anti-VEGF drugs. Nonetheless in the last 

decade, the use of VEGF as targeting drug entity was pointed out. Studies using VEGF in a 

humanized docking system for drug delivery, VEGF microspheres for bone regeneration or 

nanoparticles bearing VEGF to enhance regeneration of decellularized tissue-engineered 

scaffolds have been conducted [50-52]. Additionally, nanoparticles based on biodegradable 

polyesters (i.e., PLGA) for the delivery of proangiogenic growth factors has been 

developed [52]. 

Although the effect of VEGF alone may be sufficient, literature recommends that the 

use of multiple growth factors in a synergistic manner would mimic natural conditions for 

tissue regeneration. Thus, bFGF, PDGF and EGF are often combined to VEGF in order to 

enhance tissue formation [51, 53-56].  

For tissue engineering or drug delivery purposes, many studies suggest the use of 

growth factors as ELP-based conjugate. For example, apoptotic epidermal growth factor 

(EGF)-conjugated block copolymer micelles as a nanotechnology platform for targeted 

combination therapy has been developed (Figure 6) [57], construction of epidermal growth 

factor fusion proteins with cell adhesive and collagen binding activities for tissue repair 

and regeneration has also been designed fusing ELP and EGF covalently [46, 58]. The 

covalent fusion of elastin-like polypeptides with keratinocyte growth factor (KGF-ELP) 

formed nanoparticles for the treatment of chronic wounds [59].  



 

 

Figure 6: Schematic of Block copolymer micelles loaded with a chemotherapeutic agent in 

the hydrophobic core with apoptotic targeting ligand EGF conjugated to the hydrophilic 

shell [57]. 



 

 

Figure 7: Presentation and release of growth factors from Tissue Engineered scaffolds. 

Anticlockwise, from top: growth factors within TE scaffolds may be loaded into polymers 

whose rate of degradation or diffusive properties can be modulated to tailor release rate, 

and which may be combined into systems releasing multiple factors with distinct kinetics. 

The exposure of cells to different growth factors with time may therefore imitate 

developmental pathways and healing responses. An alternative to presenting growth 

factors in soluble form is to bind them to a surface in either random or specific 

orientations, with the possible use of a spacer molecule. Non-covalent associations with 

matrix components, particularly glycosaminoglycans (GAGs), can effect slow release and 

in some cases may potentiate binding to membrane receptors. Cell-demanded release is 

based on the presence of protease-sensitive peptide sequences within the growth factor 

protein [60]. 

 

 



 

Developing tissue-engineered scaffolds or drug carriers along with immobilized 

growth factors for targeted application requires simplistic and consistent site-specific 

immobilization approach. Accordingly, protein-protein conjugation using covalent and 

non-covalent binding has been widely investigated (Figure 7) [60]. 

 

1.4 Protein-protein binding with coiled-coil 

Ways of binding two or more proteins vary according to the nature of protein 

application. Covalent binding techniques have been frequently utilized. But, limitations 

using this technique showed to be inefficient.  

Few studies reported potential drug delivery using non-covalent binding such as single 

walled carbon nanotubes for the transportation of small interferin RNAs [61], EGF 

tethered via coiled-coil interaction using Ecoil and Kcoil peptides to control cell adhesion, 

growth and differentiation [62], hybrid hydrogels assembled from synthetic polymers and 

coiled-coil protein domains (CC1 and CC2) [63] or coiled-coil peptide-based assembly of 

gold nanoparticles [64]. 	
 

The discovery of coiled-coils goes back to Francis Crick and Pauling & Corey in 

1952. Crick has described the packing of α-helices as simple coiled-coils. He suggested 

that the reason of deformation of coiled-coils was that the non-integer nature of the α-helix 

made it more likely that two helices having the same sense of twist would pack together at 

an angle rather than exactly parallel, and that this would lead to a coiled-coil. The energy 

to deform each helix into a curved helix or “coiled-coil” was shown to be very small [65]. 

Simultaneously Pauley & Corey have suggested that the origin of the deformation of 

coiled-coils is due to a repeating sequence of amino acids, a repeat every seventh residue 

being required for two-thirds of α-helices in the structure, and a repeat every fourth residue 

of two-ninths of them [66, 67]. Crick has also reported that the similarity between α-helix 

pattern and α-keratin pattern reflects the general type of structure, which it is believed to 

be α-helices arranged in a non-parallel manner for reasons of packing. It has also been 

shown that when α-helices of the same sense pack together, they will probably do so about 

20 º away from parallel and that for very long chains, it will lead to a coiled-coil [66]. 



 

Later, another kind of non-covalent binding has been profoundly studied that is the 

Fos, Jun and GCN4 leucine zippers. Fos and Jun oncogenes were found to associate in 

vitro due to the heptad repeat of leucine residues, which stabilizes the interaction between 

the Fos and Jun proteins. The transcription factors of bZIP class such as Fos, Jun and 

GCN4 regulate the expression of many different genes in organisms as diverse as fungi, 

plants and mammals (Figure 8) [68]. Studies of symthetic peptides have shown that leucine 

zipper short sequences are sufficient for dimerization of the GCN4 protein and for specific 

heterodimer formation by Fos and Jun. Leucine zippers are known to fold in a parallel 

coiled coils.  

The coiled-coil motif has attracted continued attention as it is found in many proteins 

such as muscle proteins, α-keratin, bacterial surface proteins, intermediate filaments, 

laminin, dynein, tumor suppressors and oncogene products. Coiled coils also have been 

identified as ideal candidates for protein design. It has been reported that the coiled-coil 

structure consists of two right-handed α-helices wrapped around one another with a slight 

left-handed superhelical twist and the heptad repeats forming the coiled-coil proteins were 

labeled with letters a-g. Analysis of these sequences has shown that coiled-coil proteins 

have a characteristic 4-3 hydrophobic repeat, with hydrophobic amino acids spaced every 

four and then every three residues. The hydrophobic residues occur at positions a and d of 

the heptad repeat, whereas residues at positions e and g are predominantly charged.  

O’Shea and colleagues developed two peptides, ACID-p1 and BASE-p1 which will be 

named in this study as helixA and helixB respectively [69]. These two peptides were 

designed following the Fos/Jun leucine zipper, which forms a favorable heterodimer 

formation under unfavorable interhelical electrostatic destabilization of the homodimer 

structure [70]. The difference between the coiled-coil formed by ACID-p1 and BASE-p1 

and the leucine zipper is the e and g positions that have been replaced by glutamic acid in 

ACID-p1 and by lysine in BASE-p1 (Figure 9). Asparagine residue has been placed at a 

position in the second heptad to favor the parallel orientation of helices [69]. 

 

 

 



 

 

 

 

Figure 8: Conservation of leucine repeats between Fos, Jun and GCN4 [68]. 

 

 

 

  

 

 

Figure 9: Helical wheel presentations of GCN4-p1, ACID-p1 and BASE-p1. The 

combination of two stranded and parallel coiled-coil GNC4-p1 is formed through the 

leucine zipper unlike the heterodimer formation between ACID-p1/BASE-p1 where coiled 

coils forms due to changes in e and g positions [69, 70]. 

 



 

1.5 Purpose of this study 

Based on the approach cited in the previous section, this work aims at developing two 

different growth factor carriers involving elastin-like polypeptides using two α-helices 

ACID-p1 and BASE-p1 to form coiled coils. The detailed aims of this study are explained 

below: 

 

• For tissue engineering, we describe the construction of coiled-coil structure used to 

maintain co-immobilized growth factors’ activity on extracellular matrix for the 

promotion of angiogenesis in chapter 2. 

 

• For drug delivery purposes, we describe the design of coiled-coil interaction 

between a growth factor and a thermo-responsive nanoparticle delivering paclitaxel 

drug to cancer cells in chapter 3. 

 

This work focused on angiogenesis in health (tissue engineering) and disease (drug 

delivery). The formation of new blood vessels plays a significant role in tissue engineering 

and more importantly in wound repair process regulated by both angiogenic growth factors 

and extracellular matrix [71, 72]. Capillary blood vessels consist in endothelial cells that 

carry genetic information for tube-like formation [73]. These endothelial cells need a 

suitable ECM environment for cell migration, differentiation and development of new 

capillary-like tube structures.  

Angiogenesis has often been associated to pathogenesis of some disorders such as 

tumorigenesis, psoriasis, arthritis or blindness when vessels grow excessively [71]. For that 

reason, many studies were focusing on inhibiting angiogenesis using the best-known 

inhibitor bevacizumab, which is a monoclonal antibody against vascular endothelial 

growth factor, as cancer treatment [74]. On the other hand, when abnormal and insufficient 

angiogenesis are arisen, other disorders are developed like heart and brain ischemia. To 

overcome this deficiency, protein and tissue engineering are required for therapeutic 

angiogenesis.  



 

Therefore, this study would be valuable in broadways from extracellular matrix 

scaffolds to bio-grafts and from cell-sheets to nanoparticles.  
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“Anybody who has been seriously engaged in scientific work of any kind realizes that over 
the entrance to the gates of the temple of science are written the words: ‘Ye must have 
faith’.” – Max Plank 

Chapter 2 
 

The promotion of angiogenesis by growth 

factors integrated with ECM proteins through 

coiled-coil structures 

 



 

 

2.1. Introduction 

Angiogenesis, formation of new blood vessels, plays a significant role in tissue 

engineering and more importantly in wound repair process regulated by both angiogenic 

growth factors and extracellular matrix (ECM) [1, 2]. Capillary blood vessels consist in 

endothelial cells (EC) that carry genetic information for tube-like formation [3]. These ECs 

need a suitable ECM environment for cell migration, differentiation and development of 

new capillary-like tube structures.  

The ECM elements such as fibronectin, collagen, elastin and laminin are required to 

preserve healthy ECs growth and organization. We, therefore, previously constructed an 

artificial ECM designated as EREI2 [4], which consisted in two repeats of 12 repetitive 

sequence of polyhexapeptides (APGVGV)12, RGD peptide and IKVAV sequence. 

Repetitive sequence of APGVGV, an elastin-like polypeptide, reported to form a stable 

spiral structure that easily attaches onto hydrophobic surfaces and possesses cell-adhesive 

properties [5, 6]. The arginine-glycine-aspartic acid (RGD) peptide known to be a 

biodegradable material, promotes cell-adhesion [7, 8] and IKVAV sequence, a laminin 

derived pentapeptide also promoting cell-adhesion, differentiation and migration [9], 

interacts with endothelial cells, plays an important role in cell recognition and induces 

angiogenic behaviour [10, 11].  

