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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 1GF-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®*-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*'-
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.



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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CHAPTER 1

GENERAL INTRODUCTION



1.1 Growth factors

Growth factors are involved in cell growth, proliferation, and differentiation,
and various growth factors have been identified" . These growth factors bind to
specific receptors and perform their respective functions; in addition, they act as cell
signaling molecules®*. In the early days, although growth factors were discovered and
reported, their separation and purification was difficult>°. However, the development
of recombinant protein engineering technology has enabled effective isolation and

purification of growth factors””®.

In particular, since tissues and organs require the action of numerous growth
factors, tissue regeneration research using these growth factors is being actively
performed'® ™. 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>**. 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™ and the introduction of an appropriate drug delivery system for

growth factors are also important'®*2,

The following are among the various types of growth factors known: BMP™
(bone morphogenetic protein), NGF? (nerve growth factor), FGF** (fibroblast growth
factor), IGF? (insulin-like growth factor), VEGF? (vascular endothelial growth
factor), EGF** (epidermal growth factor), and TGF® (transforming growth factor)
(Table 1-1).



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

Growth factors

Functions

Bone morphogenetic protein
(BMP)

Nerve growth factor
(NGF)

Fibroblast growth factor
(FGF)

Insulin-like growth factor
(IGF)

Vascular endothelial growth factor
(VEGF)

Epidermal growth factor
(EGF)

Transforming growth factor
(TGF)

Proliferation and differentiation of bone cells

Proliferation and differentiation of nerve cell

Growth, proliferation and differentiation of cells

(Fibroblasts, epithelial cells)

Cell proliferation and inhibition of cell apoptosis

Proliferation and differentiation of epithelial cells

Growth, proliferation and differentiation of cells
(Epithelial cell)

Enhancement of wound healing

Proliferation and differentiation of bone-forming cells




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®® ?’. 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®®. Some reports have shown an elegant application of
biodegradable material for tissue remodeling using biomaterials to recover the
function of a pulmonary artery”. Furthermore, the bio-absorbable fibers can
effectively release drug came from angioplasty®. It has been demonstrated that drug-
eluting stents using biodegradable polymer reduced the risk of stent thrombosis®.
Owing to the biological and physicochemical properties of nanoparticles, they have

gained considerable attention among researches in wound healing applications®.

Biomaterials for medical purposes basically require several properties®®

(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®®. In addition, properties, such as high biodegradability and
minimal immune response and inflammatory response are required®’. There is actively
ongoing research and development of biomaterials with these characteristics that are
capable of recovering or replacing damaged tissues in patients®® *. Although various
materials have been used for biomaterials, application of polymers has been
investigated in several researches* *!. Polymers are classified as natural or synthetic
on the basis of their origin** (Figure 1-1). Synthetic polymers have the advantage to

produce flexible materials with excellent mechanical properties®.



Table 1-2. Characteristics of biomaterials.

Synthetic Biomaterials Natural biomaterials

Advantages | -Bjocompatibility ‘Biocompatibility

‘Easily available
*Less toxicity

*Biodegradable

Disadvantages | -Non-degradable -Structurally more complex

“Toxicity *High degree of variability in

-Complicated synthetic process natural materials derived from

animal sources

*High cost ) )
*Complicated Extraction process

Among synthetic polymers, many medical materials capable of inducing
regeneration and restoration of tissues in the human body have been studied*.
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*> *. In

general, biomaterials using natural polymers are biocompatible with cells and

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



Among natural polymers, alginate has the advantages of absorbing body fluids and
effectively maintaining moisture at wound sites*’. In addition, alginate from seaweed
is widely used in medical fields because of its biocompatibility, antibacterial activity,

and biodegradation®® .

Biomaterials
| |
Synthetic Natural
Biomaterials Biomaterials
| l | ]
Polymers Ceramics Polysaccharides Proteins
Poly-lactic-co-glycolic acid Hydtoxyapatite Alginate Gelatin
ke Calcium phosphate Hyaluronic acid Fibrin
e R (AR Zirconia Agarose Collagen
Poly-ethylene glycol (PEG) Alumina Chitosan Silk
Poly-e-carprolactone (PCL) Tetracalcium phosphate
Poly-D, L-lactide (PDLLA) Bicactive glass

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™.
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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™. Freeman et al. have
synthesized sulfate—alginate/alginate scaffolds that include TGF-B1, 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®®. 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®. 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®. 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.

