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GENERAL INTRODUCTION

GENERAL INTRODUCTION

1. Tissue Regeneration

The demands for organ transplantation to recover damaged tissue are increasing.

However, organ transplantation is limited by donor shortage, immune rejection, and disease

transfer [1-4]. Tissue engineering aims to regenerate damaged tissue by implanting

three-dimensional (3D) scaffolds that contain stem cells or differentiated cells into the tissue

[1-4]. Schematic illustration of using stem cells for tissue regeneration is shown in Figure

1. Stem cells play an important role in tissue regeneration because of their capability to

develop into more mature or specialized cells [1]. For example, bone marrow stromal cells

are progenitors of skeletal tissue components and have the ability to differentiate into cells

of the connective tissue lineage, such as osteoblasts, chondrocytes, and adipocytes [5].

Culturing stem cells in 3D scaffolds has gained interest in tissue regeneration because

of their advantages over two-dimensional (2D) cell culture in providing more natural

microenvironments for cell growth and differentiation [6,7]. In addition, more cell-cell and

cell-scaffold interactions can be provided by the 3D scaffolds [6]. Cells grown on 2D culture
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may not behave cells grown in in-vivo microenvironments [6,7]. For example, chondrocytes

lose their phenotype and functions when cultured on tissue culture plates. They regain their

phenotype and functions when embedded in 3D scaffolds of agarose gel [7].

The 3D scaffolds for tissue regeneration have to support cell viability and

differentiation. This goal can be achieved by reproducing cell microenvironments, such as

extracellular matrices (ECMs) [1-4]. ECMs are complex networks of proteins and

polysaccharides that are secreted by cells and provide structural, adhesive, and biochemical

signaling supports [8].

An arginine-glycine-aspartic acid (RGD) is an amino acid sequence that appears in

many ECM molecules, such as fibronectin, vitronectin, von Willebrand factor, laminin,

collagen, and protocadherins [9-11]. RGD serves as a ligand for cell adhesion receptors,

integrin [12,13]. To create 3D scaffolds that can reproduce the features of ECMs,

RGD-containing peptides have been chemically conjugated into various polymers, such as

alginate and polyethylene glycol (PEG) [13,14]. Encapsulation of mesenchymal stem cells

in a 3D alginate scaffold containing an RGD-derived peptide resulted in the promotion of

cell attachment, spreading, and proliferation [14].

Another effort to create ECM-like scaffolds can be achieved by introducing growth

factors into the 3D scaffolds. Growth factors can stimulate cellular functions, such as cell

proliferation and differentiation [15]. Various families of growth factors, such as
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transforming growth factor-beta (TGF-P) superfamily and fibroblast growth factor family,

have been identified to play a crucial role in cell proliferation, differentiation, and apoptosis

[15]. Bone morphogenetic protein-2 (BMP-2) is a member of TGF-f3 superfamily. Tanihara

et al. reported that BMP-2 residues 73-92 (KIPKASSVPTELSAISTLYL-NH2, bone

forming protein (BFP)) conjugated to alginate gel particles can accelerate the repair of rat

tibia bone defects [16]. BFP-conjugated alginate gel particles co-implanted with rat bone

marrow stromal cells (rBMSCs) were shown to induce differentiation of the cells into

osteoblasts, and activate the osteoblasts to promote repair of bone defects [16]. Another

report showed that incorporation of an RGD peptide and a BFP onto

poly(lactide-co-ethylene oxide fumarate) hydrogel can synergistically enhance osteogenic

differentiation of seeded BMSCs [17].

2. Hydrogels as 3D Scaffolds for Tissue Regeneration

For tissue regeneration, cells are often encapsulated into 3D scaffolds before

implantation into the damaged tissue. Cells differentiate into specialized cells and produce

a new tissue utilizing 3D matrices as temporary scaffolds [1]. Cells can be encapsulated into

3D scaffolds before or after scaffold fabrication. After 3D scaffold fabrication, cells can be

encapsulated into the scaffolds by static, injection, centrifugation or vacuum methods
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[18,19]. However, it is difficult to achieve homogeneous cell distribution with these methods.

Simultaneous cell encapsulation with scaffold fabrication offers homogeneous cell

distribution which enables homogeneous tissue reconstruction [20,21].

Hydrogels, 3D hydrated polymer networks, are attractive materials that can

encapsulate cells simultaneously and/or prior to their formation [20,21]. In simultaneous cell

encapsulation, polymer solution and cells are mixed, and crosslinking reaction is conducted

to encapsulate cells within the hydrogels. To design a cytocompatible hydrogel for cell

encapsulation, the polymers and the process for hydrogel formation should show low

cytotoxicity. In addition, the polymers are preferable to be soluble in an aqueous solution

with physiological pH and osmolarity to prevent any cell damages [20,21].

Recently, various chemical and physical crosslinking strategies have been used to

fabricate hydrogels for cell encapsulation [4,21-38]. The properties of hydrogels, such as

degree of crosslinking, polymer network density, mechanical stiffness, and swelling ratio,

can be controlled both by choosing the type of crosslinking, chemical or physical

crosslinking, and by controlling the crosslinking conditions, such as concentrations of

polymers and crosslinkers, and gelation time [22-25]. The hydrogel properties have been

shown to have significant effects on the cell viability, proliferation, and differentiation [22-

25]. Hydrogel composite of oligo-PEG fumarate and gelatin microparticles has been

developed as a carrier for cartilage tissue engineering [24]. Enhanced in chondrogenic
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differentiation of rabbit marrow mesenchymal stem cells was observed in hydrogel

composites with higher swelling ratio [24]. Another study by Tan et al. showed that

osteogenic differentiation of encapsulated mouse C2C12 myoblast cells in transglutaminase

cross-linked gelatin gel was affected by hydrogel stiffness [25]. Therefore, development of

hydrogels that can support cellular functions is important for designing 3D scaffolds for

tissue regeneration.

2.1.  Physically-crosslinked hydrogels

Physical crosslinking strategies utilize non-covalent bondings, such as ionic,

hydrophobic, and hydrogen bondings, to form reversible hydrogels [21,26-29]. The use of

physical crosslinking offers the possibility to encapsulate cells prior to hydrogel formation

without the presence of any chemical-crosslinking reagents [21,26-29]. Physical

crosslinking can be disrupted by changing external environments, such as pH, temperature,

and ionic strength [21,26-29].

A solution containing modified chitosan, N-palmitoyl chitosan (NPCS), forms

hydrogel when injected into a physiological solution at 37 °C [26]. Hydrogel formation is

attributed to hydrophobic interaction between hydrophobic side chains (palmitoyl group) of

chitosan. However, low pH of the NPCS solution (pH = 6.5) may damage cells [26].
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Hydrogen bonding was used for fabricating poly(vinyl alcohol) hydrogel by
freeze-thawing techniques. The hydrogel has been used for encapsulating vascular smooth
muscle cells in the presence of e-poly-L-Lysine as a cryoprotectant [27]. The encapsulated
cells showed a decrease in viability after thawing process, presumably because of the
formation of intracellular and intercellular ice crystal during freezing process [27].

MAX8, a 20-peptide residues containing seven lysine residues and one glutamic acid
residue, forms hydrogel in response to salt concentration change because of self-assembly
of the peptide from a random-coil into a B-sheet structure [28]. The encapsulated
mesenchymal stem cells were distributed homogenously within the hydrogel. Live-dead
staining of the encapsulated cells 3 h after incubation showed that the cells in the hydrogel
remain viable. However, some dead cells were observed in the hydrogel [28]. Another study
showed that viability of chondrocytes encapsulated in the MAX8 hydrogel significantly
decreased after 24 h [29]. It is presumably because of electrostatic interaction between
MAXS8 and the encapsulated cells [29]. Compounds with higher cationic charge densities
may induce inflammatory response of the encapsulated cells and may cause cell necrosis

[30].

2.2.  Chemically-crosslinked hydrogels
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Chemically-crosslinked hydrogels are irreversible hydrogels and show a high

stability because of covalent bond formations between the polymer chains. Various chemical

crosslinking techniques, such as Michael-addition, Diels-Alder reaction, Schiff-base

formation, diisocyanate-crosslinking, and photocrosslinking have been used for

encapsulating cells into hydrogels [21,31-36].

Michael-addition involves a reaction between a nucleophile, such as polymers

containing thiol group, and an electrophile, such as o,B-unsaturated carbonyl compounds

[31]. Four-arm PEG was modified with acrylate, diacrylate, vinyl sulfone or maleimide. The

modified PEG was reacted with dithiol-containing peptides to form hydrogels. The

hydrogels were successfully used for myoblast encapsulation [31]. However, the hydrogels

were fabricated under basic conditions, which might decrease the viability of the

encapsulated cells.

Polymers modified with maleimide group were also used for cell encapsulation via

Diels-Alder crosslinking [32]. The hydrogels are formed by a reaction between maleimide

groups of PEG-dimaleimide and furan group of hyaluronic acid-furan (HA-furan). However,

it requires long gelation time (more than 1 h) for completing the gelation process.

Cytotoxicity assay of PEG-dimaleimide and HA-furan hydrogel formed with different

gelation time revealed that long gelation time is toxic to the encapsulated murine

chondrocytic cell line [32]. In addition, maleimide groups are highly reactive and can react
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with amino groups of proteins of the encapsulated cells.

Schiff-base formation was used to encapsulate bovine chondrocytes into

chitosan/HA hydrogels [33]. This system utilizes a reaction between amino group of

N-succinyl chitosan and aldehyde group of modified-HA. Confocal laser scanning

microscopy showed that 93% of cells in the hydrogel survived 24 h after encapsulation [33].

However, aldehyde group of modified-HA can also react with amino groups of proteins,

which limits the use of Schiff-base hydrogels for cell encapsulation [21]. Another study

showed that BMSCs seeded into a Schiff-base hydrogel of aldehyde-alginate/N-succinyl

chitosan had a low cell viability [34].

A diisocyanate-crosslinker, 1,6-hexamethylene diisocyanate, has been used for

fabricating polyurethane scaffolds containing poly(e-caprolactone) (PCL), PEG, and

glycerol for cell encapsulation [35]. Polyurethane scaffolds were fabricated in organic

solvents. After scaffold formation, the cells were encapsulated into the PCL/PEG/glycerol

hydrogel by immersing the scaffold in medium containing cells [35]. This process may lead

to inhomogeneous distribution of the encapsulated cells. Furthermore, the remains of

organic solvents in the scaffolds may decrease cell viability.

Photocrosslinking techniques utilize radical formation under ultraviolet (UV)/visible

light irradiation of photoinitiators to initiate crosslinking reactions. UV-photocrosslinking

was successfully used to fabricate methacrylated alginate-acrylated RGD hydrogel in the
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presence of 0.05% wi/v 2-hydroxy-1-[4-(2-hydroxylethoxy) phenyl]-2-methyl-1-propanone

(Irgacure 2959) [14]. Encapsulated human mesenchymal stem cells (nMSCs) in the hydrogel

showed a high cell viability even after 28 days of culture, demonstrating good

biocompatibility of the photocrosslinked hydrogels for long term cell encapsulation [14].

However, UV light has potential to damage cellular DNA [36].

Visible light photocrosslinking was successfully used for encapsulating hMSCs

within PEG diacrylate (PEGDA) hydrogel by irradiating PEGDA solution with visible light

in the presence of eosin Y, triethanolamine, and 1-vinyl-2 pyrrolidinone (NVP) [37]. The

hydrogel system supported chondrogenic differentiation of the hMSCs throughout 6 weeks

of incubation in chondrogenic medium. However, the cells encapsulated with high

concentration of eosin Y/triethanolamine (0.1 mM eosin Y and 0.75% triethanolamine)

hydrogel showed a low cell viability and low expression of collagen matrices [37]. It may

be caused by the toxicity of radicals formed during the photocrosslinking reaction.

Considering the limitations of physical and chemical crosslinking techniques for cell

encapsulation as described above, the use of proper crosslinking techniques and polymers is

important to maintain cell viability during crosslinking process and following cultivation

periods.
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3. Collagen-like Polypeptide

Hydrogels can be synthesized from various natural and synthetic polymers. Among

natural polymers, animal-derived collagens are the most useful biomaterials because of their

biocompatibility and biodegradability. They have been widely used for tissue regeneration

and drug delivery systems [38-40]. Rat MSCs cultured in a collagen scaffold showed an

increase in osteocalcin and alkaline phosphatase expression, indicating that the collagen

hydrogel supports osteogenic differentiation of the encapsulated cells [40]. However,

animal-derived collagens have a possibility to transfer pathogenic substances, such as prion,

to patients [41]. In addition, they have low thermal stability [42]. Synthetic polymers, such

as PEG derivatives, are commonly used as substituting materials for fabricating 3D scaffolds

for tissue regeneration [43]. However, these polymers are not biodegradable, which limit

their application for tissue regeneration [43,44].

