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Chapter 1 

INTRODUCTION 

 

 

1.1 Artificial Proteins in Tissue Engineering 

 Materials used in many therapeutic applications (e.g., titanium hip replacements, 

Dacron vascular grafts, polyetherurethane artificial hearts) were designed originally for 

non-medical purposes and often were implemented with only minor modifications.1  

When these biomaterials were first utilized, the predominant thought was that they should 

interact minimally with the rest of the body.  In other words, replacement materials 

should be biologically and chemically inert.  For example, it was desired that vascular 

grafts resist protein adsorption and act simply as a conduit for blood flow.2  The inability 

of these traditional biomaterials to integrate successfully with the surrounding tissue and 

restore complete function has led to a paradigm shift in biomaterial sciences.  

Researchers are now designing materials that guide cellular behavior and function.  To 

this end, biochemical and biophysical cues from the natural extracellular matrix (ECM) 

are being incorporated into new biomaterials.3 

 One strategy to meet this goal is to graft cell-adhesive peptides such as the RGD 

sequence to polymers.4  Bulk ligand density and nanoscale clustering have been shown to 

govern cellular functions such as proliferation, adhesion, motility, and differentiation.5-10  

Purified components of the ECM such as fibrin or collagen also have been used for tissue 

engineering (e.g., skin and cartilage repair),11-14 but these products raise concerns 

regarding immunogenicity and disease transmission. 
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 Genetic engineering of artificial polypeptides offers a novel method of developing 

materials for tissue regeneration.  Proteins can be designed using any combination of the 

twenty canonical amino acids and can be produced through a host organism such as E. 

coli.  In contrast to synthetic polymers, artificial proteins have a well-defined sequence 

and molecular weight.  Furthermore, functionality that is not possible in naturally-

occurring proteins can be incorporated through introduction of non-natural amino acids.15  

Some possible disadvantages include low protein expression or purification yields and 

potential immunogenicity concerns. 

One significant advantage of artificial proteins is their modular nature—structural 

and bioactive domains can be incorporated easily into engineered constructs to form 

materials with multiple functionality.  Polypeptides can be designed to form diverse 

structures ranging from β-sheets16 to smectic liquid crystalline phases17 to self-

assembling hydrogels.18  Furthermore, certain protein architectures can be recapitulated 

through the use of peptide repeats such as the VPGXG (where X is any amino acid) 

sequence from elastin19,20 and AG-rich consensus repeats from silk.21  Examples of 

bioactive sequences that have been incorporated successfully into artificial proteins to 

promote cell interactions include cadherin-like domains,22 growth factors,23 heparin-

binding domains,24 protease degradation sites,24-26 and cell-binding domains.24,25,27-32 

 

 

1.2 Small-Diameter Vascular Graft Application 

 The artificial extracellular matrix (aECM) protein family described in this thesis 

was designed originally for application in small-diameter vascular grafts.  The preferred 
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graft materials are autologous vein and artery, but they are limited in supply and patients 

often suffer from coexisting disease that results in poor quality vessels.  The most widely 

used materials in synthetic vascular grafts are poly(ethylene terephthalate) (PET) and 

expanded poly(tetrafluoroethylene) (ePTFE).  These materials have been successful in 

large-diameter grafts but are characterized by high failure rates when used in small-

diameter vessels (<6 mm) or in low-flow areas such as coronary arteries and peripheral 

arteries below the knee.33-35  In 2003, over 460,000 coronary bypass surgeries were 

performed in the United States alone.36  Furthermore, ~8 million Americans are afflicted 

with peripheral arterial disease.36  Given these statistics, there is a vital need for better 

synthetic materials. 

The most common ways in which grafts fail are thrombosis, a process in which 

blood clots occlude the vessel, and intimal hyperplasia, a phenomenon in which excessive 

smooth muscle cell proliferation leads to luminal narrowing.  It is widely believed that 

synthetic materials do not perform well due to (i) a compliance mismatch between the 

synthetic graft and the surrounding host tissue and (ii) the inability of grafts to support an 

endothelial monolayer. 