11



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®

. 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®®.

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>”*®. 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®®. 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®. 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.

12



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

of growth factors through a maleimide—thiol coupling reaction®.

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®. 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®.

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® ®. IGF-1 primarily comprises three helical structures corresponding
to the two a-helices (IGF-1 residues 43-47 and 54-58) and a B-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°"%. Residues 3-6
do not form any regular secondary structure”. As the electron density in residues 35—

40 is weak and disconnected, this part has not been modeled. In the D-region, only

13



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”*. Furthermore, poly (D,L-
lactide) incorporated with TGF-B and IGF-1 can enhance fracture healing in rats

without systemic adverse effects’.

Type Il turn

) D region
C region g Leu 64

[ Type II" turn

A region

B region
Glu 3

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, cartilage™, and nerve™. 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).

Conjugation

4

Encapsulation

(]

Microspheres

&

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"®. Herein, one is a method of inserting a growth factor into a biomaterial
after completing the form of the biomaterial”’. In addition, there is another method of
inserting a growth factor into a biomaterial before completion. 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.
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Second, there is a method of immobilizing a growth factor on the surface of a
biomaterial®. 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®®. 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

16



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).

<> OGrow'(h
& factor
S 5
<
Titanium
Encapsulation DOPA-immobilization

Figure 1-4. The strategies in this thesis.
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2.1 Introduction

Photochemistry plays an important role in medical applications including

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

for medical applications'. The most common application is as a dental material®™®.

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

7-10

polymerization®, polymerization using visible or UV-light initiators”°, type 2 photo-

initiation using silk peptides™ or photo-initiation polymerization by riboflavin

(vitamin B-2)**™ 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'®* and bulk gelation®>?®. Widely used UV-reactive
functional groups include azidophenyl*®?* 28 benzophenone®, diazirine®* and

cycloaddition forming reaction®?’. However, the direct use of UV light in the body

has risks, including cancer, immune impairment, and genetic mutations®® .

Therefore, in recent years, visible-light-reactive natural polymers have been
developed® %32, This includes natural polymers conjugated with furan, which is easily

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

34-36 37,38 39, 40

polymers, DNA®, gelatin®*, chitosan®” %, alginate®® *° and hyaluronic acid* have

been employed. From oxygen molecules the photosensitizer generates singlet oxygen

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

34, 42, 43

endoperoxide formation caused by the irradiation . Furan-natural polymer

conjugates have been used for tissue engineering** .
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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®. It has been shown to improve the proliferation

of stem cells and reverse the inhibition of osteogenic differentiation by implants*” .

Previously, we prepared a furan-alginate conjugate for visible light-curable gel
formation in the presence of Rose Bengal® *°. 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?*-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* (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.

'"H NMR spectra were recorded using an ECZ-400 spectrometer (400 MHz,
JEOL, Tokyo, Japan). D,O was used for ‘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.

A= Photo-curable alginate *Photosensitizers
@ Photosensitizer

Visible
Light

¥ substance (Dextran, IGF)

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 (lwaki, 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®*-crosslinked alginate (C-Alginate) was prepared by
mixing a 10% aqueous solution of sodium alginate with aqueous solutions of different

CaCl, 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 pL 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%.

34



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) (Aecitation: 495 nm and

7\'emission: 520 n m) .

The amount of IGF-1 was determined using an enzyme linked immunosorbent
assay (ELISA) kit (ab211651, Abcam, Cambridge, UK). The analyte solution (50 pL)
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 uL of the washing buffer. A
tetramethylbenzidine solution (100 pL) was added to each well and incubated for 10
min on a plate shaker (400 rpm) under dark conditions. The stop solution (100 pL)
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% CO, 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 x 10* cells/mL and 1 x
10* cells/mL were seeded per well, respectively. The culture medium was exchanged
at 12 h. The solid samples were washed twice using 500 puL 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 uM) and calcein AM (2 uM) 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. [n], of
sodium alginate was calculated to be 11.4. The molecular weight of sodium alginate