Poly(Pro-Hyp-Gly) is a synthetic polymer containing Pro-Hyp-Gly sequences which

is commonly found in the triple-helical domain of collagen [45]. The poly(Pro-Hyp-Gly)

sponge has been shown to degrade at the same rate as Terudermis® (Olympus Terumo

Biomaterials, Tokyo, Japan), a heat-crosslinked bovine atelocollagen, when embedded

subcutaneously into the dorsal area of a rat [46]. Furthermore, epithelialization of a

full-thickness wound on a rabbit’s ear pad was significantly promoted in the presence of the

10
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poly(Pro-Hyp-Gly) sponge in comparison with Terudermis® [46].

Hydroxy group of Hyp residues of poly(Pro-Hyp-Gly) can be tailored with various

functional groups by specific modification to enhance its functionality as a scaffold for tissue

regeneration. Shibasaki et al. showed that poly(Pro-Hyp-Gly) conjugated with cell adhesion

peptides, Gly-Arg-Gly-Asp-Ser and Pro-His-Ser-Arg-Asn, enhances an NIH3T3 cell

adhesion and migration, and rabbit corneal epithelial cell stratification [47]. Therefore,

poly(Pro-Hyp-Gly) is an attractive candidate to reproduce physical and biochemical

properties of natural collagens. An ideal 3D scaffold for tissue regeneration can be developed

by further modification of the poly(Pro-Hyp-Gly).

4. Purpose of This Work

As described in section 2, various crosslinking techniques and polymers have been

used for fabricating hydrogels for cell encapsulation. However, there were problems of

potential toxicity of initiators and crosslinking process. A collagen-like polypeptide,

poly(Pro-Hyp-Gly), is a good candidate as a material for synthesizing hydrogels for tissue

regeneration because of its similar physical properties, biocompatibility, and

biodegradability to those of animal-derived collagens. In this study, to develop

cytocompatible hydrogels that can encapsulate cells, maintain their viability, and support

11
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their differentiation, the author fabricated poly(Pro-Hyp-Gly) hydrogels by both physical

and chemical crosslinking. Based on processes to fabricate poly(Pro-Hyp-Gly) hydrogels for

stem cell encapsulation, this thesis consists of the following two chapters.

Chapter 1 describes encapsulation of rBMSCs into a physically-crosslinked

poly(Pro-Hyp-Gly) hydrogel. The hydrogel was fabricated by polyionic interaction of a

polyanion, succinylated poly(Pro-Hyp-Gly), and a polycation, arginylated

poly(Pro-Hyp-Gly), at physiological pH (pH = 7.4) allowing simultaneous encapsulation of

the rBMSCs.

Chapter 2 describes stem cell encapsulation into chemically-crosslinked

poly(Pro-Hyp-Gly) hydrogels. The hydrogels were fabricated by visible light

photocrosslinking of methacrylated poly(Pro-Hyp-Gly) in the presence of eosin Y,

triethanolamine, and NVP. In this chapter, the influences of hydrogel properties on cell

viability and osteogenic differentiation of the encapsulated rBMSCs were investigated.

The results of this study indicate that physically-crosslinked and chemically-

crosslinked poly(Pro-Hyp-Gly) hydrogels support cell viability and differentiation,

suggesting that the poly(Pro-Hyp-Gly) hydrogels are promising 3D scaffolds for tissue

regeneration.

12
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regegeration

Encapsulation

Cultivation in 2D Stem cells in 3D matrices

(3D matrices serve as temporary scaffolds
to support cellular functions)

Figure 1 Schematic diagram of using stem cells for tissue regeneration. 3D matrices serve
as temporary scaffolds to support cellular functions, such as cell proliferation and

differentiation [1].
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CHAPTER 1

Encapsulation of Rat Bone Marrow Stromal Cells in Polyion Complex Gel of

Succinylated Poly(Pro-Hyp-Gly) and Arginylated Poly(Pro-Hyp-Gly)

1-1. Introduction

Physically-crosslinked hydrogels offer a great promise for encapsulating cells
because they can be fabricated in the absence of any chemical crosslinking reagents, which
are potentially toxic to the cells [1,2]. The hydrogels form by non-covalent bondings, such
as hydrophobic, ionic, and hydrogen bondings [1,2]. Among non-covalent bondings, ionic
bonding has been extensively investigated to crosslink polysaccharides, such as alginate and
chitosan [1]. lonic bonding hydrogel is formed by electrostatic interactions between
polyions and multivalent ions of the opposite charge or between polyanions and polycations
[3,4].

lonic interactions between carboxy group of alginate and calcium ion (Ca?*) leads to

hydrogel formation. The hydrogels have been used to encapsulate a range of cells, including
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hMSCs, calf adrenal chromaffin cells, and neuronal stem cells [3-6]. However, the number
of Ca?*-alginate bonds in the hydrogels decrease with time because of Ca®* release. The Ca®
released from the hydrogels may disturb the osmolarity of the medium and cause cell
damage. Banerjee et al. reported that Ca?" released from the hydrogels upregulates the
expression of inflammatory cytokines and chemokines when the hydrogels were injected
subcutaneously into mice [7].

Hydrogels formed by ionic bonding of polyanions and polycations offers a better
stability. Kusumastuti et al. fabricated polyion complex (PIC) gel of poly(Pro-Hyp-Gly) and
chitosan by mixing a polyanion, succinylated poly(Pro-Hyp-Gly) (Suc-poly(Pro-Hyp-Gly)),
and a polycation, chitosan. The PIC gel was successfully used to encapsulate rBMSCs
simultaneously during its formation [8]. The rBMSCs in the PIC gel proliferated during 7
days of culture period. However, the number of viable cells decreased drastically at day 1
because of low pH of the chitosan solution [8]. In this study, the initial decrease in the cell
number will be prevented by mixing polyanions and polycations that can form negative and
positive charges at physiological pH (pH = 7.4), respectively. Encapsulating stem cells into
a PIC gel at physiological pH can maintain the viability of the encapsulated cells.

To synthesize a polyanion and a polycation, poly(Pro-Hyp-Gly) was modified with
succinyl group and arginine methy!| ester, respectively, to obtain Suc-poly(Pro-Hyp-Gly) and

Arg-poly(Pro-Hyp-Gly). At physiological pH, the carboxy group of Suc-poly(Pro-Hyp-Gly)
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(pKa = 5.2) and the guanidinium group of Arg-poly(Pro-Hyp-Gly) (pKa = 12.4) form
negative and positive charges, respectively. They can interact to form multiple ionic
bondings and result in the formation of PIC gel. To investigate the capability of the PIC gel
to support cell viability and differentiation, rBMSCs were simultaneously encapsulated into
the PIC gel during its formation. Viability and osteogenic differentiation of the encapsulated

rBMSCs were then assessed.
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1-2. Materials and Methods

1-2-1. Materials

Pro-Hyp-Gly, 1-hydroxybenzotriazole (HOBLt), N-hydroxysuccinimide (HOSu), and

1-ethyl-3-(3-dimethyl-aminopropyl)-carbodiimide  hydrochloride (EDC-HCI)  were

purchased from the Peptide Institute (Osaka, Japan). N,N-Diisopropylethylamine (DIPEA)

was purchased from Applied Biosystems (Carlsbad, CA, USA). L-Arginine methyl ester

dihydrochloride, L-ascorbic acid 2-phosphate sesquimagnesium salt hydrate, and -

glycerophosphate disodium salt hydrate were purchased from Sigma-Aldrich (St Louis, MO,

USA). Succinic anhydride was purchased from Wako Pure Chemical Industries Ltd. (Osaka,

Japan) and recrystallized from 2-propanol prior to use. Other reagents were purchased from

Wako Pure Chemical Industries Ltd. Amino acids used in this study are all in L-form.

1-2-2. Synthesis of poly(Pro-Hyp-Gly), Suc-poly(Pro-Hyp-Gly), and

Arg-poly(Pro-Hyp-Gly)

Poly(Pro-Hyp-Gly) was synthesized according to the previous report [9]. Briefly,

Pro-Hyp-Gly (0.7 mmol) and HOBt (0.14 mmol) were dissolved in 4 mL phosphate buffer
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(PB, 10 mM, pH 7.4) and mixed with EDC-HCI (3.5 mmol). The mixture was stirred at 400

rpm for 2 h at 0 °C and then for 46 h at 20 °C. The reaction was terminated by addition of 8

mL of Dulbecco’s phosphate buffered saline (PBS, pH = 7.4). After homogenization using a

Waring blender (Waring Products Division, New Hartford, CT, USA), the mixture was

stirred for 24 h at room temperature and then dialyzed against Milli-Q water (Merck-

Millipore, Billerica, MA, USA) for 8 days at 4 °C using a dialysis membrane (molecular

weight cut-off (MWCO) = 14000 Da, UC20-32-100, EIDIA Co., Ltd., Tokyo, Japan) to

remove any residual reagents.

To synthesize Suc-poly(Pro-Hyp-Gly), poly(Pro-Hyp-Gly) was mixed with 50-fold

molar excess of both succinic anhydride and DIPEA to the hydroxy group of Hyp residues

of poly(Pro-Hyp-Gly) on ice for 2 h and then for 24 h at room temperature [8]. The obtained

Suc-poly(Pro-Hyp-Gly) was dialyzed against 1 M NaCl for 2 days and then with Milli-Q

water for 5 days.

To synthesize Arg-poly(Pro-Hyp-Gly), Suc-poly(Pro-Hyp-Gly) was mixed with

20-fold molar excess of both HOSu and EDC-HCI to the carboxy group of

Suc-poly(Pro-Hyp-Gly) and stirred on ice. After 15 min, 20-fold molar excess of arginine

methyl ester and DIPEA were added to the mixture and stirred for 2 h. The mixture was then

stirred overnight at room temperature. The obtained Arg-poly(Pro-Hyp-Gly) was dialyzed

against 1 M NaCl for 2 days and with Milli-Q water for 5 days.
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Schematic illustration of the synthesis of Suc-poly(Pro-Hyp-Gly) and

Arg-poly(Pro-Hyp-Gly) is shown in Scheme 1-1.

1-2-3. Characterization =~ of  poly(Pro-Hyp-Gly),  Suc-poly(Pro-Hyp-Gly), and

Arg-poly(Pro-Hyp-Gly)

Poly(Pro-Hyp-Gly), Suc-poly(Pro-Hyp-Gly), and Arg-poly(Pro-Hyp-Gly) were
analyzed using gel permeation chromatography (GPC), circular dichroism (CD), fourier
transform infrared (FTIR), and *H nuclear magnetic resonance (*H NMR).

GPC analysis was carried out with an AKTA purifier system on a Superdex 200 HR
10/300 GL column (GE Healthcare Biosciences, Piscataway, NJ, USA). The elution buffer
was PBS and flow rate was 0.5 mL/min at room temperature with the detection wavelength
of 215 nm. The molecular weight of the obtained polypeptides was calculated based on PEG
standards (Waters, Milford, MA, USA).

CD spectra of the polypeptides at a concentration of 0.25 mg/mL in Milli-Q water
were recorded from 270-190 nm in a quartz cell of 0.1 cm optical path length on a J-820
spectropolarimeter (Jasco, Tokyo, Japan) at room temperature.

FTIR spectra were recorded at 400 - 4000 cm™ using a Spectrum One FTIR

spectrometer (PerkinElmer, Wellesley, MA, USA) based on the KBr method with 16 scans
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and a resolution of 1 cm™,

To calculate degree of succinylation (DScoo’) and degree of arginylation (DSarg"),
and to determine pKa of Suc-poly(Pro-Hyp-Gly), potentiometric titration was conducted
using a DL 58 Titrator (Mettler-Toledo, Schwerzenbach, Switzerland). A solution containing
1 mL of Suc-poly(Pro-Hyp-Gly) or Arg-poly(Pro-Hyp-Gly), 5 mL of 0.02 M HCI, and 24
mL of Milli-Q water was titrated with 0.02 M NaOH. Volume of NaOH needed for titrating
Suc-poly(Pro-Hyp-Gly) or Arg-poly(Pro-Hyp-Gly) was determined by subtracting blank
titration curve from the sample titration curve. DScoo” was then calculated by Equation 1-1

and DSarg" was calculated by Equation 1-2 and 1-3.

