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ABSTRACT 

 

 

Growth factors are included in cell proliferation and differentiation, and 

various growth factors have been developed. However, growth factors, because of 

their short biological half-life and lack of continuous stability, require biomaterials as 

drug delivery systems to be more effective. Therefore, growth factors have been used 

with biomaterials to promote cell growth and differentiation. Among the various 

growth factors, insulin-like growth factor-1 (IGF-1) has been reported as a therapeutic 

factor for improving the proliferation of cells and promoting osteogenic differentiation 

by implants. 

In this thesis, two types of biomaterials are described for controlled release 

and immobilization of IGF-1. 

Regarding controlled-release IGF-1, visible light-reactive alginate was 

prepared by coupling with furfurylamine. The prepared furfuryl-alginate (F-Alginate) 

formed gel in the presence of a photosensitizer, such as Rose Bengal or riboflavin, 

under visible light irradiation. Rapid gelation was observed in the group with high 

furan content. When the formed gel was measured by a rheometer, the F-Alginate 

showed high storage modulus G’, which was comparable to that of the conventional 

Ca
2+

-induced gelation. The release rate of encapsulated substances depended on their 

molecular weights. The higher was the molecular weight of encapsulated dextran, the 

slower was the observed release. These release behaviors were comparable to Ca
2+

-

induced gel. Cell growth was enhanced in response to the released IGF-1 and was 

prolonged by sustained IGF-1 release from high-molecular-weight F-Alginate 

hydrogel. 
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For the immobilization of IGF-1 on biomaterials, bioinspired method was 

employed. Underwater adhesive proteins have inspired the design of various 

functional materials. Herein, one of the key amino acids in the adhesive proteins, 3,4-

dihydroxyphenylalanine, was incorporated into a growth factor polypeptide, IGF-1, to 

add adhesiveness for immobilization. The IGF-1 derivative adhered to various 

substrates involving organic and inorganic materials and enhanced the cell 

proliferation and bone differentiation properties of osteoblast cells. This improvement 

was attributed to a long-lasting cell signal transduction triggered by the bound IGF-

DOPA without internalization.  
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List of Abbreviations 

 

Insulin-like growth facor-1      IGF-1 

Furfuryl alginate       F-Alginate 

Ca
2+

-induced alginate       C-Alginate 

3,4-Dihydroxyphenylalanine      DOPA 

Bone morphogenetic protein      BMP 

Nerve growth factor       NGF 

Fibroblast growth factor      FGF 

Vascular endothelial growth factor     VEGF 

Epidermal growth factor      EGF 

Transforming growth factor      TGF 

1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide Hydrochloride EDC 

N-hydroxysuccinimide       NHS 

Fluorescein isothiocyanate      FITC 

Enzyme linked immunosorbent assay     ELISA 

Layer by layer        LbL 

Extracellular matrix       ECM 
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Phosphate-buffered saline      PBS 

Infrared         IR 

Dulbecco’s modified Eagle’s medium     DMEM  

Minimum essential medium Eagle - alpha modification  MEM 

Fetal bovine serum       FBS 

Polystyrene        PS 

Titanium        Ti 
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GENERAL INTRODUCTION 
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1.1 Growth factors 

Growth factors are involved in cell growth, proliferation, and differentiation, 

and various growth factors have been identified
1, 2

. These growth factors bind to 

specific receptors and perform their respective functions; in addition, they act as cell 

signaling molecules
3, 4

. In the early days, although growth factors were discovered and 

reported, their separation and purification was difficult
5, 6

. However, the development 

of recombinant protein engineering technology has enabled effective isolation and 

purification of growth factors
7-9

.  

In particular, since tissues and organs require the action of numerous growth 

factors, tissue regeneration research using these growth factors is being actively 

performed
10, 11

. However, in tissue regeneration studies, these growth factors were 

found to require appropriate biomaterials for drug delivery to be more effective due to 

their short biological half-life, lack of continuous stability, and selective tissue 

compatibility
12-14

. Growth factors can be used together with biomaterials as a carrier in 

tissue engineering to promote the growth and differentiation of cells, thereby 

achieving effective tissue regeneration. In addition, proper biomaterials for biological 

tissue regeneration
15

 and the introduction of an appropriate drug delivery system for 

growth factors are also important
16-18

. 

The following are among the various types of growth factors known: BMP
19

 

(bone morphogenetic protein), NGF
20

 (nerve growth factor), FGF
21

 (fibroblast growth 

factor), IGF
22

 (insulin-like growth factor), VEGF
23

 (vascular endothelial growth 

factor), EGF
24

 (epidermal growth factor), and TGF
25

 (transforming growth factor) 

(Table 1-1). 
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Table 1-1. Types and functions of growth factors. 

Growth factors Functions 

Bone morphogenetic protein 

(BMP) 
Proliferation and differentiation of bone cells 

Nerve growth factor 

(NGF) 
Proliferation and differentiation of nerve cell 

Fibroblast growth factor 

(FGF) 

Growth, proliferation and differentiation of cells 

(Fibroblasts, epithelial cells) 

Insulin-like growth factor 

(IGF) 
Cell proliferation and inhibition of cell apoptosis 

Vascular endothelial growth factor 

(VEGF) 
Proliferation and differentiation of epithelial cells 

Epidermal growth factor 

(EGF) 

Growth, proliferation and differentiation of cells 

(Epithelial cell) 

Transforming growth factor 

(TGF) 

Enhancement of wound healing 

Proliferation and differentiation of bone-forming cells 
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1.2 Biomaterials 

Various biomaterials have been developed for medical applications. 

Biomaterials are made from natural or artificial raw materials for regenerating or 

replacing damaged tissues of the body
26, 27

. Techniques have been devised for the 

application of biomaterials, such as regenerative medicine, controlled drug delivery, 

and tissue engineering and remodeling. For example, the three-dimensional scaffold 

has been used to generate a cartilage tissue from stem cells; this tissue can be 

implanted in the body
28

. Some reports have shown an elegant application of 

biodegradable material for tissue remodeling using biomaterials to recover the 

function of a pulmonary artery
29

. Furthermore, the bio-absorbable fibers can 

effectively release drug came from angioplasty
30

. It has been demonstrated that drug-

eluting stents using biodegradable polymer reduced the risk of stent thrombosis
31

. 

Owing to the biological and physicochemical properties of nanoparticles, they have 

gained considerable attention among researches in wound healing applications
32

. 

Biomaterials for medical purposes basically require several properties
33-35

 

(Table 1–2). They should be safe and non-toxic to the human body after use. In 

addition, since they are used in the body, they should be biocompatible with blood and 

surrounding tissues
36

. In addition, properties, such as high biodegradability and 

minimal immune response and inflammatory response are required
37

. There is actively 

ongoing research and development of biomaterials with these characteristics that are 

capable of recovering or replacing damaged tissues in patients
38, 39

. Although various 

materials have been used for biomaterials, application of polymers has been 

investigated in several researches
40, 41

. Polymers are classified as natural or synthetic 

on the basis of their origin
42

 (Figure 1-1). Synthetic polymers have the advantage to 

produce flexible materials with excellent mechanical properties
43

.  
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Table 1-2. Characteristics of biomaterials. 

 

 Synthetic Biomaterials Natural biomaterials 

Advantages 〮Biocompatibility 〮Biocompatibility 

〮Easily available 

〮Less toxicity 

〮Biodegradable 

Disadvantages 〮Non-degradable 

〮Toxicity 

〮Complicated synthetic process 

〮High cost 

〮Structurally more complex 

〮High degree of variability in 

natural materials derived from 

animal sources 

〮Complicated Extraction process 

 

Among synthetic polymers, many medical materials capable of inducing 

regeneration and restoration of tissues in the human body have been studied
44

. 

Polyester polymers or copolymers are mainly used. These polymers are mostly chosen 

because of their high strength, ease of fabrication, corrosion resistance, low weight 

and low cost. However, synthetic polymers have lower mechanical strength than 

ceramic and metal materials and have lesser biocompatibility than natural polymers, 

which are highly biocompatible with naturally occurring polymeric materials
45, 46

. In 

general, biomaterials using natural polymers are biocompatible with cells and 

surrounding tissues, have excellent biodegradability, and are less inflammatory. 



 

 10 

Among natural polymers, alginate has the advantages of absorbing body fluids and 

effectively maintaining moisture at wound sites
47

. In addition, alginate from seaweed 

is widely used in medical fields because of its biocompatibility, antibacterial activity, 

and biodegradation
48, 49

. 

 

 

Figure 1-1. Classification of biomaterials. 

 

1.3 Combinations of growth factors with biomaterials 

Strategies for the application of growth factor with biomaterials have been 

studied in the last few years, with a particular focus on controlled release and bio-

affinity growth factor immobilization
50

. 
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1.3.1 Controlled release 

One of the simplest methods to physically encapsulate a growth factor into a 

polymer matrix is to mix the growth factor with the polymers before their 

solidification or gelation. This strategy has the advantages that properties of scaffolds 

are not affected in the presence of factors and the bioactivity of growth factors can be 

maintained during their incorporation. 

For example, Murphy et al. have improved VEGF encapsulated poly(lactic-co-

glycolic acid) scaffold by introducing a growth factor
51

. Freeman et al. have 

synthesized sulfate–alginate/alginate scaffolds that include TGF-β1, platelet-derived 

growth factor, and VEGF. It was bound to sulfate–alginate with an affinity similar to 

that of heparin, thus enabling the delivery of three growth factors
52

. The results 

showed that vascularization within the triple growth factor-bound, alginate-based 

scaffolds was better than that found in scaffolds comprising a single growth factor 

following implantation in rats. 

In addition, Hammond et al. prepared tetralayer structures using the layer by 

layer (LbL) strategy to capture and deliver growth factors by microgram scale, which 

resulted in incompletely stimulating host cell behaviors
53

. Another research used 

laponite clay as interlayer barriers in LbL films. It worked as a dual-purpose 

biomimetic microenvironment that gradually released the antibiotic. Then, BMP-2 

was released for orthopedic implant applications
54

. These researches suggested that 

the LbL strategy could serve as a prospective delivery system for accurately controlled 

release of multiple drugs using component with different hydrolytic degradation rates. 
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1.3.2 Immobilization 

Covalent immobilization of growth factors to biomaterials can greatly reduce 

the possibility of initial burst release. In addition, it has emerged as an approach for 

improving the persistence and stability of growth factors when delivered into a tissue 

or cell
55

. Covalent immobilization is preferred when the growth factor adsorbs by 

weak physisorption forces owing to inappropriate conformation or when the binding 

biomolecule is not able to adsorb on the surfaces. In contrast, covalently immobilized 

growth factors most commonly involve chemical reactions between functionalized 

surfaces and proteins, offering important control of the distribution, amount, and 

retention of growth factors in a solid matrix to facilitate growth factor delivery that is 

both sustained and localized. Carbodiimide coupling chemistry is one of the popular 

strategies for covalently grafting growth factors to various substrates because of its 

high conjugation ratio, simplicity, mild reaction conditions, and low cost
56

. 

