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1 Introduction

Recently, the regenerative medicine has been introduced to promote
self-restoration, replacement and regeneration of impaired bodily function of tissues
or organs by delivering viable cells which are genetically appropriate to patients [1].

As cells are living by being attached on extracellular matrix (ECM) which is
released from the cells and contains variable biological molecules necessary to
provide favorable environment for cellular metabolism and structurally support
tissue, mimicking the natural mammalian tissue by artificially hybridizing viable
cells with biocompatible structural scaffold materials has been introduced [2, 3].

For scaffold, various biocompatible materials have been studied, as synthesized
polymers or natural ECM components, according to the specific target tissue
structure. An ideal artificial scaffold shall contain porous network that permits cell
proliferation and entrapment, and transportation of oxygen, carbon dioxide, and
nutritional substances [4–6].

By applying the ECM substances such as proteins and polysaccharides as
scaffold components, as these are naturally synthesized, secreted and decomposed
by enzymes in the body, less immunological events are expected after implantation
[6–9]. Utilization of the signal transduction system in ECM is also possible.
Additional vascular endothelial growth factor (VEGF) combined scaffold promotes
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neovascularization and infiltration of blood vessels, which are essential to provide
vitality to the transferred cells, throughout the porous scaffolds after implantation
[6].

In the ECM substances, collagen and hyaluronic acid (HA) have taken attention
from numerous researchers for the scaffold materials [10–15].

Collagen occupies about 25% of the total body proteins and plays decisive role
as structural scaffold for every tissue and organ, and the peptide sequences of RGD
(Arg-Gly-Asp) in their molecules conduct cell attachment. Atelocollagen is an
immune-free collagen molecule produced by eliminating telopeptides which exist in
the both extremities of type I atelocollagen molecule that induce immune reactions,
and has been recommended as the firstly chosen ECM substances for scaffold
fabrications [2, 5, 9, 16–18].

In nature, glycosaminoglycan (GAG) is a polysaccharide existing in connective
tissues as hydrophilic viscoelastic gel. Researches on various GAGs, such as
chondroitin sulfate, heparin or HA, have reported that stiffness, chemical compo-
sition, and reaction against the growth factors of GAGs are affecting cell differ-
entiation and proliferation [19–21].

HA consists of alternatively repeating b-D-glucuronic acid and b-N-acetyl-D-
glucosamine molecules as one of the GAG. On HA matrices, cell attachment,
migration and proliferation are promoted by the CD44 in molecules, and hydro-
philic property affects mechanical strength and shape or structure of the artificial
matrices made of HA [10, 14, 22].

Scaffolds designed to apply biological advantages of the collagen and HA
revealed conduction of less immune reactions and wound healing through recog-
nizing their ingredients dissolved in serum [20, 21]. Electrospinning method has
been introduced to produce ultra-micro scaled fibers, and suggested as an appro-
priate tool to model ECM fibers with ranges about 50–500 nm in diameter.
Nano-fibers have less diameter in comparison with length, and be easily fabricated
to porous structure by controlling concentration of solute, as the diameter of the
fiber increases as the solute increases, therefore, electrospun fiber is recommendable
to model structural ECM [23–25].

For collagen-HA composites, collagen used to be dissolved by 1,1,1,3,3,3,-
hexafluoro-2-propanol (HFP) through hydrolysis by disintegrating hydrogen bonds
[26, 27], while HA is dissolved by formic acid or NaOH and N,
N-dimethylformamide (DMF), and each solution is adulterated to produce elec-
trospun nano-fibrous scaffold. For these methods produced collagen-HA scaffold,
the residual organic solvents such as HFP, formic acid and DMF remained in body
may have possibility to occur cytotoxicity [14, 15], high concentration of phosphate
buffered salt (PBS) and ethanol are recommended as solvents for collagen to avoid
organic solvents [28].

Also, to produce scaffold made of atelocollagen and HA, cross-linking agents
are necessary to control the biodegradable property which is induced by enzymes in
body. In a previous study reported by Park and Suh [11], 1-ethyl-3-
(3-dimethylaminopropyl) carbodiimide (EDC) demonstrates reasonable result as
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such a carbodiimide becomes a hydrolytic residuum and extracted from body
without cytotoxicity [10–12].

In this study, porous matrices of nano fibrous collagen-HA were produced, and
their affinity to human bone marrow derived mesenchymal stem cells
(hBM-MSCs), human embryonic stem cells (hESC) and human induced pluripot-
nent stem cells (hiPSC) were evaluated through observing expression of specific
proteins, DNA or RNA, to investigate possibility of using the matrix in regenerative
medicine.