PET and ePTFE are two to five times stiffer than native vessels.37-39  Compliance 

differences, vessel diameter mismatches, and suture site stresses can result in low shear 

stress and recirculation zones.37-39  These flow disturbances can lead to vascular 

remodeling and intimal hyperplasia.  In addition, zones of recirculation allow blood to 

contact the thrombogenic surface of a synthetic graft for prolonged time periods, which 

can cause clots and vessel occlusion.  Because of the importance of mechanical 
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properties, compliant materials such as polyurethane grafts are being investigated for use 

in small-diameter vascular grafts.40,41 

Native vessels are lined with monolayers of endothelial cells that present a non-

thrombogenic surface to circulating blood.  Endothelial cells regulate vascular 

permeability, secrete anticoagulants and procoagulants, and control trafficking of 

leukocytes, platelets, and red blood cells.42-44  In addition, they govern vascular tone and 

smooth muscle cell migration and proliferation.  Because of their importance in 

maintaining vascular homeostasis, endothelial cells have been pre-seeded on ePTFE 

grafts.  Deutsch and coworkers conducted a human clinical study that compared 

endothelialized versus untreated ePTFE femoropopliteal grafts.45  In the first phase of 

their study, 65% of pre-seeded grafts (n=27) remained patent after nine years versus 16% 

of non-endothelialized grafts (n=17).  The second phase of their study demonstrated that 

the five-year primary patency rate was 68% for endothelialized grafts (n=113).  To 

enhance cell retention, synthetic grafts have been treated with a number of coatings 

including collagen,46 fibronectin,47 gelatin,48 laminin,48 RGD peptides,47 pre-clotted 

blood,49 and fibrin glue.50 

 

 

1.3 Artificial Extracellular Matrix Proteins: Design and Previous Results 

Our approach to synthetic graft design has been to create artificial proteins that 

uniquely combine properties from natural proteins.  The criteria for our proteins are: (i) 

match the elastic modulus of the graft to that of the native vessel and (ii) enhance 

endothelial cell adhesion to the graft surface.  To meet these goals, aECM proteins are 
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composed of elastin-like repeats that confer the desired elastomeric properties and 

fibronectin cell-binding domains that support endothelialization.  The current proteins 

also include a T7 tag, a heptahistidine (His) tag, and an enterokinase cleavage site at their 

N-terminus.  The T7 and His tags aid in antibody detection, and the enterokinase 

cleavage site allows for these tags to be removed.  Interspersed lysine residues serve as 

specific crosslinking sites that allow water insoluble, free-standing films to be formed. 

 

1.3.1 Elastin-like Repeats 

Crosslinked elastin networks are found in the arterial wall and impart elasticity 

and resiliency to the vessel.51  Urry and coworkers have worked extensively with the 

VPGVG peptide derived from bovine elastin and have shown that polymers based on this 

peptide mimic elastin’s mechanical behavior.52  Because elastin-based polymers have 

tunable mechanical properties and can be cast easily into tubes, these materials have been 

recommended for use in vascular prostheses.53  Work in the Tirrell laboratory confirms 

that elastin-based polymers can be crosslinked via glutaraldehyde,29 bifunctional N-

hydroxysuccinimide esters,30 or hexamethylene diisocyanate20 to form free-standing films 

whose Young’s moduli lie within the range characteristic of native elastin (0.3–0.6 

MPa).54  Furthermore, the moduli can be tuned easily by varying the protein molecular 

weight, the stoichiometric ratio of crosslinker, and protein weight fraction. 