As another immobilization approach, researchers have reported that mussels 

can strongly attach to various substrates because of 3,4-dihydroxy-L-phenylalanine 

(DOPA), which is the main active site for robust adhesion
57, 58

. Some research teams 

found that dopamine can be simply deposited on almost all types of organic and 

inorganic surfaces to form a polydopamine layer with a molecular structure similar to 

that of DOPA
59

. The advantages of polydopamine are robust adhesion properties to 

almost all types of substrates in mild conditions, regardless of the surface’s chemical 

properties, and the formation of interlayers with high stability and affinity
60

. These 

researches using the reactivity of polydopamine to immobilize growth factors onto 

substrates provide a promising strategy for the sustained release of growth factors and 

effective loading, which finally improves implant integration and tissue repair. 
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In the other chemical coupling cases, several other types of reactive groups 

have also been studied to covalently attach growth factors to biocompatible substrates. 

For example, Leipzig et al. immobilized BMP-2 or PDGF-AA to photopolymerizable 

methacrylic chitosan through a streptavidin linker to induce neural cell differentiation 

in vivo
61

. Another research indicated the use of parylene coating in the immobilization 

of growth factors through a maleimide–thiol coupling reaction
62

.  

In extracellular matrix (ECM)-inspired growth factor delivery systems, a 

heparin-based binding approach from the natural interactions between growth factors 

and ECM has been devised for optimal delivery systems. The ECM is an immensely 

dynamic microenvironment that controls multiple cellular processes. Also, it acts as 

storage for growth factors because of the ability to bind molecules with high affinity. 

In particular, many growth factors, such as VEGF, BMP, and FGF, interact with the 

heparin sulfate of the ECM
63

. Consequently, many biomaterials have been used with 

heparin or heparin sulfate-like molecules, thus sequestering the heparin-binding ability 

of growth factors to enhance their delivery
64

.  

 

1.4 Insulin-like growth factor (IGF) 

Insulin-like growth factor-1 (IGF-1) has received attention as a therapeutic 

factor for healing fractures. IGF-1, which is also known as somatomedin C, is a 

mitogenic factor that promotes not only adult cell growth but also embryo growth and 

differentiation
65, 66

. IGF-1 primarily comprises three helical structures corresponding 

to the two α-helices (IGF-1 residues 43–47 and 54–58) and a β-helix (IGF-1 residues 

7–18) of insulin (Figure 1-2). The hydrophobic structure includes the following 

disulfide bonds: Cys 6–Cys 48, Cys 18–Cys 61, and Cys 47–Cys 52
67-69

. Residues 3–6 

do not form any regular secondary structure
70

. As the electron density in residues 35–

40 is weak and disconnected, this part has not been modeled. In the D-region, only 
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two residues—63 and 64—are arranged in the structure. IGF-1 and IGF-2 have 

different roles during the development of the human body. IGF-1 is an important 

growth hormone during childhood and adulthood, whereas IGF-2 primarily 

contributes during the fetal stage. It has been shown to improve the proliferation of 

stem cells and promotion of osteogenic differentiation
71

. Furthermore, poly (D,L-

lactide) incorporated with TGF-β and IGF-1 can enhance fracture healing in rats 

without systemic adverse effects
72

. 

 

Figure 1-2. Structure of IGF-1 (ribbon structure). The B-region (residues 3–28) is 

shown in dark green, the C-region (residues 29–41) in dark gray, the A-region 

(residues 42–62) in purple, and the D-region (residues 63 and 64) in white. The three 

disulfides (Cys 6–Cys 48, Cys 18–Cys 61, and Cys 47–Cys 52) are shown in dark 

yellow. 
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1.5 Applications of IGF 

 IGF-1 has been applied in various ways to research on tissue regeneration, 

such as bone
73

, cartilage
74

, and nerve
75

. However, due to the various disadvantages of 

growth factors, biomaterials are required as carriers. There are many ways to utilize 

these biomaterials as carriers (Figure 1-3).  

 

 

Figure 1-3. Application of IGF-1 using biomaterials. 

 

First, there is a method of enclosing a growth factor in a biomaterial itself and 

delivering it
76

. Herein, one is a method of inserting a growth factor into a biomaterial 

after completing the form of the biomaterial
77

. In addition, there is another method of 

inserting a growth factor into a biomaterial before completion
78

. In the case of the 

former, the growth factor is diffused and released in a short time since it is sealed by a 

simple spread. However, the latter case is known to be easy to control the release of 

growth factors.  



 

 16 

Second, there is a method of immobilizing a growth factor on the surface of a 

biomaterial
79

. The immobilized growth factor is not only involved in cell attachment 

but also regulates cell function by transferring cell signal.  

Finally, the most widely used method is the growth factor delivery method 

using the micro-particle form of a biomaterial
80

. For preparing microparticles, the 

water-insoluble hydrophobic polymer material is dissolved using an organic solvent, 

the growth factor and emulsifier are added, and the organic solvent is evaporated to 

form micropores. In microspheres, the growth factor is released by diffusion and 

degradation of the polymer. At the beginning of the release, growth factors are mainly 

released by diffusion. To release the growth factor by the decomposition of the 

polymer, the structural stability of the protein should be considered. Through these 

methods, various biomaterials are actively used as carriers in research on tissue 

regeneration of growth factors. 

 

1.6 This thesis 

IGF-1 is essential for the maintenance, growth, and differentiation of cells. 

Accordingly, in the tissue regeneration study, the tissue regeneration effect of only 

IGF-1 itself was also studied in depth. Although the reported studies have shown 

efficacy, combination with appropriate biomaterials is expected to be more effective in 

tissue regeneration. Indeed, many studies have shown that the combination of IGF-1 

and biomaterials is effective in tissue regeneration. Therefore, it is important to 



 

 17 

understand the functions and characteristics of both IGF-1 and the biomaterial used 

and to combine them using the most appropriate method. Studies on the combination 

of IGF-1 and biomaterials should be continued to achieve the best effect in the 

regeneration of specific tissues. In this study, IGF-1 was encapsulated and released 

using photo-curable alginate. In addition, IGF-1 was conjugated with DOPA for 

improving initial cell growth and proliferation on titanium plate (Figure 1-4). 

 

 

Figure 1-4. The strategies in this thesis. 

 

 

  



 

 18 

1.7 References 

1. K. Mukai, M. Tsai, H. Saito, S.J. Galli, Mast cells as sources of cytokines, 

chemokines, and growth factors, Immunological Reviews, 282, 121-150, 2018. 

 

2. K. Bernard, N.J. Logsdon, G.A. Benavides, Y. Sanders, J. Zhang, V.M. Darley-

Usmar, V.J. Thannickal, Glutaminolysis is required for transforming growth 

factor-β1–induced myofibroblast differentiation and activation, Journal of 

Biological Chemistry, 293, 1218-1228, 2018. 

 

3. R. Cannarella, R. Condorelli, S.La. Vignera, A. Calogero, Effects of the insulin‐

like growth factor system on testicular differentiation and function: a review of the 

literature, Andrology, 6, 3-9, 2018. 

 

4. C.S. Devignes, Y. Aslan, A. Brenot, A. Devillers, K. Schepers, S. Fabre, J. Chou, 

A.-J. Casbon, Z. Werb, S. Provot, HIF signaling in osteoblast-lineage cells 

promotes systemic breast cancer growth and metastasis in mice, Proceedings of 

the National Academy of Sciences of the United States of America, 115, E992-

E1001, 2018. 

 

5. Y. Xu, G.K.W. Kong, J.G. Menting, M.B. Margetts, C.A. Delaine, L.M. Jenkin, 

V.V. Kiselyov, P.De. Meyts, B.E. Forbes, M.C. Lawrence, How ligand binds to 

the type 1 insulin-like growth factor receptor, Nature Communications, 9, 821, 

2018. 

 

6. Q. Yao, Z. Yu, P. Liu, H. Zheng, Y. Xu, S. Sai, Y. Wu, C. Zheng, High Efficient 

Expression and Purification of Human Epidermal Growth Factor in Arachis 

Hypogaea L, International Journal of Molecular Sciences, 20, 2045, 2019. 

 

7. M.R. Abbaszadegan, V. Bagheri, M.S. Razavi, A.A. Momtazi, A. Sahebkar, M. 

Gholamin, Isolation, identification, and characterization of cancer stem cells: A 

review, Journal of Cellular Physiology, 232, 2008-2018, 2017. 

 



 

 19 

8. N. Ferrara, A.P. Adamis, Ten years of anti-vascular endothelial growth factor 

therapy, Nature Reviews Drug Discovery, 15, 385, 2016. 

 

9. E.R. Castellanos, C. Ciferri, W. Phung, W. Sandoval, M.L. Matsumoto, 

Expression, purification, and characterization of recombinant human and murine 

milk fat globule-epidermal growth factor-factor 8, Protein Expression and 

Purification, 124, 10-22, 2016. 

 

10. T.A. Wynn, K.M. Vannella, Macrophages in tissue repair, regeneration, and 

fibrosis, Immunity, 44, 450-462, 2016. 

 

11. S. Gnavi, L.di. Blasio, C. Tonda-Turo, A. Mancardi, L. Primo, G. Ciardelli, G. 

Gambarotta, S. Geuna, I. Perroteau, Gelatin‐based hydrogel for vascular 

endothelial growth factor release in peripheral nerve tissue engineering, Journal of 

Tissue Engineering and Regenerative Medicine, 11, 459-470, 2017. 

 

12. V. David, A. Martin, T. Isakova, C. Spaulding, L. Qi, V. Ramirez, K.B. 

Zumbrennen-Bullough, C.C. Sun, H.Y. Lin, J.L. Babitt, Inflammation and 

functional iron deficiency regulate fibroblast growth factor 23 production, Kidney 

International, 89, 135-146, 2016. 

 

13. J. Tabernero, R. Bahleda, R. Dienstmann, J.R. Infante, A. Mita, A. Italiano, E. 

Calvo, V. Moreno, B. Adamo, A. Gazzah, Phase I dose-escalation study of JNJ-

42756493, an oral pan–fibroblast growth factor receptor inhibitor, in patients with 

advanced solid tumors, Journal of Clinical Oncology, 33, 3401-3408, 2015. 

 

14. Y. Enuka, M. Lauriola, M.E. Feldman, A. Sas-Chen, I. Ulitsky, Y. Yarden, 

Circular RNAs are long-lived and display only minimal early alterations in 

response to a growth factor, Nucleic Acids Research, 44, 1370-1383, 2015. 

 

15. K. Takeda, H. Kitagawa, R. Tsuboi, W. Kiba, J.I. Sasaki, M. Hayashi, S. Imazato, 

Effectiveness of non-biodegradable poly (2-hydroxyethyl methacrylate)-based 



 

 20 

hydrogel particles as a fibroblast growth factor-2 releasing carrier, Dental 

Materials, 31, 1406-1414, 2015. 

 

16. J. Li, D.J. Mooney, Designing hydrogels for controlled drug delivery, Nature 

Reviews Materials, 1, 16071, 2016. 