2 Materials and Methods

2.1 Materials

Type I atelocollagen (collagen) was extracted by pepsin treatment from porcine
dermal skins and lyophilized under −40 °C [29]. Molecular weight of HA was from
120 to 150 k. Collagen and HA were stored under −20 °C before use.

2.2 Fabrication of Collagen-HA Nano-Fibrous Matrices

HA was dissolved in 20X PBS solution at pH 7.3, that contains NaCl 160.0 g/L,
KCl 4.0 g/L, Na2HPO4 28.4 g/L, and KH2PO4 4.8 g/L in DW [28].

Collagen-HA solution with concentrations of 5, 10, and 15% (w/v) atelocollagen
and 0, 0.25, 0.5, 0.75, and 1% (w/v) HA were prepared, and a self-designed electro
spinner using 18 gauge nozzle was applied to produce the collagen-HA nano-fibers.
Figure 1 shows procedures making collagen-HA solutions and a self-designed
electro spinner, and Table 1 is the condition of electro spinning.

To crosslink the nano-fibrous matrices, 50 mM EDC was dissolved in 95% (v/v)
ethanol. Each matrix was immersed in EDC solution for 6, 12, 18, and 24 h
respectively at room temperature. To remove the residual EDC, matrices were
washed by gradually diluted 20X, 10X, 5X PBS and DW in ultrasound chambers.
Nano-fibrous matrices were collected on either cover glasses or aluminum foils.

2.3 Characterizations of Collagen-HA Nano-Fibrous
Matrices

Morphological characterization of the fabricated matrices were observed by using a
Field Emission Scanning Electron Microscope(FE-SEM) and diameter of
nano-fibers was measured for more than 100 fibers randomly selected from each
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group, and the mean diameter was obtained depending on the conditions. Pore
structure was defined as the space surrounded by more than 3 fibers, and diameter
of pore was measured from more than 20 spots randomly selected in each group.

Alteration of chemical bonds in matrix by treatment of EDC was observed by a
Fourier-transformed Infrared Spectroscope (FT-IR) at the wave length between 500
and 4000 cm−1.

Fig. 1 Process of producing the collagen-HA solution and photo of the self-designed electro
spinner

Table 1 Experimental
condition of electrospinning

Voltage 15, 20, 25 kV

Nozzle size 18 gauge

Rotation speed of collector 300 rpm

Distance from nozzle to collector 5, 10, 15 cm

Injection speed of solution 0.5 ml/h
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2.4 Cell Cultures

2.4.1 hBM-MSCs

Human bone marrow was provided by the department of Orthopedics in Yonsei
University Severance hospital and approved by the institutional review board of the
Yonsei University Health System in Seoul, Korea. hBM-MSCs was isolated from
bone marrow by conventional methods. hBM-MSCs was cultured using Dulbecco’s
Modified Eagle’s Medium-low glucose (DMEM-lg) containing 1% penicillin/
streptomycin/amphotericin B and 10% FBS. Cells were passaged when it reached
confluence more than 90% by trypsin-EDTA treatment. Cell culture was conducted
under an incubator under 37 °C, 5% CO2, 99% humidity conditions. Medium was
changed every 3–4 days. Cells with passage number between 3 and 5 were seeded
onto nano-fibrous matrices and checked the attachment, morphology and viability.

2.4.2 hiPSC, hESC

For feeder layer, STO cells were cultured in 10% FBS and 1% penicillin/
streptomycin/amphotericin B added DMEM-high glucose (DMEM-hg) medium,
and mitomycin C was treated to prevent STO cells proliferation.

Two types of cells were cultured on STO cell line. hiPSC and hESC were
cultured using Dulbecco’s Modified Eagle Medium Nutrient Mixture F-2(Ham)
(1:1) (DMEM/F12) medium. 20% Knockout Serum Replacement, 1% L-glutamine,
0.1% Non-essential amino acids, 1% b-mercaptoethanol 0.5% penicillin/
streptomycin, and 4 ng/ml human recombinant basic fibroblast growth factor
(bFGF) were supplemented in DMEM/F12 medium.

hiPSC and hESC were purchased from American Type Culture Collection
(ATCC, University Boulevard, Manassas, VA, USA).

After dissociating the undifferentiated cells, cells were suspended in cryop-
reservation solvents and stored in LN2 tank before use.