Polymerized VPGVG is non-mutagenic, non-toxic, non-antigenic, non-

sensitizing, non-pyrogenic, and non-hemolytic in vitro.55  Furthermore, in vivo tests 

indicate that these proteins do not provoke a significant inflammatory response.27,55,56  

Another advantage of elastin-based polymers is that they are purified easily due to their 



 6
lower critical solution temperature (LCST).  In contrast to most bacterial proteins, elastin-

based polymers are soluble at temperatures below the LCST but aggregate and become 

insoluble at temperatures above the LCST.  To increase ease of handling, we have 

lowered the LCST from 25 °C to 10 °C by replacing valine residues with isoleucine.57  

We thus have chosen the pentapeptide VPGIG as the basis for the elastin-like repeats in 

our aECM proteins. 

 

1.3.2 Fibronectin Cell-Binding Domains 

The CS1, CS5, and RGD cell-binding domains and the PHSRN synergy site from 

fibronectin all have been incorporated into separate aECM proteins.  The CS1 and CS5 

domains are derived from the alternatively spliced type III connecting segment (IIICS) of 

fibronectin; their minimum active sequences are LDV and REDV, respectively.58,59  Both 

adhesive peptides bind the α4β1 integrin.60-62  Humphries and coworkers showed that the 

CS1 and CS5 peptides both supported melanoma cell spreading, but 100-fold greater 

concentration of CS5 peptide was needed to achieve the same percent of well-spread 

cells.63  Hubbell and coworkers demonstrated that the α4β1 receptor mediated specific 

interactions of human umbilical vein endothelial cells with GREDVY-grafted surfaces;64 

however, other vascular cell types such as fibroblasts, vascular smooth muscle cells, and 

platelets did not spread on GREDVY-grafted substrates.65 

Significant endothelial adhesion was not seen when short REDV peptides (5–6 

amino acids) were incorporated into VPGVG polymers.66  Early work in the Tirrell 

laboratory demonstrated that an elastin-based protein containing 20 amino acids of the 

CS5 domain was successful in binding nearly all the seeded endothelial cells.28  We 
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believe that these longer CS5 sequences may have allowed for a conformation more 

conducive to endothelial attachment.  Later work showed that endothelial cell adhesion to 

the CS5 sequence in elastin-based proteins was sequence-specific.67  Furthermore, more 

than 60% of cells remained adherent to these proteins at physiologically relevant shear 

stresses (<100 dynes/cm2).   

The RGD and PHSRN sequences are from the tenth and ninth type III fibronectin 

domains, respectively.68-71  The RGD sequence is recognized by the αvβ3 and α5β1  

integrins.72,73  The α5β1 integrin, or fibronectin receptor, often binds to the RGD 

sequence in conjunction with the PHSRN synergy site.71  Urry and coworkers 

demonstrated that GRGDSP copolymerized with VPGVG at ratios of 1:60 exhibited 

robust endothelial adhesion while polymerized VPGVG alone did not.74 

 

 

1.4 Thesis Outline 

 The goal of this thesis was to characterize cell response to aECM proteins 

designed to serve as materials for small-diameter vascular grafts.  Chapter 2 describes the 

cloning of aECM constructs containing the RGD and PHSRN bioactive domains and the 

corresponding sequence-scrambled negative control proteins.  A protein containing a 

scrambled version of the CS1 domain was also cloned.  The protein design was done in 

collaboration with Kathleen Di Zio and Sarah Heilshorn, but I completed all of the 

subsequent work. 

 Chapter 3 compares endothelial cell response to proteins containing the RGD and 

CS5 sequences.  Sequence-specific adhesion to these aECM proteins was demonstrated.  
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Furthermore, proteins containing the RGD sequence elicited stronger adhesion and faster 

spreading of endothelial cells compared to proteins containing the CS5 sequence.  I 

conducted the majority of the experiments and wrote this chapter.  Sarah Heilshorn 

provided valuable technical advice and performed the peptide inhibition experiments with 

the CS5-containing protein. 

 Chapter 4 explores the importance of amino acids distant from the cell-binding 

domain and their influence on cell behavior.  aECM proteins containing the CS5 

sequence demonstrated that proteins with lysine residues confined to the termini resulted 

in more robust adhesion and spreading compared to variants with lysine residues 

interspersed within the elastin cassettes.  Sarah Heilshorn and I contributed equally to the 

experimental design, data collection, and writing of this chapter. 