Besides, to preserve a constant delivery of the artificial ECM, we used atelocollagen, a 

digested collagen, to prolong retention of the fusion protein. Atelocollagen has been 

clinically used as skin disorder treatment [12] due to its low antigenecity by removing the 

antigenic telopeptide region using pepsin digestion. Atelocollagen proved to be a safe 

scaffold as a treatment in tissue engineering and cell transplantation [13]. In order to bind 

EREI2 to atelocollagen, human fibronectin-derived collagen-binding domain (CBD) [14] 

was used as a fusion partner of EREI2.  

In addition to ECM, appropriate growth factors such as VEGF121, commonly known in 

angiogenesis activation, are needed to develop a proper environment for cell sprouting and 

tubular network formation. Ways of linking growth factors to ECM proteins have been 

extensively discussed. Previously, direct linking between	
 ECM and GF was used by 



 

direct fusion. However, some disadvantages have been reported like biological activity loss 

or adsorption limitations of cell adhesion [15]. 

Thus, fusing proteins non-covalently seems to retain their activity and may be a 

methodology to overcome problems encountered with using covalent binding [16]. In our 

previous study, bFGF was tethered to ECM non-covalently [17]. The non-covalent model 

we used in that study relies on O’Shea and colleagues who developed two peptides, ACID-

p1 (helixA) and BASE-p1 (helixB) [18]. These two peptides were designed following the 

Fos/Jun leucine zipper, which forms a favorable heterodimer formation under unfavorable 

interhelical electrostatic destabilization of the homodimer structure [19].  

In this study, we have developed a fusion protein (CBDEREI2-helixB) corresponding 

to CBDEREI2 fused at its C-terminus to helixB. In order to promote the interaction of the 

helixB peptide moiety with its interacting peptide partner helixA, helix A was fused with 

growth factor at its N-terminal. It has been reported that using both basic fibroblast growth 

factor (bFGF) and VEGF at the same time increased angiogenesis and blood vessel 

maturation [20, 21]. Additionally, epidermal growth factor (EGF) is a pro-angiogenic 

growth factor. Hence, we decided to amplify the signal transduction and the synergistic 

effect by co-immobilizing single-chain VEGF121, bFGF and EGF each fused with helixA at 

their N-terminal to form helixA-scVEGF121, helixA-bFGF and helixA-EGF respectively 

(Fig. 1). 

 



 

 

Figure 1: Schematic illustration of non-covalent binding of the designed ECM to multi-

growth factors through coiled-coil structure to promote angiogenesis. 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

2.2. Materials and methods 

2.2.1. Plasmid Construction 

Four plasmids were constructed to conduct the experiments described in this paper: 

pET-helixA-scVEGF121, pET32c-helixA-bFGF, pET32c-helixA-EGF and pET-

CBDEREI2-helixB. To obtain VEGF121 gene, Reverse transcription (RT) was performed 

with HUVEC mRNA using Superscript III First-Strand Synthesis System (Invitrogen, 

Carlsbad, CA) primed by Oligo-dT for cDNA synthesis. VEGF121 was amplified by PCR 

with VEGF (forward) and VEGF (reverse) primers introducing EcoRI at the 5’ and HindIII 

at the 3’. The obtained fragment was inserted in pUC18 vector. pUC18-VEGF was 

confirmed by sequencing. To compensate the frameshift treatment occurred after the 

BamHI site, the sequence was digested with BamHI followed by Mung Bean nuclease 

treatment (Takara). A linker fragment was introduced in pUC18 using EcoRI and NcoI 

enzymes after annealing with linker fragment 1 and linker fragment 2.  The new fragment 

was digested and inserted into the pUC18- VEGF121 with BamHI and HindIII enzymes. 

The resulting plasmid was named pUC18-scVEGF121. VEGF121-linker-VEGF121 was 

digested with NcoI and HindIII and inserted with the same enzyme into the pET-His(NcoI) 

[22]. The resulting plasmid was named pET-His(NcoI)-scVEGF121. Helix A of pET-32c-

helixA-bFGF, constructed as described previously [17], was amplified using a pair of 

primer containing EcoRI restriction sites and was inserted in pUC18-scVEGF121. His-

helixA-scVEGF121 was then inserted into pET-His(NcoI) after removal of His fragment. 

The resulting plasmid was designated as pET-His(NcoI)-helixA-scVEGF121. EGF fragment 

was cut using BamHI and HindIII from pBS-EGF [23] and inserted into pBS-helixA. 

HelixA-EGF was digested and inserted with the same enzyme into pET32c vector. The 

obtained plasmid is referred as pET32c-helixA-EGF. HelixB in pET-ERE-helixB [17] was 

amplified using a pair of primer containing BamHI and PstI restriction sites and was 

inserted in pET32c-EREI2. The obtained plasmid was digested and inserted in pET32c-

NHis-fnCBD [4] using BamHI and HindIII to get pET32c-NHis-CBDEREI2-helixB (Fig. 

2A). All primers used in this experiment see Table 1.  

 

 



 

Table 1: primers used for plasmid construction. 

VEGF 

Forward primer (5’ – 3’) 

Reverse primer (5’ – 3’) 

 

GGCGAATTCCCCCATGgcaccGatggcagaaggaggaggg 

GGCCAAGCT-TtcaccgGATCcctcggcttgtcacatttttc 

Linker fragment 1 CATGcCTTTGCCTTCCGATTTGCCAGAGCC-

GGAGGTGGATCcAATT 

Linker fragment 2 gGATCCACCTCCGGCTCTGGCAAATCCTCGGAA

GGCAA-AGGC 

helixA 

Forward primer (5’ – 3’) 

Reverse primer (5’ – 3’) 

 

cgcgaattcTTGAGCGAGCTCTTTCTCCAG 

gttttgcgGAattcgatggt 

helixB 

Forward primer (5’ – 3’) 

Reverse primer (5’ – 3’) 

 

tggcaccaaGGATCCgcggtggatc 

AGTTTGCGCAACGTTGTTGC 

 

Table 2: Primers for gene expression 

Gene 

analyzed 

Forward primer (5’ – 3’) Reverse primer (5’ – 3’) Annealing temp. 

(°C) 

Ang-2 

Tie-2 

MMP-2 

GAPDH 

aaagactgggaagggaatgagg 

ggatacgaaccatgaagatgcg 

gtgctgaaggacacactaaagaaga 

278: ccatcaccatcttccaggag 

gatgtttagaaatctgctggtcgg 

ccaaacgtgtgcagttcacaag 

ttgccatccttctcaaagttgtagg 

853: cctgcttcaccaccttcttg 

62 

62 

62 

62 



 

 

2.2.2. Expression and purification of fusion protein 

pET-helixA-scVEGF121 and pET32c-CBDEREI2-helixB plasmids were transfected 

into E.coli BL21(DE3) competent cells and pET32c-helixA-EGF and pET32c-helixA-

bFGF into E.coli KRX competent cells by heat shock and cultured at 37 °C in a Luria-

Bertani (LB) medium supplemented with ampicillin to an optical density of 0.6 at 600 nm. 

Protein expression was induced by addition of 1 mM isopropylthio-ß-D-galactoside 

(IPTG) only for pET-helixA-scVEGF121 and pET32c-CBDEREI2-helixB. In addition of 

IPTG, 0.1% rhamnose was added to pET32c-helixA-EGF and pET32c-helixA-bFGF for 

protein induction. Cells were cultured at 30 °C for 4 h, harvested by centrifugation (8 000 

g) and resuspended in Bug Buster Reagent and Benzonase nuclease followed by rotation at 

room temperature for 30 min before repelleting by centrifugation (8 000 g) for 10 min. 

Protein extraction from soluble fraction: The supernatant was collected and purified by 

His select TALON Metal Affinity Resins (Clontech) using a Poly prep column (Bio-Rad). 

After 30 min incubation at 4 °C, the column was washed three times with four-column 

volumes of the wash buffer (50 mM sodium phosphate, 300 mM NaCl, pH 7.6) and 

followed by three times with four volumes of the same buffer including 5 and 10 mM 

imidazole each. The fusion proteins were eluted with two-column volume of elution buffer 

(50 mM sodium phosphate, 300 mM NaCl, 100 mM imidazole, pH 7.6). The fusion 

proteins were then dialyzed in a PBS buffer overnight using a Slider-A-lyzer dialysis 

cassette (PIERCE). Protein extraction from inclusion bodies: The supernatant was 

discarded and the proteins were extracted from the inclusion bodies for pET-helixA-

scVEGF121 and pET32c-CBDEREI2-helixB and solubilised with 8M Urea PBS for 

overnight at 4 °C. The supernatant was collected by centrifugation (8 000 g) for 10 min 

and purified by His select TALON Metal Affinity Resins (Clontech) using a Poly prep 

column (Bio-Rad). After 30 min incubation at 4 °C, the column was washed three times 

with four-column volumes of the wash buffer (50 mM sodium phosphate, 300 mM NaCl, 4 

M Urea, pH 7.6) and followed by three times with four volumes of the same buffer 

including 5 and 10 mM imidazole each. The fusion proteins were eluted with two-column 

volume of elution buffer (50 mM sodium phosphate, 300 mM NaCl, 4 M Urea, 100 mM 

imidazole, pH 7.6). The fusion proteins were then dialyzed against serial dilutions of urea 



 

(2 M, 1 M and 0.5 M Urea) and PBS only with one hour each and finally against PBS 

buffer overnight using a Slider-A-lyzer dialysis cassette (PIERCE). The purity of the 

proteins was analyzed by 12 % sodium dodecyl sulfate polyacrylamide gel electrophoresis 

(SDS-PAGE) and the concentration was determined using a BCA assay kit (PIERCE). 