2.5 Cell Seeding

Nano-fibrous matrices with dimensions of 2 cm � 2 cm collected on cover glasses
were sterilized under 100, 70% ethanol for 30 min respectively. After sterilization,
matrices were dried and washed with DW and 1X PBS and stored in medium before
cell seeding. Matrices were placed upon a sterilized uncoated cover glasses.
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2.5.1 hBM-MSCs

5 � 103 cells/cm2 were seeded on sterilized matrices. Firstly, small amount of cells
suspension was seeded on the surface of matrices. After keeping matrices to be
soaked in the cell suspension in incubator for 6 h, medium was added to fill the
matrix for full immersion. Cell attachment efficiency was confirmed 24 h after
seeding.

2.5.2 hiPSC and hESC

Matrices soaked in medium were washed with DMEM/F12 medium and hiPSC and
hESC were seeded onto each matrix. Cells were seeded at the middle of the
matrices which immersed in medium. 48 h after seeding, 4 ng/ml bFGF was added
to the medium. Cell attachment was observed under light microscope on 4 days
after seeding. Medium was changed every 5 days, and same volume of new
medium was added to the previous one.

2.6 Evaluation of the Attached Stem Cells
onto Collagen-HA Matrices

For morphological characterization, cells were fixed with 4% formaldehyde solu-
tion for 20 min at RT and observed by a light microscope.

CCK8 analysis was performed to investigate the viability of cells attached on
each matrix. Optical density was measured by Enzyme-Linked Immunosorbent
Assay (ELISA), and observed the effect of bFGF in culture media,

3 Results

3.1 Fabrication and Characterization of Collagen-HA
Nano-Fibrous Matrices

To select the proper concentrations for fabrication of collagen-HA matrices, HA
concentration was set 0, 0.25, 0.5, 0.75, and 1% (w/v). By increasing collagen
concentrations, morphological and chemical characterizations were compared with.

In all collagen concentrations, nano-fibrous structure were observed by FE-SEM.
In 5 and 10% (w/v) collagen specimens, nodes were randomly distributed, and
diameters of fibers was measured including the nodes (Figs. 2, 3, 4 and 5; Tables 2,
3 and 4).
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Diameter of porous structures was measured in 15% (w/v) collagen nano-fibrous
matrices. Maximum pore size was 3.55038 lm in 0% (w/v) HA mixed group spun
at 25 kV, and minimum was 1.9266 lm in 1% (w/v) HA mixed group spun at
20 kV (Fig. 6).

In FT-IR analysis, type I atalocollagen, HA dissolved in 20X PBS, Ethanol
dissolved 15% (w/v) collagen containing 0, 0.25, 0.5, 0.75 and 1% (w/v) HA were
surveyed. Amide peaks of collagen were appeared at 3300, 1600 and 600 cm−1,
while HA were appeared at 3400 and 1600 cm−1. Peak of proteoglycan ring of HA
was detectable from 1140 to 980 cm−1. Expressions of each collagen and HA peaks
were revealed in entire concentrations [12, 28, 30] (Fig. 7).

Fig. 2 Morphologies of the Collagen-HA nano-fibrous matrices of 5% (w/v) collagen containing
0, 0.25, 0.5, 0.75 and 1% (w/v) HA, produced by electrospinner at 15, 20 and 25 kV. (�5000,
scale bar: 1 lm, FE-SEM)
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Formation of amide bond by the EDC crosslinking was confirmed by appearance
of the peaks near 1650–1400 cm−1. Also peak of ester bond was appeared at
1100 cm−1. At 1400 cm−1, peaks related to carboxylate salt were shown.
Morphological characteristics were verified by the EDC crosslinking time through
FE-SEM. Nanofibers were adhered each other after EDC crosslinking (Figs. 8, 9,
10, 11, 12, 13 and 14).

Fig. 3 Morphologies of the Collagen-HA nano-fibrous matrices of 10% (w/v) collagen containing
0, 0.25, 0.5, 0.75 and 1% (w/v) HA, produced by electrospinner at 15, 20 and 25 kV. (�5000,
scale bar: 1 lm, FE-SEM)
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3.2 Characterization of Cells After Seeding on Matrix

Analysis of cell viability was measured by CCK8 kit. hBM-MSC cells were seeded
on 15% (w/v) collagen-0, 0.25, 0.5, 0.75 and 1% (w/v) HA matrices and compared
with the control groups of culture flask. 4 days after cell seeding, 0.25% (w/v) HA
containing 15% (w/v) collagen matrices demonstrated the highest value of cell
viability, and cell viability decreased as the concentration of HA increased
(Fig. 15).