 

17. M. Datta, L.E. Via, W.S. Kamoun, C. Liu, W. Chen, G. Seano, D.M. Weiner, D. 

Schimel, K. England, J.D. Martin, Anti-vascular endothelial growth factor 

treatment normalizes tuberculosis granuloma vasculature and improves small 

molecule delivery, Proceedings of the National Academy of Sciences of the United 

States of America, 112, 1827-1832, 2015. 

 

18. P. Vader, E.A. Mol, G. Pasterkamp, R.M. Schiffelers, Extracellular vesicles for 

drug delivery, Advanced Drug Delivery Reviews, 106, 148-156, 2016. 

 

19. E. Migliorini, A. Valat, C. Picart, E.A. Cavalcanti-Adam, Tuning cellular 

responses to BMP-2 with material surfaces, Cytokine & Growth Factor Reviews, 

27, 43-54, 2016. 

 

20. M.A. Eskander, S. Ruparel, D.P. Green, P.B. Chen, E.D. Por, N.A. Jeske, X. Gao, 

E.R. Flores, K.M. Hargreaves, Persistent nociception triggered by nerve growth 

factor (NGF) is mediated by TRPV1 and oxidative mechanisms, Journal of 

Neuroscience, 35, 8593-8603, 2015. 

 

21. A. Grabner, A.P. Amaral, K. Schramm, S. Singh, A. Sloan, C. Yanucil, J. Li, L.A. 

Shehadeh, J.M. Hare, V. David, Activation of cardiac fibroblast growth factor 

receptor 4 causes left ventricular hypertrophy, Cell Metabolism, 22, 1020-1032, 

2015. 

 

22. S.K. Denduluri, O. Idowu, Z. Wang, Z. Liao, Z. Yan, M.K. Mohammed, J. Ye, Q. 

Wei, J. Wang, L. Zhao, Insulin-like growth factor (IGF) signaling in 

tumorigenesis and the development of cancer drug resistance, Genes and Diseases, 

2, 13-25, 2015. 



 

 21 

 

23. R. Roskoski Jr, Vascular endothelial growth factor (VEGF) and VEGF receptor 

inhibitors in the treatment of renal cell carcinomas, Pharmacological Research, 

120, 116-132, 2017. 

 

24. M. Hara-Chikuma, S. Watanabe, H. Satooka, Involvement of aquaporin-3 in 

epidermal growth factor receptor signaling via hydrogen peroxide transport in 

cancer cells, Biochemical and Biophysical Research Communications, 471, 603-

609, 2016. 

 

25. Z. Luo, L. Jiang, Y. Xu, H. Li, W. Xu, S. Wu, Y. Wang, Z. Tang, Y. Lv, L. Yang, 

Mechano growth factor (MGF) and transforming growth factor (TGF)-β3 

functionalized silk scaffolds enhance articular hyaline cartilage regeneration in 

rabbit model, Biomaterials, 52, 463-475, 2015. 

 

26. N. Huebsch, D.J. Mooney, Inspiration and application in the evolution of 

biomaterials, Nature, 462, 426, 2009. 

 

27. A.E. Engberg, P.H. Nilsson, S. Huang, K. Fromell, O.A. Hamad, T.E. Mollnes, 

J.P. Rosengren-Holmberg, K. Sandholm, Y. Teramura, I.A. Nicholls, Prediction of 

inflammatory responses induced by biomaterials in contact with human blood 

using protein fingerprint from plasma, Biomaterials, 36, 55-65, 2015. 

 

28. W.J. Li, R. Tuli, C. Okafor, A. Derfoul, K.G. Danielson, D.J. Hall, R.S. Tuan, A 

three-dimensional nanofibrous scaffold for cartilage tissue engineering using 

human mesenchymal stem cells, Biomaterials, 26, 599-609, 2005. 

 

29. P. Zartner, R. Cesnjevar, H. Singer, M. Weyand, First successful implantation of a 

biodegradable metal stent into the left pulmonary artery of a preterm baby, 

Catheterization and Cardiovascular Interventions, 66, 590-594, 2005. 

 



 

 22 

30. L.B. Enda, S. Rose, K. Nicola, A.S. Caoimhe, E.M. Peter, A review of material 

degradation modelling for the analysis and design of bioabsorbable stents, Annals 

of Biomedical Engineering, 44, 341-356, 2016. 

 

31. G.G. Stefanini, R.A. Byme, P.W. Serruys, A. de Waha, B. Meier, S. Massberg, P. 

Juni, A. Schomig, S. Windecker, A. Kastrati, Biodegradable polymer drug-eluting 

stents reduce the risk of stent thrombosis at 4 years in patients undergoing 

percutaneous coronary intervention, European Heart Journal, 10, 1214-1222, 

2012. 

 

32. S.S.D. Kumar, N.K. Rajendran, N.N. Houreld, H. Abrahamse, Recent advances on 

silver nanoparticle and biopolymer-based biomaterials for wound healing 

applications, International Journal of Biological Macromolecules, 115, 165-175, 

2018. 

 

 

33. A.J. Teo, A. Mishra, I. Park, Y.J. Kim, W.T. Park, Y.J. Yoon, Polymeric 

biomaterials for medical implants and devices, ACS Biomaterials Science & 

Engineering, 2, 454-472, 2016. 

 

34. D. Sun, M.B. Shahzad, M. Li, G. Wang, D. Xu, Antimicrobial materials with 

medical applications, Materials Technology, 30, B90-B95, 2015. 

 

35. F. Khan, M. Tanaka, S.R. Ahmad, Fabrication of polymeric biomaterials: a 

strategy for tissue engineering and medical devices, Journal of Materials 

Chemistry B, 3, 8224-8249, 2015. 

 

36. Y. Ramot, M. Haim-Zada, A.J. Domb, A. Nyska, Biocompatibility and safety of 

PLA and its copolymers, Advanced Drug Delivery Reviews, 107, 153-162, 2016. 

 

37. A. Vishwakarma, N.S. Bhise, M.B. Evangelista, J. Rouwkema, M.R. Dokmeci, 

A.M. Ghaemmaghami, N.E. Vrana, A. Khademhosseini, Engineering 



 

 23 

immunomodulatory biomaterials to tune the inflammatory response, Trends in 

Biotechnology, 34, 470-482, 2016. 

 

38. M.E. Ogle, C.E. Segar, S. Sridhar, E.A. Botchwey, Monocytes and macrophages 

in tissue repair: Implications for immunoregenerative biomaterial design, 

Experimental Biology and Medicine, 241, 1084-1097, 2016. 

 

39. T.H. Qazi, D.J. Mooney, M. Pumberger, S. Geissler, G.N. Duda, Biomaterials 

based strategies for skeletal muscle tissue engineering: existing technologies and 

future trends, Biomaterials, 53, 502-521, 2015. 

 

40. S. Affatato, A. Ruggiero, M. Merola, Advanced biomaterials in hip joint 

arthroplasty. A review on polymer and ceramics composites as alternative 

bearings, Composites Part B: Engineering, 83, 276-283, 2015. 

 

41. Z. Shi, X. Gao, M.W. Ullah, S. Li, Q. Wang, G. Yang, Electroconductive natural 

polymer-based hydrogels, Biomaterials, 111, 40-54, 2016. 

 

42. M. Sohail, M.U. Minhas, S. Khan, Z. Hussain, M. de Matas, S.A. Shah, S. Khan, 

M. Kousar, K. Ullah, Natural and synthetic polymer-based smart biomaterials for 

management of ulcerative colitis: A review of recent developments and future 

prospects, Drug Delivery and Translational Research, 9, 595-614, 2019. 

 

43. D.P. Yang, Z. Li, M. Liu, X. Zhang, Y. Chen, H. Xue, E. Ye, R. Luque, Biomass-

derived carbonaceous materials: recent progress in synthetic approaches, 

advantages and applications, ACS Sustainable Chemistry & Engineering, 7, 4564-

4585, 2019. 

 

44. W.L. Brooks, B.S. Sumerlin, Synthesis and applications of boronic acid-

containing polymers: from materials to medicine, Chemical reviews, 116, 1375-

1397, 2015. 

 



 

 24 

45. M.C. Demirel, M. Cetinkaya, A. Pena‐Francesch, H. Jung, Recent advances in 

nanoscale bioinspired materials, Macromolecular Bioscience, 15, 300-311, 2015. 

 

46. S. Singh, S. Ramakrishna, R. Singh, Material issues in additive manufacturing: a 

review, Journal of Manufacturing Processes, 25, 185-200, 2017. 

 

47. E. Ruvinov, S. Cohen, Alginate biomaterial for the treatment of myocardial 

infarction: progress, translational strategies, and clinical outlook: from ocean algae 

to patient bedside, Advanced Drug Delivery Reviews, 96, 54-76, 2016. 

 

48. N. Lin, A. G ze, D.  ouessidjewe, J. Huang, A. Dufresne,  iocompatible double-

membrane hydrogels from cationic cellulose nanocrystals and anionic alginate as 

complexing drugs codelivery, ACS Applied Materials & Interfaces, 8, 6880-6889, 

2016. 

 

49. H. Chen, X. Xing, H. Tan, Y. Jia, T. Zhou, Y. Chen, Z. Ling, X. Hu, Covalently 

antibacterial alginate-chitosan hydrogel dressing integrated gelatin microspheres 

containing tetracycline hydrochloride for wound healing, Materials Science and 

Engineering: C, 70, 287-295, 2017. 

 

 

50. F. Chen, Y. An, R. Zhang, M. Zhang, New insights into and novel applications of 

release technology for periodontal reconstructive therapies, Journal of Controlled 

Release, 149, 92-110, 2011. 

 

51. W.L. Murphy, M.C. Peters, D.H. Kohn, D.J. Mooney, Sustained release of 

vascular endothelial growth factor from mineralized poly(lactide-co-glycolide) 

scaffolds for tissue engineering, Biomaterials, 21, 2521-2527, 2000. 

 

52. I. Freeman, S. Cohen, The influence of the sequential delivery of angiogenic 

factors from affinity-binding alginate scaffolds on vascularization, Biomaterials, 

30, 2122-2131, 2009. 

 

 



 

 25 

53. M.L. Macdonald, R.E. Samuel, N.J. Shah, R.F. Padera, Y.M. Beben, P.T. 

Hammomd, Tissue integration of growth factor-eluting layer-by-layer 

polyelectrolyte multilayer coated implants, Biomaterials, 32, 1446-1453, 2011. 

 

54. J. Min, R.D. Braatz, P.T. Hammond, Tunable staged release of therapeutics from 

layer-by-layer coatings with clay interlayer barrier, Biomaterials, 35, 2507-2517, 

2014. 

 

55. K.S. Masters, Covalent growth factor immobilization strategies for tissue repair 

and regeneration, Macromolecular Bioscience, 11, 1149-1163, 2011. 

 

56. L. Liu, Y. Xing, S. Li, B. Yuan, J. Chen, N. Xia, Activity analysis of the 

carbodiimide-mediated amine coupling reaction on self-assembled monolayers by 

cyclic voltammetry, Electrochimica Acta, 89, 616-622, 2013. 