DScoo; AV X Molarity of NaOH

- 1-1

267.3 (1 —DScoo:) +389.3DScoo: ~ Weight of Suc-(Pro-Hyp-Gly) ( )
DScoo; AV X Molarity of NaOH 1-2)

267.3(1 — DScoo; ) + 389.3 DScoo; + 573.8(DScoo: — DScoo;) ~ Weight of Arg-(Pro-Hyp-Gly)

DSyrgt = DScoor — DScoo; 1-3)

(267.3, 389.3, and 573.8 are average tripeptide unit molecular weight of Pro-Hyp-Gly,

Suc-(Pro-Hyp-Gly), Arg-(Pro-Hyp-Gly), respectively)
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'H NMR spectra of the poly(Pro-Hyp-Gly), Suc-poly(Pro-Hyp-Gly), and
Arg-poly(Pro-Hyp-Gly) were recorded on a JINM-ECX 500 spectrometer (JEOL, Tokyo,
Japan). The concentration of the poly(Pro-Hyp-Gly), Suc-poly(Pro-Hyp-Gly), and
Arg-poly(Pro-Hyp-Gly) were 4 mg/mL in deuterium oxide (D20; Cambridge Isotope
Laboratories Inc., Andover, MA, USA) with tetramethylsilane (TMS; Cambridge Isotope
Laboratories Inc.) as an internal reference. DScoo™ and DSarg” was calculated based on

Equation 1-4 and 1-5, respectively.

Peak area of Hyp-C ,H of Suc-(Pro-Hyp-Gly) (f”)
Sum of peak areas of Hyp-CyH of Pro-Hyp-Gly (f) and Suc-(Pro-Hyp-Gly)(f")

DSCOO_ = X 100% (1 - 4')

Peak area of Arg-C_ H (1)
Sum of peak areas of Hyp-CyH of Pro-Hyp-Gly (f) and Suc-(Pro-Hyp-Gly)(f”)

DSprgt = x 100% (1-5)

1-2-4. PIC gel formation

Suc-poly(Pro-Hyp-Gly) (DScoo” = 0.55) and Arg-poly(Pro-Hyp-Gly) (DSarg" =

0.58) solutions as precursors for PIC gel formation were concentrated by evaporation. Each

concentrated precursor was dissolved in PBS by adding 10% of 10x concentrated PBS. The

concentration of Suc-poly(Pro-Hyp-Gly) and Arg-poly(Pro-Hyp-Gly) in PBS were 16.7 and

22.7 mg/mL, respectively. PIC gels were fabricated by dropping Suc-poly(Pro-Hyp-Gly) and
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Arg-poly(Pro-Hyp-Gly) solutions on microscope glass coverslips at molar ratio of carboxy

to guanidinium groups of 1:2, 1:1, and 2:1. The microscope glass coverslips containing

precursors were then placed in Petri dishes and incubated at 37 °C for 1 h. The obtained PIC

gels were washed with PBS to remove unreacted polypeptides and weighed to obtain the

weight of the hydrogels. The hydrogels were then washed with Milli-Q water and freeze-

dried to obtain dried gels. The gelation and swelling ratio of the PIC gels were calculated

using the following equations:

Weight of the PIC gel

Gelation (%) = x 1009 1-6
elation (%) Total weight of precursor solutions % ( :

swelli o — Weight of wet gel — weight of dried gel 1—7
weting ratio = Weight of dried gel ( )

1-2-5. Encapsulation of rBMSCs into the PIC gel of poly(Pro-Hyp-Gly)

Bone marrow cells were obtained from the femora of a six-week-old female Wistar
rat, as described previously [10]. The rBMSCs obtained were suspended in o-minimum
essential medium (oa-MEM; Gibco Invitrogen Corp. Grand Island, NY, USA) containing
20% fetal calf serum (FCS; HyClone, Logan UT, USA) and cultured in a 80 cm? tissue

culture flask (153732; Nalge Nunc International, Roskilde, Denmark) at 37 °C under 5%
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CO.. After three days, the attached cells were washed with PBS and treated with an aliquot
of 0.02% ethylenediamine tetraacetic acid and 0.25% trypsin. After centrifugation at 1,200
rpm for 5 min, the cells were suspended in 20% FCS/a-MEM. The rBMSC suspension was
then prepared at a density of 5 x 106 cells/mL.

Suc-poly(Pro-Hyp-Gly) (DScoo™ = 0.58) and Arg-poly(Pro-Hyp-Gly) (DSarg" =
0.52) solutions as precursors for PIC gel formation were concentrated by evaporation. Then,
each concentrated precursor was dissolved in PBS by adding 10% of 10x concentrated PBS.
The final concentration of Suc-poly(Pro-Hyp-Gly) and Arg-poly(Pro-Hyp-Gly) solution in
PBS were 18.1 and 21.6 mg/mL, respectively. The Suc-poly(Pro-Hyp-Gly) and
Arg-poly(Pro-Hyp-Gly) solutions in PBS were sterilized using Millex-HP filters (Merck
Millipore) with 0.45 pm of pore size. One hundred microliters of filter-sterilized
Arg-poly(Pro-Hyp-Gly) (2.1 umol) in PBS was dropped on a 24-well tissue culture plate
(Nalge Nunc International). Ninety microliters of filter-sterilized Suc-poly(Pro-Hyp-Gly)
(2.1 pmol) in PBS was mixed with rBMSCs (5 x 10* cells) and then was dropped on the top
of a droplet of Arg-poly(Pro-Hyp-Gly). The mixture was incubated at 37 °C under 5% CO..
After one hour, 1 mL of 20% FCS/a-MEM was added into the well containing PIC gel.

The same number of rBMSCs without a PIC gel was cultured on another well of a
24-well tissue culture plate as a 2D control. The viable cells at days 1, 3, and 7 were

quantified using water soluble tetrazolium salt (WST-8; Dojindo Molecular Technologies
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Inc. Kumamoto, Japan) according to the manufacturer’s instructions. The optical density

(OD) at 450 nm was measured using a SpectraFluor Plus microplate reader (Tecan,

Méannedorf, Switzerland).

The morphology of the rBMSCs in the PIC gel and on 2D control was observed using

a phase contrast microscope (Axiovert 100M, Carl Zeiss, Oberkochen, Germany) and

captured using an AxioCamHRc camera fixed to the microscope.

1-2-6. Osteogenic differentiation of rBMSCs in the PIC gel of poly(Pro-Hyp-Gly)

PIC gel of poly(Pro-Hyp-Gly) containing rBMSCs was fabricated as described in

Section 1-2-5 and incubated in 20% FCS/a-MEM at 37 °C under 5% CO,. After 24 h, the

medium was changed to an osteogenic medium, which was 20% FCS/a-MEM supplemented

with 10 nM dexamethasone, 100 pM L-ascorbic acid-2-phosphate, and 10 mM f-

glycerophosphate, and incubated at 37 °C under 5% CO. for 28 days. Every three or four

days, half of the medium was replaced with fresh osteogenic medium. Bone nodule

formation in the PIC gel and 2D control was observed using a phase contrast microscope

(Axiovert 100M).
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1-2-7. Statistical analysis

All statistical evaluations were performed using the one-way analysis of variance

routine of KaleidaGraph 4.5 (Synergy Software, Reading, PA, USA) followed by Tukey’s

honest significant difference test. Avalue of p <0.05 was accepted as statistically significant.

All data were presented as mean + standard deviation, with n = 3.
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1-3.  Results and Discussion

1-3-1. Synthesis and characterization of poly(Pro-Hyp-Gly), Suc-poly(Pro-Hyp-Gly), and

Arg-poly(Pro-Hyp-Gly)

GPC profiles of poly(Pro-Hyp-Gly), Suc-poly(Pro-Hyp-Gly), and

Arg-poly(Pro-Hyp-Gly) are shown in Figures 1-1(A), (B), and (C), respectively. The GPC

profiles of the polypeptides showed a peak molecular weight more than 120 kDa based on

PEG standards, suggesting the high molecular weight of the obtained polypeptides.

CD spectra of poly(Pro-Hyp-Gly), Suc-poly(Pro-Hyp-Gly), and

Arg-poly(Pro-Hyp-Gly) showed the appearance of a weak positive Cotton effect near 225

nm and a strong negative Cotton effect near 197 nm that are correlated ton — =* and = —

n* transitions, respectively, of the amide bond in the polypeptide backbone (Figure 1-2(A)).

These results suggest that the polypeptides contain a collagen-like triple-helical structure

[11-14]. The ratio of positive to negative cotton peaks (Rpn) can be used to estimate

triple-helical content in the polypeptides [13,14]. A higher Rpn value indicates a higher triple-

helical content [13,14]. A (Pro-Hyp-Gly)10 and calfskin collagen have an Rpn value about

0.12 [13-15]. Calculation of the Rpn of the poly(Pro-Hyp-Gly), Suc-poly(Pro-Hyp-Gly), and

Arg-poly(Pro-Hyp-Gly) showed that incorporation of succinyl group and arginine methyl
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ester into the poly(Pro-Hyp-Gly) significantly increased the triple-helical content of the
poly(Pro-Hyp-Gly) (p < 0.05) (Figure 1-2(B)). These results may be caused by the
possibility of the succinyl group and arginine methyl ester participated in the formation of
water-mediated hydrogen bonding that can stabilize the triple-helical structure of the
polypeptides. Crystal structure analysis of triple-helical structure of a collagen-like peptide,
(Pro-Hyp-Gly)s-lle-Thr-Gly-Ala-Arg-Gly-Leu-Ala-Gly-Pro-Hyp-Gly-(Pro-Hyp-Gly)s,
showed that arginine side chain in the peptide is able to make intrachain and interchain
connections to carbonyl backbone of the peptide through direct and/or water-mediated
hydrogen bonding [16]. Another result showed that glutamic acid and lysine side chains in
the triple-helical structure of a collagen-like peptide, (Pro-Hyp-Gly)s-Glu-Lys-Gly-(Pro-
Hyp-Gly)s, form direct and/or water-mediated intrachain and interchain hydrogen bonding
with carbonyl in the peptide backbone [17].

In addition, the inductive effect from electron withdrawing groups of the succinyl
group and arginine methyl ester may also stabilize the triple-helical structure of the
polypeptides [18].

Figure 1-3 shows the FTIR spectra of the poly(Pro-Hyp-Gly),
Suc-poly(Pro-Hyp-Gly), and Arg-poly(Pro-Hyp-Gly). Peaks at 1648 and 1552 cm
observed in the spectra of the polypeptides were assigned as amide | and amide Il of

poly(Pro-Hyp-Gly) backbone, respectively. A peak at 1735 cm™* appeared in the spectrum of

34



CHAPTER |

Suc-poly(Pro-Hyp-Gly) was assigned to the carbonyl stretching of ester group of
Suc-poly(Pro-Hyp-Gly) (Figure 1-3(B)), suggesting that succinyl group was successfully
conjugated into Hyp residues of the poly(Pro-Hyp-Gly) through an ester bond. The FTIR
spectrum of Arg-poly(Pro-Hyp-Gly) was similar to that of Suc-Poly(Pro-Hyp-Gly) (Figure
1-3(C)). The peak at 1735 cm™ showed in the spectrum of Arg-Poly(Pro-Hyp-Gly) was
assigned to the carbonyl stretching of ester groups of Suc-poly(Pro-Hyp-Gly) and arginine
methyl ester.

The DScoo™ of Suc-poly(Pro-Hyp-Gly) was verified by potentiometric titration using
0.02 M NaOH as a titrant (Figure 1-4(A)). Potentiometric titration revealed that DScoo™ of
Suc-poly(Pro-Hyp-Gly) was 58% of the hydroxy group of Hyp residues of
Suc-poly(Pro-Hyp-Gly), with a pKa of approximately 5.2 (Figure 1-4(B)).

DSarg" was determined indirectly by measuring the remaining carboxy group that
was not conjugated by arginine methyl ester. Based on the potentiometric titration curve of
Arg-poly(Pro-Hyp-Gly) (Figure 1-5), DSarg*" was 52% of the hydroxy group of Hyp residues
of poly(Pro-Hyp-Gly), indicating that about 90% of succinyl group has been conjugated by
arginine methyl ester through an amide bond formation. However, this method can not be
used to determine pKa of the guanidinium group of Arg-poly(Pro-Hyp-Gly) because of its
high pKa value. The pKa of guanidinium group was then estimated by titrating solution

containing 0.5 mmol of arginine methyl ester and 1 mmol of 1 M HCI with 1 M NaOH. The
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pKa of the guanidinium group of the arginine methyl ester was estimated to be 12.4 (Scheme
1-2 and Figure 1-6).

'H NMR measurement was further used to characterize the poly(Pro-Hyp-Gly),
Suc-poly(Pro-Hyp-Gly), and Arg-poly(Pro-Hyp-Gly). 'H NMR spectrum of the
poly(Pro-Hyp-Gly) showed peaks at 3.2 and 3.6 ppm, and 3.8 and 3.9 ppm that were
assigned to Pro-CsH and Hyp-CsH, respectively, in the triple-helical structure of
poly(Pro-Hyp-Gly) (Figure 1-7(A)) [19]. The result suggests that the poly(Pro-Hyp-Gly)
contains a collagen-like triple-helical structure supporting the CD result described before.