 Chapter 5 characterizes endothelial response to RGD density in crosslinked 

protein films.  Poly(ethylene glycol) was bound covalently to the films to decrease 

nonspecific cell interactions.  Cells were able to recognize specifically the cell-binding 

domain even when aECM proteins were crosslinked.  Increasing the RGD density led to 

more robust adhesion and spreading but did not affect significantly the migration speeds.  

I developed and performed the experiments and wrote this chapter.  Paul Nowatzki kindly 

made the AFM height measurements on dry crosslinked films. 

 Chapter 6 focuses on aECM proteins containing the non-canonical amino acid, 

para-azidophenylalanine (pN3Phe).  These proteins can be crosslinked at 365 nm through 

the azide moiety, and a patterned mask was used to produce two-dimensional protein 

patterns.  Isaac Carrico, Sarah Heilshorn, and Marissa Mock developed the original 

photopatterning methods using aECM proteins containing the CS5 sequence.  They also 
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demonstrated that the underlying protein template directed the formation of cell patterns.  

Marissa Mock and I demonstrated sequence-specific recognition of RGD variants of this 

protein.  Stacey Maskarinec and Marissa Mock cloned the proteins containing the RGD 

and RDG sequences and Stacey Maskarinec now is using these proteins to form cell 

patterns.  Paul Nowatzki assisted Isaac Carrico with mechanical characterization and he 

and Christian Franck contributed to the AFM measurements. 

 Chapter 7 relates the development of a new fluorescence imaging method that 

could be used to study cells on aECM substrates.  Homopropargylglycine (Hpg) was 

incorporated into newly synthesized proteins within a wide variety of mammalian cells.  

The alkyne-containing amino acid was ligated to an azide-containing dye.  Newly 

synthesized proteins were fluorescently imaged, and a subset of these new proteins was 

shown to be localized in the nucleoli.  Kimberly Beatty and I contributed equally to 

developing the method for use in mammalian cells, performing the experiments, and 

writing the chapter. 

 



 10
1.5 References 

1. Langer R, Tirrell DA. Designing materials for biology and medicine. Nature 

2004, 428, 487–492. 

2. Greisler H, New Biologic and Synthetic Vascular Prostheses. R.G. Landes 

Company: Austin, TX, 1991. 

3. Lutolf MP, Hubbell JA. Synthetic biomaterials as instructive extracellular 

microenvironments for morphogenesis in tissue engineering. Nat. Biotechnol. 

2005, 23, 47–55. 

4. Hersel U, Dahmen C, Kessler H. RGD modified polymers: Biomaterials for 

stimulated cell adhesion and beyond. Biomaterials 2003, 24, 4385–4415. 

5. Maheshwari G, Wells A, Griffith LG, Lauffenburger DA. Biophysical integration 

of effects of epidermal growth factor and fibronectin on fibroblast migration. 

Biophys. J. 1999, 76, 2814–2823. 

6. Neff JA, Tresco PA, Caldwell KD. Surface modification for controlled studies of 

cell-ligand interactions. Biomaterials 1999, 20, 2377–2393. 

7. Kantlehner M et al. Surface coating with cyclic RGD peptides stimulates 

osteoblast adhesion and proliferation as well as bone formation. Chembiochem 

2000, 1, 107–114. 

8. Koo LY, Irvine DJ, Mayes AM, Lauffenburger DA, Griffith LG. Co-regulation of 

cell adhesion by nanoscale RGD organization and mechanical stimulus. J. Cell 

Sci. 2002, 115, 1423–1433. 

9. Lee KY, Alsberg E, Hsiong S, Comisar W, Linderman J, Ziff R, Mooney D. 

Nanoscale adhesion ligand organization regulates osteoblast proliferation and 

differentiation. Nano Lett. 2004, 4, 1501–1506. 