 

2.2.3. Evaluation of protein binding through coiled-coil structure 

To show the specific binding between helixA and helixB as well as the optimum 

concentration of our fusion proteins to be used in further experiments, 96-well ELISA 

plates (Costar 3361, Corning Life sciences, Lowel, MA), were coated for 3 h at 37 °C with 

100 nM of CBDEREI2-HelixB. Plates were washed 3 times with PBS-T and blocked 

overnight with 2 % bovine serum albumin (BSA) in PBS buffer at 4 °C. After blocking, 

plates were washed again and incubated with helixA-scVEGF121, helixA-bFGF and 

helixA-EGF separately at different concentrations each (1 nM, 10 nM, 100 nM and 1 μM) 

for 2 h at 37 °C. After washing, anti-VEGF121 (Abcam Life Sciences, Cambridge, MA), 

anti-bFGF and anti-EGF (Sigma-Aldrich) antibodies were reacted for 1 h at 37 °C. HRP-

conjugated secondary IgG at 1:1000 dilution were added and reacted for 1 h at 37 °C. 

TMB peroxidase substrate (KPL, Gaithersburg, MD) was added after washing three times 

with PBS-T and reaction was stopped after 5 min by adding 1 N HCl. The binding was 

detected and measured spectrophotometrically at a wavelength of 450 nm (Benchmark, 

Bio-Rad). 

 

2.2.4. Evaluation of cell-adhesive activity of CBDEREI2-HB 

Cell adhesion assays were performed in a 24-well non-tissue culture plate (Sumilon 

MS-8024R, Japan). The surface of the wells was coated with 100 nM of CBDEREI2-

helixB, 100 nM of fnCBD, fibronectin and 1% BSA respectively. Fibronectin (Sigma-

Aldrich) was added at a concentration of 10 µg/ml and was used as a positive control. 1% 

BSA coated surfaces and non-coated surfaces were used as negative control. After 

incubation for 1 h at 37 °C, wells were washed three times with PBS-T and blocked with 

1% BSA in PBS buffer overnight at 4 °C. (HUVECs) (Kurabo Industries, Japan) cultured 



 

in growth medium HuMedia-EG2 (Kurabo Industries, Japan) supplemented with 2% FBS, 

10 μg/l hEGF, 5 mg/l hFGF-B, 10 mg/l heparin, 1 mg/l hydrocortisone, 50 mg/l 

gentamicin, 50 μg/l amphotericin B, were seeded at a density of 6x104 cells/well. After 4 h 

incubation at 37 °C, wells were washed three times with PBS-T. The remaining number of 

attached cells on the plate was examined by cell counting kit (CCK8-kit, Dojindo, Japan) 

and the absorbance was measured in a micro plate reader at a wavelength of 450 nm 

(Benchmark, Bio-Rad). Each sample was assayed in triplicate wells. Confluent HUVECs 

(passages 4~7) were used for the experiments. 

 

2.2.5. Collagen-binding activity of CBDEREI2-HB 

Ninety-six well ELISA plates were coated for 1 h at 37 °C with either pepsin-

solubilized type I collagen (Atelocollagen I PC-30, Koken, Japan) at 3 mg/ml, pH 3.0 or 

acid-solubilized type I collagen (Native collagen I AC-30, Koken, Japan) at 3 mg/ml, pH 

3.0 or BSA at 1%. Plates were washed 3 times with PBS-T and non-specific binding was 

blocked by overnight incubation with 1% BSA in PBS buffer at 4 °C. After blocking, 

plates were washed again and incubated with increased concentration of CBDEREI2-

helixB (100 nM, 500 nM and 1 μM) at 37 °C for 1 h. After washing, plates were incubated 

with anti-His-Tag antibody (Sigma-Aldrich). Bound antibodies were detected as 

previously mentioned in evaluation of protein binding through coiled-coil structure. 

 

2.2.6. Cell proliferative activity of growth factor with helixA 

HUVECs were suspended in HuMedia-EG2 then seeded in 24-well tissue culture 

plates (Falcon, BD Bioscience) at a density of 5 x 103 cells/well. After 1 day of culture, 

purified fusion proteins (helixA- scVEGF121, helixA-bFGF, helixA-EGF) were added with 

increased concentrations (1 nM, 10 nM and 100 nM) and purchased wild-type VEGF121 

(10 nM of rhVEGF- A121) (Wako Chemicals, Japan), 10 nM hEGF and 10 nM hFGF-B 

(Kurabo, Japan) were used as positive control. The day on which proteins were added was 

defined as day 0. The activity was evaluated at 450 nm as mentioned in the Cell Counting 

Kit (CCK-8) every 2 days until day 7.  



 

 

2.2.7. Growth factor activity of adsorbed helixA-scVEGF121 

CBDEREI2-helixB was mixed with helixA- scVEGF121 and incubated at 37 °C for 1 h 

on a shaker. 24-well non-tissue culture plate was coated by the coiled-coil structure formed 

after incubation and allowed to attach to the plate at 37 °C for 1 h. Wells were washed by 

PBS then HUVECs were seeded onto coated plates and the remaining attached cells were 

counted as described in the previous section. The attached cells’ growth kinetics was 

followed for 4 days. Day 0 of the kinetics was the day on which the incubation of the 

remaining attached cells was started. The medium was changed every 2 days. 

 

2.2.8. Tubulogenesis promoting activity in collagen culture 

Collagen type I gel medium was prepared as recommended by Koken Industries as 

follows: 3 mg/ml atelocollagen type I (Koken, I-PC, Japan) was mixed with 5xPBS buffer 

in a volume ratio of 1:5, 1 M Hepes buffer (final concentration, 10 mM) and 1 M NaHCO3 

in a volume ratio of 1:100. The medium was stored at 4 °C until use. Before mixing gel-

medium and fusion proteins, different combinations of coiled-coil structures were 

prepared. 

1 μM of each fusion protein was added into 1.5 ml microtube. Fusion proteins were 

incubated at 37 °C for 1 h to form complex between helixA and helixB. 1:3 volume of 

protein combinations was added to the collagen gel-medium. The prepared atelocollagen-

protein gel mix was added to a 6-well tissue culture plate (Falcon, BD Bioscience) and 

allowed to gel at 37 °C for 2 h.  

HUVECs were seeded onto the gel surfaces at the density of 3 x 105 cells/well and 

incubated at 37 °C for 1 h for cell attachment. Non-attached cells were removed by 

pipetting and HuMedia-EG2 without growth factors was supplied to the wells. The well 

containing atelocollagen only coated with HUVECs and supplied with HuMedia-EG2 

without growth factors was used as negative control. The well containing atelocollagen 

only coated with HUVECs and supplied with HuMedia-EG2 with commercialized growth 

factors was defined as positive control. The morphology of HUVECs atelocollagen-protein 



 

gel mix was monitored and photographed with a phase contrast microscope (Olympus, 

Japan).  

 

2.2.9. Gene expression 

HUVECs were cultured as mentioned in the previous section. After 4 days of culture, 

Atelollagen-protein gel mix was degraded with 0.1 % collagenase (Nitta gelatine, Japan) 

for 45 min at 37 °C on a shaking incubator to recover cells. Total RNA was isolated using 

TRIzol reagent (Invitrogen, Carlsbad, CA). RT was performed using the Superscript III 

First-Strand Synthesis System primed by Oligo-dT. First-strand complementary DNA 

(cDNA) was then amplified by polymerase chain reaction (PCR) using the primers shown 

in Table 2. The reaction mixtures (12 μl) were subjected to the following cycling 

conditions: initial denaturation for 4 min at 94 °C; 30 or 40 cycles of denaturation for 30 s 

at 94 °C, annealing for 1 min at 62 °C and extension for 1 min at 72 °C. the amplified 

DNAs were analyzed by 1.5 % agarose gel electrophoresis with ethibium bromide staining. 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

2.3. Results 

2.3.1. Expression of fusion proteins 

In our previous study, CBDEREI2 containing two repeats of elastin-derived unit 

(APGVGV)12, cell-adhesive sequence (RGD) and laminin-derived IKVAV sequence fused 

with collagen-binding domain (CBD) was engineered to obtain CBDEREI2. We fused this 

fragment with helixB, which in turn was fused with helixA to coiled-coil formation with 

growth factor proteins. The designed fusion proteins were either expressed in E.coli 

BL21(DE3) or KRX strains. To facilitate the purification, based on a one-step immobilized 

metal affinity chromatography (IMAC) resin, a hexahistidine tag was introduced at the N-

terminus of the fusion proteins expressed in BL21 (DE3). For those expressed in KRX, 

thioredoxin was additionally introduced between the N-terminus and the hexahistidine tag 

to increase solubility (Fig. 2A). CBDEREI2-helixB and helixA- scVEGF121 were purified 

from the insoluble fraction using the TALON metal affinity resin. HelixA-EGF and 

helixA-bFGF were purified from the soluble fraction also using the TALON metal affinity 

resin. Thioredoxin was removed using an enterokinase cleavage capture kit (Novagen, 

EMD Bioscience, Germany).  The purity of the fusion proteins was analyzed with 12 % 

SDS-PAGE. The results validated the expected size ranges: CBDEREI2-helixB (60.5 

kDa), helixA- scVEGF121 (34.3 kDa), helixA-bFGF (21 kDa), helixA-EGF (11.4 kDa) 

(Fig. 2B). The experimental results are consistent with the calculated molecular masses. 

The fusion proteins were purified enough for further experiment, as indicated by SDS-

PAGE. 

 

2.3.2. Protein binding through coiled-coil structure 

ELISA analysis was performed to examine the binding ability of helixA to helixB 

(Fig. 3A). Anti-VEGF, anti-FGF2 and anti-EGF antibodies were used and the signals were 

detected with HRP-conjugated secondary antibodies. The results  (Fig. 3B) showed that 

signal increased in a dose dependent manner up to 1 μM and demonstrated that 10 nM of 

fusion proteins are enough to trigger the complex formation of helixA and helixB. 

Furthermore, these results established that the non-covalent binding formed through 

coiled-coiled structure could function as an effective bridge connecting growth factor 



 

fusion proteins and extracellular matrix protein. On the basis of these results, we optimized 

the concentration of fusion proteins to be used for further experiments. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

Figure 2: Expression and purification of CBDEREI2-helixB, helixA-scVEGF121, helixA-

EGF and helixA-bFGF. (A) Constructed plasmids pET32c-NHis-CBDEREI2-helixB, pET-

NHis-helixA- scVEGF121, pET32c-helixA-EGF and pET32c-helixA-bFGF. Fused 

fragments were cloned into pET-NHis and pET32c backbone under the regulation of T7 

promoter. Histidine tag sequence (His-tag) was used upstream for purification of the 

recombinant protein. (B) SDS-PAGE of constructed proteins respectively CBDEREI2-

helixB, helixA- scVEGF121, helixA-EGF and helixA-bFGF. Legend: M: marker; Ls: lysate 

from soluble fraction; Li: lysate from insoluble fraction; P: purified protein; R: Talon resin; 

Ft: flow through after thioredoxin cut. 