 

57. J.H. Waite, X. Qin, Polyphosphoprotein from the adhesive pads of Mytilus edulis, 

Biochemistry, 40, 2887-2893, 2001. 

 

58. M.J. Harrington, A. Masic, N. Holten-Andersen, J.H. Waite, P. Fratzl, Iron-clad 

fibers: a metal-based biological strategy for hard flexible coatings, Science, 328, 

216-220, 2010. 

 

59. H. Lee, S.M. Dellatore, W.M. Miller, P.B. Messersmith, Mussel-inspired surface 

chemistry for multifunctional coatings, Science, 318, 426-430, 2007. 

 

60. Y. Liu, K. Ai, L. Lu, Polydopamine and its derivative materials: synthesis and 

promising applications in energy, environmental, and biomedical fields, Chemical 

Reviews, 114, 5057-5115, 2014. 

 

61. H. Li, A.M. Koenig, P. Sloan, N.D. Leipzig, In vivo assessment of guided neural 

stem cell differentiation in growth factor immobilized chitosan-based hydrogel 

scaffolds, Biomaterials, 35, 9049-9057, 2014. 

 



 

 26 

62. Y.C. Chen, T.P. Sun, C.T. Su, J.T. Wu, C.Y. Lin, J. Yu, C.W. Huang, Sustained 

immobilization of growth factor proteins based on functionalized parylenes, ACS 

Applied Materials & Interfaces, 6, 21906-21910, 2014. 

 

63. I. Capila, R.J. Linhardt, Heparin-protein interactions, Angewandte Chemie 

International Edition, 41, 390-412, 2002. 

 

64. A.K. Jha, A. Mathur, F.L. Svedlund, J. Ye, Y. Yeghiazarians, K.E. Healy, 

Molecular weight and concentration of heparin in hyaluronic acid-based matrices 

modulates growth factor retention kinetics and stem cell fate, Journal of 

Controlled Release, 209, 308-316, 2015. 

 

65. E. Sanchez-Lopez, E. Flashner-Abramson, S. Shalapour, Z. Zhong, K. Taniguchi, 

A. Levitzki, M. Karin, Targeting colorectal cancer via its microenvironment by 

inhibiting IGF-1 receptor-insulin receptor substrate and STAT3 signaling, 

Oncogene, 35, 2634, 2016. 

 

66. J. Yan, J.W. Herzog, K. Tsang, C.A. Brennan, M.A. Bower, W.S. Garrett, B.R. 

Sartor, A.O. Aliprantis, J.F. Charles, Gut microbiota induce IGF-1 and promote 

bone formation and growth, Proceedings of the National Academy of Sciences of 

the United States of America, 113, E7554-E7563, 2016. 

 

67. R. M. Cooke, T. S. Harvey, I. D. Campbell, Solution structure of human insulin-

like growth factor 1: a nuclear magnetic resonance and restrained molecular 

dynamics study, Biochemistry, 30, 5484-5491, 1991. 

 

68. E. de Wolf, R. Gill, S. Geddes, J. Pitts, A. Wollmer, J. Grotzinger, Solution 

structure of a mini IGF‐1, Protein Science, 5, 2193-2202, 1996. 

 

69. L. G. Laajoki, G. L. Francis, J. C. Wallace, J. A. Carver, M. A. Keniry, Solution 

structure and backbone dynamics of long-[Arg3] insulin-like growth factor-I, 

Journal of Biological Chemistry, 275, 10009-10015, 2000. 

 



 

 27 

70. U. Derewenda, Z. Derewenda, E.J. Dodson, G.G. Dodson, C.D. Reynolds, G.D. 

Smith, C. Sparks, D. Swenson, Phenol stabilizes more helix in a new symmetrical 

zinc insulin hexamer, Nature, 338, 594-596, 1989. 

 

71. M. Yu, H.  ang, Y. Xu, D. Yu, D. Li, X. Liu,  . Du, Insulin‐like growth factor‐1 

(IGF‐1) promotes myoblast proliferation and skeletal muscle growth of embryonic 

chickens via the PI3K/Akt signalling pathway, Cell Biology International, 39, 

910-922, 2015. 

 

72. T. Gao, N. Zhang, Z. Wang, Y. Wang, Y. Liu, Y. Ito, P. Zhang, Biodegradable 

microcarriers of poly (lactide‐co‐glycolide) and nano‐hydroxyapatite decorated 

with IGF‐1 via polydopamine coating for enhancing cell proliferation and 

osteogenic differentiation, Macromolecular Bioscience, 15, 1070-1080, 2015. 

 

73. D.D. Bikle, C. Tahimic, W. Chang, Y. Wang, A. Philippou, E.R. Barton, Role of 

IGF-I signaling in muscle bone interactions, Bone, 80, 79-88, 2015. 

 

74. D.J. Griffin, K.F. Ortved, A.J. Nixon, L.J. Bonassar, Mechanical properties and 

structure–function relationships in articular cartilage repaired using IGF‐I gene‐

enhanced chondrocytes, Journal of Orthopaedic Research, 34, 149-153, 2016. 

 

75. S.H. Tuffaha, J.D. Budihardjo, K.A. Sarhane, M. Khusheim, D. Song, J.M. 

Broyles, R. Salvatori, K.R. Means, J.P. Higgins, J.T. Shores, Growth hormone 

therapy accelerates axonal regeneration, promotes motor reinnervation, and 

reduces muscle atrophy following peripheral nerve injury, Plastic and 

Reconstructive Surgery, 137, 1771-1780, 2016. 

 

76. R.J. Smith Jr, M.T. Koobatian, A. Shahini, D.D. Swartz, S.T. Andreadis, Capture 

of endothelial cells under flow using immobilized vascular endothelial growth 

factor, Biomaterials, 51, 303-312, 2015. 

 



 

 28 

77. A. Sculean, D. Nikolidakis, G. Nikou, A. Ivanovic, I.L. Chapple, A. Stavropoulos, 

Biomaterials for promoting periodontal regeneration in human intrabony defects: a 

systematic review, Periodontology, 2000, 68, 182-216, 2015. 

 

78. F. Anjum, P.S. Lienemann, S. Metzger, J. Biernaskie, M.S. Kallos, M. Ehrbar, 

Enzyme responsive GAG-based natural-synthetic hybrid hydrogel for tunable 

growth factor delivery and stem cell differentiation, Biomaterials, 87, 104-117, 

2016. 

 

79. Z. Wang, L. Chen, Y. Wang, X. Chen, P. Zhang, Improved cell adhesion and 

osteogenesis of op-HA/PLGA composite by poly (dopamine)-assisted 

immobilization of collagen mimetic peptide and osteogenic growth peptide, ACS 

Applied Materials & Interfaces, 8, 26559-26569, 2016. 

 

80. E. Quinlan, A. López‐Noriega, E.M. Thompson, A. Hibbitts, S.A. Cryan, F.J. 

O' rien, Controlled release of vascular endothelial growth factor from spray‐dried 

alginate microparticles in collagen-hydroxyapatite scaffolds for promoting 

vascularization and bone repair, Journal of Tissue Engineering and Regenerative 

Medicine, 11, 1097-1109, 2017. 

 

  



 

 29 

 

 

 

 

 

 

 

 

 

CHAPTER 2 

CONTROLLED RELEASE OF IGF 

 

 

 

 

 

 

  



 

 30 

2.1 Introduction 

Photochemistry plays an important role in medical applications including 

diagnosis and therapy
1
. Many types of photo-reactive material have been developed 

for medical applications
1
. The most common application is as a dental material

1-5
. 

Some light-curable resins have been developed with the development of photo-

initiators. The photo-reactive mechanism of dental resins is mainly based on 

polymerization by photo-initiators which produce a free radical during photo-

irradiation. In addition to these dental resins, photo-initiator-based quasi-living 

polymerization
6
, polymerization using visible or UV-light initiators

7-10
, type 2 photo-

initiation using silk peptides
11

 or photo-initiation polymerization by riboflavin 

(vitamin B-2)
12-15

 have been investigated for biomaterials. 

For soft and hard tissue applications, and tissue interfaces, photo-reactive 

polymers based on photo- crosslinking mechanisms have been developed. They are 

classified for surface treatment
16-24

 and bulk gelation
25-28

. Widely used UV-reactive 

functional groups include azidophenyl
16-22, 28

, benzophenone
23

, diazirine
24

 and 

cycloaddition forming reaction
25-27

. However, the direct use of UV light in the body 

has risks, including cancer, immune impairment, and genetic mutations
29- 31

. 

Therefore, in recent years, visible-light-reactive natural polymers have been 

developed
1, 2, 32

. This includes natural polymers conjugated with furan, which is easily 

oxidized by visible light-irradiation in the presence of photo sensitizers. As natural 

polymers, DNA
33

, gelatin
34-36

, chitosan
37, 38

, alginate
39, 40

 and hyaluronic acid
41

 have 

been employed. From oxygen molecules the photosensitizer generates singlet oxygen 

which reacts with the furan derivative to offer photo- crosslinking via furan 

endoperoxide formation caused by the irradiation
34, 42, 43

. Furan-natural polymer 

conjugates have been used for tissue engineering
44, 45

. 
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Insulin-like growth factor-1 (IGF-1), which promotes not only adult cell 

growth but also embryonic growth and differentiation, has received attention as a 

therapeutic factor for fracture healing
46

. It has been shown to improve the proliferation 

of stem cells and reverse the inhibition of osteogenic differentiation by implants
47, 48

. 

Previously, we prepared a furan-alginate conjugate for visible light-curable gel 

formation in the presence of Rose Bengal
39, 40

. However, previous studies investigated 

only one composition of furfuryl alginate. In the current study, the chemical bond 

formation of an alginate-conjugated furan was confirmed through Fourier transform 

infrared spectroscopy (FT-IR) and two types of photosensitizer were employed. In 

addition, through adjustment of the preparation pH, the incorporation of various furan 

groups into the alginate was enabled. Therefore, composition-dependent hydrogel 

formation was quantitatively investigated using a rheometer. Importantly, some 

properties of the visible light-curable gel were compared with those of an alginate gel 

with conventional Ca
2+

-induced gelation. 

 

2.2 Materials and methods 

2.2.1 Materials 

Sodium alginate (viscosity of 1000 centipoise), hydrochloric acid, benzyl 

alcohol, Rose Bengal and riboflavin were purchased from Wako Pure Chemical 

(Osaka, Japan). Furfurylamine (Sigma-Aldrich, St. Louis, MO, USA), 1-ethyl-3-(3-

dimethylaminopropyl) carbodiimide hydrochloride (EDC, Tokyo Chemical Industry, 

Tokyo Japan), N-hydroxysuccinimide (NHS, Tokyo Chemical Industry), and 

fluorescein isothiocyanate (FITC, Sigma-Aldrich) were used as received. Dextran 

with a molecular weight of 4000, 10000, or 70000 labeled with FITC, Alexa Fluor 488, 

or Oregon Green 488 was purchased from Sigma-Aldrich, and Thermo Fisher 
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Scientific (Waltham, MA, USA), and this was referred to as Dex4k, Dex10k, and 

Dex70k, respectively. FITC-conjugated bovine albumin (BSA) and insulin-like 

growth factor-1 (IGF-1) were purchased from Sigma-Aldrich and R&D Systems 

(Minneapolis, MN, USA), respectively. 

