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Abstract: Tissue engineering approach for cartilage regeneration has clinically been conducted using
chondrocytes with collagen gel scaffold. However, such engineered cartilage tissue cannot be implanted into
the load-bearing part of joint surface because of poor mechanical properties that are much lower than those
of natural cartilage tissue. The aim of this research project is, therefore, to develop a novel engineered
cartilage tissue that has mechanical properties comparable with natural articular tissue. As a new novel
scaffold for cartilage regeneration, collagen gel/sponge composite scaffold was developed by placing
sponge structure in gel phase. It was found that the composite scaffold has much better compressive
mechanical properties than pure collagen gel. Human mesenchymal stem cells (hMSCs) were also cultured
with a standard cell growth medium, and nicely proliferated in the scaffold. Next, combined culture
condition such as the condition: chondrogenic differentiation and growth mediums, were examined. It was
found that conditions can effectively activate the proliferation and differentiation of MSCs, resulting in
increase of compressive property. As the next step, Improvement of the structure of the composite scaffold
were examined. Many chondrocyte-like spherical cells and many collagen fibrils were observed on the
surface of the samples.
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1. Introduction

When the cartilage is damaged by osteoarthritis or acetabular dysplasia, the joint function is usually lost
with severe pain. Damaged cartilage cannot be recovered due to luck of circulation system. Until now,
artificial joint replacement is the only effective treatment for the last stage of osteoarthritis [1]. However,
recently, clinical applications of tissue engineered cartilage regeneration have been studied for the damaged
cartilage. Some approaches for the defect site regeneration have been conducted by transplanting
engineered cartilages to the damaged portion [2], [3]. For example, Adachi et al. investigated clinical
application using a tissue-engineered cartilage-like tissue that was prepared by culturing autologous
chondrocytes in atelocollagen gel for a certain period [2]. Also, Liao et al. examined a tissue-engineered
cartilage that was produced by culturing chondrocytes in porous scaffold [3].

The autologous chondrocytes have been used basically as the cell source for the production of
tissue-engineered cartilage. It provides excellent biocompatibility without inducing host immune response.
However, it causes a new damage by collecting cartilage tissue from healthy point of the patient. Therefore,
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mesenchymal stem cells (hMSCs) and iPS cells are expected as a new source of cells [4]. HMSCs harvested
from patient do not induce host immune responses. It also has advantage such as multilineage potential and
can be abundantly available collected from bone marrow and lipid of patient [5], [6]. However, at the
present stage, the difficulty of the differentiation potential control of stem cells that have the properties to
differentiate into a variety of cells such as osteoblasts and chondrocytes, and long-term cell culture and
tissue construct in vitro have become problems. As an example of application to cartilage regeneration,
research of the development of tissue engineered cartilage using MSC and a hydrogel [7], and research of
differentiation of iPS cells into chondrocytes [8] have been carried out.

Selection of the scaffold is also important in the development of tissue engineered cartilage. Until now,
atelocollagen gel [2], [9] or a porous scaffold [10] have mainly been used. However, sufficient mechanical
properties cannot be obtained in the gel alone, on the other hand, there is concern over the
dedifferentiation due to the fact that the chondrocytes adhere to the scaffold surface of the porous scaffold
[11]. Also, in the previous research, cell affinity in vitro of the scaffold, or the cartilage tissue forming ability
of the in vivo by animal experiments have mainly been focused, and researches conducted from the
mechanical point of view are very limited. In particular, a few studies that investigated in detail the effects
of cell proliferation and differentiation and extracellular matrix formation (ECM) on the mechanical
properties of scaffolds in vitro have been performed [12]-[14]. For example, Yodmuang et al. examined the
equilibrium modulus of the tissue-engineered cartilage made with silk fiber-hydrogel composites and
chondrocytes [14].

In previous research, we have prepared a new collagen gel/sponge composite scaffold (Fig. 1 (c)) that
was a composite structure of type I collagen gel (Fig. 1 (a)) and type II collagen sponge (Fig. 1 (b)) for
cartilage regeneration. HMSCs used as the cell source were cultured using the composite scaffold up to 28
days under newly developed combination culture condition. It was found that such condition can effectively
activate the proliferation and differentiation of hMSCs, resulting in increase of compressive property.
However, many fibroblast-like flat cells were observed on the surface of the samples after 28 days
combination culture.