 

 

 

 

Figure 3: Binding of helixA-scVEGF121, helixA-EGF and helixA-bFGF to CBDEREI2-

helixB through coiled-coil structure on ELISA plate. (A) Experimental scheme used for 

ELISA. (B) Various concentrations of helixA-scVEGF121, helixA-EGF and helixA-bFGF 

were reacted with CBDEREI2-helixB adsorbed onto 96-well plate surface. The amounts of 

bound helixA-scVEGF121, helixA-EGF and helixA-bFGF were evaluated after HRP IgG 

binding. 

 



 

2.3.3. Collagen binding affinity of CBDEREI2-helixB 

The collagen-binding property of the fusion protein was essayed. Native collagen and 

atelocollagen were coated on the plate before adding different concentrations of 

CBDEREI2-helixB. Figs. 4A and B shows that CBDEREI2-helixB specifically bound to 

collagen in a dose-dependent manner, whereas it did not bind to blocking proteins that was 

considered as nonspecific binding. CBDEREI2-helixB showed a significantly higher 

affinity to atelocollagen up to twice than to native collagen. In contrast, low binding of 

fnCBD was observed in both native collagen and atelocollagen. These results indicated 

that CBDEREI2-helixB has the property to bind to a biomaterial with low antigenicity and 

high bioaffinity and demonstrated that EREI2-helixB moiety plays a pivotal role in 

enhancing the binding affinity. Based on these findings, atelocollagen was selected for 

further studies. 

 

2.3.4. Adhesion of cells on designed extracellular matrix 

For the establishment of CBDEREI2-helixB as a fusion protein-based ECM, adhesion 

efficiency of HUVECs on CBDEREI2-helixB, fnCBD, fibronectin and 1% BSA was 

evaluated. Fibronectin and BSA were used as positive and negative control, respectively. 

Results showed HUVECs adhered to the CBDEREI2-helixB-coated surface with almost 

the same potency as to the conventional fibronectin-coated surface whereas CBDEREI2-

helixB matrix showed better cell adhesion than on fnCBD (Fig. 5). These findings prove 

the importance of fusing EREI2-helixB to CBD as EREI2-helixB contains RGD sequence 

responsible for cell-adhesion. It also encourages our hypothesis that CBDEREI2-helixB 

may stimulate endothelial cell proliferation. 

 

 

 

 



 

 

 

Figure 4: Collagen binding characteristics of the CBDEREI2-helixB. (A) Binding to 

Native collagen (I-PC 30) or atelocollagen (I-AC 30) coated plate surface. 96 well-plate 

were coated with either I-PC 30 or I-AC 30. FnCBD and CBDEREI2-helixB were added to 

the wells at different concentrations. Binding properties of the CBDEREI2-helixB was 

confirmed with ELISA using anti-His-tag antibody. (B) Relative attachment to 1% BSA of 

1 µM of fnCBD and 1 µM of CBDEREI2-helixB on both I-PC 30 and I-AC 30. 



 

 

Figure 5: Cell-adhesive activity of CBDEREI2-helixB. 100 nM of CBDEREI2-helixB, 100 

nM of fnCBD, 10 µg/ml fibronectin and 1% BSA were added to each well of 24-well non-

tissue culture plate. HUVECs were seeded to the coated wells and the number of adhesive 

cells after 4 h incubation was counted. The positive control was fibronectin. 

 

 

 

 

 

 

 

 

 

 



 

2.3.5. Induction of cell proliferation by helix fused scVEGF121 

Cell growth-promoting activity of helixA-scVEGF121 in the free form was examined 

using HUVECs monolayer cell culture condition. Fig. 6A shows that the dose-response 

curves of helixA-scVEGF121, helixA-bFGF and helixA-EGF (data not shown) were similar 

to that of the wild-type versions of the above mentioned growth factors. The fusion 

proteins induced cell growth on day 5 with only 1 nM of helixA-scVEGF121 while 10 nM 

of wild-type VEGF121 was needed to obtain comparable results. This confirmed the activity 

and cell growth-promoting capabilities of helixA- scVEGF121. The weak absorbance signal 

of cells in medium without growth factor corresponds to the slow growth of HUVECs (Fig. 

6B). This suggests that the increase of absorbance is correlated with the presence of our 

fusion proteins. To determine the sustainability of the release period of the active growth 

factor fusion proteins bound to CBDEREI2-helixB, HUVEC cells were seeded onto plates 

previously coated with fused extracellular matrix and fused growth factors with medium 

change every 2 days. As a control, we seeded HUVECs on a non-coated plate. In both 

cases, cells were supplied in medium without growth factor. Our results showed that there 

was no proliferation on the control plate. In contrast, cells seeded onto the plates coated by 

the coiled-coil formation showed a steady proliferation until day 4 after (Fig. 7) which, cell 

growth decreased rapidly. This result showed that the release of the complex structure 

protein could diffuse for 4 days. These findings indicated that helixA-scVEGF121 has 

functionally intact VEGF activity without impairment caused by fusion and the coiled-coil 

assembly formed with CBDEREI2-helixB. This demonstrated that the formed compound 

was bifunctional with both collagen-binding property and VEGF activity.  

 

 

 

 

 

 



 

 

 

Figure 6: Cell growth activities of free form helixA-scVEGF121. (A) Various 

concentrations of helixA-scVEGF121 were added to the culture medium of HUVEC cells.  

The number of cells was counted every two days during 7 days. (B) Effect of helixA-

scVEGF121 100 nM (a), 10 nM (b), 1 nM (c), wt-VEGF121 (d) when added to the culture 

medium of HUVECs. Cells were photographed after 7 days of culture by microscopic 

observations and compared to the negative control, which were cells cultured in a culture 

medium without growth factors (e). Scale bar = 500 µm. 



 

 

Figure 7: Cell growth on adsorbed helixA-scVEGF121. HUVECs were seeded on 24-well 

non-tissue plate whose surface was treated with helixA-scVEGF121 through coated 

CBDEREI2-helixB. The cell number was evaluated every day during 4 days. 

 

 

 

 

 

 

 

 

 

 

 



 

2.3.6. Angiogenic activity of co-immobilized fusion proteins on extracellular matrix 

To investigate the activity of our helixA and helixB complex, HUVECs were seeded 

on five different scaffolds containing different combinations of the coiled-coil structure 

formation for 4 days (Fig. 8A). 

The morphology of HUVECs was monitored (Fig. 8B) and pseudo-tube formation 

started to form within 2 to 4 hours after they were seeded on ACFEV. This phenomenon 

was observed on the other scaffolds only after day 1. However, tube-like formations were 

not observed for the scaffold containing only atelocollagen supplied with HuMedia without 

growth factors. After 2 days of culture, cells did not survive and detached from the 

scaffold. To support these observations and confirm angiogenesis activity, markers such as 

angiopoietin-2 (Ang-2), Tie-2 and matrix metalloproteinase-2 (MMP-2) were analyzed 

using RT-PCR (Fig. 9). Ang-2 and Tie-2 were selected as an important signaling and 

transporting ligand/receptor system located in the endothelium of proliferating neovessels 

[24, 25] and are required to initiate neovascularization. ACF and ACFE showed very low 

Ang-2 and Tie-2 signals while ACFV and ACFEV expressed the same intensity as the 

positive control. Moreover, MMP-2 was used as MMPs degrade basal membranes and 

ECM surrounding the sprouting capillaries to regulate angiogenesis. ACF, ACFE and the 

positive control showed fairly low expression of MMP-2 while high level of MMP-2 was 

observed in ACFV and ACFEV. These results indicate that ACFEV exhibited higher rate 

of migration, invasion of extracellular matrix and capillary-like structure, whereas cells on 

ACF did not effectively form a network capillary-like structure. 



 

 

Figure 8: Capillary tube-like formation of HUVECs cultured with constructed ECM and 

growth factor fusion proteins. (A) Schematic representation of the experimental setup.  

 



 

 

Figure 8: Capillary tube-like formation of HUVECs cultured with constructed ECM and 

growth factor fusion proteins. (B) Morphology of HUVECs seeded on atelocollagen gel 

layer. ECM and growth factor fusion proteins through coiled-coil formation embedded in 

atelocollagen gel was prepared. HUVECs were seeded on the gel-mix. After 2 days of 

culture, network formation was monitored. A: Atelocollagen, ACF: 

Atelocollagen+CBDEREI2-helixB+helixA-bFGF, ACFE: Atelocollagen+CBDEREI2-

helixB+helixA-bFGF+helix-EGF, ACFV: Atelocollagen+CBDEREI2-helixB+helixA-

bFGF+helixA-scVEGF121, ACFEV: Atelocollagen+CBDEREI2-helixB+helixA-

bFGF+helixA-EGF+helixA-scVEGF121. Scale bar = 500 µm. 

 

 

 

 

 

 

 

 



 

 

 

 

Figure 9: RT-PCR analysis of angiogenic markers. After 4 days of culture on 

atelocollagen-fusion proteins, HUVECs were harvested and RT-PCR was performed. PCR 

products were resolved by 1.5% agarose gel electrophoresis. Control means HUVECs in 

culture medium containing commercial growth factors. Ang-2: angiopoieting-2, MMP-2: 

matrix metalloproteinase-2. 

 

 

 

 

 

 

 

 

 

 

 



 

2.4. Discussion 

In this study, our protein engineering approach aimed at co-immobilizing three growth 

factors via a coiled-coil structure on a collagen scaffold containing our engineered ECM 

protein to enhance tubular network formation. We demonstrated that the coiled-coil 

compound formation maintained a steady activity accumulation of both growth factors 

fusion protein and extracellular matrix fusion protein. This formation also stimulated the 

growth-promoting activity of HUVECs, improved cell survival, controlled the release of 

growth factors and promoted capillary-like formation.  