was determined from the Mark—Houwink—Sakurada equation®,
[n] = KM*

where, [n] 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 x 10° and 1.2,

respectively®®. It was calculated as 1,110,000.
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Figure 2-2. The viscosity of sodium alginate. The concentration of sodium alginate
was 1.25 mg/mL (#), 2.5 mg/mL (m), 5 mg/mL (A) and 10 mg/mL (e). 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=0 stretching vibration of the
carboxyl group in the o-D-mannuronic acid and p-L-guluronic acid as a peak at 1725
cm™. After conjugation with furfurylamine, the IR spectrum of F-Alginate showed a
C=0 peak at 1670 cm™ 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.

-NH, bending vibration »
1619 cm™!

C=0 stretching vibration
in carboxyl group
1725 cm™ ¥

Transmittance (%)

X

C=0 stretching vibration
in amide
1670 cm!

2500 2000 1500 1000
Wavenumber [cm™]

Figure 2-3. Fourier transform infrared spectra of furfurylamine (A), sodium alginate
(B) and F-Alginate (1:1) (C) in PBS.

38



Figure 2-4 shows the *H NMR spectra of alginate, and methine protons on a-
D-mannuronic acid and p-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.
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Figure 2-4. 'H NMR spectrum of F-Alginate (solvent: D,0).
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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).

T--- . o=t F-Alginate + Benzyl alcohol

_____________ L

10.0 90 80 70 60 50 40 30 20 10 0
X: parts per Million : Proton

200 300

100

sandths)

L
'

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.

Feed molar ratio )
Sample name _ Conversion (%o)
Furfurylamine : COOH

a

F-Alginate (1:2) 1:2 13.2
F-Alginate (1:1) 11 27.8
F-Alginate (2:1) 2:1 28.9

8The 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.

>
o
O

Weight percentage of formed gel (%)
Weight percentage of formed gel (%)
Weight percentage of formed gel (%)

0 2 1 L] g8 10 0 2 4 6 8 10 0 2 4 & a in
Irradiation time (min) Irradiation time (min) Incubation time (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% CaCl,, 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% (m), 3% (#), 5% (A)
and 10% (e). n= 3.

42



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®* (C-Alginate) as shown in Table 2-2

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

Sample Irradiation P Additive G' (Pa) G" (Pa)

- - 8.26+3.2 40.1+35

F"ﬁ?ilgate %C Rose Bengal 366 + 4.6 164 + 3.9
' %C Riboflavin 339+ 3.8 135+ 15

1.00%%cacl,| 10.8%2.2 209+ 438

2.00%% cacl,| 152.6+8.3 62.6+7.8

C-Alginate - s7s%dcacl,| 327+21 85.0+ 4.1
7.50%9 cacl,| 616.8+7.6 102.6+ 8.6
18.75%% cacl,| 708.9 £ 8.4 148.4+9.8

®Frequency: 1 Hz. Strain 1%, n = 3.
®Visible light exposure time: 10 min.
° The percentage indicates the w/w percentage of aqueous solution.

Y The percentage indicates molar percentage of calcium to the carboxylate groups
in alginate.
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G’ and G” depended on the concentration of CaCl,. C-Alginate prepared using
3.75% Ca®* 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.

When the elastic modulus G’ of the photo-curable systems was compared, it
ranged from several hundred kPa to less than one hundred Pa'® ****. Although a high
G’ is required for dental applications, the G’ demonstrated in the present study Iis
enough for soft tissue replacement, taking into consideration the G’ of Ca®-

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’*-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 o-L-guluronate units®'. 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®®. In the
simple diffusion case, small molecules are rapidly released from the alginate hydrogel
within several hours (approximately)®®. 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®. 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 (O0), Dex4k (¢), Dex10k (~), BSA (X) and Dex70k
(o) 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.
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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”* concentration, which corresponds to increased crosslinking points.
The F-Alginate showed a similar release behavior as C- Alginate prepared using 3.75%
CaCl,. 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.®*> and Amsden et al.*® reported on Ca**-crosslinked alginate
release systems. They reported that the release of Ca®* and the molecular weight and
the concentration of alginate significantly affected the release behavior®®. The release
of 145,000 dextran, a high molecular weight molecule, depended on the exchange of
Ca?*, and occurred in a “burst” fashion after an initial lag period was observed®. The

alginate content also affected the release behaviors of protein®.