 

2.2.2 Preparation of photo-curable alginate 

Furfuryl alginate was prepared in accordance with a previously reported 

method
39

 (Figure 2-1). Briefly, 200 mg of sodium alginate was dissolved in 20 mL of 

2-(N-morpholino) ethanesulfonic acid buffer for pH adjustment at room temperature. 

Subsequently, EDC (150 mg) and NHS (100 mg) were added and stirred for 30 min. 

After all the compounds had dissolved, furfurylamine was added dropwise and the 

solution was stirred at 60°C for 20 h. The pH was adjusted to 7.0 using a diluted 

hydrochloric acid solution and dialyzed against Milli-Q water using a dialysis 

membrane (MWCO: 10000, Spectra/Por 6, Spectrum Laboratories, Rancho 

Dominguez, CA) for 5 days at room temperature to completely remove all of the 

unreacted reactants and the byproducts. The dialyzed samples were lyophilized to 

obtain a white powder. The modified alginate is referred to as F-Alginate. 

1
H NMR spectra were recorded using an ECZ-400 spectrometer (400 MHz, 

JEOL, Tokyo, Japan). D2O was used for 
1
H NMR measurement without any internal 

standard. To determine the content of furfuryl units in F-Alginate, 2 mg/mL of benzyl 

alcohol (as an internal reference) was added to the F-Alginate solution (10 mg/mL). 

The infrared (IR) absorbance of furfurylamine, sodium alginate and F-Alginate was 

analyzed using a Fourier transform infrared spectrometer (FT-IR 4100, JASCO, Tokyo, 
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Japan). All samples were dissolved in PBS (pH 7.4) and solution samples (3 mg/mL) 

were measured by the attenuated total reflection (ATR) mode using the prism of zinc 

selenide. 

 

 

 

 

Figure 2-1. Diagram of the photo-crosslinking of photo-curable alginate (F-Alginate) 

containing a photosensitizer through visible light exposure and encapsulation of 

substance. 
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2.2.3 Photo-curing of F-Alginate 

F-Alginate solutions (concentration: 1, 3, 5, and 10%) were mixed with a 

photosensitizer (Rose Bengal or riboflavin). The mixtures were cast on a 24-well 

polystyrene plate (Iwaki, Tokyo, Japan) and were irradiated with visible light at a 

distance of 1 cm for 1–10 min at 40°C using an LED light source (LA-HDF158A, 

Hayashi Watch Works, Tokyo, Japan). The light intensity at 445 and 548 nm was 200 

and 100 mW, respectively. Subsequently, the resultant product was rinsed with 1 mL 

of Dulbecco’s modified phosphate-buffered saline (PBS) for 10 min on a shaker (300 

rpm) at room temperature and the weight of the dried gel was measured before and 

after the visible light exposure. 

As a control sample, Ca
2+

-crosslinked alginate (C-Alginate) was prepared by 

mixing a 10% aqueous solution of sodium alginate with aqueous solutions of different 

CaCl2 concentrations at room temperature. 

 

2.2.4 Viscoelasticity measurement 

The viscosity and mechanical properties were recorded using an AR G2 

rheometer (TA Instruments, New Castle, DE, USA). F-Alginate (10%) was mixed 

with the photosensitizer (0.2%) and 200 µL of mixture was casted on the plate. Visible 

light was exposed to the sample for 10 min at 40°C. Elastic modulus (G’) and loss 

modulus (G’’) were recorded using the rheometer at a frequency of 1 Hz and a strain 

of 1%. 
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2.2.5 Incorporation of molecules and release profile 

An F-Alginate (1:1) solution was mixed with 100 nM of fluorescein, IGF-1, 

Dex4k, Dex10k, Dex70k or BSA, and the mixtures were cast on a 24-well plate. After 

the samples were exposed to visible light for 10 min at 40°C, they were rinsed with 

PBS once, followed by incubation in 1 mL of PBS at room temperature. At 

predetermined periods, the supernatant was recovered and the fluorescence intensity 

was recorded using an FP-6500 spectrofluorometer (JASCO) (excitation: 495 nm and 

emission: 520 nm). 

The amount of IGF-1 was determined using an enzyme linked immunosorbent 

assay (ELISA) kit (ab211651, Abcam, Cambridge, UK). The analyte solution (50 µL) 

and antibody cocktail solutions were mixed in a 96-well ELISA plate. The plate was 

incubated for 1 h at room temperature on a plate shaker (400 rpm). After removal of 

the solution, each well was washed three times using 200 µL of the washing buffer. A 

tetramethylbenzidine solution (100 µL) was added to each well and incubated for 10 

min on a plate shaker (400 rpm) under dark conditions. The stop solution (100 µL) 

was added to each well and the plate was stirred on the shaker for 1 min. Finally, the 

absorbance (450 nm) of the solution was measured using a microplate reader (EnSpire 

Alpha 2390; Perkin-Elmer, Waltham, MA, USA). 

 

2.2.6 Cell culture 

Mouse fibroblast NIH/3T3 (3T3) cells were provided by the RIKEN Cell Bank 

(Tsukuba, Japan) and were cultured in Dulbecco’s modified Eagle medium (Sigma-

Aldrich) with 10% fetal bovine serum (FBS) at 37°C in a humidified atmosphere 

containing 5% CO2 and 95% air. Cells were harvested using a 1 mM 

ethylenediaminetetraacetic acid and 0.25% trypsin solution (Sigma-Aldrich). Trypan 

blue solution (0.5%, Nacalai Tesque, Kyoto, Japan) was used to stain live cells prior to 
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live cell counting. For the live/dead and proliferation assay, 2 × 10
4
 cells/mL and 1 × 

10
4
 cells/mL were seeded per well, respectively. The culture medium was exchanged 

at 12 h. The solid samples were washed twice using 500 µL of PBS before the cell 

experiments. 

 

2.2.7 Cell assay 

The cell counting was performed using a Cell Counting Kit-8 (Dojindo, 

Kumamoto, Japan) in accordance with the manufacturer’s instructions. The 

absorbance at 450 nm was measured using a microplate reader. 

The cell viability was investigated using a LIVE/DEAD viability/cytotoxicity 

kit (Thermo Fisher Scientific). The cells were washed using PBS and exposed to 

ethidium homodimer-1 (4 μM) and calcein AM (2 μM) solutions at room temperature 

for 30 min. Fluorescent images were obtained using a fluorescence microscope 

(Olympus, Tokyo, Japan). 

 

2.2.8 Statistical analysis 

 Statistical analysis was performed using Excel software (Microsoft, WA, 

USA). An analysis of variance was performed to compare a single group at multiple 

time points or multiple groups at one time point. If the F ratio was significant either 

for an interaction or for a main effect between the effect and time, then the differences 

were specified using Student’s t-test. A two-way paired t-test was performed to 

compare one group over two time points, and the two-way unpaired t-test was 

performed to compare two groups at a single time point. Data are shown as mean ± 

SEM. p<0.05 was interpreted as statistically significant. 
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2.3 Results and discussion 

2.3.1 Characterization of F-Alginate 

The viscosity was measured using a rheometer as shown in Figure 2-2. [η]0 of 

sodium alginate was calculated to be 11.4. The molecular weight of sodium alginate 

was determined from the Mark–Houwink–Sakurada equation
49

, 

[η] = KM
a
 

where, [η] is an intrinsic viscosity in 1 N NaCl solution at 25°C, M is the 

molecular weight of sodium alginate, and K and a is 0.362 × 10
-3

 and 1.2, 

respectively
50

. It was calculated as 1,110,000. 

 

 

Figure 2-2. The viscosity of sodium alginate. The concentration of sodium alginate 

was 1.25 mg/mL (◆), 2.5 mg/mL (■), 5 mg/mL (▲) and 10 mg/mL (●). n=3. 
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The FT-IR spectra of alginate, furfurylamine, and F-Alginate are shown in 

Figure 2-3. The IR spectrum of alginate exhibited a C=O stretching vibration of the 

carboxyl group in the -D-mannuronic acid and -L-guluronic acid as a peak at 1725 

cm
-1

. After conjugation with furfurylamine, the IR spectrum of F-Alginate showed a 

C=O peak at 1670 cm
-1

 corresponding to the formed amide group in addition to the 

peaks observed in unmodified alginate. The IR results indicate that the furfuryl group 

had been successfully introduced into the alginate. 

 

Figure 2-3. Fourier transform infrared spectra of furfurylamine (A), sodium alginate 

(B) and F-Alginate (1:1) (C) in PBS. 
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Figure 2-4 shows the 
1
H NMR spectra of alginate, and methine protons on -

D-mannuronic acid and -L-guluronic acid were confirmed from 3.2–4.1 ppm as a 

broad peak. After the conjugation, F-Alginate showed peaks from vinylene groups on 

the furan unit at 6.2, 6.3, and 7.4 ppm. 

 

 

 

 

Figure 2-4. 
1
H NMR spectrum of F-Alginate (solvent: D2O). 
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The content of the furan unit was estimated from the relative peak intensity of 

vinylene groups in furan (3H; 6.2, 6.3 and 7.4 ppm) to phenyl groups in benzyl 

alcohol (5H; 7.2 ppm) which was added as a reference (Figure 2-5). 

 

 

 

Figure 2-5. The content of furan in F-alginate was evaluated with comparison of 

benzyl alcohol. The peak at 7.2 ppm corresponds to benzyl alcohol and the furan 

specific 3 peaks are shown at 6.0 – 8.0 ppm. 
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Table 2-1 summarizes the result of the furan group content analysis. With an 

increasing feed concentration of furfurylamine, the furan group content in F-Alginate, 

which was calculated from the NMR, increased. However, an excess amount of 

furfurylamine did not increase the content beyond 27–28%. The conjugation was 

saturated over the stoichiometric condition (1:1). 

 

Table 2-1. Characterization of furan content in F-Alginate. 

 

Sample name 
Feed molar ratio 

Furfurylamine : COOH 
Conversion (%)

a
 

F-Alginate (1:2) 1:2 13.2 

F-Alginate (1:1) 1:1 27.8 

F-Alginate (2:1) 2:1 28.9 

a 
The percentage indicates the molar percentage of furan to the carboxylates in 

alginate. 
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2.3.2 Photo-curing of F-Alginate 

The time course of gel formation of F-Alginate (1:1) in the presence of two 

photosensitizers, Rose Bengal and riboflavin, during visible light exposure was 

investigated and the results are shown in Figure 2-6A and 2-6B. The amount of 

formed gel steadily increased with increased exposure time, and with an increase in 

the concentration of F-Alginate. A 10% F-Alginate solution achieved over 80% gel 

formation after a 10 min exposure. Comparing Rose Bengal and riboflavin as 

photosensitizers, both showed almost the same effect on gel formation. 