The protein binding through coiled-coil structure concluded that the oppositely 

charged residues contained in helixA and helixB triggered their electrostatic attraction and 

provided a major driving force for the formation of coiled-coil heterodimers with a leucine 

zipper [18]. This suggests that the binding of helixA- scVEGF121, helixA-bFGF and 

helixA-EGF to CBDEREI2-helixB was specific. The investigation of the CBDEREI2-

helixB conducted on different types of collagen showed that the fusion location of CBD at 

the C-termini [4] or N-termini (in this case) did not hamper the activity of CBDEREI2-

helixB and proved to retain activities on atelocollagen. This observation is in agreement 

with Sakai and colleagues, which report the use of atelocollagen as a biomaterial. Strong 

collagen binding affinity was observed with CBDEREI2-helixB compared to that with 

fnCBD, this was related to the combination of elastin-like polypeptide, RGD sequence and 

laminin-derived peptide formed by EREI2, which created an artificial connective matrix 

and increased the binding affinity [26].  

To further explain the efficacy of CBDEREI2-helixB, cell adhesion experiments 

showed that cells adhered better in the presence of CBDEREI2-helixB. This is explained 

by the strong hydrophobicity of the polyhexapeptide APGVGV sequence, which allowed 

strong adsorption of CBDEREI2-helixB onto the hydrophobic plate surface. The 

hydrophilicity of CBDEREI2-helixB enabling cell attachment was accredited to the RGD 

functional peptide unit that had cell recognition sites as well as the IKVAV sequence, 

which promoted cell-adhesion, confirming our previously published findings. As such, 

CBDEREI2-helixB unveiled strong interaction with the endothelial cell surface and can be 

used as a scaffold.  



 

It is noteworthy that the addition of medium without growth factor is insufficient to 

promote cell proliferation. This observation led us to conclude that helixA- scVEGF121 

plays a pivotal role activating integrins mediated by VEGF receptors on the cell surface to 

trigger cell proliferation. And it confirmed that single-chain VEGF not only possessed 

mitogenic property but also was functionally equivalent to wild-type VEGF [27]. 

Additionally, the collagen-culture results demonstrated the successful establishment of a 

tubular network using ACFEV. As shown by gene expression analysis, Ang-2 signals 

confirmed the expression of Tie-2 receptor, which facilitated the neovascularization [28]. 

Cells expressed high level of MMP-2 signals. In other words, MMPs located in the cells 

and infiltrated areas of neovessels degraded the ECM and cell associated proteins and 

caused ECM remodeling in the pericellular environment of the cell [29]. Our data suggest 

the generation of tubulogenesis could be prolonged by using atelocollagen as the diffusion 

of helixA-scVEGF121 was observed for 4 days compared to only 3 days in a control plate. 

Here we hypothesized that proteins captured in atelocollagen gel were not easily 

washed out and showed longer period diffusion compared with simple diffusion-based 

release. This finding suggested that controlled release of our protein was possible and was 

in concordance with findings on non-heparin-binding growth factors release [30].  

The model we designed allowed us to select growth factors with different targets for 

improved therapeutic applications. For instance, our study focused on potent synergism 

between scVEGF121, bFGF and EGF in the induction of angiogenesis in vitro. It would be 

interesting to explore other targets in addition to endothelial cells, such as iPS cells or ES 

cells on cell differentiation. Furthermore, it would be interesting to investigate the co-

immobilization of growth factors on nanoparticles through coiled-coil structure-based to 

form a 3D-scaffold for faster vascularization of the wounded region. Likewise, proteins 

bound through coiled-coil structure may be used in heterogeneous cell patterning to 

improve cell signaling and improve cell-sprouting orientation for a controlled 

vasculogenesis.  

 



 

2.5. Conclusion 

We successfully developed a different way to co-immobilize growth factors on matrix 

using a non-covalent binding through a coiled-coil structure. The cell proliferation was not 

inhibited and it promoted angiogenesis. This design of matrix-growth factor delivery 

system may lead to new advances in tissue engineering and regenerative medicine field.  
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“A scientist in his laboratory is not a mere technician: he is also a child confronting natural 
phenomena that impress him as though they were fairy tales.” – Marie Curie 

  

Chapter 3 
 

Nanoparticle-Growth factor interaction 

through coiled-coil formation: A promising 

biomaterial for targeted drug delivery 

 



 

3.1 Introduction 

Recently researchers have turned their focus to protein-mediated drug delivery by 

developing various biodegradable and non-biodegradable systems such as adenoviruses, 

microparticles, microspheres, hydrogels and nanoparticles [1-3]. However, challenges to 

overcome protein stability, antigenicity and drug absorption through epithelial barrier are 

still under investigation [4, 5]. Protein biomaterials like silk, lysozyme, PEGylated and 

elastin-like polypeptides (ELP) assembled into particles have been developed to a great 

extend for therapeutic applications [6-8].  

In order to properly deliver small molecules within cells, nano-scale particles have 

been frequently used as drug carriers. Nanoparticles have been designed in such a way that 

the core was hydrophobic and were covalently coupled to their polymer-carrier without the 

activity being hampered [9-11]. Nevertheless, limitations using covalent binding 

techniques might be encountered for instance biological activity loss or adsorption 

limitations of cell adhesion [12, 13].  Moreover, in case of cancer treatment, high radiation 

doses are required to break down covalent bonds [14]. Delivering drugs using a covalently 

conjugated carrier might result in unspecific uptake of healthy cells resulting in damaging 

healthy tissues. Only few studies have been carried out by non-covalent conjugation 

strategies [15]. 

Accordingly, in this investigation, a drug delivery system consisting of applying any 

type of growth factor conjugated non-covalently to an elastin-like nanoparticle has been 

developed. This nanoscale protein has a thermo-responsive, biocompatible and 

biodegradable elastin-like polypeptide (PAVGV)42 conjugated to a polyaspartic acid D44. 

The addition of polyaspartic acid [16] seems to confer the ELP with a stabilized assembly 

at the phase transition temperature, rendering the particle surface negative-charged and 

therefore preventing intrinsic particle aggregation. The reason of choosing poly(PAVGV) 

over poly(PGVGV) is due to the non-reversibility of poly(PAVGV) following the particle 

formation [16, 17]. Moreover, it has been reported that this striking repetition of (PAVGV) 

has an extremely high biocompatibility features. Due to these characteristics, the polymer 

cannot be differentiated by the immune system from the natural elastin [17]. Therefore, 

utilizing ELPs as drug delivery vehicle allows a safe platform to a controlled drug release.  



 

The non-covalent model relies on two peptides; ACID-p1 (helixA), which has been 

fused to growth factors and, BASE-p1 (helixB) fused with the nanoparticle (Fig. 1). 

HelixA and helixB were developed by O’Shea and colleagues according to the Fos/Jun 

leucine zipper, which forms a favorable heterodimer formation under unfavorable 

interhelical electrostatic destabilization of the homodimer structure [18, 19].  

This coiled-coil formation probably demonstrates the utmost diversity of protein-protein 

interactions in terms of geometry, orientation and sequence arrangement favoring effortless 

pairing of two right-handed α-helices.  

In this study, we developed a unique strategy to deliver drugs non-covalently by choosing 

growth factors according to receptor types present on cell surface, in other words, the 

flexibility of changing a protein moiety according to targeted area without altering the drug 

vehicle with respect to biocompatibility.  

 

 

 

 

 

 

 



 

 

 

 

 

Figure 1: Schematic illustration of non-covalent binding of the designed thermo-responsive 

ELP nanoparticle to growth factor through coiled-coil structure for drug delivery and 

release 

 

 

 

 

 

 

 

 



 

3.2 Materials and methods 

3.2.1 Plasmid Construction 

The DNA sequence of (PAVGV)7 was obtained by elongating hybridized DNA 

oligonucleotides,5’-CAGGGATCCCGGCCGTTGGTGTACCGGCCGTTGGTGTGCCG 

GCCGTTGGTGTTCCGGCGGTAGGCGTACCGGCGGTAGGCGTGCCGGCGG-3’ and 

5’-GCCGTCGACCAAGATCTTAACACCTACGGCCGGAACGCCCACGGCCGGCAC 

GCCCACCGCCGGTACGCCCACCGCCGGAACGCCTACCGCCGGCACGCCTACCG

CC -3’, and cloned into pBluescript II SK(+) (Stratagene) using BamHI and ScaI 

restriction enzymes. Same procedure has been repeated to obtain (PAVGV)42. Lysine and 

isoleucine amino acids were introduced between each 7 repeats of (PAVGV) portion. 

Polyaspartic acid fragment was obtained from pET28b-(GVGVP)36-Dm-CHis (m=22, 

44, 88, 176) constructed previously [20]. (PAVGV)42 fragment was then inserted after 

removal of (GVGVP)36 fragment using BamHI and SalI to obtain pET28b-(PAVGV)42-D44-

CHis plasmids.  

To get pET28b-(PAVGV)42-D44-helixB-CHis, helixB fragment from pET-GGGS4-

helixB previously constructed was amplified by PCR using a pair of primers containing 

XhoI restriction enzymes and was inserted in pBS phagemid. pBS-GGGS4-helixB and 

pET28b-(PAVGV)42-D44-CHis were digested using XhoI enzyme. HelixB fragment was 

then inserted in pET28b-(PAVGV)42-D44-CHis (PD). pET28b-(PAVGV)42-D44-helixB 

(PDB) was confirmed by sequencing. All primers used in this experiment see Table 1. 

Table 1: HelixB primers used for plasmid construction. 

Primer Forward primer (5’ – 3’) Reverse primer (5’ – 3’) 

helixB AAGCTTctcgagTGGATCcgcggtgga AAGCTTctcgagTGGATCTAACTTTTTC 

 

3.2.2 Expression and purification of fusion proteins 

pET28b-(PAVGV)42-D44-CHis and pET28b-(PAVGV)42-D44-helixB-CHis plasmids 

were transfected into E.coli KRX competent cells by heat shock and cultured at 37 °C in a 



 

Luria-Bertani (LB) medium supplemented with ampicillin to an optical density of 0.6 at 

600 nm. Protein expression was induced by addition of 1 mM isopropylthio-ß-D-

galactoside (IPTG) and 0.1% rhamnose. Cells were cultured overnight at 30 °C, harvested 

by centrifugation (9 000 g) and resuspended in Bug Buster Reagent and Benzonase 

nuclease followed by rotation at room temperature for 30 min before repelleting by 

centrifugation (9 000 g) for 10 min.  