H NMR spectrum of Suc-poly(Pro-Hyp-Gly) showed signals at 2.6 and 2.7 ppm
which were assigned to four methylene protons of a succinyl group of
Suc-poly(Pro-Hyp-Gly) (Figure 1-7(B)). Signals at 4.1 and 5.5 ppm are assigned to the
proton of Hyp-CsH and Hyp-C,H, respectively, that were shifted downfield because of
electron-withdrawing effect of oxygen of the ester group of Suc-poly(Pro-Hyp-Gly). The
electron-withdrawing group in the Hyp residue of poly(Pro-Hyp-Gly) will decrease the
electron density around the Hyp-CyH and resulted in increase in the chemical shift [20]. The
DScoo™ of Suc-poly(Pro-Hyp-Gly) was estimated by comparing peak area of Hyp-C,H of
Suc-(Pro-Hyp-Gly) (5.5 ppm) with the peak area of Hyp-C,H of Pro-Hyp-Gly (4.6 ppm).
From the *H NMR spectrum of Suc-poly(Pro-Hyp-Gly), the DScoo” was estimated to be 55%.

The *H NMR spectrum of Arg-poly(Pro-Hyp-Gly) showed peaks at 1.7, 1.9, 3.3, 3.8,
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and 4.5 ppm that were assigned to Arg-C,H, Arg-CsgH, Arg-CsH, methyl proton, and
Arg-CqH of arginine methyl ester, respectively (Figure 1-8). The peak of Arg-C«H was
shifted downfield because of an amide bond formation between amino terminal of arginine
methyl ester and succinyl group in the Suc-poly(Pro-Hyp-Gly). Based on the 'H NMR
spectrum, about 100% of succinyl group of Suc-poly(Pro-Hyp-Gly) has been conjugated by

arginine methyl ester.

1-3-2.  PIC gels of poly(Pro-Hyp-Gly)

PIC gels of poly(Pro-Hyp-Gly) were fabricated by simply mixing the polyanion,
Suc-poly(Pro-Hyp-Gly), and the polycation, Arg-poly(Pro-Hyp-Gly). To accomplish stable
PIC gel formation, high molecular weight and high charge densities of the polypeptides are
required [21]. However, polypeptides with higher DScoo™ and DSag™ may enhance their
water solubility and decrease gel formation. It has been reported that increased negative
surface charge of protein correlates strongly with increased protein solubity [22]. Therefore,
the polypeptides with about 50% of DScoo™ and DSarg* are thought to be appropriate for the
PIC gel formation.

The Suc-poly(Pro-Hyp-Gly) and Arg-poly(Pro-Hyp-Gly) were dissolved in PBS to

reproduce the pH and the osmotic pressure of cells’ physiological microenvironment. At
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physiological pH, the carboxy group of Suc-poly(Pro-Hyp-Gly) (pKa = 5.2) and the

guanidinium group of Arg-poly(Pro-Hyp-Gly) (pKa = 12.4) form carboxylate anion and

guanidinium cation, respectively, enabling ionic interaction between the polyions. To

reproduce a physiological cell microenvironment, the PIC gel formation was conducted at

physiological temperature, 37 °C. At this temperature, the polypeptide chain motion and

flexibility is higher than that at room temperature because of a weakening interaction

between the polypeptides chains in the triple-helical structure [12]. An increase in

polypeptide chain flexibility increases the possibility of the polypeptides to interact with

each other to form PIC gel. A schematic drawing of PIC gel formation is shown in Scheme

1-3. The PIC gel formation is initiated by macroscopic phase separation that is driven by

diffusion process of the polyanion and the polycation, and leads to the co-existence of dilute

and rich phases (Figure 1-9) [23-25]. The dilute phase contains counter ions and unreacted

polypeptides, while the rich phase contains PIC gel [23-25].

The degree of crosslinking of the obtained PIC gels was estimated by measuring

gelation and swelling ratio of the PIC gels in PBS. A gelation shows the fractions of

Suc-poly(Pro-Hyp-Gly) and Arg-poly(Pro-Hyp-Gly) that are included in the PIC gel

compared with the initial amount of them before PIC gel formation. A higher gelation

represents a higher amount of the polypeptides in the PIC gel. The results showed that

gelations of the PIC gels at molar ratio of carboxy to guanidinium groups of 1:2, 1:1, and
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2:1 were 7.7 + 1.6%, 19.9 + 5.4%, and 9.2 + 2.2%, respectively, and were significantly

affected by the molar ratio (p < 0.05) (Figure 1-10(A)). The optimum gelation ratio was

obtained at 1:1 molar ratio of carboxy to guanidinium groups suggesting that PIC gel

formation is mainly caused by ionic interaction between the carboxy and guanidinium

groups. These results are in agreement with the previous study by Kusumastuti et al., who

found that the formation of PIC gel of Suc-poly(Pro-Hyp-Gly) and chitosan was optimum

at an equimolar concentration of carboxy group of Suc-poly(Pro-Hyp-Gly) and amino group

of chitosan [8].

The swelling ratio represents the amount of PBS that can be absorbed by the PIC gel.

The results showed that the PIC gels exhibited a high swelling ratio up to 22.8 + 8.4 (Figure

1-10(B)). Hydrogels with high swelling ratio are preferable because they can facilitate

diffusion of nutrients, waste, and oxygen during cell encapsulation [26,27].

1-3-3. Encapsulation of rBMSCs into the PIC gel of poly(Pro-Hyp-Gly)

To investigate cytocompatibility of the PIC gel of poly(Pro-Hyp-Gly) as a 3D

scaffold that can support cell viability and proliferation, rBMSCs were simultaneously

encapsulated into the PIC gel at an equimolar concentration of carboxy group of

Suc-poly(Pro-Hyp-Gly) to guanidinium group of Arg-poly(Pro-Hyp-Gly). The rBMSCs
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were first mixed with the polyanion, Suc-poly(Pro-Hyp-Gly), to minimize possible

inflammatory effects from the polycation, Arg-poly(Pro-Hyp-Gly) (Scheme 1-4). It has been

widely reported that polycations tend to induce an inflammatory response of the

encapsulated cells, which may cause cell necrosis [28,29]. The viability assay using WST-8

demonstrated that rBMSCs in the PIC gel were alive and proliferated (Figure 1-11),

indicating that the PIC gel is cytocompatible for simultaneous rBMSC encapsulation.

Phase contrast microscope observation of the rBMSCs in PIC gel showed that the

rBMSCs were homogeneously distributed in the hydrogel and formed a round shape

morphology (Figure 1-12(A)). Similar morphology was observed when breast

adenocarcinoma cells were encapsulated in alginate hydrogels [30]. Cells in the hydrogels

exhibit similar morphology with cells in in vivo microenvironment. In contrast, the rBMSCs

on 2D control exhibited a fibroblast-like morphology, and formed a confluent monolayer

(Figures 1-12(B), (D), (F), and (H)).

After three days of incubation, the rBMSCs in the PIC gel maintained their round

shape morphology (Figure 1-12(C)). Interestingly, some of the cells started to form

multicellular aggregates and the number of cell aggregates increased with incubation time

(Figures 1-12(E) and (G)). These results suggest that the PIC gel can facilitate cell

migration and the formation of cell aggregates. A similar result was obtained by Mie et al.,

who found that human lung adenocarcinoma epithelial A549 cells encapsulated in a self-
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assemble peptide hydrogel formed multicellular aggregates during 7 days of incubation [31].

In cell aggregates, cell-cell and cell-ECM interactions are similar to cell interactions in in

vivo cell microenvironment [32]. These results revealed that the rBMSCs within the PIC gel

can adopt an in vivo-like cell morphology, suggesting that the PIC gel can reproduce the 3D

cell microenvironment. While cell behavior on 2D culture does not represent in vivo cell

behavior because the cells grown on a flat surface have usually more stretched morphology

compared to that cells in the hydrogel [33].

1-3-4. Osteogenic differentiation of rBMSCs in the PIC gel of poly(Pro-Hyp-Gly)

To observe the ability of the PIC gel to support rBMSC differentiation into osteogenic

lineages, the rBMSCs in the PIC gel were incubated in osteogenic medium for 28 days.

Osteogenic differentiation of the rBMSCs was confirmed by the presence of bone nodule.

Bone nodule contains calcium as a late marker for the osteogenic differentiation. The phase

contrast microscope images of the rBMSCs in the PIC gel showed the formation of bone

nodule (Figure 1-13), indicating the differentiation of the rBMSCs into osteogenic lineage.
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1-4. Conclusion

This chapter showed fabrication of physically-crosslinked poly(Pro-Hyp-Gly)
hydrogel for rBMSC encapsulation. The hydrogel was fabricated by simply mixing
polyanion and polycation derivatives of poly(Pro-Hyp-Gly) at physiological pH to form PIC
gel. The polyanion, Suc-poly(Pro-Hyp-Gly), and the polycation, Arg-poly(Pro-Hyp-Gly),
were synthesized by modifying hydroxy group of Hyp-residues of poly(Pro-Hyp-Gly) with
succinyl group and arginine methyl ester, respectively. The obtained polypeptides contain a
collagen-like triple-helical structure as revealed by CD and *H NMR analyses. PIC gel
formation reached an optimum when an equimolar concentration of the carboxy group of
Suc-poly(Pro-Hyp-Gly) and the guanidinium group of Arg-poly(Pro-Hyp-Gly) were mixed.
This result suggests that the PIC gel formation is mainly caused by ionic interactions
between the polyions of poly(Pro-Hyp-Gly). Simultaneous encapsulation of rBMSCs into
the PIC gel was conducted at 1:1 molar ratio of carboxy to guanidinium groups of
Suc-poly(Pro-Hyp-Gly) and Arg-poly(Pro-Hyp-Gly). Cell viability assay by WST-8 showed
that the encapsulated rBMSCs were viable and proliferated in the PIC gel, suggesting the
cytocompatibility of the PIC gel. To observe the morphology of the rBMSCs in the hydrogel,
phase contrast microscope observation was conducted. As a 2D control, rBMSCs were

cultured on a tissue culture dish. The results showed that the rBMSCs were homogeneously
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distributed in the hydrogel as single cells and have a round shape morphology. After three
days, the rBMSCs formed multicellular aggregates. In contrast, the rBMSCs on 2D control
formed fibroblast-like morphology. The behavior of the rBMSCs in the PIC gel is more
reflective their behavior in in vivo microenvironment. Further incubation in osteogenic
medium showed the formation of bone nodules in the PIC gel, indicating the differentiation
of the encapsulated rBMSCs into osteogenic lineage. In conclusion, the PIC gel shows

promise as a 3D scaffold for tissue regeneration.
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Scheme 1-1 Synthesis of Suc-poly(Pro-Hyp-Gly) and Arg-poly(Pro-Hyp-Gly). * indicate
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Figure 1-1 GPC profiles of poly(Pro-Hyp-Gly) (A), Suc-poly(Pro-Hyp-Gly) (B), and

Arg-poly(Pro-Hyp-Gly) (C). The concentration of each sample was 0.5 mg/mL in PBS.
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Figure 1-2 CD spectra (A) and Rpn value (B) of poly(Pro-Hyp-Gly), Suc-poly(Pro-Hyp-Gly),
and Arg-poly(Pro-Hyp-Gly). The concentration of each sample was 0.25 mg/mL in Milli-Q

water. Milli-Q water was used as a blank.