Figure 2-6C shows the time course of C-Alginate gel formation. The gel 

formation was faster than that of F-Alginate. Over 20% of the gelation occurred 

rapidly after the mixing of alginate and calcium, and the gelation ceased after 5 min. 

 

 

Figure 2-6. Time course of alginate gel formation. (A) F-Alginate (1:1) gel formation 

in the presence of Rose Bengal. (B) F-Alginate gel formation in the presence of 

riboflavin. (C) C-Alginate gel formation in the presence of 3.75% CaCl2, which 

corresponds to the molar percentage of carboxylate groups in alginate. The 

concentration of F-Alginate (1:1) and that of C-Alginate was 1% (■), 3% (◆), 5% (▲) 

and 10% (●). n = 3. 
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2.3.3 Viscoelastic property of alginate hydrogel 

The viscoelasticity of the F-Alginate gel is shown in Table 2-2. Before the 

visible light exposure, the F-Alginate was in a sol state and showed low G’ and G’’ 

values. After exposure to visible light for 10 min, both G’ and G’’ increased. F-

Alginate showed a higher G’ value than G’’ value, which indicated gel formation. The 

two photosensitizers had the same influence on the gel formation of F-Alginate. 

The formed F-Alginate gel was compared with conventional ionic crosslinking 

using the divalent cationic ion Ca
2+

 (C-Alginate) as shown in Table 2-2 

 

Table 2-2. Viscoelastic properties of ionic and photo-crosslinked 10% alginatea 

 

Sample Irradiation b Additive G' (Pa) G'' (Pa) 

 

 

F-Alginate 

(1:1) 

- - 8.26 ± 3.2 40.1 ± 3.5 

 

+ 

%
c 

Rose Bengal 366 ± 4.6 164 ± 3.9 

%
c 

Riboflavin 339 ± 3.8 135 ± 1.5 

 

 

 

 

C-Alginate 

 

 

 

 

- 

1.00%
d 

CaCl2 10.8 ± 2.2 29.9 ± 4.8 

2.00%
d 

CaCl2 152.6 ± 8.3 62.6 ± 7.8 

3.75%
d 

CaCl2 327 ± 2.1 85.0 ± 4.1 

7.50%
d 

CaCl2 616.8 ± 7.6 102.6 ± 8.6 

18.75%
d 

CaCl2 708.9 ± 8.4 148.4 ± 9.8 

a 
Frequency: 1 Hz. Strain 1%, n = 3. 

b 
Visible light exposure time: 10 min. 

c 
The percentage indicates the w/w percentage of aqueous solution. 

d 
The percentage indicates molar percentage of calcium to the carboxylate groups 

in alginate. 



 

 44 

G’ and G’’ depended on the concentration of CaCl2. C-Alginate prepared using 

3.75% Ca
2+

 had a similar G’ value as that of F-alginate. Assuming that the 

crosslinking points can be calculated from the similarity of the G’ value, 3.75% of the 

carboxylates in the alginate were spent during crosslinking in C-Alginate, and over 10% 

of furan residues (27% of the carboxylates in the alginate) were calculated to be used 

during crosslinking in F-Alginate. 

 hen the elastic modulus G’ of the photo-curable systems was compared, it 

ranged from several hundred kPa to less than one hundred Pa
10, 12-14

. Although a high 

G’ is required for dental applications, the G’ demonstrated in the present study is 

enough for soft tissue replacement, taking into consideration the G’ of Ca
2+

-

crosslinked alginate. 

Considering that the G’’ of F-Alginate was higher than that of C-Alginate, the 

F-Alginate gel possesses greater viscosity than C-Alginate. According to a previous 

study, Ca
2+

-crosslinked alginate hydrogels form a specific ―egg box‖ structure 

consisting of a bundle of several alginate polymers created through crosslinking of a 

large number of α-L-guluronate units
51

. Because of this structure, alginate polymers 

are considered undergo tight crosslinking to form a stiff hydrogel. In contrast, F-

Alginate undergoes crosslinking through the reaction of randomly distributed furan 

residues. This difference in crosslinking structure is considered to contribute to 

different hydrogel properties. 
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2.3.4 Release profile of F-Alginate 

Fluorescently labeled dextrans with different molecular weights were 

incorporated into F-Alginate. Before and after gel formation, the release profile of the 

molecules was determined (Figure 2-7A and 2-7B). Without light exposure, the 

incorporated molecules were rapidly released. In contrast, photo- crosslinked F-

Alginate slowly released the incorporated molecules. The molecular weight of the 

molecules affected the release behavior. The smaller molecules were more quickly 

released from the gel. 

Figure 2-7C shows the molecular weight dependence of the released 

molecules after 12 hours. In addition to dextran, the release of BSA and IGF-1 was 

plotted in terms of their molecular weight. The proteins were similar to the 

polysaccharides in terms of the relationship between their molecular weight and 

release behavior. The result demonstrates that the release profile of alginate simply 

depends on the molecular weight of the encapsulated substances. 

The release of molecules from an alginate hydrogel depends on two factors; 

one is diffusion, and another involves an interaction with carboxylic acid
52

. In the 

simple diffusion case, small molecules are rapidly released from the alginate hydrogel 

within several hours (approximately)
53

. The release of large molecules such as 

proteins is influenced by the molecular weight of the molecules and they are typically 

continuously released from the gel for several days to weeks. In addition, the release 

rate is highly dependent on the interaction between the encapsulated molecules and 

alginate
54

. In the current study, it was considered that the neutral dextrans and proteins 

were released without specific interactions with the alginate matrix in accordance with 

the diffusion mechanism. 
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Figure 2-7. Release of FITC 0.39k (□), Dex4k (◇), Dex10k (△), BSA (X) and Dex70k 

(○) from (A) non-cured and (B) photo-cured F-Alginate (1:1). (C) The relationship 

between the released amount of incorporated molecules from F-Alginate (1:1) after 12 

h and the molecular weight of the molecules. n = 3. 



 

 47 

The release behavior of Dex70k from F-Alginate and C-Alginate was 

compared, as shown in Figure 2-8. The release rate from C-Alginate decreased with 

an increase in Ca
2+

 concentration, which corresponds to increased crosslinking points. 

The F-Alginate showed a similar release behavior as C- Alginate prepared using 3.75% 

CaCl2. However, it is difficult to directly compare the release behavior of these 

hydrogels, considering that the crosslinking in C-Alginate is ionic and disintegration 

occurs over time. 

Kikuchi et al.
53, 55

 and Amsden et al.
56

 reported on Ca
2+

-crosslinked alginate 

release systems. They reported that the release of Ca
2+

 and the molecular weight and 

the concentration of alginate significantly affected the release behavior
53

. The release 

of 145,000 dextran, a high molecular weight molecule, depended on the exchange of 

Ca
2+
, and occurred in a ―burst‖ fashion after an initial lag period was observed

55
. The 

alginate content also affected the release behaviors of protein
56

. 

 

Figure 2-8. Release of Dex70k from alginate hydrogel prepared through photo-curing 

of F-Alginate (Х). C-Alginate with 2% CaCl2 (■), 3.75% CaCl2 (▲), 7.50% CaCl2 (◆) 

and 18.75% CaCl2 (●). n = 3. 
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2.3.5 Cytotoxicity of photo-sensitizers 

Rose Bengal is used for food staining and in drugs, and riboflavin is a vitamin 

(vitamin B2). Therefore, these photosensitizers are a good candidate for medical 

applications. However, the lethal dose (LD50) of Rose Bengal and riboflavin for 3T3 

cells was measured to be 8.6 and 34.2 μM, respectively (Figure 2-8). A similar 

cytotoxicity was reported previously
36

. Therefore, the samples were washed prior to 

cell culture experiments. 

 

 

Figure 2-8. Relative cell growth of NIH/3T3 cells when exposed to photo-sensitizers. 

Alginate (△), Rose Bengal (◇) and riboflavin (□). Relative cell growth means the 

comparison of seeded cell number. n=3. 
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The cell growth enhancement percentage in the present study was two times as 

high as that in our previous report
39

. Since the previous study employed too high 

density of seeded cells (three times as high as the present study), the growth curve was 

close to the saturated region (Figure 2-9). Therefore, the present study adjusted the 

density of seeded cell to clearly show the effect. 
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Figure 2-9. (A) Phase contrast and fluorescence images of cells in the presence of 

non-crosslinked alginate or F-Alginate. The green and red signals derived from 

calcein AM and ethidium homodimer-1, respectively. The scale bars are 200 µm. (B) 

Cell growth behavior of the NIH/3T3 cells with the F-Alginate hydrogel. The 

hydrogel was washed using PBS prior to cell culture. Relative cell growth means a 

comparison of the seeded cell numbers (1x10
4
 cells/mL) (■: no addition, ▲: F-

Alginate with Rose  engal, and ●: F-Alginate with riboflavin). n = 3. 
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2.3.6 Released IGF effect on cell growth 

IGF-1 release from the alginate hydrogel was investigated in the present study. 

The cells were cultured in medium containing 5% FBS. The addition of IGF-1 

enhanced cell growth, as shown in Figure 2-10A. The release of IGF-1 was monitored, 

as shown in Figure 2-10B. Figure 2-10C shows the effect of the continuous release of 

IGF-1 on cell growth. 

The results show that the batch addition of 50 ng/mL IGF-1 had almost the 

same effect as an F- alginate hydrogel containing 20 ng/mL IGF-1 during the initial 12 

h. As shown in Figure 6B, the amount of released IGF-1 was calculated to be 8.62 ± 

0.74 ng/mL. This indicates that the continuous addition of a small amount of growth 

factor is as effective as one high concentration batch addition. The low concentration 

of growth factor may have efficiently enhanced cell growth without down- regulating 

the signaling mechanism. 

After 24 hours of culture since the culture medium was changed, the growth 

rate in the absence of F- Alginate returned to that of untreated cells. However, the 

growth rate in the presence of F-Alginate containing IGF-1 was continuously high. 

This was likely caused by the continuous release of IGF-1 from the F-Alginate gel. 

 Recently, we are developing a 3D bioprinting system using furfulyl gelatin
57, 

58
. In future, 3D cell culture using visible light (not ultraviolet light)-sensitive 

materials will become more important for tissue engineering
59

. 
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Figure 2-10. (A) Relative cell growth of NIH/3T3 cells with various concentrations of 

IGF-1 at 24 h. (B) Release profile of IGF-1 from a series of photo-cured 10% F-

Alginate (1:1) hydrogel samples (▲). (C) Relative cell growth with 10% F-Alginate 

with IGF-1 (20 ng/mL) before or after irradiation with visible light for 10 min at 40°C 

(◆: F-Alginate with IGF-1 before irradiation, ▲: F-Alginate with IGF-1 after 

irradiation and ●: no addition). Relative cell growth means the comparison of seeded 

cell numbers at 4 h. n = 3. ns = no significant difference. 
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2.4 Conclusion 

Furan-conjugated alginate was prepared and photo-crosslinked in the presence 

of Rose Bengal or riboflavin photosensitizers. The mechanical and release properties 

of the visible light-induced gel were similar to that of conventional Ca
2+

-induced 

crosslinked alginate. This type of visible-light sensitive materials will be important for 

tissue engineering. 
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3.1 Introduction 

Various materials including organic and inorganic components have been used 

as biomaterials widely in medical fields due to their mechanical property, nontoxicity 

and biocompatibility
1, 2

. For the applications, various studies have reported surface 

modification of biomaterials
3-5

. One of the aims of surface modification is an addition 

of biological functions on the biomaterials. 