Fig. 4 Morphologies of the Collagen-HA nano-fibrous matrices of 15% (w/v) collagen containing
0, 0.25, 0.5, 0.75 and 1% (w/v) HA, produced by electrospinner at 15, 20 and 25 kV. (�5000,
scale bar: 1 lm, FE-SEM)
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Morphologies of hBM-MSC, hESC, and hiPSC seeded upon 15% (w/v)
collagen-0, 0.25, 0.5, 0.75, 1% (w/v) HA matrices were observed 4, 10, 16, 22,
28 days after seeding (Figs. 16, 17, 18, 19, 20 and 21).

In control group of culture flask, hBM-MSCs reached 90% confluence after
4 days, and it reached 100% confluence after 10 days at the site of cell seeded.

Fig. 5 Pore diameters of collagen-HA nano-fibrous matrices by 15% (w/v) collagen and 0, 0.25,
0.5. 0.75 and 1% (w/v) HA at 25, 20 and 15 kV. (Collagen concentration-HA
concentration-Voltage)

Table 2 Diameters of Collagen-HA nano-fiberes (including nodes)

5–0 5–0.25 5–0.5 5–0.75 5–1

15 kV Mean 75.825 74.0 94.2625 81.4375 103.637

SD 21.4717 23.8662 28.7145 26.679 30.2811

SE 2.4006 2.66832 3.21038 2.9828 3.38553

20 kV Mean 89.4375 83.675 96.2 80.975 104.537

SD 22.9622 22.4261 28.8586 22.0511 28.2596

SE 2.56725 2.50732 3.22649 2.46539 3.15952

25 kV Mean 89.075 89.175 101.613 99.4875 98.6375

SD 24.4643 22.0744 23.9358 23.9361 26.79

SE 2.73519 2.46762 2.67611 2.67614 2.99521

5% (w/v) collagen containing 0, 0.25, 0.5, 0.75 and 1% (w/v) HA, produced by electrospinner at
15, 20 and 25 kV
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Control had larger growth area than matrices, and showed cells keep spreading
across the surface of flasks.

hBM-MSCs flatly distributed throughout the surface, therefore, morphology of
hBM-MSCs was hard to define by light microscope. On the other hand, colonies of
hiPSC and hESC protruded from the surfaces of matrices. Spherically formed
colony could be seen in both hiPSC and hESC on 10 days after seeding. But on the
4th day, hiPSC demonstrated flatly spreading differentiated cells. Particularly, 0.5%
(w/v) HA contained matrices showed large sized colonies, and cells grew out of the
colony and spread as time courses. This phenomenon was not seen in the other
groups. Cell viability was confirmed by the CCK8 analysis. There were no evi-
dences of proliferation of hiPSC but hESC showed signs of proliferation by
increasing of optical density in comparison with the results at day 10 and 28.
Morphological characteristic was not altered as time courses. And CCK8 results
were not affected by the inclusion of growth factors (Figs. 19, 20 and 21).

Table 3 Diameters of Collagen-HA nano-fiberes (including nodes)

10–0 10–0.25 10–0.5 10–0.75 10–1

15 kV Mean 248.113 251.726 256.97 143.682 225.7

SD 36.071 40.7983 37.0524 31.0127 32.8593

SE 4.03286 5.18138 4.52667 3.8174 3.67378

20 kV Mean 267.237 270.2 289.288 167.237 269.515

SD 58.5617 40.7078 67.0893 32.3204 55.8218

SE 6.5474 4.55127 8.25813 3.70741 6.76939

25 kV Mean 268.075 279.567 293.625 169.365 242.279

SD 54.5947 48.2164 48.451 40.447 49.5818

SE 6.10387 5.89058 5.41699 4.70187 6.01267

10% (w/v) collagen containing 0, 0.25, 0.5, 0.75 and 1% (w/v) HA, produced by electrospinner at
15, 20 and 25 kV

Table 4 Diameters of Collagen-HA nano-fiberes (including nodes)

15–0 15–0.25 15–0.5 15–0.75 15–1

15 kV Mean 490.152 517.104 527.808 631.44 576.263

SD 86.0754 98.8448 181.322 128.905 104.978

SE 7.4919 8.84094 17.7801 11.9686 10.7705

20 kV Mean 612.821 620.137 722.01 620.875 607.687

SD 124.119 137.837 269.153 195.279 107.139

SE 11.1915 12.743 26.2667 17.8264 9.99076

25 kV Mean 694.566 711.611 736.719 753.986 768.537

SD 166.038 202.704 184.011 155.902 226.267

SE 14.2377 20.797 18.7805 18.3732 27.6429

15% (w/v) collagen containing 0, 0.25, 0.5, 0.75 and 1% (w/v) HA, produced by electrospinner at
15, 20 and 25 kV
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4 Discussions