51



CHAPTER |

1648 cmmlamide 1

1735 cm™!
-C=0 stretching

Absorbance

2000 1800 1600 1400 1200 1000 800 600 400

Wavenumber (cm-1)

Figure 1-3 FTIR spectra of poly(Pro-Hyp-Gly) (A), Suc-poly(Pro-Hyp-Gly) (B), and
Arg-poly(Pro-Hyp-Gly) (C). FTIR measurement was conducted using KBr method with

resolution 1 cm™ at room temperature.
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Figure 1-4 Potentiometric titration curves of a solution containing Suc-poly(Pro-Hyp-Gly)

and 0.02 M HCI (A). Difference volume of titrant, 0.02 M NaOH, for blank and sample

titrations (B).
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Figure 1-5 Potentiometric titration curves of a solution containing Arg-poly(Pro-Hyp-Gly)
and 0.02 M HCI (A). Difference volume of titrant, 0.02 M NaOH, for blank and sample

titrations (B).
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Scheme 1-2 lonization of arginine methyl ester in water. pKa nw,* and pKacuad™ are pKa of

amino and guanidinium groups of arginine methyl ester, respectively. * indicates L-isomer.
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Figure 1-6 Potentiometric titration curves of a solution containing arginine methyl ester and

1 M HCI (A). Difference volume of titrant, 1 M NaOH, for blank and sample titrations (B).
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Figure 1-7 *H NMR spectra of poly(Pro-Hyp-Gly) (A) and Suc-poly(Pro-Hyp-Gly) (B). i’
is Gly-C«H in non-triple-helical structure of poly(Pro-Hyp-Gly). e"” and f " are Hyp-CsH and
Hyp-CyH, respectively, which appeared because of withdrawing effect of succinyl group of
Suc-poly(Pro-Hyp-Gly). The concentration of each sample was 4 mg/mL in D>O with TMS

as an internal standard. * indicate L-isomers.
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Figure 1-8 *H NMR spectra of arginine methyl ester (A) and Arg-poly(Pro-Hyp-Gly) (B).
" is Hyp-CyH which appeared because of withdrawing effect of succinyl group of

Suc-poly(Pro-Hyp-Gly). The concentration of each sample was 4 mg/mL in D.O with TMS

as an internal standard. * indicate L-isomers.
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poly(Pro-Hyp-Gly). The scale bar represents 2 mm.
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Figure 1-9 Phase separation during PIC gel formation (A) and PIC gel after washing (B).

Scale bar represents 2 mm.
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Figure 1-10 Gelation (A) and swelling ratio (B) of PIC gels of poly(Pro-Hyp-Gly) obtained

at different molar ratios of carboxy to guanidinium groups. NS = Not significant.
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Scheme 1-4 Simultaneous encapsulation of rBMSCs into the PIC gel of poly(Pro-Hyp-Gly).
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Figure 1-11 Cell viability of rBMSCs in the PIC gel of poly(Pro-Hyp-Gly) and a tissue

culture plate as a 2D control.

63



CHAPTER |

2D control

\7 o

5

Figure 1-12 Phase contrast microscope images of rBMSCs in the PIC gel of
poly(Pro-Hyp-Gly) and on a tissue culture plate as a 2D control. Red arrows indicate cell

aggregates. Bars represent 100 pm.
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PIC gel 2D control

Figure 1-13 Bone nodule formation of rBMSCs in the PIC gel of poly(Pro-Hyp-Gly) and
on a tissue culture dish as a 2D control. Red arrows indicate bone nodules. Bars represent

100 pm.
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CHAPTER 2

Calcium Deposition in Photocrosslinked Poly(Pro-Hyp-Gly) Hydrogels Encapsulated

Rat Bone Marrow Stromal Cells

2-1. Introduction

Photocrosslinking has attracted significant interests for the creation of hydrogels for
tissue regeneration because of their rapid and mild reaction conditions, which allow
simultaneous cell encapsulation at near body temperature and pH [1-3]. Various studies to
encapsulate cells within photocrosslinked hydrogels have been conducted using UV and
visible light irradiation [2,4-7].

Photocrosslinking needs photoinitiators that have absorption at UV or visible
wavelength to produce radicals to initiate photocrosslinking reaction [1-7]. There are two
types of photoinitiator, type 1 (cleavage type) and type Il (proton transfer type)
photoinitiators. Among the photoinitiators that have already investigated, a type |

photoinitiator, Irgacure 2959, has been mainly used for photocrosslinking and it showed
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cytocompatibility to encapsulate various cell lines at concentrations of 0.03—0.10% (w/v)
[2]. However, Irgacure 2959 has low water solubility and low molar absorptivity at 365 nm
(e < 10 Mt cm™ at 365 nm), meaning it can only be activated using UV light which has a
potential to damage cellular DNA [2]. Visible light photocrosslinking is more feasible to
encapsulate cells because of its potential non-cytotoxicity [5].

Visible light photoencapsulation is commonly achieved by type Il photoinitiator
system which typically consists of a dye as a photoinitiator and a tertiary amine as a
co-initiator [5]. Eosin Y is a type Il photoinitiator that has been widely used as a
photoinitiator for visible light photocrosslinking because of its high water solubility,
cytocompatibility, and high molar absorptivity (¢ ~ 6.08 x 10* M cm™ at 539 nm) [7,8].
The photocrosslinking system containing eosin Y has been used to encapsulate various cells,
such as hMSCs [5] and murine fibroblasts [6] into the hydrogels. However, there are several
problems regarding to this system, such as cytotoxicity of the co-initiator at high
concentration and the generated radicals during the photocrosslinking reaction [5-7].

In this study, a cytocompatible hydrogel for cell survival and osteogenic
differentiation was developed by optimizing visible light photocrosslinking system
containing eosin Y as a photoinitiator and triethanolamine as a co-initiator. Acrylates and
methacrylates are the most common reactive group used for photocrosslinking reaction

because they react rapidly with radicals formed during light irradiation [9]. However,
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molecules containing acrylates are more toxic than molecules containing methacrylates [10].

Therefore, poly(Pro-Hyp-Gly) modified with methacrylate group was used in this study. The

hydrogel formation was optimized by changing eosin Y and methacrylated

poly(Pro-Hyp-Gly) concentrations, and irradiation time. The influences of the hydrogel

properties, such as polymer network density and swelling ratio, on the rBMSC viability,

proliferation, and osteogenic differentiation were then evaluated.
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2-2.  Materials and Methods

2-2-1. Materials

Pro-Hyp-Gly, HOBt, and EDC-HCI were purchased from the Peptide Institute.

DIPEA and dimethylformamide (DMF) were purchased from Applied Biosystems.

Methacrylic anhydride, eosin Y disodium salt, triethanolamine, NVP, dexamethasone, L-

ascorbic acid 2-phosphate sesquimagnesium salt hydrate, and -glycerophosphate disodium

salt hydrate were purchased from Sigma-Aldrich. Other reagents were purchased from Wako

Pure Chemical Industries Ltd. Amino acids used in this study are all in L-form.

2-2-2. Synthesis and characterization of poly(Pro-Hyp-Gly) and methacrylated

poly(Pro-Hyp-Gly)

Poly(Pro-Hyp-Gly) was synthesized in accordance with previous reports, but with

slight modifications [11,12]. Briefly, Pro-Hyp-Gly (0.70 mmol) and HOBt (0.14 mmol) were

dissolved in PB and mixed with EDC-HCI (1.04 mmol). The mixture was stirred at 400 rpm

for 75 min at 4 °C and the temperature was then raised to 20 °C. The reaction was terminated

by the addition of PBS and dialyzed against Milli-Q water for five days at 4 °C using a
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dialysis membrane (MWCO = 14000 Da, UC20-32-100, EIDIA Co., Ltd.) to remove any
residual reagents.

Methacrylated poly(Pro-Hyp-Gly) was synthesized by reacting the hydroxy group of
Hyp residues of poly(Pro-Hyp-Gly) with a 20-fold molar excess of both methacrylic
anhydride and DIPEA. Briefly, methacrylic anhydride (2.4 mmol) solution in DMF and
DIPEA (2.4 mmol) were added to a poly(Pro-Hyp-Gly) (0.12 mmol) solution in PB. The
mixture was stirred on ice for 1 h and then, for 24 h at room temperature. After 24 h, the
reaction was terminated by the addition of PBS. The methacrylated poly(Pro-Hyp-Gly)
obtained was purified by dialysis against Milli-Q water for seven days at 4 °C.

The poly(Pro-Hyp-Gly) and methacrylated poly(Pro-Hyp-Gly) obtained were
analyzed by GPC and CD. The GPC analysis of the polypeptides at a concentration of 0.5
mg/mL in PBS was carried out using an AKTA purifier system on a Superdex 200 HR 10/300
GL column (GE Healthcare Biosciences). The elution buffer was PBS and the flow rate was
0.5 mL/min at room temperature with the detection wavelength of 215 nm. The molecular
weight of the obtained polypeptides was calculated based on PEG standards.

CD spectra of the polypeptides at a concentration of 0.25 mg/mL in Milli-Q water
were recorded from 270-190 nm using a quartz cell with an optical path length of 0.1 cm on
a J-820 spectropolarimeter (Jasco) at room temperature.

Conjugation of methacrylate group into the poly(Pro-Hyp-Gly) was confirmed by
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FTIR and 'H NMR spectroscopies. The FTIR spectra of the poly(Pro-Hyp-Gly) and
methacrylated poly(Pro-Hyp-Gly) were recorded at 400-4000 cm™ using a Spectrum One
FTIR spectrometer (PerkinElmer) based on the KBr method. The *H NMR and 'H
homonuclear correlation spectroscopy (COSY) spectra of the poly(Pro-Hyp-Gly) and
methacrylated poly(Pro-Hyp-Gly) were recorded on a JNM-ECX 500 spectrometer (JEOL).
The concentration of the polypeptides was 4 mg/mL in D.O with TMS as an internal
reference. Based on the 'H NMR spectrum, the degree of methacrylation (DSwme) Was
calculated by comparing peak areas of vinyl protons of methacrylate group with the sum of

the peak areas of Pro-Cs;H, Hyp-CsH, and Gly-C,H of Pro-Hyp-Gly (Equation 2-1).

Number of protons of Pro-CsH, Hyp-CsH, and Gly-C,H y

DSpMet =
Met Peak areas of Pro-CsH, Hyp-CsH, and Gly-C, H

Peak areas of vinyl protons of methacrylated-(Pro-Hyp-Gly)

x 100% 2-1)
Number of vinyl protons of methacrylated-(Pro-Hyp-Gly)

2-2-3. Fabrication of photocrosslinked poly(Pro-Hyp-Gly) hydrogels

Methacrylated poly(Pro-Hyp-Gly) was dissolved in PBS containing 10—-30 uM eosin

Y, 10 mM triethanolamine, and 1 mM NVP. The final concentration of methacrylated

poly(Pro-Hyp-Gly) in the solution was 20-50 mg/mL. Photocrosslinked hydrogels were

prepared by dropping 30 pL of the solution on microscope glass coverslips covered by 3
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mm-height of silicon rubber with circular holes punched out (diameter = 5 mm). The

solution was photocrosslinked under visible light using a KL 1500 LCD microscope

illuminator (Carl Zeiss) for 3 or 5 min. The hydrogels obtained were washed with PBS and

weighed. The hydrogels were then extensively washed with Milli-Q water and freeze-dried

to obtain dried gels. The dried gels were swollen in PBS at 37 °C for 24 h. Gelation (%) and

swelling ratio were obtained as defined by following equations:

) Weight of the obtained hydrogel
Gelation (%) = %X 100 % (2-2)
Total weight of the precursor solutions

swelli tio = Weight of swollen gel — weight of dried gel 2_3
welling ratio = Weight of dried gel ( )

2-2-4. Cytotoxicity of NVP, triethanolamine, and methacrylated poly(Pro-Hyp-Gly)

The rBMSC suspension was cultured at a density of 1,250 cells/well in a 96-well

tissue culture plate (167008; Nalge Nunc International) and incubated at 37 °C under 5%

CO.. After 24 h, NVP, triethanolamine or methacrylated poly(Pro-Hyp-Gly) solution in 20%

FCS/a-MEM was sterilized using Millex-HP filters with 0.22 um of pore size. The

filter-sterilized solutions were then added to the wells containing rBMSCs and incubated for

further 24 h. The same number of rBMSCs without any addition of samples were cultured

72



CHAPTER Il

in another well of 96-well plate as a control. Viable cells were quantified with WST-8
(Dojindo Molecular Technologies Inc.) according to the manufacturer’s instruction. The
optical density (OD) at 450 nm was measured using a SpectraFluor Plus microplate reader
(Tecan). The relative cell viability was calculated, as defined by:

0OD,5o of sample — OD,5y medium

Relati 1l viability (%) = %X 1009 2-4
elative cell viability (%) 0ODys5o of control — OD,5¢ medium 00% ( )

2-2-5. Encapsulation of rBMSCs into the photocroslinked poly(Pro-Hyp-Gly) hydrogels

Twenty microliters of a filter-sterilized solution containing 20-50 mg/mL
methacrylated poly(Pro-Hyp-Gly), 20 uM eosin Y, 10 mM triethanolamine, and 5 mM NVP
in 20% FCS/a-MEM was homogeneously mixed with rBMSCs (2.5 x 10% cells). The
mixture was dropped onto a 35 mm bacteriological petri dish (35-1008; Falcon-Becton
Dickinson, New Jersey, USA) and irradiated under visible light using a KL 1500 LCD
microscope illuminator for 5 min. The obtained hydrogel was washed immediately with 2
mL of 20% FCS/a-MEM several times to remove free cells and to minimize cytotoxicity
caused by the remaining photocrosslinking components. The hydrogel was then cultured in
2 mL of 20% FCS/a-MEM at 37 °C under 5% CO> atmosphere for seven days. Every two

or three days, half of the medium was replaced with fresh medium. On the day of the viability
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assay, hydrogels containing cells were transferred to a 24-well tissue culture plate. Viable

cells in the hydrogels were then quantified using WST-8 assay. Viable cells in the hydrogel

was stained using a Live-Dead staining kit (BioVision; 501-100, Milpitas, CA, USA)

according to the manufacturer’s instructions.