For the surface alteration, various molecules such as polymer and protein have 

been immobilized on material surfaces
6-8

. To use the materials in human body, cell 

adhesiveness and non-biofouling have been studied by coating of active peptide and 

extracellular matrix
9-12

. Additionally, the immobilization of protein on surface was 

also investigated to control higher levels of cell functions such as growth and 

differentiation
13, 14

. 

Growth factors are involved in cell growth, proliferation and differentiation 

and bind to specific receptors to show their respective functions
15-17

. Recent studies 

have found that chemical immobilization of growth factor proteins enabled the 

biomaterials mitogenic
18-20

. However, there is still a limitation to immobilization, such 

as requirement of chemical treatment of material surfaces, that is difficult to inorganic 

materials. Therefore, here an adhesive polypeptide containing the mitogenic activity 

was developed
21, 22

. 

It is known that marine mussels rapidly, strongly, and toughly attach to various 

solid surfaces in the sea, otherwise they will be dislodged and dashed by the waves
23, 

24
. The holdfast mechanism has provided important and physical insights into 

moisture-resistant adhesion. 3,4-Dihydroxyphenylalanine (DOPA) was found in the 

mussel adhesion proteins and plays important roles in adhesion to various materials, 



 

 64 

including polymers, metals and ceramics
25, 26

. Inspired from this finding, various 

functional polymers carrying DOPA derivatives have been developed to provide 

diverse adhesive, sealant, and anchoring properties
27, 28

. 

In this study, an active domain of IGF-1 sequence was conjugated to a DOPA-

containing peptide sequence (IGF-DOPA) for immobilization of active IGF on typical 

organic and inorganic material surfaces such as titanium and polystyrene. The IGF-

DOPA was bound onto the material surfaces and they exhibited the biological activity 

with cell growth. 

 

3.2 Materials and methods 

3.2.1 Materials 

IGF-1 (Minneapolis, MN, USA) was purchased from R&D Systems. Titanium 

plates (Osaka Vacuum Industries, Osaka, Japan) were prepared using 400 nm electron 

beam by vacuum deposition of titanium onto glass plate (1 mm in thickness and 15 

mm in diameter, Matsunami Glass Ind.,Ltd., Osaka, Japan). The plates were washed 

by ultrasonication in hexane, 6M HCl, ultrapure water, 70% EtOH and PBS, 

respectively. Finally, they were irradiated with UV for 15 min before each experiment. 

Cell culture plates (BD Falcon, NY, USA) were used as polystyrene surfaces without 

further treatments.  
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3.2.2 Preparation of IGF-DOPA 

Peptide sequences with DOPA (DOPA-Lysine-DOPA-Lysine-DOPA-Glycine, 

XKXKXG; X represents DOPA) were prepared by the solid-phase peptide synthesis 

method. Truncated IGF-1 with the binding sequence at the C-terminus was 

synthesized with the method using 9-fluorenylmethoxycarbonyl (Fmoc) protected 

amino acids by Support Unit for Bio-Material Analysis at RIKEN. Low density of 

amino acid-loaded resin Fmoc-Gly-NovaSyn
®

 TGT (0.2 mmol/g) was purchased from 

Novabiochem
®
 (San Diego, CA, USA). In addition to conventional Fmoc-protected 

canonical amino acids, Fmoc-DOPA (acetonide)-OH (Merck, Darmstadt, Germany) 

was used. The peptide synthesizer ABI433A (Thermo Fisher Scientific, Waltham, MA 

USA) was employed. After purification using high performance liquid 

chromatography (HPLC) equipped with a Hipep-Intrada RP C18 column (150  4.6 

mm I.D.), the formulations of the peptide were measured by matrix-assisted laser 

desorption/ionization-time-of-flight mass analysis (MALDI-TOF MS) on a microflex 

(Bruker Daltonics K.K., Billerica, MA USA). The synthesized IGF derivative was 

referred to as IGF-DOPA. 

For refolding of IGF-DOPA three kinds of buffers were employed. (1) 

Solubilizing buffer; 50 mM MES (pH 6.0), 1 M NaH2PO4, 6M guanidine 

hydrochloride and 10 mM 2-mercaptoethanol, (2) refolding buffer; 50 mM MES (pH 

6), 200 mM NaCl, 1 mM EDTA, 0.2 mM GSSG (oxidized glutathione) and 1 mM 

GSH (Reduced Glutathione), and (3) replacing buffer; 50 mM MES (pH 6) and 10 % 

(v/v) glycerol buffer. The synthesized IGF-DOPA was dissolved in the solubilizing 

buffer and the solution was diluted with refolding buffer. After the refolding, IGF-

DOPA solution was exchanged with replacing buffer. The sample was concentrated by 

centrifugation and freeze-dried for biological activity assays. 
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3.2.3 Binding assay 

The binding affinity of IGF-DOPA peptide to material surfaces was measured 

at room temperature using a quartz crystal microbalance with dissipation monitoring 

(QCM-D, Meiwafosis Co., Ltd., Tokyo, Japan). The buffer was allowed to run for 

stabilization of the baseline. Subsequently the samples of different concentrations (1, 

5, 25 and 50 µg/mL) were loaded into the measurement system and kept running at 65 

µL/min for 15 min. The substrate was washed by running buffer solution and Milli-Q 

water. Measurements were performed at three times under same condition and the 

average value was calculated. 

 

3.2.4 Biological activity of immobilized IGF-DOPA 

NIH/3T3 and MC3T3-E1 cells were cultured in Dulbecco’s modified Eagle’s 

medium (DMEM, Wako Pure Chemical Industries, Ltd., Osaka, Japan) and minimum 

essential medium Eagle -alpha modification (MEM, Wako Pure Chemical Industries, 

Ltd., Osaka, Japan), respectively. Both cells were cultured with 1% penicillin-

streptomycin (Nacalai Tesque, Inc., Kyoto, Japan) and 10% fetal bovine serum (FBS, 

MP Biomedicals, LLC., Illkirch, France) at 37 C in 95% humidified air with 5% CO2. 

The cultured cells were washed using 6 mL of PBS and harvested with 0.25% trypsin 

solution containing 1 mM EDTA at 37 C for 2 min. The recovered cells were 

suspended in medium for in vitro cell experiments.  

IGF-DOPA solutions were bound onto titanium and polystyrene surfaces for 

30 min at 37 C and washed with PBS three times for 5 min. The suspended cells were 

seeded on the surfaces and cultured at 37 C in 5% CO2 atmosphere condition. 
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The cell proliferation was quantified with a cell counting kit-8 (CCK-8, 

Dojindo, Tokyo, Japan) using WST-8. WST-8 solutions were added to the culture 

medium for NIH/3T3 cells and cells were incubated for 2 h at 37 °C in a humidified 

atmosphere containing 5% CO2. The absorbance of the medium at 450 nm was 

measured using a microplate reader (EnSpire Alpha 2390; Perkin-Elmer, Waltham, 

MA, USA). 

For osteogenesis induction, ascorbic acid (25 µg/mL) and glycerophosphate (5 

mM) was added to culture medium for MC3T3-E1 cells. The cell differentiation was 

investigated using Alizarin Red S (ARS) staining assay (Ared-Q, ScienCell Research 

Laboratories, CA, USA). After the culture of MC3T3-E1 cells, the medium was 

removed and washed using PBS. The cells were fixed with 4% paraformaldehyde 

solution for 15 min at room temperature. After washing with Milli-Q water, 40 mM 

ARS solution was added and incubated at room temperature for 30 min. The dye was 

removed and the cells were washed five times with Milli-Q water. To extract the dye, 

10% acetic acid was added and incubated for 30 min at room temperature. The 

solutions were collected to 1.5 mL tubes and heated at 85 °C for 10 min. The samples 

were incubated on ice for 5 min. After centrifugation at 20,000 g for 15 min, 

supernatants were transferred to new tubes and mixed with 10% ammonium 

hydroxide. Finally, the absorbance of the samples was measured at 405 nm. 

Cell differentiation marker was measured by the western blot. For the 

measurement, the cell lysate was prepared with lysis buffer containing 50 mM Tris-

HCl (pH 7.0), 150 mM NaCl, 1 mM EDTA, 1% NP40 and complete protease inhibitor 

cocktail (Merck) on ice. The samples were centrifuged at 15,000 rpm for 15 min at 

4℃. The concentration of supernatant (protein) was measured by BCA assay (Thermo 

Fisher Scientific). The samples were mixed with the buffer containing 1 mM Tris-HCl 

(pH 6.8), 50% glycerol, 20% SDS and 5% β-mercaptoethanol and they were heated 
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for 5 min at 95℃. The treated sample was applied onto SDS-PAGE conducted for 57 

min at 200 V / 40 mA, and the proteins were transferred to immobilon transfer 

polyvinylidene difluoride membrane (Merck) for 30 min at 25 V. The membrane was 

blocked with ECL prime blocking agent (GE Healthcare Life Sciences, New Jersey, 

USA) for 30 min at room temperature. The membrane was washed 3 times for 5 min 

with TBS-T. The antibodies for each marker [Bovine Osteocalcin mouse monoclonal 

antibody (QED Bioscience, California, USA), Osteoponin mouse monoclonal 

antibody (Santa Cruz Biotechnology, California, USA) and -actin mouse monoclonal 

antibody (Cell Signaling Technology, Massachusetts, USA)] were added. After the 

membranes were washed with TBS-T for 10 min and incubated with polyclonal rabbit 

anti-mouse immunoglobulins/HRP (Dako, Glostrup, Denmark) for 1 hr at room 

temperature. Finally, ECL detection reagent (GE Healthcare Life Science) was added 

on the membrane and the image was analyzed by luminograph II (WSE-6200H, ATTO, 

Tokyo, Japan). 
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3.3 Results and discussion 

3.3.1 Preparation of IGF-DOPA 

IGF-1 sequence reported by Sandberg-Nordqvist et al.
29

 was employed in this study. 

The deletion of three amino acids at the N-terminal was reported to reduce its 

biological activity, although it locates in the body
30

. On the other hand, the 

modification of both of the N- and C- terminals kept the activity of IGF-1
31

.  

 

 

Figure 3-1. Peptide sequence of IGF-DOPA. 
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Therefore, in this study we conjugated the binding peptide on the C-terminal 

of IGF-1 without modification (Figure 3-1). The binding sequence DOPA-KDOPA-K-

DOPA-G was designed according to Messersmith’s studies
32

. 