10. Rajagopalan P, Marganski WA, Brown XQ, Wong JY. Direct comparison of the 

spread area, contractility, and migration of balb/c 3T3 fibroblasts adhered to 

fibronectin- and RGD-modified substrata. Biophys. J. 2004, 87, 2818–2827. 



 11
11. Horch RE, Bannasch H, Stark GB. Transplantation of cultured autologous 

keratinocytes in fibrin sealant biomatrix to resurface chronic wounds. Transplant. 

Proc. 2001, 33, 642–644. 

12. Guerret S, Govignon E, Hartmann DJ, Ronfard V. Long-term remodeling of a 

bilayered living human skin equivalent (Apligraf) grafted onto nude mice: 

Immunolocalization of human cells and characterization of extracellular matrix. 

Wound Repair Regen. 2003, 11, 35–45. 

13. Westreich R, Kaufman M, Gannon P, Lawson W. Validating the subcutaneous 

model of injectable autologous cartilage using a fibrin glue scaffold. 

Laryngoscope 2004, 114, 2154–2160. 

14. De Franceschi L, Grigolo B, Roseti L, Facchini A, Fini M, Giavaresi G, Tschon 

M, Giardino R. Transplantation of chondrocytes seeded on collagen-based 

scaffold in cartilage defects in rabbits. J. Biomed. Mater. Res. Part A 2005, 75A, 

612–622. 

15. Link AJ, Mock ML, Tirrell DA. Non-canonical amino acids in protein 

engineering. Curr. Opin. Biotechnol. 2003, 14, 603–609. 

16. Krejchi MT, Atkins EDT, Waddon AJ, Fournier MJ, Mason TL, Tirrell DA. 

Chemical sequence control of β-sheet assembly in macromolecular crystals of 

periodic polypeptides. Science 1994, 265, 1427–1432. 

17. Yu SJM, Conticello VP, Zhang GH, Kayser C, Fournier MJ, Mason TL, Tirrell 

DA. Smectic ordering in solutions and films of a rod-like polymer owing to 

monodispersity of chain length. Nature 1997, 389, 167–170. 

18. Petka WA, Harden JL, McGrath KP, Wirtz D, Tirrell DA. Reversible hydrogels 

from self-assembling artificial proteins. Science 1998, 281, 389–392. 

19. Lee J, Macosko CW, Urry DW. Mechanical properties of cross-linked synthetic 

elastomeric polypentapeptides. Macromolecules 2001, 34, 5968–5974. 



 12
20. Nowatzki PJ, Tirrell DA. Physical properties of artificial extracellular matrix 

protein films prepared by isocyanate crosslinking. Biomaterials 2004, 25, 1261–

1267. 

21. Yang MY, Asakura T. Design, expression and solid-state NMR characterization 

of silk-like materials constructed from sequences of spider silk, Samia cynthia 

ricini and Bombyx mori silk fibroins. J. Biochem. 2005, 137, 721–729. 

22. Nagaoka M, Ise H, Akaike T. Immobilized E-cadherin model can enhance cell 

attachment and differentiation of primary hepatocytes but not proliferation. 

Biotechnol. Lett. 2002, 24, 1857–1862. 

23. Ogiwara K, Nagaoka M, Cho CS, Akaike T. Construction of a novel extracellular 

matrix using a new genetically engineered epidermal growth factor fused to IgG-

Fc. Biotechnology Letters 2005, 27, 1633–1637. 

24. Halstenberg S, Panitch A, Rizzi S, Hall H, Hubbell JA. Biologically engineered 

protein-graft-poly(ethylene glycol) hydrogels: A cell adhesive and plasmin-

degradable biosynthetic material for tissue repair. Biomacromolecules 2002, 3, 

710–723. 

25. Girotti A, Reguera J, Rodriguez-Cabello JC, Arias FJ, Alonso M, Testera AM. 

Design and bioproduction of a recombinant multi(bio)functional elastin-like 

protein polymer containing cell adhesion sequences for tissue engineering 

purposes. J. Mater. Sci.-Mater. Med. 2004, 15, 479–484. 