To produce optimal solvent condition for fabrication of collagen-HA nano-fibrous
matrices, conditions suggested by Park and Suh were adopted [11]. This condition
was used to solve the problem that HA has low solubility in organic solvents.
Conventionally, binary solvents like NaOH/N,N-dimethylformamide(DMF) or
HFP/formic acid were used to make collagen-HA nano- fibrous matrix. But, these
works had some limitations because of the use of toxic solvents like formic acid,
DMF, and HFP [8, 14, 27]. Therefore, benign solvents like PBS and ethanol were
applied for this work to select the conditions to produce proper collagen-HA
nano-fibrous matrix structures.

Fig. 6 FT-IR analysis. (A) non-treated type I atelocollagen, (B) non-treated HA, (C) 15% (w/v)
collagen-0% HA at 20 kV, (D) 15% (w/v) collagen-0.25% (w/v) HA at 20 kV, (E) 15% (w/v)
collagen- 0.5% (w/v) HA at 20 kV, (F) 15% (w/v) collagen-0.75% (w/v) HA at 20 kV, (G) 15%
(w/v) collagen-1% (w/v) HA at 20 kV
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HA concentrations were set 0, 0.25, 0.05, 0.75, and 1% (w/v) in PBS and ethanol
conditions. Gel was formed during solution making processes due to its hydrophilic
property. And to solve the low solubility of HA in ethanol, HA was dissolved in

Fig. 7 15% (w/c) collagen-0% (w/v) HA at 20 kV nano-fibrous matrices after crosslinking by
EDC. Upper: FT-IR analysis after (A) before crosslinking, (B) crosslinking for 6 h,
(C) crosslinking for 12 h, (D) crosslinking for 18 h, (E) crosslinking for 24 h. Lower: FE-SEM
view of nano-fibrous matrices after crosslinking by EDC. (�5000, scale bar: 1 lm)
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Fig. 8 15% (w/c) collagen-0.25% (w/v) HA at 20 kV nano-fibrous matrices after crosslinking by
EDC. Upper: FT-IR analysis after (A) before crosslinking, (B) crosslinking for 6 h,
(C) crosslinking for 12 h, (D) crosslinking for 18 h, (E) crosslinking for 24 h. Lower: FE-SEM
view of nano-fibrous matrices after crosslinking by EDC. (�5000, scale bar: 1 lm)
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Fig. 9 15% (w/c) collagen-0.5% (w/v) HA at 20 kV nano-fibrous matrices after crosslinking by
EDC. Upper: FT-IR analysis after (A) before crosslinking, (B) crosslinking for 6 h,
(C) crosslinking for 12 h, (D) crosslinking for 18 h, (E) crosslinking for 24 h. Lower: FE-SEM
view of nano-fibrous matrices after crosslinking by EDC. (�5000, scale bar: 1 lm)
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Fig. 10 15% (w/c) collagen-0.75% (w/v) HA at 20 kV nano-fibrous matrices after crosslinking
by EDC. Upper: FT-IR analysis after (A) before crosslinking, (B) crosslinking for 6 h,
(C) crosslinking for 12 h, (D) crosslinking for 18 h, (E) crosslinking for 24 h. Lower: FE-SEM
view of nano-fibrous matrices after crosslinking by EDC. (�5000, scale bar: 1 lm)
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Fig. 11 15% (w/c) collagen-1% (w/v) HA at 20 kV nano-fibrous matrices after crosslinking by
EDC. Upper: FT-IR analysis after (A) before crosslinking, (B) crosslinking for 6 h,
(C) crosslinking for 12 h, (D) crosslinking for 18 h, (E) crosslinking for 24 h. Lower: FE-SEM
view of nano-fibrous matrices after crosslinking by EDC. (�5000, scale bar: 1 lm)
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PBS 24 h at room temperature before processing. Solutions were mixed by either
vortex mixer or centrifuge to dissolve collagen and HA in solvents. After that, remained
solutes were dissociated by ultrasonicator to remove the lump. When concentration of
HA reached more than 1% (w/v), gel lumps could be remained in the solution even
though sonication was applied, and 1% (w/v) was selected as the maximum concen-
tration of HA. Collagen-HA solution was produced as the Fig. 1 and electro spun with
the conditions of Table 1. In the pilot test to set the collagen concentrations, same
collagen concentration of Dong et al. [28] was used by addition of HA. By comparing
the structures of nano-fibers with each group, fixing HA concentrations were chosen,
and collagen concentrations were set at 5, 10, 15% (w/v).