The purity of synthesized IGF-DOPA peptide was confirmed using HPLC 

analysis (Figure 3-2). Since MALDI TOF-MS peak position was calculated for IGF-

DOPA (C372H573N102O113S7) m/z [M+H]
+
 8506.7 (Av.), and found m/z [M+H]

+
 8506.2 

(Av.), the synthesis was confirmed. 
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Figure 3-2. (A) HPLC purification and (B) Mass of IGF-DOPA. 
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3.3.2 Binding assay 

The binding activity of IGF-DOPA to polystyrene and titanium was confirmed 

using QCM-D (Figure 3-3). A wild type IGF-1 was used as a negative control. IGF-

DOPA indicated high binding activity to polystyrene and titanium surface, but the 

wild type IGF-1 indicated very low or almost no binding activity to these surfaces. 

The enhanced binding activity of IGF-DOPA on material surfaces was considered to 

be due to the reaction between the amine groups of lysines with the catechol groups 

of DOPA. The reaction of catechol group of DOPA with amino group of lysine side in 

the peptide was considered to lead thin layer formation on organic and inorganic 

material surfaces. 

 

 

Figure 3-3. Binding assay of IGF and IGF-DOPA on polystyrene (PS) and titanium 

(Ti) surfaces. Mean ± S.D. n=3. 
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3.3.3 Biological activity of immobilized IGF-DOPA 

Cell proliferation activity of IGF-DOPA was investigated by CCK-8 assay 

(Figure 3-4). Figure 3-4 shows NIH/3T3 cell growth on polystyrene and titanium 

plates treated with IGF-1 or IGF-DOPA. The initial number of cells seeded was taken 

as 100%. IGF-DOPA bound on the surfaces was found to be more active than free 

IGF on both surfaces. This result was considered to be caused by the high local 

concentration and multivalent immobilization of IGF moiety on surface. 

 

 

Figure 3-4. Cell proliferation on polystyrene (PS) and titanium (Ti) surfaces treated 

with free IGF or IGF-DOPA, respectively. Mean ± S.D. n=3. 
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The differentiation of MC3T3-E1 cell was observed by western blot (Figure 3-

5) and Alizarin Red S staining (Figure 3-6). Osteogenesis can be monitored by some 

markers such as osteopontin and osteocalcin. After 14 days, IGF-DOPA promoted cell 

differentiation more effectively than water soluble IGF-1.  

Alizarin Red S staining was also used to confirm calcium deposition during 

cell differentiation. The calcification area in the cells was shown as red stained pattern. 

After 14 days, almost no stained area was detected in the cells without IGF-1. 

However, cultured cells on IGF-DOPA-treated titanium surface showed larger stained 

area than that on IGF-treated surface (Figure 3-6(A)). Alizarin Red S stained level was 

quantified by absorbance measurement of extract and the result is shown in Figure 3-

6(B). The absorbance from the cell extract on IGF-DOPA-immobilized surface shows 

higher value than that on IGF-treated surface. The result demonstrated that the cell 

differentiation was accelerated by immobilization of IGF-DOPA. 

 

 

Figure 3-5. Western blot analysis of osteogenic markers osteopontin and osteocalcin. 

MC3T3-E1 cell was cultured for 14 days (A) on titanium (Ti), (B) in the presence of 

soluble IGF on Ti, and (C) in the presence of IGF-DOPA on Ti. 
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Figure 3-6. Cell differentiation on IGF or IGF-DOPA-treated titanium (Ti) surfaces. 

(A) Alizarin Red S stained images. (B) Quantification of Alizarin Red S stained levels. 

Mean ± S.D. n=3. 
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3.4 Conclusion 

IGF-1 containing DOPA was designed by inspired from the underwater 

adhesive mussel protein. The prepared IGF-DOPA showed strong binding activity to 

various material surfaces such as polystyrene and titanium. The IGF-DOPA 

immobilized surface promoted cell proliferation and differentiation more efficiently 

than free IGF-1 through activation of cell signal transduction. Therefore, the design of 

growth factor with DOPA peptide is useful for binding growth factor for modification 

of biomaterial surfaces. 
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4.1 Summary 

 This thesis described the development and design of IGF-1 for its application 

in strategies of accelerating cell growth and adhesion. Two strategies involving the use 

of photo-reactive alginate and underwater adhesive mussel protein were discussed in 

detail. 

 In Chapter 1, a general background was presented related to the research 

work. This chapter contained the background information, application techniques, and 

methods used for the study in this thesis. 

In Chapter 2, the furfuryl group is reported to be successfully introduced into 

alginate. Two photosensitizers showed similar photo-gelation ratios. The amount of 

formed gel monotonously increased with the increase of exposure time and the 

increase of concentration and molecular weight of furfuryl alginate. The high gel 

formation ratio was considered to result from the high content of furan in the alginate. 

It was concluded that the content of crosslinking point furan determined the gel 

formation efficiency. The photo-crosslinked F-Alginate slowly released incorporated 

molecules. The molecular weight effect was observed on the release behavior of the 

molecules, and small molecules were quickly released from the gel. F-Alginate 

released the molecules by the simple diffusion similar to the conventional alginate 

hydrogels. The cytotoxicity of F-Alginate was negligible. Cell growth was enhanced 

in the presence of IGF-1-incorporated F-Alginate. Because of these reasons, visible 

light-curable F-Alginate effectively encapsulates the bioactive molecules to achieve a 

sustained-release effect on cells for the improvement of proliferation and 

differentiation. 

Chapter 3 presents the synthesis of mussel-inspired IGF-DOPA to enhance 

cell growth at the surface of polystyrene and titanium. DOPA is an important 

compound in the composition of marine adhesive proteins, such as these found in 
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mussels. IGF-DOPA was prepared using solid-phase peptide synthesis, conjugating 

the truncated IGF-1 and DOPA-Lys-DOPA-Lys-DOPA-Gly. The binding of IGF-

DOPA on polystyrene and titanium surface was investigated using QCM-D. IGF-

DOPA could successfully bind to surfaces, whereas the wild-type IGF-1 could not. In 

terms of cell proliferation and differentiation, IGF-DOPA also returned higher cell 

activity than the wild-type IGF-1. In conclusion, photo-reactive alginate for IGF-1 

release and IGF-DOPA successfully demonstrated the enhancement of cell growth and 

adhesion. These designed materials can be used for efficient future biomaterials, such 

as drug delivery and surface modification. 

 

4.2 Future directions 

When delivering growth factors to enhance tissue regeneration, the major 

obstacle is obtaining optimal gradients and concentrations of the suitable growth 

factors for precise requirements. Thus far, there has been substantial progress in 

understanding fundamental information about the biological properties of growth 

factors and the microenvironment to further make more effective growth factor-based 

delivery systems for the control of protein delivery. A wide variety of approaches, 

such as covalent conjunctions, nanoparticle (NP)-based delivery systems, and ECM-

inspired binding, have been used in recent decades to facilitate tissue repair. Most 

delivery systems showed in this research demonstrated therapeutic potential and 

enhanced stability of the growth factors upon immobilization when compared to drug 

delivery systems and traditional regenerative medicine. 
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4.2.1 Approach for efficient delivery of growth factors 

A major hindrance to efficient delivery of growth factors for medical use is 

that significant amounts of biomolecules are required during tissue regeneration. The 

controlled growth factor presentation will continue to play an important role in tissue 

engineering approaches, and it will be conjugated with biomaterials that permit 

controllable release profiles to achieve regulation during delivery. For this strategy to 

realize its vast potential, continued efforts to understand biological signaling pathways 

during tissue development are required. This requirement involves recapitulating the 

concentrations and distributions of bioactive growth factors during those processes 

accounting for the effects of cell and carriers on target cells. Such knowledge could 

use engineering design to specifically guide the release of growth factor from the 

delivery system. Thus, the delivery system would not only release the appropriate 

growth factors but also offer visions on growth factors and microenvironments during 

tissue regeneration in vivo. If these factors are considered, the various growth factors 

can hold excellent promise for future therapies in medical regenerative medicine. 

Growth factor delivery from various biomaterials has offered satisfactory 

results in fibular demerit and bone fractures, improvements in periprosthetic fractures 

and Alzheimer’s disease, and advances in dermal healing, skeletal muscle regeneration, 

and peripheral nerve regeneration. The important advances have optimized the 

delivery of growth factors to target tissues and have demonstrated their progression 

through clinical demonstrations to be considered suitable for commercial use. 

However, the high amount of growth factors are required for therapeutic benefit, and 

in some cases, systemic exposure of these amounts has caused certain side effects, 

including increased wound complications, ectopic tissue formation, cancer risk, or 

radiculopathy. 
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4.2.2 Combination of growth factors 

For efficient delivery of growth factors, it is evident that further research is 

necessary regarding smart biomaterial designs and programmable release of growth 

factor delivery. Combining growth factors (TGF/IGF, BMP/VEGF) and their release 

profiles using different biomaterials has the potential to enhance tissue regeneration in 

vivo. Therefore, multiple release of a growth factor plays an important role in the 

proliferation, recruitment, and functional activities of cells during the promotion of 

tissue regeneration and the early stages of wound repair. Second, while many growth 

factors have been confirmed as efficient at high doses in biomedical applications, the 

need for precise and safe medical treatments has driven the research toward the study 

of novel delivery systems and optimization of the concentrations of the right growth 

factors. Thus, biomaterials that are sensitive to exogenous stimuli have been widely 

applied to deliver growth factors. Indeed, the development of biomaterials is expected 

to provide an attractive alternative for delivering the various growth factors in a 

better-regulated manner in the future. 

 

4.3 Conclusions and perspectives 

As studies on tissue regeneration converge on acknowledging the need for a 

multifunctional approach to better reenact the complex process of tissue repairing, 

combinations of appropriate biomaterial carriers with bioactive proteins will direct 

innovation. Until present, biomaterial–growth factor complex delivery systems using 

natural or synthetic materials in various structures have supplied efficient differential 

immobilization and release, which has enabled the effective release of growth factors 

with biological activity in the local environment. These new methods of biomaterial 

preparation are still in the initial approach of development and research and lack 

consistent clinical data. Future studies on the use of biomaterials in tissue regeneration 
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and repair should be focused on an expansive understanding of tissue–biomaterial 

interactions and the optimization of their chemical and physical properties for long-

term performance. Thus, the synthesis of biomaterials in terms of biocompatibility and 

structural compositions that mimic tissue repair through the combination of multiple 

areas, including biological and chemical stimuli (such as adhesive proteins, growth 

factors, or functional groups) and physical conditions (micro/nano-particles, stimuli-

responsive property, shear stress, and hydrophilic and hydrophobic properties), is 

significant for the research of next-generation biomedical device. Finally, the potential 

of growth factor-based delivery systems for medical use strongly depends on more 

researches and approaches that combine biomaterials, medicine, engineering, and the 

technical knowledge of medical researches. Close cooperation among specialists in 

tissue engineering, materials science, medicine, and chemistry may eventually reduce 

the latency between current research and clinical application, and it is likely that 

growth factor delivery approaches will offer many therapeutic benefits in the therapy 

of complex wounds in the near future. 
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