26. Rizzi SC, Hubbell JA. Recombinant protein-co-PEG networks as cell-adhesive 

and proteolytically degradable hydrogel matrixes. Part 1: Development and 

physicochernical characteristics. Biomacromolecules 2005, 6, 1226–1238. 

27. Urry DW, Pattanaik A, Xu J, Woods TC, McPherson DT, Parker TM. Elastic 

protein-based polymers in soft tissue augmentation and generation. J. Biomater. 

Sci.-Polym. Ed. 1998, 9, 1015–1048. 

28. Panitch A, Yamaoka T, Fournier MJ, Mason TL, Tirrell DA. Design and 

biosynthesis of elastin-like artificial extracellular matrix proteins containing 



 13
periodically spaced fibronectin CS5 domains. Macromolecules 1999, 32, 1701–

1703. 

29. Welsh ER, Tirrell DA. Engineering the extracellular matrix: A novel approach to 

polymeric biomaterials. I. Control of the physical properties of artificial protein 

matrices designed to support adhesion of vascular endothelial cells. 

Biomacromolecules 2000, 1, 23–30. 

30. Di Zio K, Tirrell DA. Mechanical properties of artificial protein matrices 

engineered for control of cell and tissue behavior. Macromolecules 2003, 36, 

1553–1558. 

31. Asakura T, Tanaka C, Yang MY, Yao JM, Kurokawa M. Production and 

characterization of a silk-like hybrid protein, based on the polyalanine region of 

Samia cynthia ricini silk fibroin and a cell adhesive region derived from 

fibronectin. Biomaterials 2004, 25, 617–624. 

32. Liu JC, Heilshorn SC, Tirrell DA. Comparative cell response to artificial 

extracellular matrix proteins containing the RGD and CS5 cell-binding domains. 

Biomacromolecules 2004, 5, 497–504. 

33. Kannan RY, Salacinski HJ, Butler PE, Hamilton G, Seifalian AM. Current status 

of prosthetic bypass grafts: A review. J. Biomed. Mater. Res. Part B 2005, 74B, 

570–581. 

34. Vara DS, Salacinski HJ, Kannan RY, Bordenave L, Hamilton G, Seifalian AM. 

Cardiovascular tissue engineering: State of the art. Pathol. Biol. 2005, 53, 599–

612. 

35. Isenberg BC, Williams C, Tranquillo RT. Small-diameter artificial arteries 

engineered in vitro. Circ.Res. 2006, 98, 25–35. 

36. Thom T et al. Heart disease and stroke statistics—2006 update. A report from the 

American Heart Association statistics committee and stroke statistics 

subcommittee. Circulation 2006. 

37. Brossollet LJ. Mechanical issues in vascular grafting—A review. Int. J. Artif. 

Organs 1992, 15, 579–584. 



 14
38. Greenwald SE, Berry CL. Improving vascular grafts: The importance of 

mechanical and haemodynamic properties. J. Pathol. 2000, 190, 292–299. 

39. Salacinski HJ, Goldner S, Giudiceandrea A, Hamilton G, Seifalian AM, Edwards 

A, Carson RJ. The mechanical behavior of vascular grafts: A review. J. Biomater. 

Appl. 2001, 15, 241–278. 

40. Jeschke MG, Hermanutz V, Wolf SE, Koveker GB. Polyurethane vascular 

prostheses decreases neointimal formation compared with expanded 

polytetrafluoroethylene. J. Vasc. Surg. 1999, 29, 168–176. 

41. Seifalian AM, Salacinski HJ, Tiwari A, Edwards A, Bowald S, Hamilton G. In 

vivo biostability of a poly(carbonate-urea)urethane graft. Biomaterials 2003, 24, 

2549–2557. 