Comparison of released amount (with ca?)

100

Released Dex-70k (%)
£ =)} oo
o o o

]
o
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Figure 2-8. Release of Dex70k from alginate hydrogel prepared through photo-curing
of F-Alginate (X). C-Alginate with 2% CaCl, (m), 3.75% CaCl;, (A), 7.50% CacCl, ()
and 18.75% CaCl; (). 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 uM, respectively (Figure 2-8). A similar

cytotoxicity was reported previously®®. Therefore, the samples were washed prior to

cell culture experiments.
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Figure 2-8. Relative cell growth of NIH/3T3 cells when exposed to photo-sensitizers.
Alginate (A), Rose Bengal (<) and riboflavin (0). 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®®. 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 um. (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* cells/mL) (m: no addition, A: F-

Alginate with Rose Bengal, and e: 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®”
*8 In future, 3D cell culture using visible light (not ultraviolet light)-sensitive

materials will become more important for tissue engineering™.
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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 (A). (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, A: F-Alginate with IGF-1 after
irradiation and e: 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®*-induced
crosslinked alginate. This type of visible-light sensitive materials will be important for

tissue engineering.
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CHAPTER 3

IMMOBILIZATION OF IGF
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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™ 2. For the applications, various studies have reported surface
modification of biomaterials®>. 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®®. To use the materials in human body, cell
adhesiveness and non-biofouling have been studied by coating of active peptide and
extracellular matrix”*2. Additionally, the immobilization of protein on surface was
also investigated to control higher levels of cell functions such as growth and

differentiation*® 4,

Growth factors are involved in cell growth, proliferation and differentiation
and bind to specific receptors to show their respective functions™*’. Recent studies
have found that chemical immobilization of growth factor proteins enabled the
biomaterials mitogenic'®*?°. 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® %,

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®®
% 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,
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25, 26

including polymers, metals and ceramics . Inspired from this finding, various

functional polymers carrying DOPA derivatives have been developed to provide

diverse adhesive, sealant, and anchoring properties®” %%,

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 HCI, 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 x 4.6
mm [.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 NaH,PO,, 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 pg/mL) were loaded into the measurement system and kept running at 65
puL/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 (MEMa, 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% CO..
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% CO, 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% CO,. 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 pg/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-
HCI (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°C. The concentration of supernatant (protein) was measured by BCA assay (Thermo
Fisher Scientific). The samples were mixed with the buffer containing 1 mM Tris-HCI

(pH 6.8), 50% glycerol, 20% SDS and 5% [3-mercaptoethanol and they were heated
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for 5 min at 95°C. 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 p-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 Il (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-Nordquvist et al.?® 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®. On the other hand, the
modification of both of the N- and C- terminals kept the activity of IGF-1%".

IGF-1 Mussel

. . TFTSSATAGPETLCGAELVDALQFVCGDRGFYFNK
PTGYGSSSRRAPQTGIVDECCFRSCDLRRLEMYCAPL
KPAKSARSVRAQ. .

DOPA-K-DOPA-K-DOPA-

GPETLCGAELVDALQFVCGDRGFYFNKPTGYGSSSRR
APQTGIVDECCFRSCDLRRLEMYCAPLKPAKSA-
DOPA-K-DOPA-K-DOPA-

Surface

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™.

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 (C372H573N1020113S7) 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.

71



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.

750 4

~ 600
E
O
~
oY)
c
~— 450
)
c
=
£
® 300 -
2o —m—IGF_PS
2 —e—IGF-DOPA_PS
—e—IGF-DOPA _Ti
__i i
o 8
0 10 20 30 40 50

Concentration (ug/mL)

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

(T) 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.

175

150

125

—B—IGF_PS
—e—IGF-DOPA_PS

Relative cell growth (Control 100 %)

—&—IGF_Ti

—8— IGF-DOPA Ti
100
0 10 20 30 40 50

Concentration (pug/mL)

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.

(A) (B) (C)
Osteopontin - -
Osteocalcin -

B -actin e s w—

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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