In the present study, an innovative composite scaffold was proposed to improve the chondrogenic
differentiation of hMSCs. Compressive mechanical properties, cell viability and chondrogenic marker were
measured. The micro-structures of the scaffold with cells were also observed using a scanning electron
microscope. Effects of the structural improvement were then discussed on the basis of the experimental
results.

(a) Gel (b) Sponge (c) Gel/sponge
Fig. 1. Over view of three different types of collagen based scaffolds.

2. Materials and Methods
2.1. Scaffold Preparation
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Collagen sponges were fabricated by the freeze-drying method using chicken cartilage collagen solution
(type II collagen, Nippon Meat Packers Inc.) [15]. Firstly, a silicon rubber mold was placed on a glass plate
and they were wrapped in plastic wrap and pre-frozen at —80°C for 1 hour. Then, the collagen solution was
filled into the silicon rubber mold and frozen in the freezer again for 1 hour. After trimming the surface, it
was lyophilized in an atmosphere of -50°C under a vacuum for 24 hours using a freeze-dryer
(EYELAFDU-1200,Tokyo Rikakikai Co.) to allow the formation of collagen sponges. The samples after
lyophilization were further cross linked by treatment with glutaraldehyde vapor saturated with 25%
glutaraldehyde aqueous solution (Wako Pure Chemical Industries.) at 37°C for 4 h. After being cross-linked,
the samples were treated with 0.1M of glycine aqueous solution to block unreacted aldehyde groups, and
washed with deionized water and lyophilized. The diameter and thickness of the collagen sponge were
about 6.5 mm and 5.0 mm, respectively.

2.2. Cell Experiment

Gel/sponge composite scaffolds with hMSCs were produced by immersing the collagen sponge into
collagen gel solution containing hMSC cells and solidifying for 1 hour in an incubator (37°C, 5 %C0z). Next,
the new composite scaffold covered by a gel layer was produced by immersing the gel/sponge composite
scaffold into the collagen gel solution and solidifying for 1 hour in an incubator. The diameter and thickness
of the composite scaffold with gel layer were about 7.0 mm and 5.5 mm, respectively. The type I collagen gel
solution was produced by mixing Cell matrix Type I-A (Nitta Gelatin Inc.), 10 X concentrated MEM-a (Nitta
Gelatin Inc.), and buffer solution (Nitta Gelatin Inc.). The mixing ratio was selected as 8:1:1. 1.0 x 105 hMSCs
(Human bone marrow-derived mesenchymal stem cells, hTERT, HPV E6, expressing the E7, immortalized
cell strain, cell name : UE6E7T-3, distribution source : RIKEN Bio Resource Center) were seeded per one
scaffold.

Then, the composite scaffolds with gel layer containing hMSC were transferred into 24-well plates, and
the cells were cultured under the combination culture condition. Firstly, 14 days culture was conducted
using the cartilage differentiation medium (RPMI1640, FBS, ascorbic acid, amino acids, and antibiotics,
COSMO BIO co., 1td)., and next 14 days culture was performed using the chondrocyte growth medium
(RPMI1640, FBS, and antibiotics, COSMO BIO co., Itd). One sample with 1ml medium were placed in one
well. The medium was exchanged twice a week.

2.3. Biological Characterization

The cell number and chondrogenic differentiation markers were measured on a regular basis. The Cell
Counting Kit (Dojindo Molecular Technologies, Inc.) was used in order to measure the cell number. Firstly,
samples were washed with phosphate buffered saline (PBS) to remove the media, transferred to a tube,
immersed in the reaction solution of PBS 500 ml and the reagent 50 ml, and reacted for 2 h in the incubator
(37°C, 5 %C02). Then, 550 ml reaction solution was divided into 110ml in 96 well plates, and the light
absorptions of the reaction solutions were measured by the plate reader (2030 ARVO™ X2, Perkin Elmer Co.)
at a wavelength of 450 nm. The cell number was then estimated from the resulting absorbance and the
calibration curve of hMSC.