42. Gross PL, Aird WC. The endothelium and thrombosis. Semin. Thromb. Hemost. 

2000, 26, 463–478. 

43. Sagripanti A, Carpi A. Antithrombotic and prothrombotic activities of the 

vascular endothelium. Biomed. Pharmacother. 2000, 54, 107–111. 

44. Michiels C. Endothelial cell functions. J. Cell. Physiol. 2003, 196, 430–443. 

45. Deutsch M, Meinhart J, Fischlein T, Preiss P, Zilla P. Clinical autologous in vitro 

endothelialization of infrainguinal ePTFE grafts in 100 patients: A 9-year 

experience. Surgery 1999, 126, 847–855. 

46. Gherardini G, Haegerstrand A, Matarasso A, Gurlek A, Evans GRD, Lundeberg 

T. Cell adhesion and short-term patency in human endothelium preseeded 1.5-mm 

polytetrafluoroethylene vascular grafts: An experimental study. Plast. Reconstr. 

Surg. 1997, 99, 472–478. 

47. Walluscheck KP, Steinhoff G, Kelm S, Haverich A. Improved endothelial cell 

attachment on ePTFE vascular grafts pretreated with synthetic RGD-containing 

peptides. Eur. J. Vasc. Endovasc. Surg. 1996, 12, 321–330. 



 15
48. Sank A, Rostami K, Weaver F, Ertl D, Yellin A, Nimni M, Tuan TL. New 

evidence and new hope concerning endothelial seeding of vascular grafts. Am. J. 

Surg. 1992, 164, 199–204. 

49. Stansby G, Berwanger C, Shukla N, Schmitzrixen T, Hamilton G. Endothelial 

seeding of compliant polyurethane vascular graft material. Br. J. Surg. 1994, 81, 

1286–1289. 

50. Meinhart JG, Deutsch M, Fischlein T, Howanietz N, Froschl A, Zilla P. Clinical 

autologous in vitro endothelialization of 153 infrainguinal ePTFE grafts. Ann. 

Thorac. Surg. 2001, 71, S327–S331. 

51. Ross MH, Romrell LJ, Gordon IK, Histology: A Text and Atlas. Williams & 

Wilkins: Baltimore, MD, 1995. 

52. Urry DW. Physical chemistry of biological free energy transduction as 

demonstrated by elastic protein-based polymers. J. Phys. Chem. B 1997, 101, 

11007–11028. 

53. Nicol A, Gowda C, Urry DW. Elastic protein-based polymers as cell attachment 

matrices. J. Vasc. Surg. 1991, 13, 746–748. 

54. Fung YC, Biomechanics: Mechanical Properties of Living Tissues. Springer-

Verlag: New York, NY, 1993. 

55. Urry DW, Parker TM, Reid MC, Gowda DC. Biocompatibility of the bioelastic 

materials, poly(GVGVP) and its γ-irradiation cross-linked matrix: Summary of 

generic biological test results. J. Bioact. Compat. Polym. 1991, 6, 263–282. 

56. Defife KM, Hagen KM, Clapper DL, Anderson JM. Photochemically 

immobilized polymer coatings: Effects on protein adsorption, cell adhesion, and 

leukocyte activation. J. Biomater. Sci.-Polym. Ed. 1999, 10, 1063–1074. 

57. Urry DW, Gowda DC, Parker TM, Luan CH, Reid MC, Harris CM, Pattanaik A, 

Harris RD. Hydrophobicity scale for proteins based on inverse temperature 

transitions. Biopolymers 1992, 32, 1243–1250. 



 16
58. Komoriya A, Green LJ, Mervic M, Yamada SS, Yamada KM, Humphries MJ. 

The minimal essential sequence for a major cell type-specific adhesion site (CS1) 

within the alternatively spliced type III connecting segment domain of fibronectin 

is leucine-aspartic acid-valine. J. Biol. Chem. 1991, 266, 15075–15079. 