2-2-6. Osteogenic differentiation of rBMSCs in the photocroslinked poly(Pro-Hyp-Gly)

hydrogels

Photocrosslinked hydrogels (20-50 mg/mL of methacrylated poly(Pro-Hyp-Gly))

containing rBMSCs were cultured in 2 mL of 20% FCS/a-MEM. After 24 h, the medium

was changed to an osteogenic medium, which was 20% FCS/a-MEM supplemented with

10 nM dexamethasone, 100 pM L-ascorbic acid-2-phosphate, and 10 mM

B-glycerophosphate, and incubated at 37 °C under 5% CO> atmosphere for 28 days. Every

two or three days, half of the medium was replaced with fresh osteogenic medium.

At day 28, the cells in the hydrogels were fixed with 4% formaldehyde solution in

PBS for 2 h at 4 °C, washed with PBS and treated twice with 20% sucrose in PBS for 4 h

at 4 °C. The hydrogels were embedded into optimal cutting temperature compound (Sakura

Finetek, Tokyo, Japan) and cut into 6 um slices using a Leica CM1100 cryotome (Leica

Microsystems, Wetzlar, Germany).
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Calcium deposition on the slices was observed without gold coating using a

scanning electron microscope (SEM; Model S-4800, Hitachi, Tokyo, Japan) at an

acceleration of 15 kV. The calcium deposition was also observed with Alizarin Red S and

von Kossa staining. For the staining, the slices were fixed on glass slides coated with

Matsunami adhesive silane (Matsunami Glass, Tokyo, Japan), dried at room temperature,

and washed three times with PBS.

Alizarin Red S staining was conducted by incubating the fixed slices in 2% Alizarin

Red S solution (pH 4.1-4.3) for 30 min at room temperature. The excess stain was removed

by washing four times with Milli-Q water [13]. The stained slices were dried at room

temperature and observed with an optical microscope (Axioplan 2, Carl Zeiss).

\on Kossa staining was conducted by incubating the fixed slices in 1% silver nitrate

solution for 45 min under UV light at room temperature. The excess stain was removed by

washing four times with Milli-Q water. The slices were then treated with 3% sodium

thiosulfate for 5 min, washed four times with Milli-Q water [13], dried at room temperature,

and observed with the optical microscope. The positively stained area in the hydrogels was

quantified using ImageJ software (National Institutes of Health, Bethesda, MD, USA).
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2-2-7. Statistical analysis

All statistical evaluations were performed using the one-way analysis of variance
routine of KaleidaGraph 4.5 (Synergy Software, Reading, PA, USA) followed by Tukey’s
honest significant difference test. Avalue of p <0.05 was accepted as statistically significant.

All data were presented as mean + standard deviation, with n = 3.
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2-3. Results and Discussion

2-3-1. Synthesis and characterization of poly(Pro-Hyp-Gly) and methacrylated

poly(Pro-Hyp-Gly)

Methacrylated poly(Pro-Hyp-Gly) as a precursor for photocrosslinked

poly(Pro-Hyp-Gly) hydrogel formation was synthesized by modifying hydroxy group of

Hyp residues of poly(Pro-Hyp-Gly) using methacrylic anhydride and DIPEA (Scheme 2-1).

GPC profiles of poly(Pro-Hyp-Gly) and methacrylated poly(Pro-Hyp-Gly) showed a wide

molecular weight distribution, with peak molecular weight of about 12 and 9 kDa,

respectively, based on the standard curve using PEG (Figure 2-1). The GPC results revealed

that conjugation of methacrylate group into the poly(Pro-Hyp-Gly) does not affect its

molecular weight distribution.

CD spectra of the poly(Pro-Hyp-Gly) and methacrylated poly(Pro-Hyp-Gly) are

shown in Figure 2-2(A). CD spectra of the polypeptides showed a weak positive Cotton

effect near 225 nm and a strong negative Cotton effect near 197 nm. The spectra are similar

to that of bovine type | collagen suggesting that the polypeptides contain a collagen-like

triple-helical structure [12,14]. The Rpn value was used to estimate triple-helical content in

the polypeptides [14,15]. The Rpn value of poly(Pro-Hyp-Gly) and methacrylated
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poly(Pro-Hyp-Gly) are 0.116 + 0.002 and 0.144 + 0.006, respectively ((Figure 2-2(B)). The
Rpn value of the poly(Pro-Hyp-Gly) is similar to that (Pro-Hyp-Gly)io indicating that the
poly(Pro-Hyp-Gly) contains high triple-helical structure. The Rpn values of the
poly(Pro-Hyp-Gly) and methacrylated poly(Pro-Hyp-Gly) are significantly different (p <
0.01). These results may be caused by electron withdrawing effect of the methacrylate group
which may stabilize the triple-helical structure of the polypeptide through inductive effect.
The inductive effect constrains the pucker of the pyrrolidine ring and organizes the peptide
backbone into conformations that are favorable for triple-helix conformation [16].

The FTIR spectra of both polypeptides showed peaks at 1639 and 1552 cm™, which
are assigned as amide | and amide Il of poly(Pro-Hyp-Gly) backbone, respectively (Figures
2-3(A) and (B)). A shoulder peak at 1717 cm™ appeared in the spectrum of methacrylated
poly(Pro-Hyp-Gly) is attributed to the carbonyl stretching of ester group of the
methacrylated poly(Pro-Hyp-Gly) (Figure 2-3(B)). The peak shifted to a lower wavenumber
compared to that of carbonyl stretching of ester group, which is usually observed at 1735
cmt. This shift is caused by conjugation of the double bond to the carbonyl group of
methacrylated poly(Pro-Hyp-Gly) (Scheme 2-2). The conjugation increases the single bond
character of the carbonyl group, which results in absorption at a lower wavenumber [17].

The *H NMR spectrum of poly(Pro-Hyp-Gly) showed peaks at 3.2 and 3.5 ppm, and

3.8 and 3.9 ppm that were assigned to Pro-CsH and Hyp-CsH in the triple-helical structure
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of poly(Pro-Hyp-Gly), respectively (Figure 2-4(A)) [18]. This result is consistent with the
CD spectrum of the poly(Pro-Hyp-Gly), in which peaks correlated to a collagen-like
triple-helical structure were observed.

The introduction of methacrylate group into the poly(Pro-Hyp-Gly) was further
confirmed using *H NMR (Figure 2-4(B)) and COSY (Figure 2-5) spectroscopies. A signal
at 1.9 ppm was assigned to methyl proton, and signals at 5.8 and 6.2 ppm were assigned to
two vinyl protons of methacrylate group in the methacrylated poly(Pro-Hyp-Gly). Signals
at 4.1 and 5.5 ppm were assigned as Hyp-CsH and Hyp-CyH, respectively, which appeared
because of the electron-withdrawing effect of oxygen of the ester group of the methacrylate
group. These results suggest that the methacrylate group was conjugated successfully into
the poly(Pro-Hyp-Gly) through an ester bond. The degree of methacrylation was calculated

to be 41% of hydroxy group of poly(Pro-Hyp-Gly).

2-3-2. Photocrosslinked poly(Pro-Hyp-Gly) hydrogels

Photocrosslinked poly(Pro-Hyp-Gly) hydrogels were fabricated by visible light
irradiation of methacrylated poly(Pro-Hyp-Gly) in the presence of eosin Y as a photoinitiator,
triethanolamine as a co-initiator, and NVP as a radical scavenger. During visible light

irradiation, eosin Y is excited and accepts an electron from triethanolamine which acts as an
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electron donor [19,20]. Electron transfer from the co-initiator, triethanolamine, to eosin Y

yields an excited-state charge-transfer complex (exciplex) [20,21]. This process is continued

by a proton transfer from the amine to eosin Y to form a protonated eosin Y and an

o-aminoalkyl radical of the triethanolamine [19] (Scheme 2-3). Finally, the a-aminoalkyl

radical initiate photocrosslinking of methacrylated poly(Pro-Hyp-Gly) to form

photocrosslinked poly(Pro-Hyp-Gly) hydrogel (Scheme 2-4). The radicals of eosin Y can

not initiate the photocrosslinking because of its steric hindrance [19]. Macroscopic

appearance of the photocrosslinked hydrogel is shown in Scheme 2-5.

In order to optimize the conditions of the photocrosslinking reaction, the influences

of eosin Y and methacrylated poly(Pro-Hyp-Gly) concentrations, and the irradiation time on

gelation and swelling ratio of the photocrosslinked hydrogels were investigated. A gelation

represents the fraction of methacrylated poly(Pro-Hyp-Gly) that is involved in the 3D

polymeric network of the photocrosslinked hydrogel compared to the initial amount of

methacrylated poly(Pro-Hyp-Gly) before photocrosslinking. Results from gelation

experiment of the hydrogels formed with different concentrations of eosin Y and 5 min

irradiation showed that increasing concentration of eosin Y in the range of 10-30 uM results

in increasing gelation ratio (p < 0.0001 ) (Figure 2-6(A)). Hydrogels formed with 10 uM

and 30 uM of eosin Y exhibited the lowest (38.4 + 1.5%) and the highest (82.5 + 8.2%)

gelation, respectively.
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From the swelling experiments, the hydrogels formed with 15-30 uM of eosin Y

showed high swelling ratios in PBS (Figure 2-6(B)). There was no data for swelling ratio

of hydrogel formed with 10 uM of eosin Y because the hydrogel was fragile and easily

broken during incubation in PBS, indicating low degree of crosslinking of the obtained

hydrogel. These results suggest that a higher concentration of eosin Y will result in a

hydrogel with a higher degree of crosslinking because of a higher radical formation.

However, for simultaneous cell encapsulation, high number of radicals can directly damage

the cell. Therefore, 20 uM of eosin Y was chosen for further experiments.

To further optimize the photocrosslinking conditions, the influences of

methacrylated poly(Pro-Hyp-Gly) concentration, and the irradiation time on the gelation and

swelling ratio of photocrosslinked hydrogels were evaluated. The gelation of hydrogels

formed with 5 min irradiation increased with an increase in the methacrylated

poly(Pro-Hyp-Gly) concentration (p < 0.0001) (Figure 2-7(A)). Hydrogel formed with 20

mg/mL of methacrylated poly(Pro-Hyp-Gly) showed the lowest gelation (44.6 + 2.9%),

followed by the 30 mg/mL (53.4 + 2.2%), 40 mg/mL (65.8 + 5.8%), and 50 mg/mL (69.0 +

2.0%)). The gelation of hydrogels formed with 3 min irradiation showed the same tendency

with that of 5 min irradiation. There was no significant difference on the gelation between

hydrogels formed with 3 and 5 min irradiation at the same concentrations of methacrylated

poly(Pro-Hyp-Gly). However, with 20 mg/mL of methacrylated poly(Pro-Hyp-Gly) and 3
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min irradiation, there was no hydrogel formation.

The swelling ratio of the hydrogels formed with 5 min irradiation tends to decrease

with an increase in the methacrylated poly(Pro-Hyp-Gly) concentration (p < 0.001) (Figure

2-7(B)). It might be caused by an increase in polymer network density. Polymer network

density will affect hydrogel mesh size (§) which represents the distance between two

adjacent crosslinked polymer chains at swollen state [22]. The Flory-Rehner equation shows

a relationship between volumetric swelling ratio and & as shown in Equation 2-5 [22].

Lower swelling ratio indicates lower & and higher polymer network density.

g = QY)Y (2-5)
Q = volumetric swelling ratio
(E)l/ 2 = root-mean-squared end-to-end distance of two crosslinked polymer chains

At 3 min irradiation, there was no significant difference in swelling ratio of hydrogels

formed with different concentrations of methacrylated poly(Pro-Hyp-Gly). In addition, the

swelling ratios of 3 min-irradiated hydrogels were significantly lower than those of 5

min-irradiated hydrogels at the same methacrylated poly(Pro-Hyp-Gly) concentrations.

These results might be caused by fibril deformation in the 5 min-irradiated hydrogels. A
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longer irradiation time will produce more radicals that would lead to the formation of

hydrogels with a higher degree of crosslinking. A higher degree of crosslinking may cause

fibril deformation because of molecular stretching [23].

Collectively, these data suggest that the hydrogel properties, such as polymer

network density and swelling ratio, can be easily tuned by controlling the eosin Y and

methacrylated poly(Pro-Hyp-Gly) concentrations, and the irradiation time.