Protein extraction from soluble fraction: The supernatant was collected and purified 

by His select TALON Metal Affinity Resins (Clontech) using a Poly prep column (Bio-

Rad). After 30 min incubation at 4 °C, the column was washed three times with four-

column volumes of the wash buffer (50 mM sodium phosphate, 300 mM NaCl, pH 7.6) 

and followed by three times with four volumes of the same buffer including 5 and 10 mM 

imidazole each. The fusion proteins were eluted with two-column volume of elution buffer 

(50 mM sodium phosphate, 300 mM NaCl, 100 mM imidazole, pH 7.6). The fusion 

proteins were then dialyzed in a PBS buffer overnight using a Slider-A-lyzer dialysis 

cassette 10,000 MWCO (PIERCE).  

Protein extraction from inclusion bodies: The supernatant was discarded and the 

proteins were extracted from the inclusion bodies and solubilised with 8 M Urea PBS for 

overnight at 4 °C. The supernatant was collected by centrifugation (9 000 g) for 10 min 

and purified by His select TALON Metal Affinity Resins (Clontech) using a Poly prep 

column (Bio-Rad). After 30 min incubation at 4 °C, the column was washed three times 

with four-column volumes of the wash buffer (50 mM sodium phosphate, 300 mM NaCl, 4 

M Urea, pH 7.6) and followed by three times with four volumes of the same buffer 

including 5 mM imidazole. The fusion proteins were eluted with two-column volume of 

elution buffer (50 mM sodium phosphate, 300 mM NaCl, 4 M Urea, 100 mM imidazole, 

pH 7.6). 

 

3.2.3 Evaluation of protein binding through coiled-coil structure 

To show the specific binding between helixA and helixB as well as the optimum 

concentration of our fusion proteins to be used in further experiments, 96-well ELISA 

plates (Costar 3361, Corning Life sciences, Lowel, MA), were coated for overnight at 4 °C 



 

with 100 nM of PDB. Plates were washed 3 times with PBS-T and blocked overnight with 

2% bovine serum albumin (BSA) in PBS buffer at 4 °C. After blocking, plates were 

washed again and incubated with increased concentrations of helixA-scVEGF121 (10, 50, 

100, 500, 1000 nM) for 1 h at 37 °C. After washing, anti-VEGF121 (Abcam Life Sciences, 

Cambridge, MA), was reacted for 1 h at 37 °C. HRP-conjugated secondary IgG at 1:1000 

dilution was added and reacted for 1 h at 37 °C. TMB peroxidase substrate (KPL, 

Gaithersburg, MD) was added after washing three times with PBS-T and reaction was 

stopped after 5 min by adding 1 N HCl. The binding was detected and measured 

spectrophotometrically at a wavelength of 450 nm (Benchmark, Bio-Rad). 

3.2.4 Turbidimetry 

The optical density of the aqueous polymer solutions was monitored in the region 190-

800 nm using a temperature-controlled UV/VIS spectrophotometer (Beckman DU7500). 

The starting temperature was set at 20 ºC to slowly increase by 1 ºC/min to a final 

temperature of 50 ºC. Reverse measurement was also monitored. The concentration of the 

proteins applied was 200 µg/ml. The solutions were equilibrated for about 5 min prior to 

measurement. Proteins and reagents were filtered using a 0.22 µm filter (Millipore). All 

spectroscopic measurements were performed in quartz glass cuvettes. 

 

3.2.5 Dynamic light scattering (DLS)  

The size of the PD and PDB nanoparticles formed in dilute acqueous solutions at 20 

ºC and 50 ºC were determined by means of a NanoZetasizer, Nano-ZS Malvern apparatus. 

PBS was filtered through 0.22 µm filter to remove any large impurity particulates. The 

proteins were diluted with the filtered PBS to a final concentration of 500 µg/ml. Proteins 

were flowed into the flow cell to determine the nanoparticle size. Light scattering 

measurements were taken for at least 3 to 10 runs. The excitation light source was a 4 mW 

He-Ne laser at 633 nm, and the intensity of the scattered light was measured at 90 ºC. The 

sizes of the proteins were calculated based on the assumption that the viscosity of PBS was 

the same as that of water. The size with single-peaked distribution of the nanoparticles was 

determined by the cumulant algorithm software.  



 

3.2.6 Transmission electron microscopy (TEM)  

TEM samples were diluted and dissolved in filtered PBS to a final concentration of 

300 µg/ml. Particle fixation involved incubation of the diluted samples at 25 ºC or 50 ºC 

for 10 min, followed by addition of glutaraldehyde solution to a final concentration of 1% 

and incubation at the same temperatures for 30 min. The solutions containing the particles 

were then dialyzed overnight to dialyzed water at 4 ºC to remove unreacted glutaraldehyde. 

The fixed particles were placed on a carbon-coated copper grid for 10 min at room 

temperature and stained by negative staining method using phosphotungstate or uranyl 

acetate for 30 s. Stained samples were dried on filter paper at room temperature for 2 h or 

more. Grids were examined in a H-7500 (Hitachi) TEM at 80 kV. The digital images were 

acquired with a charge coupled device camera. 

 

3.2.7 Adsorption of 1,8-ANS 

To quantify the adsorption of the fluorescence probe magnesium 1-

anilinonaphthalene-8-sulfonate (1,8-ANS) (Nacalai Tesque, Japan) into the nanoparticles, 

proteins and 1,8-ANS were mixed in PBS. The concentrations of the proteins and 1,8-ANS 

were 300 µg/ml and 100 µM respectively. The samples were measured in optically clear 

polystyrene microcuvettes (Bio-Rad, CA) on a fluorescence spectrofluorometer (FP-6500 

Jasco, Japan) with an excitation wavelength of 370 nm and an emission wavelength 

scanning from 400 to 650 nm where the emission at 480 nm was collected.  

 

3.2.8 Fusion protein activity and cell apoptosis 

HeLa cells resuspended in Dulbecco’s modified eagle medium, DMEM (Gibco’s, 

USA) containing 10% FBS and 1% PS were seeded in 35 mm diameter glass bottomed 

culture dish (Iwaki, Japan) at a density of 5 x 104 cells/dish. After cell attachment to the 

culture dish, purified PD, PDB, PDB+HA-scVEGF121 and PDB+HA-EGF incorporated 

with paclitaxel (PTX) were added to cell media in 1:1 ratio. HeLa cells without proteins 

and cells with paclitaxel were considered as negative control and positive control 

respectively. The concentrations were 1 µM for PD, PDB, HA-scVEGF121 and HA-EGF 



 

and 10 µM for PTX.  The day on which proteins were added was considered as day 0. To 

evaluate protein efficacy on cells, calcein-AM and propidium iodide were used to stain 

viable and dead cells respectively on day 2 and day 4. Fluorescent images were acquired 

using fluorescence microscopy (IX-70 Olympus, Japan).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

3.3 Results 

3.3.1 Expression of fusion proteins 

The purpose being to develop a nanoparticle having binding abilities to several 

proteins (eg: growth factors, extracellular matrices, etc.) non-covalently, a fusion protein 

containing the repetitive sequence (PAVGV), the polyaspartic acid sequence and helix B 

was engineered to obtain (PAVGV)42-D44-helixB. A His-tag was fused to (PAVGV)42-D44 

at the C-terminus under control of T7 promoter. Furthermore helixB was introduced at the 

C-terminus of the fused protein. The expression of PDB was induced by 1 mM IPTG at 30 

°C for 4 hours, and the expressed protein was purified from the soluble and the insoluble 

fraction of the cell lysate by TALON metal affinity resin. The purity of the fusion proteins 

was analyzed with 12% SDS-PAGE. The result validated the expected size ranges: 

(PAVGV)42-D44 (26.7 kDa) and (PAVGV)42-D44-helixB (31.5 kDa). The experimental 

results are consistent with the calculated molecular masses. The fusion proteins were 

purified enough for further experiment, as indicated by SDS-PAGE (Fig. 2). 

 

3.3.2 Influence of temperature variation on PD and PDB nanoparticles 

The turbidity measurement was performed at pH ~7.4. Temperature variation from 20 °C 

up to 50 °C and then down to 20 °C was applied to evaluate the thermo-responsivity and the 

stability of the structure regarding the folding/unfolding ability of the nanoparticles. The 

results of temperature turbidity are plotted in Figure 3. Phase transition temperature 

measurements of PD and PDB showed a sudden increase of the absorbance value. Low 

critical solution temperature (LCST) was determined as the initial break point at which, 

nanoparticles formation was formed at 37.6 °C and 32.7 °C respectively. Over the mentioned 

LCSTs, a constant curve is maintained up to 50 °C. Reverse readings showed that cooling 

down to 20 °C did not prompt the structure of nanoparticles to unfold and therefore preserved 

a steady absorbance reading.  

 

 



 

 

 

Figure 2: Purification of (PAVGV)42D44 and (PAVGV)42D44helixB. (A) Constructed 

plasmids pET28-(PAVGV)42D44-CHis and pET28-(PAVGV)42D44 helixB-CHis. Fused 

fragments were cloned into pET-28 backbone under the regulation of T7 promoter. 

Histidine tag sequence (His-tag) at C-terminus was used for purification of the 

recombinant protein. (B) SDS-PAGE of purified proteins. Legend: M: marker; PD: 

(PAVGV)42D44 and PDB: (PAVGV)42D44helixB. 

 

 



 

 

 

 

Figure 3: Turbidity (OD350) of (PAVGV)42D44 (PD) and (PAVGV)42D44helixB (PDB). The 

turbidity profiles of the polypeptides were obtained at a rate of 1 ºC/min. Heating and 

cooling profiles were marked by arrows. 

 

 

 

 

 

 

 

 



 

3.3.3 Morphological study of PD and PDB nanoparticles 

The average hydrodynamic diameter of the nanoparticles was determined by dynamic 

light scattering measurements (Fig. 4). Nanoparticles underwent measurements at 25 °C, 50 

°C and again 25 °C. At 25 °C, PD and PDB particles showed a peak that corresponds to 10 

and 13 nm in diameter respectively. At 50 °C, a peak was observed at 16 and 17 nm 

respectively.  After cooling PD and PDB particles down to 25 °C, peaks at 8 and 17 nm was 

monitored. The size distribution measurements showed that unlike PD, PDB nanoparticles did 

not unfold under cooling treatment.  

Figure 5 displays the TEM images of the PD and PDB nanoparticles recognized in 

phosphotungstate (PTA) negative stain at two different temperatures, 25 °C and 50 °C as 

rounded shaped dots. The particle core size of PDB is seen to be approximately 17.5 ± 2 nm 

in diameter as estimated from the statistical analyses of the previous section. TEM images 

demonstrate the presence of multiple nanoparticle formation at 50 °C while only few particles 

are monitored at 25 °C. A clear difference is shown in particles number in PDB images at 50 

°C compared with PD ones. 