59. Humphries MJ, Akiyama SK, Komoriya A, Olden K, Yamada KM. Identification 

of an alternatively spliced site in human plasma fibronectin that mediates cell 

type-specific adhesion. J. Cell Biol. 1986, 103, 2637–2647. 

60. Wayner EA, Garciapardo A, Humphries MJ, McDonald JA, Carter WG. 

Identification and characterization of the T lymphocyte adhesion receptor for an 

alternative cell attachment domain (CS-1) in plasma fibronectin. J. Cell Biol. 

1989, 109, 1321–1330. 

61. Mould AP, Wheldon LA, Komoriya A, Wayner EA, Yamada KM, Humphries 

MJ. Affinity chromatographic isolation of the melanoma adhesion receptor for the 

IIICS region of fibronectin and its identification as the integrin α4β1. J. Biol. 

Chem. 1990, 265, 4020–4024. 

62. Mould AP, Komoriya A, Yamada KM, Humphries MJ. The CS5 peptide is a 

second site in the IIICS region of fibronectin recognized by the integrin α4β1. J. 

Biol. Chem. 1991, 266, 3579–3585. 

63. Humphries MJ, Komoriya A, Akiyama SK, Olden K, Yamada KM. Identification 

of two distinct regions of the type III connecting segment of human plasma 

fibronectin that promote cell type-specific adhesion. J. Biol. Chem. 1987, 262, 

6886–6892. 

64. Massia SP, Hubbell JA. Vascular endothelial cell adhesion and spreading 

promoted by the peptide REDV of the IIICS region of plasma fibronectin is 

mediated by integrin α4β1. J. Biol. Chem. 1992, 267, 14019–14026. 

65. Hubbell JA, Massia SP, Desai NP, Drumheller PD. Endothelial cell-selective 

materials for tissue engineering in the vascular graft via a new receptor. Bio-

Technology 1991, 9, 568–572. 



 17
66. Nicol A, Gowda DC, Parker TM, Urry DW in Biotechnology and Bioactive 

Polymers (eds. Gebelein, C; Carraher, C). Plenum Press: New York, NY, 1994. 

67. Heilshorn SC, Di Zio K, Welsh ER, Tirrell DA. Endothelial cell adhesion to the 

fibronectin CS5 domain in artificial extracellular matrix proteins. Biomaterials 

2003, 24, 4245–4252. 

68. Pierschbacher M, Hayman EG, Ruoslahti E. Synthetic peptide with cell 

attachment activity of fibronectin. Proc. Natl. Acad. Sci. U. S. A. 1983, 80, 1224–

1227. 

69. Pierschbacher MD, Ruoslahti E. Variants of the cell recognition site of fibronectin 

that retain attachment-promoting activity. Proc. Natl. Acad. Sci. U. S. A. 1984, 81, 

5985–5988. 

70. Pierschbacher MD, Ruoslahti E. Cell attachment activity of fibronectin can be 

duplicated by small synthetic fragments of the molecule. Nature 1984, 309, 30–

33. 

71. Aota S, Nomizu M, Yamada KM. The short amino acid sequence Pro-His-Ser-

Arg-Asn in human fibronectin enhances cell-adhesive function. J. Biol. Chem. 

1994, 269, 24756–24761. 

72. Pytela R, Pierschbacher MD, Ruoslahti E. A 125/115-kDa cell surface receptor 

specific for vitronectin interacts with the arginine-glycine-aspartic acid adhesion 

sequence derived from fibronectin. Proc. Natl. Acad. Sci. U. S. A. 1985, 82, 

5766–5770. 

73. Pytela R, Pierschbacher MD, Ruoslahti E. Identification and isolation of a 140 kd 

cell surface glycoprotein with properties expected of a fibronectin receptor. Cell 

1985, 40, 191–198. 

74. Nicol A, Gowda DC, Urry DW. Cell adhesion and growth on synthetic 

elastomeric matrices containing Arg-Gly-Asp-Ser-3. J. Biomed. Mater. Res. 1992, 

26, 393–413. 

 