2-3-3. Cytotoxicity of NVP, triethanolamine, and methacrylated poly(Pro-Hyp-Gly)

The possible toxicity of the polymers and crosslinkers to cell viability is an important

factor to be considered particularly with respect to simultaneous cell encapsulation into

hydrogels. In order to study the effects of the photocrosslinking components on cell viability,

rBMSCs were incubated in medium containing either NVP, triethanolamine, or

methacrylated poly(Pro-Hyp-Gly) for 24 h.

The results showed that NVP up to 5 mM does not influence rBMSC viability

(Figure 2-8(A)). However, the viability of the rBMSCs was significantly affected by the

concentrations of triethanolamine and methacrylated poly(Pro-Hyp-Gly) (Figures 2-8(B)

and (C)). Cell viability in the presence of 1, 5, 10 and 50 mM of triethanolamine was 96.0

+ 2.4%, 99.1 + 11.6%, 89.8 + 7.4% and 31.2 + 1.6%, respectively. Methacrylated
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poly(Pro-Hyp-Gly) showed a slight cytotoxicity to the cells, about 43% of cells remained

alive in the medium containing 20 mg/mL of methacrylated poly(Pro-Hyp-Gly) and there

was no significant difference in cell viability between cells cultured in either 20 mg/mL or

30 mg/mL of methacrylated poly(Pro-Hyp-Gly). Based on these results together with data

from gelation and swelling ratio experiments, setting of 20 uM of eosin Y, 5 mM of NVP

and 10 mM of triethanolamine were then chosen for cell photoencapsulation experiments.

2-3-4. Viability and morphology of rBMSCs in the photocrosslinked poly(Pro-Hyp-Gly)

hydrogels

Recently, various studies indicated that properties of 3D scaffolds play an important

role in controlling cell viability and proliferation [24-26]. To investigate the influence of the

hydrogel properties on cell viability and proliferation, Live-Dead staining and WST-8 assay

of rBMSCs encapsulated in hydrogels formed with 20-50 mg/mL of methacrylated

poly(Pro-Hyp-Gly) at 5 min irradiation were performed (Scheme 2-6). Live-Dead staining

of the rBMSCs in the 20 mg/mL of methacrylated poly(Pro-Hyp-Gly) hydrogel revealed that

most of the cells in the hydrogel are alive (Figure 2-9(A)). Quantification of viable cells in

the hydrogels using WST-8 showed that the rBMSCs in the hydrogels survived during seven

days of culture period (Figure 2-9(B)). These results suggest that the photocrosslinked
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poly(Pro-Hyp-Gly) hydrogels are cytocompatible for encapsulating rBMSCs.

The cells in the hydrogels formed with 30-50 mg/mL of methacrylated

poly(Pro-Hyp-Gly) did not exhibit any significant difference in cell viability throughout

seven days of incubation. However, the cells proliferated in the hydrogels formed with 20

mg/mL of methacrylated poly(Pro-Hyp-Gly) (p < 0.05). The ability of the 20 mg/mL

methacrylated poly(Pro-Hyp-Gly) hydrogel to facilitate rBMSC proliferation might be

caused by hydrogel’s lower polymer network density and higher swelling ratio. Hydrogel

with those properties can facilitate a better cell migration [27] and diffusion of nutrients,

waste, and oxygen through the polymer network, which is important for cell viability and

proliferation [28,29]. In addition, hydrogels with high polymer network density may act as

physical barrier preventing cell proliferation [30].

To study the influence of hydrogel properties on cell morphology, phase contrast

microscope observation was performed on the rBMSCs in the photocrosslinked

poly(Pro-Hyp-Gly) hydrogels. At day 1, the microscope images show that the cells were

distributed homogeneously in the hydrogels and had a round shape morphology (Figure

2-10). These results are in agreement with Maia et al., (2014), who observed that hMSCs in

alginate hydrogels exhibited round shape morphology [31]. This morphology is similar to

cell morphology in in vivo microenvironment [24]. After seven days of culturing, the cells

in 30—50 mg/mL hydrogels showed no difference in cell morphology compared with day 1.
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In contrast, some of the cells in the 20 mg/mL hydrogel showed an elongated and branched

morphology after seven days of incubation. These results are in agreement with Engler et al.

(2006), who observed that MSCs encapsulated in soft hydrogel exhibited an increasingly

branched and filopodia-rich morphology, while the cells formed osteoblast-like morphology

in rigid hydrogel [32]. Tan et al. (2014) also reported that pre-myoblast C2C12 cells in soft

and rigid transglutaminase crosslinked gelatin hydrogel (TG-gel) exhibit branched and

round morphology, respectively [33]. These results suggest that the rBMSCs in the

hydrogels sense the differences in hydrogel properties, such as polymer network density and

swelling ratio, resulting in changing their proliferation and morphology.

2-3-5. Calcium deposition in photocrosslinked poly(Pro-Hyp-Gly) hydrogels containing

rBMSCs

The rBMSCs have multipotency and can differentiate into specific cell lineages, such

as osteoblasts, chondrocytes, adipocytes, and fibroblasts [13]. In order to investigate the

ability of the photocrosslinked poly(Pro-Hyp-Gly) hydrogels to support rBMSC

differentiation, the osteogenic differentiation of the cells encapsulated in the 20-50 mg/mL

methacrylated poly(Pro-Hyp-Gly) hydrogels was evaluated by the appearance of calcium

deposition as a late marker for osteogenic differentiation [13].
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After 28 days of incubation in osteogenic medium, the hydrogels became opaque

indicating calcium deposition in the hydrogels (Figure 2-11). Phase contrast microscope

images of the rBMSCs in the hydrogels showed the formation of mineralized bone matrix,

known as bone nodule (Figure 2-12). These results suggest that the encapsulated cells in the

hydrogels had differentiated into osteogenic lineage and deposited calcium in the hydrogels.

Further confirmation of calcium deposition in the hydrogels was observed by SEM

analysis, and Alizarin Red S and von Kossa stainings. SEM images of 6 um hydrogel slices

showed areas that were brighter compared to the surrounding areas (Figure 2-13). The

contrast in the SEM images appeared because of higher electron reflection by calcium atoms,

which indicates calcium deposition in those areas. The elements in the hydrogels themselves

have low electron reflection ratio because the hydrogels contain only of low atomic number

elements, such as carbon, hydrogen, nitrogen, and oxygen, which results in darker areas than

the calcium containing areas. The SEM images revealed that 30 mg/mL of methacrylated

poly(Pro-Hyp-Gly) hydrogel (5 min irradiation) showed the brightest area than that of other

hydrogels, indicating higher calcium deposition in the hydrogel.

Positive calcium deposition using Alizarin Red S and von Kossa staining was

observed by the appearance of areas that stained red and or dark brown, respectively

(Figures 2-14 and 2-15). The results revealed that 50 mg/mL of methacrylated

poly(Pro-Hyp-Gly) (3 min irradiation) hydrogel showed less staining both for Alizarin Red
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S and von Kossa. Intense staining was observed in the hydrogel formed with 30 mg/mL of

methacrylated poly(Pro-Hyp-Gly) (5 min irradiation). Quantification of the area stained by

Alizarin Red S using ImageJ software showed that the 30 mg/mL methacrylated

poly(Pro-Hyp-Gly) (5 min) hydrogel has a significantly larger stained area (p < 0.001) and

the 50 mg/mL methacrylated poly(Pro-Hyp-Gly) (3 min) hydrogel exhibited the smallest

stained area (Figure 2-16(A)). Quantification of the areas stained by von Kossa showed a

comparable result with Alizarin red S staining (Figure 2-16(B)) (p < 0.01).

These results indicate that osteogenic differentiation of the rBMSCs in the

photocrosslinked hydrogels may be influenced by polymer network density of the hydrogels.

Hydrogels formed with 30 mg/mL of methacrylated poly(Pro-Hyp-Gly) with 5 min

irradiation provided a suitable polymer network density for osteogenic differentiation of the

rBMSCs. An increase in osteogenic differentiation of the rBMSCs in the 30 mg/mL

methacrylated poly(Pro-Hyp-Gly) hydrogel may be caused by an increase in cell migration

and aggregation (Figure 2-12). In cell aggregates, cells are allowing to interact with each

other and with their environment. These interactions are closely similar to cell behavior in

in vivo microenvironment [24]. It has been reported that cell aggregates can promote cell

differentiation and expression of differentiation markers [34-36].

Hydrogels formed with high concentration of methacrylated poly(Pro-Hyp-Gly)

(40-50 mg/mL) resulted in higher polymer network density, which may inhibit cell
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migration and the formation of cell aggregates, leading to decrease in cell differentiation.

Hydrogels formed with 3 min irradiation also inhibited rBMSC differentiation due to their

low swelling ratio, which may reduce the ability of the hydrogels to facilitate transportation

of nutrients, waste, and oxygen during cell culture period [28,29]. Park et al. (2009) reported

that chondrogenic differentiation of encapsulated rabbit marrow mesenchymal stem cells in

oligo(poly(ethylene glycol) fumarate) hydrogels were accelerated in the hydrogel with

higher swelling ratio [29]. In addition, Sahai et al., (2013) confirmed that capacity of

adipose-derived mesenchymal stem cells to differentiate into osteoblasts decreased in a

low-oxygen environment [37].

It is well known that the encapsulated cells can sense the difference of their

microenvironment and then, convert that information into morphological changes and

lineage commitment [32]. As already described previously, the morphology of rBMSC in

the 20 mg/mL methacrylated poly(Pro-Hyp-Gly) hydrogel was different from that in 30

mg/mL methacrylated poly(Pro-Hyp-Gly) hydrogel as a response to polymer network

density. These differences may directly affect the osteogenic differentiation of the

encapsulated rBMSCs. The rBMSCs in 30 mg/mL methacrylated poly(Pro-Hyp-Gly)

hydrogel exhibited a round shape morphology that is similar to that of osteoblastic cells in

in vivo microenvironment. As a result, the cells produced more calcium as an osteogenic

marker than that rBMSCs did in 20 mg/mL of methacrylated poly(Pro-Hyp-Gly) hydrogel.
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Similarly, Tan et al., (2014) reported that pre-myoblast C2C12 cells encapsulated in rigid

TG-gel exhibited a round shape morphology, and higher osteogenic marker expression

compared with cells in soft TG-gel [33].

These results clearly showed that osteogenic differentiation of the rBMSCs

encapsulated in photocrosslinked poly(Pro-Hyp-Gly) hydrogels was significantly affected

by the hydrogel properties.
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2-4.  Conclusion

In summary, this chapter showed simultaneous encapsulation of rBMSCs into

chemically-crosslinked poly(Pro-Hyp-Gly) hydrogels. The hydrogels were successfully

fabricated by visible light photocrosslinking of methacrylated poly(Pro-Hyp-Gly) in the

presence of eosin Y, triethanolamine, and NVP. It was found that hydrogel properties, such

as polymer network density and swelling ratio, can be easily tuned by controlling the

concentrations of eosin Y and methacrylated poly(Pro-Hyp-Gly), and the irradiation time.

An appropriate photocrosslinking condition for stem cell encapsulation is required to

maintain high viability of the encapsulated cells and to support their functions during

culturing periods. The importance of hydrogel properties in controlling cell proliferation and

morphology was suggested by comparing rBMSC behavior in the hydrogels formed with

20-50 mg/mL of methacrylated poly(Pro-Hyp-Gly) and 5 min irradiation. In the 20 mg/mL

of methacrylated poly(Pro-Hyp-Gly) hydrogel, cells proliferated. While cell number did not

change in the 30-50 mg/mL of methacrylated poly(Pro-Hyp-Gly) hydrogels. From

morphology observations, elongated and branched morphology was only observed in the 20

mg/mL hydrogels. These suggest that hydrogel properties play an important role in

controlling cell proliferation and morphology. It was also found that the hydrogel properties

affect osteogenic differentiation of the rBMSCs encapsulated in the photocrosslinked
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poly(Pro-Hyp-Gly) hydrogels. Hydrogel formed with 30 mg/mL of methacrylated

poly(Pro-Hyp-Gly) (5 min irradiation) showed the highest calcium deposition as revealed

by bone nodule formation, SEM analysis, and Alizarin Red S and von Kossa staining. On

the contrary, hydrogel formed with 50 mg/mL of methacrylated poly(Pro-Hyp-Gly) (3 min

irradiation) showed the lowest calcium deposition. These results show that by carefully

controlling the photocrosslinking condition for photocrosslinked poly(Pro-Hyp-Gly)

hydrogel fabrication, a cytocompatible 3D scaffold for simultaneous rBMSC encapsulation

can be successfully fabricated. These results also confirm that hydrogel properties are

important factors for cell encapsulation and can control cellular functions and cell ability to

differentiate into specific cell lineages. Taken together, these results indicate that a

photocrosslinked poly(Pro-Hyp-Gly) hydrogel is a promising 3D scaffold for simultaneous

rBMSC encapsulation supporting cell viability, proliferation, and differentiation.
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Scheme 2-1 The schematic diagram of synthesis of poly(Pro-Hyp-Gly) and methacrylated

poly(Pro-Hyp-Gly). * indicate L-isomers.
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Figure 2-1 GPC profiles of poly(Pro-Hyp-Gly) and methacrylated poly(Pro-Hyp-Gly). The

concentration of each sample was 0.5 mg/mL in PBS.
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Figure 2-2 CD spectra (A) and Rpn value (B) of poly(Pro-Hyp-Gly), and methacrylated
poly(Pro-Hyp-Gly). The concentration of each sample was 0.25 mg/mL in Milli-Q water.