 

3.3.4 The potential of 1,8-ANS encapsulation  

The potential for encapsulation of drugs within the hydrophobic core of the PD and PDB 

nanoparticles was investigated using fluorescent probes (Fig. 6). The emission spectra 

indicated insignificant encapsulation of the probe within the polymer at room temperature. 

Fluorescence spectroscopy demonstrated that elastin-like polypeptide bind with the 

fluorescent probe 1-anilinonaphthalene-8-sulfonic acid (1,8-ANS) after the particles were 

heated at 50 °C. Cooling treatment down to 25 °C was applied to the heated particles and no 

change in absorbance was recorded. 

 

 

 



 

 

 

Figure 4: Hydrodynamic size distributions of (PAVGV)42D44 and (PAVGV)42D44helixB 

nanoparticles determined using dynamic light scattering. The number average distribution 

(peak) indicates the average diameter of the nanoparticles.  



 

 

 

Figure 5: Transmission electron microscopy (TEM) images of (PAVGV)42D44 and 

(PAVGV)42D44helixB nanoparticles at 25 ºC and 50 ºC. The particles are polydisperse. 



 

	
  

	
  

	
  

	
  

Figure 6: Fluorescence binding profile of (PAVGV)42D44 and (PAVGV)42D44helixB 

nanoparticles at 25 ºC and 50 ºC. (A) Schematic illustration of fluorescent probe 

encapsulation in  a hydrophobic environment after heating.  (B) Fluorescence emission 

spectra of 1,8-ANS: dotted curve, 1,8-ANS alone, PD and PDB at 25 ºC (before heating); 

continuous curve, PD and PDB loaded with 1,8-ANS at 50 ºC; broken curve, PD and PDB 

in with 1,8-ANS at 25 ºC (cooling stage). 

 

 



 

3.3.5 Protein binding through coiled-coil structure 

ELISA analysis was performed to examine the binding ability of helixA to helixB. 

Anti-VEGF antibody was used for detection of helixA-scVEGF121 and the signals were 

enhanced with HRP-conjugated secondary antibody (Fig. 7). The results showed that signal 

increased in a dose dependent manner up to 1000 nM and demonstrated that 10 nM of fusion 

protein is enough to trigger the complex formation of helixA and helixB. Furthermore, these 

results established that the non-covalent binding formed through coiled-coiled structure could 

function as an effective bridge connecting growth factor fusion protein and particle protein. 

 

1.1.2 In-vitro evaluation of paclitaxel-loaded nanoparticles using coiled-coil complex 

To examine if the encapsulation of PTX-loaded nanoparticles induces apoptosis by PTX, 

cells were stained with calcein-AM and propidium iodide (PI). Untreated HeLa cells showed 

no evidence of cell death at day 2 and 4 after staining with calcein-AM and PI (Fig. 8). At day 

2, fluorescence images show that cell death has occurred with cells treated with PD, PDB, 

PDB+ helixA-scVEGF121 (PDBV) and PDB+EGF (PDBE). Similar observation is 

demonstrated at day 4 (Fig. 9) where cell density has decreased and cell death has been 

shown. Unlike negative and positive control, cells treated with PD, PDB, PDBV and PDBE 

were detached from day 2 and the process continued until day 4 where roughly only few cells 

remained attached to the culture dish and this phenomena has been outstandingly observed for 

cells treated with PDBV and PDBE. 

 



 

 

 

 

Figure 7: Binding of helixA-scVEGF121 to (PAVGV)42D44helixB through coiled-coil 

structure on ELISA plate. (A) Experimental scheme used for ELISA. (B) Various 

concentrations of helixA-scVEGF121 were reacted with (PAVGV)42D44helixB adsorbed 

onto 96-well plate surface. The amounts of bound helixA-scVEGF121 were evaluated after 

HRP IgG binding. 



 

	
  

Figure 8: Effect of paclitaxel on HeLa cells 2 days after drug delivery. Fluorescent images 

showing calcein-AM and propidium iodide staining of cultured HeLa cells treated with 

nanoparticles (PD, PDB, PDB+HA-scVEGF121 and PDB+HA-EGF) loaded with 

paclitaxel or direct application of paclitaxel as positive control. Negative control being 

HeLa cells without addition of paclitaxel. 



 

 

Figure 9: Effect of paclitaxel on HeLa cells 4 days after drug delivery. Fluorescent images 

showing calcein-AM and propidium iodide staining of cultured HeLa cells treated with 

nanoparticles (PD, PDB, PDB+HA-scVEGF121 and PDB+HA-EGF) loaded with 

paclitaxel or direct application of paclitaxel as positive control. Negative control being 

HeLa cells without addition of paclitaxel. 



 

3.4 Discussion 

The purpose of this study is to design an elastin-like polypeptide fused with a α-helix 

peptide (helixB) in order to favor a heterodimer formation when combined to another α-

helix peptide (helixA) fused with a growth factor as constructed previously. The ELP fused 

with polyaspartic acid sequence and α-helix peptide at its C-terminal induced the 

formation of nanoparticles. The unfolding and folding state of the nanoparticles appear to 

respond under temperature change. Moreover, encapsulation of small molecules and drugs 

seems to occur during the phase transition temperature. In addition to those attributes, HA-

scVEGF121 or HA-EGF constructed previously, was combined to the nanoparticles in 

order to form a non-covalent bonding around the phase transition temperature for targeted 

drug delivery.  

The turbidimetry reveals that PD and PDB nanoparticles are formed as the 

temperature rises to the phase transition temperature and did not disaggregate during the 

cooling stage. It validates the self-assembly of our fusion protein [17]. The suspension of 

PD and PDB particles may have been hampered by the deficiency of water molecules 

within the amid groups which prompted the stabilization of the folding state [21]. The slow 

aggregation and disaggregation kinetics of PD explain the difference in paths found 

between PD and PDB traces [22] this might be explained by the addition of helixB 

fragment to the original PD backbone. To corroborate previously established findings, 1,8-

ANS was loaded into PD and PDB particles to prove their potency in encapsulating drugs 

within their respective cores. 

In Figure 6, a strong increase in fluorescence was observed at 50 °C, which coincided 

approximately with the phase transition of the nanoparticles that encapsulated the 

fluorophore within its hydrophobic core. Similar results have been observed using 1,8-

ANS as a fluorescent probe, which registered emission intensity in the presence of 

hydrophobic surfaces within tightly folded proteins [23-25]. In addition, relatively high 

fluorescence emissions were recorded even after cooling treatment, however, they remain 

slightly lower than those at 50 °C. In both cases, the fluorescence intensity of PD is 

somewhat lower than that of PDB. These findings imply that the folding of the 

nanoparticles remained stable and was not affected by the temperature variation following 

the particle formation and only insignificant amount of particles were unfolded. Thus, the 



 

ELP-poly(aspartic) sequences are thermo-sensitive prior to particle formation and thermo-

resistance subsequently. This also suggests that the fusion proteins are hydrophilic and 

have a stretched out conformation below their phase transition temperatures whereas they 

become hydrophobic and with a crumpled conformation above their phase transition 

temperature [26]. The additional helixB sequence added to the ELP-poly(aspartic) 

sequences did not impede the activity of the nanoparticle formation nor their thermo-

responsive property. 

TEM examination shows spherical-shaped granulations. The particle amount at 25 °C 

differs from the particles heated at 50 °C. Despite the usage of same concentration, the 

number of folded PD at 50 °C appear fewer than PDB. This might be explained by the 

helixB addition, which might prompt the folding process.  

To verify the genuine efficacy of PDB in comparison with PD, HA-scVEGF121 was 

initially reacted with PDB to confirm the heterodimer formation between helixA and 

helixB. Figure 7 showed that heterodimer formation occurs and that is explained by the 

electrostatic destabilization of the homodimers.  

Cell staining results demonstrate that cells treated with PD, PDB and especially PDBE 

and PDBV scored considerable cell death on day 2 and day 4 compared with positive 

control, where a direct application of PTX on cells was applied. PD and PDB seem to have 

attached to the cell surface in an unspecific manner. PDBE and PDBV appear to have been 

recognized by cell receptors located on cell surface EGF-R and VEGF-R respectively. This 

is described by the significant cell death that has been detached and removed from cell 

media after washing phase. The application of PDBE in addition to PDBV was only for 

receptor recognition confirmation since only few studies apply VEGF for therapeutic 

applications. It confirms that EGF, VEGF and their receptors for cancer therapy 

applications [27, 28]. An unpredicted fact was observed; cells in dishes treated with the 

same fusion proteins mentioned previously have been massively detached, particularly 

those treated with PDBE and PDBV. The phenomenon remains inexplicable. Hypothesis 

suggests that the presence of coiled-coil structure combined with targeted drug delivery 

might act as tumor suppressor that might result in inhibiting cell surface polarity and 

adhesion and as a result detaching the cell [18]. Another hypothesis supposes that our 

coiled-coil complex might have acted like a thermo-responsive sheet that worked as a large 



 

drug release unit. Once the drug has been released, the polymers creating the sheet return 

to their initial extensive conformation by dragging along the dead cells that have been lost 

their adhesive ability to the plate.  

Further investigations need to be performed to confirm previous hypothesis. In 

addition to what has been proved in this study, coiled-coil approach using nanoparticles 

might also be used to prevent tumorigenesis by anti-angiogenesis drugs preventing the 

blood vessels’ outgrowth. 

 

3.5 Conclusion 

We have successfully developed a new approach for a targeted drug delivery and 

controlled release using ELP thermo-responsive nanoparticles non-covalently bound to 

growth factor. Nanoparticles have effectively delivered paclitaxel and induced cell death 

and detachment. This new strategy established a promising biomaterial for drug delivery. 

 

 

 

 

 

 

 

 

 

 

 

 



 

3.6 References 

 

[1] Soppimath K, Aminabhavi T, Kulkarni A, Rudzinski W. Biodegradable polymeric 
nanoparticles as drug delivery devices. Journal of controlled release : official 
journal of the Controlled Release Society 2001;70(1-2):1-20. 

[2] Malik DK, Baboota S, Ahuja A, Hasan S, Ali J. Recent advances in protein and 
peptide drug delivery systems. Current drug delivery 2007;4(2):141-51. 