In 5% (w/v) collagen-HA matrices, there were fine nano-fibrous structures in all
conditions, but it has some nodal structures. To figure out the effect of formation of
nodal structures, distribution of diameter was observed. With including nodal
structures, maximum value of diameter was 137.41 nm whereas minimum was
91.2794 nm. If nodal structures were excluded, every diameter was less than
100 nm. The standard deviations were also changed by addition of nodal structures
in the distribution. Randomly generated nodal structures affected the diameter and
standard deviation. But there was no significant relation of the effect of nodal
structures to cells. Collagen concentration was increased to remove the nodal
structures from the matrices.

Fig. 12 Cell viability of hBM-MSC cultured for 4 days on collagen-HA nano-matrices (relative
values vs. control group)
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In 10% (w/v) collagen-HA nano-fibrous matrices, occurrence of nodules
decreased as collagen concentration increased. Also the surface of nano-fiber
became smoothened. Maximum diameter was 302.575 nm (with nodes) and
293.625 nm (without nodes). And the minimum value was 172.049 nm (with
nodes) and 143.682 nm (without nodes). Specifically, 0.75% (w/v) HA contained
matrices showed decrease of diameters in every voltage, and it did not affected by
the formation of the nodal structures.

There were no nodes in 15% (w/v) collagen-HA nano-fibrous matrices.
Formation of nodal structures was affected by the concentrations of solutes.
Since HA concentration was fixed, collagen played a more important part than HA
in nodal formation. Maximum diameter was 768.537 nm and minimum was
490.152 nm. By increasing the collagen concentrations, diameter increased and that
is referred to characteristics of electro spinning [31, 32]. And attachment of the
dissolved salts on nano-fibers in PBS also increased. 15% (w/v) collagen was
proper concentration to fabricate fine and stable nano-fibers. Porous structure was
affected by the concentration of HA. 1% (w/v) HA contained matrices fabricated at
20 kV showed minimum sized pores.

FT-IR analysis was applied to characterize the deformation or degradation of
collagenous structure by the variously applied voltage during electro spinning
process. There were difference in intensity, but there was no shift of each collagen
peaks. It showed that there was no structural difference by the voltage. 20 kV was

Fig. 13 Morphologies of stem cells attached onto STO feeder layer 5 days after seeding. a STO,
b hESC, c hiPS, d hBM-MSC (light microscope, �100)
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ideal voltage to fabricate the matrix based on the results of FT-IR and FE-SEM.
Because there was no difference in FT-IR peaks. At 20 kV, collected large amount of
nano-fibers were observed by FE-SEM. According to the overall results, 15% (w/v)
collagen and 20 kV was optimal to fabricate the collagen-HA nano-fibrous matrices.

In previous works, collagen-HA matrices were fabricated using 50 mM EDC solu-
tions for 24 h [11, 12, 27]. But structural differences and concentration of collagen and
HA could affect the EDC crosslinking time. Therefore, EDC crosslinking time was
varied for 6, 12, 18, and 24 h without changing EDC concentration, and compared the
FT-IR with FE-SEM results as time course. After EDC crosslinking, each matrix was
washed by using ultrasonicator. Washing order was 20X PBS, 10X PBS, 5X PBS and
DW to remove the salts derivate from the electro spinning solvents. Alteration of amide
bond, ester bond, and carboxylate salt peak were investigated by FT-IR. Each peak
appeared after crosslinking for 12 h. Particularly, these peaks’ intensity or appearance
was diminished in 1% (w/v) HA added matrices. Therefore, 12 h was set as the proper

Fig. 14 Morphologies of stem cells seeded upon 15% (w/v) collagen-0, 0.25, 0.5, 0.75, 1% (w/v)
HA matrices after 4 days (light microscope, �200)
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time of EDC crosslinking. The morphological change was observed by FE-SEM, and
nano-fibers were adhered each other. This was the same results of Dong et al. [28] in
which 0.2 M EDC/N-hydroxysuccinimide(NHS) was used. Although EDC crosslinking
was conducted for 24 h, there was no signs of adhesion of nano-fibers in 0.5% (w/v) HA
contained matrices. These results could be interpreted as that crosslinking would be
occurred by the adhesion between the adjacent nano-fibers. But it could reduce the pore
sizes and also trigger a negative effect of the migration of materials through the pores.