Milli-Q water was used as a blank.
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Figure 2-3 FTIR spectra of poly(Pro-Hyp-Gly) (A) and methacrylated poly(Pro-Hyp-Gly)
(B). FTIR measurement was conducted using KBr method with resolution 1 cm™ and 16

scans at room temperature.
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Scheme 2-2 Conjugation of the vinyl to the carbonyl group in methacrylated

poly(Pro-Hyp-Gly).
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Figure 2-4 'H NMR spectra of poly(Pro-Hyp-Gly) (A) and methacrylated
poly(Pro-Hyp-Gly) (B). ', e’ and i’ are Pro-C;H, Hyp-C,H, and Gly-C_H, respectively, in
non triple-helical structure of poly(Pro-Hyp-Gly). e” and f " are Hyp-C,H and Hyp-CyH,

respectively, which appeared because of electron withdrawing effect of oxygen of the ester

group of methacrylated poly(Pro-Hyp-Gly). The concentration of each sample was 4 mg/mL

in DZO with TMS as an internal standard. * indicate L-isomers.
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Figure 2-5 COSY spectrum of methacrylated poly(Pro-Hyp-Gly). The concentration was 4

mg/mL in D,O with TMS as an internal standard. * indicate L-isomers.
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Scheme 2-3 Mechanism of radical formation during visible light irradiation of eosin Y as a

photoinitoator in the presence of triethanolamine as a co-initiator [20,21].
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formation.

107



CHAPTER Il

0 Br o Br o OH
Br » ’ Br HO\/\NI (Exo s
CO X
OH o\fo c:fo @ ‘ cﬁ CHe
Eosin Y Triethanolamine NVP
030 OH 0,0 OH
A X g -
Visible Light

Methacrylated poly(Pro-Hyp-Gly) Photocrosslinked poly(Pro-Hyp-Gly)
hydrogel

Scheme 2-5 The schematic diagram of the formation of photocrosslinked

poly(Pro-Hyp-Gly) hydrogel.
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Figure 2-6 Gelation (A) and swelling ratio (B) of photocrosslinked poly(Pro-Hyp-Gly)
hydrogels at different concentrations of eosin Y; the photocrosslinking system contained 30
mg/mL of methacrylated poly(Pro-Hyp-Gly), 10 mM triethanolamine, and 1 mM NVP in

PBS. The irradiation time was 5 min.
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Figure 2-7 Gelation (A) and swelling ratio (B) of photocrosslinked poly(Pro-Hyp-Gly)
hydrogels at different concentrations of methacrylated poly(Pro-Hyp-Gly) and irradiation

times; the photocrosslinking system contained 20 uM eosin Y, 10 mM triethanolamine, and
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Figure 2-8 Relative cell viability of rBMSCs cultured in 20% FCS/a-MEM containing NVP

(A), triethanolamine (B), and methacrylated poly(Pro-Hyp-Gly) (C) for 24 h.
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Figure 2-9 Live-Dead staining (A) and proliferation (B) of rBMSCs in photocrosslinked
poly(Pro-Hyp-Gly) hydrogels formed with 20-50 mg/mL of methacrylated
poly(Pro-Hyp-Gly); the photocrosslinking system contained 20 uM eosin Y, 10 mM

triethanolamine, and 5 mM NVP in PBS. The irradiation time was 5 min. Scale bar represent

100 pm.
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Figure 2-10 Phase contrast microscope images of rBMSCs in the photocrosslinked
poly(Pro-Hyp-Gly) hydrogels formed at different concentration of methacrylated
poly(Pro-Hyp-Gly) (20-50 mg/mL). The irradiation time was 5 min. Red arrows indicate

rBMSCs with an elongated and branched morphology.

114



CHAPTER Il

Figure 2-11 Macroscopic appearance of 30 mg/mL of methacrylated poly(Pro-Hyp-Gly)

hydrogels incubated with an osteogenic medium at day 28.
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Figure 2-12 Phase contrast microscope images of rBMSCs in the photocrosslinked
poly(Pro-Hyp-Gly) hydrogels incubated with an osteogenic medium at day 28. Yellow

arrows indicate bone nodules.
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Figure 2-13 SEM images of 6 um slices of photocrosslinked poly(Pro-Hyp-Gly) hydrogels

containing rBMSCs.
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Figure 2-14 Alizarin Red S staining of 6 um slices of photocrosslinked poly(Pro-Hyp-Gly)

hydrogels containing rBMSCs.
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Figure 2-15 The von Kossa staining of 6 um slices of photocrosslinked poly(Pro-Hyp-Gly)

hydrogels containing rBMSCs.
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Figure 2-16 Quantification area of 6 um slices of photocrosslinked poly(Pro-Hyp-Gly)

hydrogels stained by Alizarin Red S (A) and von Kossa (B).
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The purpose of this study is to develop cytocompatible 3D scaffolds for stem cell

encapsulation that can support cell survival and differentiation. Animal-derived collagens

are commonly used as materials for fabricating 3D scaffolds because of their

biocompatibility and biodegradability. However, there are limitations of using

animal-derived collagens, such as low thermal stability and possible contamination with

pathogenic substances. Poly(Pro-Hyp-Gly), a collagen-like polypeptide, is a promising

material for fabricating 3D scaffolds because it can be synthesized with high reproducibility

in its physical and chemical properties, has a high thermal stability, forms a collagen-like

triple-helical structure, and shows excellent biocompatibility and biodegradability.

Hydrogels, 3D hydrated polymeric networks, have been widely investigated as 3D

scaffolds for tissue regeneration because they can reproduce the features of ECM, allow

diffusion of nutrients, oxygen, and cellular waste, and are able to encapsulate cells

simultaneously during hydrogel formation. The hydrogel properties, such as degree of

crosslinking, polymer network density, mechanical stiffness, and swelling ratio, can be

controlled both by choosing the type of crosslinking, chemical or physical crosslinking, and
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by controlling the crosslinking conditions, such as concentrations of polymers and
crosslinkers. In this study, in order to provide cytocompatible hydrogels for stem cell
encapsulation, physically-crosslinked and chemically-crosslinked poly(Pro-Hyp-Gly)
hydrogels were fabricated and used for simultaneous rBMSC encapsulation. Viability and
osteogenic differentiation of the encapsulated cells were then assessed.

Chapter 1 shows the fabrication of physically-crosslinked poly(Pro-Hyp-Gly)
hydrogel by simply mixing polyanion and polycation of poly(Pro-Hyp-Gly). The polyanion,
Suc-poly(Pro-Hyp-Gly), and the polycation, Arg-poly(Pro-Hyp-Gly), were successfully
synthesized by conjugating succinyl group and arginine methyl ester, respectively, into the
hydroxy group of poly(Pro-Hyp-Gly). The polyanion and the polycation contain a collagen-
like triple-helical structure as revealed by CD and *H NMR analyses. Interaction between
carboxy group of Suc-poly(Pro-Hyp-Gly) (pKa = 5.2) and guanidinium group of
Arg-poly(Pro-Hyp-Gly) (pKa = 12.4) at physiological pH leads to PIC gel formation. The
PIC gel formation was optimum at an equimolar ratio of carboxy to guanidinium groups,
suggesting that ionic bonding is a key determinant for the hydrogel formation. The PIC gel
was successfully used for simultaneous rBMSC encapsulation. The encapsulated cells
survived and proliferated within the PIC gel. In addition, the rBMSCs exhibited different
morphology in the PIC gel compared with the rBMSCs cultured on a tissue culture dish as

a 2D control. A round shape morphology and homogeneous single cell distribution were

122



GENERAL CONCLUSION

observed in the PIC gel. In contrast, the rBMSCs spread and formed a fibroblast-like

morphology on 2D control. After 3 days, the rBMSCs in the PIC gel formed multicellular

aggregates. In cell aggregates, cell-cell and cell-matrix interactions are similar to cell

behavior in in vivo microenvironment. These results suggest that the PIC gel of

poly(Pro-Hyp-Gly) is suitable for tissue regeneration because of its non-toxicity, ease of

fabrication, and biocompatibility.

Chapter 2 shows fabrication of chemically-crosslinked poly(Pro-Hyp-Gly)

hydrogels by visible light photocrosslinking of methacrylated poly(Pro-Hyp-Gly) in the

presence of eosin Y as a photoinitiator, triethanolamine as a co-initiator, and NVP as a radical

scavenger. The photocrosslinked poly(Pro-Hyp-Gly) hydrogel properties, such as gelation

and swelling ratio, can be easily tuned by controlling concentrations of eosin Y (10-30 uM)

and methacrylated poly(Pro-Hyp-Gly) (20-50 mg/mL), and the irradiation time (3 or 5 min).

The increase in methacrylated poly(Pro-Hyp-Gly) concentration results in hydrogel with

higher polymer network density and lower swelling ratio. The encapsulated rBMSCs were

viable within the photocrosslinked poly(Pro-Hyp-Gly) hydrogels. However, they showed

different proliferation at different concentrations of methacrylated poly(Pro-Hyp-Gly)

hydrogels. The rBMSCs proliferated in 20 mg/mL of methacrylated poly(Pro-Hyp-Gly),

while they did not proliferate in 30—50 mg/mL hydrogels. It suggests that the hydrogel

properties influenced cell proliferation. Osteogenic differentiation of the rBMSCs in the
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hydrogels was also affected by the hydrogel properties. Hydrogel formed with 30 mg/mL of

methacrylated poly(Pro-Hyp-Gly) and 5 min irradiation showed a significantly higher

calcium deposition as revealed by SEM observation, Alizarin Red S and von Kossa staining.

In contrast, hydrogels formed with 50 mg/mL of methacrylated poly(Pro-Hyp-Gly) (3 min)

exhibited the lowest calcium deposition. The low calcium deposition at high concentrations

of methacrylated poly(Pro-Hyp-Gly) hydrogels (40-50 mg/mL) may be caused by their high

polymer network density and low swelling ratio. These properties may limit cell migration

and diffusion of nutrients, oxygen, and waste through the hydrogel network, and then

influenced cell differentiation.

The results of this study indicate that physically-crosslinked and

chemically-crosslinked poly(Pro-Hyp-Gly) hydrogels were successfully fabricated and used

for simultaneous rBMSC encapsulation. The PIC gel is softer than photocrosslinked

poly(Pro-Hyp-Gly) hydrogels because it is formed by non-covalent bonding between the

polyanion and polycation of poly(Pro-Hyp-Gly). The photocrosslinked poly(Pro-Hyp-Gly)

hydrogels showed high stiffness because the poly(Pro-Hyp-Gly) in the hydrogel network is

connected by covalent bonding. The encapsulated rBMSCs in both hydrogels were

homogeneously distributed and viable. From morphology observation, the rBMSCs in both

hydrogels exhibited in vivo-like cell morphology, suggesting that the PIC gel and

photocrosslinked poly(Pro-Hyp-Gly) hydrogels can reproduce 3D in vivo cellular
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microenvironment. From bone nodule observation, osteogenic differentiation of the

rBMSCs in the photocrosslinked poly(Pro-Hyp-Gly) hydrogels was higher compared to that

of the rBMSCs in the PIC gel. These results revealed that the photocrosslinked

poly(Pro-Hyp-Gly) hydrogel provided a better environment for osteogenic differentiation of

the rBMSC:s. It has been reported that stiff hydrogels display significantly higher expression

of osteogenic differentiation markers compared with soft hydrogels. The results from this

study clearly showed that type of crosslinking for hydrogel formation influences hydrogel

properties and then affects the behavior of the encapsulated cells. An appropriate

crosslinking type, process, and condition are required to support stem cell viability and direct

their differentiation into specific lineages. In conclusion, physically-crosslinked and

chemically-crosslinked poly(Pro-Hyp-Gly) hydrogels have a great potential to serve as 3D

scaffolding materials for tissue regeneration.
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