[3] Meenach S, Shapiro J, Hilt J, Anderson K. Characterization of PEG-iron oxide 
hydrogel nanocomposites for dual hyperthermia and paclitaxel delivery. Journal of 
biomaterials science Polymer edition 2013;24(9):1112-26. 

[4] Jain A, Jain A, Gulbake A, Shilpi S, Hurkat P, Jain S. Peptide and protein delivery 
using new drug delivery systems. Critical reviews in therapeutic drug carrier 
systems 2013;30(4):293-329. 

[5] Veronese F, Pasut G. PEGylation, successful approach to drug delivery. Drug 
discovery today 2005;10(21):1451-8. 

[6] Pritchard E, Hu X, Finley V, Kuo C, Kaplan D. Effect of silk protein processing on 
drug delivery from silk films. Macromolecular Bioscience 2013;13(3):311-20. 

[7] Liang M, Wang L, Liu X, Qi W, Su R, Huang R, et al. Cross-linked lysozyme 
crystal templated synthesis of Au nanoparticles as high-performance recyclable 
catalysts. Nanotechnology 2013;24(24):245601. 

[8] Ho H, Nero T, Singh H, Parker M, Nie G. PEGylation of a proprotein convertase 
peptide inhibitor for vaginal route of drug delivery: in vitro bioactivity, stability 
and in vivo pharmacokinetics. Peptides 2012;38(2):266-74. 

[9] Flenniken M, Liepold L, Crowley B, Willits D, Young M, Douglas T. Selective 
attachment and release of a chemotherapeutic agent from the interior of a protein 
cage architecture. Chemical communications (Cambridge, England) 2005(4):447-9. 

[10] Ren D, Kratz F, Wang S-W. Protein nanocapsules containing doxorubicin as a pH-
responsive delivery system. Small (Weinheim an der Bergstrasse, Germany) 
2011;7(8):1051-60. 

[11] Kratz F. Albumin as a drug carrier: design of prodrugs, drug conjugates and 
nanoparticles. Journal of controlled release : official journal of the Controlled 
Release Society 2008;132(3):171-83. 

[12] Klenkler BJ, Griffith M, Becerril C, West-Mays JA, Sheardown H. EGF-grafted 
PDMS surfaces in artificial cornea applications. Biomaterials 2005;26(35):7286-96. 

[13] Boucher C, Ruiz JC, Thibault M, Buschmann MD, Wertheimer MR, Jolicoeur M, 
et al. Human corneal epithelial cell response to epidermal growth factor tethered 
via coiled-coil interactions. Biomaterials 2010;31(27):7021-31. 

[14] McDaniel J, Callahan D, Chilkoti A. Drug delivery to solid tumors by elastin-like 
polypeptides. Advanced Drug Delivery Reviews 2010;62(15):1456-67. 



 

[15] Fletcher J, Boyle A, Bruning M, Bartlett G, Vincent T, Zaccai N, et al. A basis set 
of de novo coiled-coil Peptide oligomers for rational protein design and synthetic 
biology. ACS synthetic biology 2012;1(6):240-50. 

[16] Fujita Y, Mie M, Kobatake E. Construction of nanoscale protein particle using 
temperature-sensitive elastin-like peptide and polyaspartic acid chain. Biomaterials 
2009;30(20):3450-7. 

[17] Herrero-Vanrell R, Rincon AC, Alonso M, Reboto V, Molina-Martinez IT, 
Rodriguez-Cabello JC. Self-assembled particles of an elastin-like polymer as 
vehicles for controlled drug release. J Control Release 2005;102(1):113-22. 

[18] O'Shea EK, Lumb KJ, Kim PS. Peptide 'Velcro': design of a heterodimeric coiled 
coil. Current biology : CB 1993;3(10):658-67. 

[19] O'Shea EK, Rutkowski R, Stafford WF, 3rd, Kim PS. Preferential heterodimer 
formation by isolated leucine zippers from fos and jun. Science 
1989;245(4918):646-8. 

[20] Fujita Y, Mie M, Kobatake E. Construction of nanoscale protein particle using 
temperature-sensitive elastin-like peptide and polyaspartic acid chain. Biomaterials 
2009;30(2):3450-7. 

[21] Wright E, Conticello V. Self-assembly of block copolymers derived from elastin-
mimetic polypeptide sequences. Advanced Drug Delivery Reviews 
2002;54(8):1057-73. 

[22] Meyer D, Kong G, Dewhirst M, Zalutsky M, Chilkoti A. Targeting a genetically 
engineered elastin-like polypeptide to solid tumors by local hyperthermia. Cancer 
research 2001;61(4):1548-54. 

[23] Ptitsyn O. Molten globule and protein folding. Advances in protein chemistry 
1995;47:83-229. 

[24] Kuwajima K. The molten globule state as a clue for understanding the folding and 
cooperativity of globular-protein structure. Proteins 1989;6(2):87-103. 

[25] Semisotnov G, Rodionova N, Razgulyaev O, Uversky V, Gripas A, Gilmanshin R. 
Study of the "molten globule" intermediate state in protein folding by a 
hydrophobic fluorescent probe. Biopolymers 1991;31(1):119-28. 

[26] Choi BG, Song R, Nam W, Jeong B. Iron porphyrins anchored to a thermosensitive 
polymeric core-shell nanosphere as a thermotropic catalyst. Chem Commun 
(Camb) 2005(23):2960-2. 

[27] Dudu V, Rotari V, Vazquez M. Targeted extracellular nanoparticles enable 
intracellular detection of activated epidermal growth factor receptor in living brain 
cancer cells. Nanomedicine : nanotechnology, biology, and medicine 
2011;7(6):896-903. 

[28] Ban H, Uno M, Nakamura H. Suppression of hypoxia-induced HIF-1alpha 
accumulation by VEGFR inhibitors: Different profiles of AAL993 versus SU5416 
and KRN633. Cancer letters 2010;296(1):17-26. 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 “I think and think for months and years. Ninety-nine times, the conclusion is false. The 
hundredth time I am right.” – Albert Einstein 

Chapter 4 
 

General conclusion and future perspectives 



 

4.1 General conclusion 

The synthesis of an elastin-like biomaterial has revolutionized the tissue engineering 

and drug delivery system fields. The biodegradable, biocompatible and non-immugenic 

features conferred flexible applications on ELPs. Nevertheless, ELPs demonstrated 

outstanding findings when conjugated to DNA, proteins or polymers. Their potency in 

mimicking different platforms such as hydrogels and nanoparticles overcame challenges in 

releasing growth factors and drugs. 

Tethering growth factors to ELPs have proved to bestow specific targeting. Hence, the 

purpose of this thesis was the design of new biomaterials for both tissue regeneration and 

drug delivery system. The originality of this work consisted of using a set of coiled-coil 

proteins, helixA and helixB, as non-covalent binding between ELPs and growth factors. In 

addition, the designed fusion proteins acquired biologically active attributes that also 

attach to hydrophobic surfaces and bind with site-specific manner. 

In chapter 2, we describe the construction of an extracellular matrix fusion protein 

formed by collagen binding domain, RGD, IKVAV, elastin-like polypeptide and helixB 

aiming at controlling the activity and the release of the growth factor fusion protein 

helixA-scVEGF121. Our ECM fusion protein (CBDEREI2-helixB) showed high affinity to 

the low antigenic collagen. Besides, the helixA-scVEGF121 promoted greater cell 

proliferation in its free form than the commercial VEGF. When CBDEREI2-helixB and 

helixA-scVEGF121 were immobilized, tubular formation has been monitored. Synergic 

effect of non-covalent immobilization of three different angiogenesis upregulating growth 

factors showed even greater tubular network. This strategy of using coiled-coil binding 

with helixA/helixB allows the co-immobilization of as many growth factors as needed for 

an optimum cell growth. Cell differentiation has also been confirmed by high expression of 

Ang-2. 

 

On the contrary, in chapter 3, a different use of the coiled-coil peptides has been 

shown. In fact, instead of promoting cell proliferation using helixA-scVEGF121, cell 

specific delivery was expected. Moreover, cancer cells overexpress VEGF receptors; 

therefore, helixa-VEGF121 has been exploited as drug delivery target. PTX has been loaded 



 

within ELP-based nanoparticles fused with helixB. At transition temperature, the coiled-

coil complex forms simultaneously with the folding of ELP-helixB into nanoparticles. 

Unlike the PVGV repeats where the inverse transition is completely reversible, the 

PAVGV repeats forming the present ELPs do not unfold during cooling treatment. This 

strategy guarantees proper drug delivery to cells and consequently, proper drug release. 

The non-covalent immobilization of ELPs and growth factors demonstrated that in addition 

to drug release, cell death and detachment has been noticed in an identical way than the 

direct application of PTX on HeLa cells. 

The three kinds of fusion proteins designed in this study: ELP-based ECM and 

nanoparticle fusion proteins and growth factor proteins provide with an innovative 

approach in tissue engineering and drug delivery system. These methods are easy to 

synthesis and offer a great flexibility in use according to targeted tissues (i.e., nervous 

tissues, osseous tissues). The non-covalent immobilization methodology of these fusion 

proteins showed practical applications in two complete distinct fields. 

 

4.2 Future perspectives 

The use of non-covalent method especially the coiled-coil complex prompted our 

interest into developing a bigger complex, in other words, constructing a network 

encompassing different fusion proteins. In actual fact, literature recommends the 

synergistic effect of two or more growth factors in case of tissue regeneration. The thought 

of designing a growth factor (GF) fused with helixA at its N-terminus and C-terminus (hA-

GF-hA) would lead the fusion protein to bind to two different compounds. For instance, 

the complex hA-GF-hA would bind to an ECM-hB fusion protein at one side and to 

another GF-hA fusion protein at another side and so on and so forth. 

 

The design of this multi-complex micelle might be a good candidate to control growth 

factor release and to provide with the tissue a biological support. As for the drug delivery 

system, cancer cells express multi-growth factor receptors rendering it difficult to target 

drugs onto these cancer cells. Therefore, immobilizing non-covalently ELP-helixB 



 

nanoparticles with multiple growth factor fusion proteins might facilitate targeting 

approaches for an efficient drug delivery. 

 

Schematic representation of a possible micelle formation using coiled-coil binding after 

tagging helixA or helixB on both sides of an ECM protein or growth factor protein. 
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