Before seeding the cells on collagen-HA nanofibrous matrices, sterilization was
done using 100 and 70% ethanol for 30 min respectively. After each step, ethanol
was fully dried under clean bench, washed with 1X PBS and medium, and
immersed in medium before use.

To find out the characteristics of cells after the short-term culture, hBM-MSCS
were cultured for 4 days. Control was cultured on culture flasks to compare the cell
attachment efficiency. Cell density was set as 5 � 103 cells/cm2. 6 h after cell
seeding, hBM-MSCs were grown in the seeding spot with radially spreading by the

Fig. 15 Morphologies of stem cells seeded upon 15% (w/v) collagen-0, 0.25, 0.5, 0.75, 1% (w/v)
HA matrices after 10 days (light microscope, �200)
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permeation of medium in matrices in control groups. After observing the mor-
phology, medium was added to the each matrix to fill it completely. Each matrix
was transferred to new flask to calculate the efficiency of cell attachment 24 h after
seeding. At the same time, cell seeded matrices were washed with 1X PBS to
remove the dead or unattached cells. And the previous flasks were trypsinized to
detach the cells from the surface of flasks, and the cells were calculated by
hemocytometer. Cell attachment was highest at 0% (w/v) HA added matrices, and it
decreased as increasing HA contents but increased again in 1% (w/v) HA contained
matrix. Cellular distribution and morphological images were observed by a light
microscope. And CCK8 analysis was also performed to verify the cell viability as
time courses. After removing medium, matrices were washed with PBS and added
new medium. CCK8 solution was added into each matrix, incubated for 2 h in CO2

incubator, and measured the optical density at 450 nm.
The cell viability of 0.75% (w/v) HA containing matrices demonstrated lower

than the control, and that is assumed to be affected by the initial cell attachment

Fig. 16 Morphologies of stem cells seeded upon 15% (w/v) collagen-0, 0.25, 0.5, 0.75, 1% (w/v)
HA matrices after 16 days (light microscope, �200)
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efficacy. Meanwhile, cell viability of 1% (w/v) HA containing matrices revealed
relatively low value whereas cell attachment was maintained. It would be the results
of the higher HA content in the matrices, which could negatively affect cell pro-
liferation at early stage that requires adaptation period to the high HA content. But
in the short- term experiments, cell passage was 5 and cultured for only 4 days, and
it would be difficult to define the influence of matrices on cells. Therefore, to assure
the effect of matrices, experiments were conducted in long-term period, and
behaviors of hBM-MSC, hESC and hiPSC on matrices were observed.

Long-term culture of hBM-MSCs was conducted same as short-term culture. In
case of hESC and hiPSC, colonies are easily destroyed and damaged by ethanol or
PBS. To completely remove ethanol, matrices were immersed in DMEM-hg
medium for overnight. After washing with DMEM/F12, cells were seeded at the
middle of the matrices which have been fully immersed in DMEM/F12. Since
colony formation of hiPSC and hESC took more than 4 days on STO feeder layer,

Fig. 17 Morphologies of stem cells seeded upon 15% (w/v) collagen-0, 0.25, 0.5, 0.75, 1% (w/v)
HA matrices after 22 days (light microscope, �200)
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cells were checked under microscope 4 days after seeding. And to improve the
colony formation, 4 ng/ml bFGF was added 48 h after seeding the cells on
matrices. Culture media of hiPSC and hESC were changed every 5 days.
Suspended cells were centrifuged and reseeded on each matrix during changing
medium. To reduce the adaptation time, same volume of new and used medium was
mixed. In the pilot study, hiPSC and hESC easily escaped from the matrices
because the size of these cells was smaller than hBM-MSCs. To solve this problem,
matrices were covered with sterilized cover glasses. Matrices were flipped every
6 days to find out the migration between cover glasses and matrices. Characteristics
of every cell types were verified in period of 4, 10, 16, 22, and 28 days. bFGF was
added into the hESC and hiPSC medium in contrary to the hBM-MSCs medium. In
case of these cells, cell viability was measured whether the growth factor was added
or not. Cells were seeded directly after thawing the cells from LN2. This method
was used to maintain the cell condition without adapting the cells on flasks for

Fig. 18 Morphologies of stem cells seeded upon 15% (w/v) collagen-0, 0.25, 0.5, 0.75, 1% (w/v)
HA matrices after 28 days (light microscope, �200)
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further in vivo tests. The control group of hBM-MSCs were cultured on culture
flask. Since hiPSC and hESC needed the feeder layer, feeder cells could affect the
results of cell viability.

Colonies of hiPSC and hESC were grown under space between the matrix and
glass cover by penetrating matrix, and over grown or differentiated cells were
loosened and detached from the colony. Differentiated cells were flatly covered the
surface and grew. Meanwhile, hBM-MSCs were grown within the matrices, and the
over grown cells spread out from the matrix as increase in population as time
courses.

In CCK8 analysis, cell viability of hBM-MSCs within 0.75% (w/v) HA con-
taining matrices showed lowest values, likewise the short-term results. But values
were increased as time courses. Therefore 0.75% (w/v) HA including matrices were
proper for long-term culture, while the results of 1% (w/v) HA included matrix had
the average values in comparison with the other matrices. This would be resulted
from the difference of passage. FE-SEM results revealed there was no
nano-structural deformation as time courses. But the 3D structures constructed by
the concentration of matrices could affect the proliferation, and cell viability were
different according to the matrices.

Microscopic images of hiPSC demonstrated maintenance of colony morphology
in 0, 1% (w/v) HA containing matrices, while differentiation and spreading over the
matrix was observed in 0.25, 0.75% (w/v) HA specimens. Particularly, large sized
colony could found 10 days after seeding in 0.5% (w/v) HA contained matrices.
And cells were grown coming out from the colony and spread as time courses. But
these aspects did not appeared in the other matrices. Further confirmation is

Fig. 19 Cell viability of hBM-MSC seeded onto 15% (w/v) collagen and 0, 0.25, 0.5, 0.75. 1%
(w/v) HA matrices for 0, 4, 10, 16, 22 and 28 days by CCK8 analysis
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necessary to define whether it was affected by the initial size of colony, cell number
or concentration of HA, and ihPSC viability in collagen matrix was not affected by
additional growth factor

According to the CCK8 results, 0.25 and 0.5% (w/v) HA containing matrices
were proper for long- term culture, as they revealed the highest value at 28 day.
Whereas other types of matrix could be proper for short-term culture since the
maximum value appeared at early and middle stage of culture. In case of hESC,
colony spreads and differentiates in 0, 0.25, 0.5, and 0.75% (w/v) HA containing
matrices, since oval shaped colonies were observed 4 days after seeding. In most
matrices, spreading and differentiating oval shaped colony appeared earlier than
hiPSC. CCK8 values on 10th day and 28th day increased as time courses disre-
garding additional growth factor was or not. In comparison of the results of day 10
with day 28, cells attached on the surface of cover glasses without directly attaching
on matrices. This assumed to be resulted from the pressure of matrices weight.
A loose or pressured biomechanical environment provided by matrix fibers
assumed to influence cell viability. In consideration of 1.6 times larger amount of
hiPSCs and hESCs than the general cell numbers are necessary to produce colony

Fig. 20 Cell viability of hiPSC seeded onto 15% (w/v) collagen and 0, 0.25, 0.5, 0.75. 1% (w/v)
HA matrices for 0, 4, 10, 16, 22 and 28 days in growth factor added culture media (+bFGF) and
growth factor free media (−bFGF) by CCK8 analysis
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for STO cell line feeder layers, respectively, the CCK8 analysis resulted no sig-
nificant cell proliferation in relation with viability. And the sizes of colonies and the
numbers of hiPSC and hESC were difficult to quantify, and it was necessary to
increase the initial cell numbers on matrix to subdue the effect of collagen-HA
matrices which govern cell adaptable attachment. It is recommended to use cells
dissociated from the cells cultured in matrix. Therefore, methods to uniformly
distribute cells in matrix should be established.

However, electro spun 15% (w/v) collagen containing 0.5% (w/v) HA porous
nano-fibrous matrices provided favorable environment for cell hBM-MSC, hiPSC
and hESC attachment and proliferation with maintaining cell viability. But proper
cell amount, proliferation rate, differentiation and viability shall be established for
each stem cell type.

Fig. 21 Cell viability of hESC seeded onto 15% (w/v) collagen and 0, 0.25, 0.5, 0.75. 1% (w/v)
HA matrices for 4, and 16 days in growth factor added culture media (+bFGF) and growth factor
free media (−bFGF) by CCK8 analysis
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