The gene expression of chondrogenesis was analyzed using the real-time polymerase chain reaction (PCR)
reactions [16], [17]. Firstly, the samples after culture were washed with PBS and then frozen in liquid
nitrogen (-196°C). Each of the frozen samples was then crushed into powder in a mortar by a muddler
while maintaining the frozen state by adding liquid nitrogen appropriately. The RNA was isolated from the
powder from each samples using NucleoSpin®RNA II (MACHEREY-NAGEL GmbH & Co.). The cDNA was
synthesized by the reverse transcription polymerase chain reaction (RT-PCR) from the each RNAs applied
the reagent (PrimeScript® RT Master Mix Perfect Real Time, Takara Bio Inc.). After addition of the reagent
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(SYBR® Premix Ex Taq™ II (Tli RNaseH Plus)) to synthesized cDNA, RT-PCR amplification was performed
using the RT-PCR system (the thermal cycler Dice Real Time System TP960, Takara Bio Inc.). B-Actin was
used as the housekeeping control and results were quantified for collagen type II and aggrecan using the

AACt relative quantification method [18], [19]. The primer pairs used in this study are listed in Table 1.

Table 1. Sequences of Primers Used for Real-Time PCR Analysis

Genes Sequences

[-actin 5’-TGGCACCCAGCACAATGAA-3’
5’-CTAAGTCATAGTCCGCCTAGAAGCA-3’

Collagen type Il 5’-GACTGGCGACACTTGCGTCTA-3’
5’-GGAGCCAGATTGTCATCTCCATA-3’

Aggrecan 5’-CTGAACGACAGGACCATCGAA-3’
5’-CGTGCCAGATCATCACCACA-3’

2.4. Mechanical Characterization

Compression tests were conducted periodically by using a conventional testing machine (EZ-Test,
SHIMADZU Co.) at a loading rate of 1 mm/min and room temperature after the cell cultures for 1, 7, 14, 21,
and 28 days. The samples were under wet state by washing with PBS. Initial height and initial
cross-sectional area of the samples were measured before compression test, and load-displacement
relations were recorded during the compression test. The initial compressive modulus (E) were then
evaluated using the following formula:

o PL
— = ()
& AAL

where o is the stress, ¢ the strain, P the load under the compression test. L is the height of the samples, and
AL the displacement to the compression direction after loading at each time point.

2.5. Microstructural Characterization

The samples after culture were washed with PBS to remove the media, dehydrated with ethanol,
immersed in t-butyl alcohol solution, and finally freeze-dried by a freeze-drying machine (ES-2030, Hitachi,
Ltd.). Then, the freeze-dried scaffolds were mounted on aluminum stages by a carbon tape with the dotite
and sputter-coated with Pt-Pd using an anion sputter coater (E-1030, Hitachi, Ltd.). Finally, the surfaces of
samples were observed using a FE-SEM (S-4100, Hitachi, Ltd.) in order to characterize the proliferation
behavior including the formation of ECM by hMSCs in the scaffolds.

3. Results

Variations of cell viability during each of control (no gel layer) and with gel layered are shown in Fig. 2. In
both the two kinds of composite scaffolds, the cell number did not increase during the first half period of 14
days where the chondrogenic differentiation culture was performed. At 14 days of culture, the cell number
of the control was about 1.8x105cells/scaffold, while that of gel layered scaffold was about
1.4x105cells/scaffold. The cell number significantly increased during the second half period where the
chondrocyte growth culture was performed. At 28 days of culture, the cell number of the control was about
16.5x105cells/scaffold, while that of the gel layered was about 14.0x105cells/scaffold. In this way, the gel
layering tended to decrease the cell proliferation and this is thought to be due to rapid increase of fibroblast
cells in the control.

The variations of the compressive modulus during culture are shown in Fig. 3. In both the composite
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scaffolds, the compression modulus did not change largely during the first half period with the
chondrogenic differentiation culture. However, the modulus rapidly increased at 28 days of culture during
the second half period with the chondrocyte growth culture. At 28 days of culture, the compression
modulus of the control was about 6.0 kPa, and that of the gel layered was about 4.8 kPa. Thus, the gel
layering tended to decrease the modulus due to the lower modulus of the gel layer and less proliferation
behavior.

Variations of gene expression of type II collagen which is one of the typical proteins in cartilage tissue are
shown in Fig. 4. In both the composite scaffold, type II collagen increased during the first half period with
the chondrogenic differentiation culture, and kept almost constant during the second half period with the
chondrocyte growth culture. The gel layering tended to increase the gene generation of type Il collagen
during culture. Variations of gene expression of aggrecan that is also one of the typical proteins in cartilage
are shown in Fig. 5. In both cases, aggrecan significantly increased during the first half period. It also
increased during the second half period with the chondrocyte growth culture. Thus, the gel layering tended
to improve the gene formation of aggrecan during whole the 28 days of culture.

FE-SEM micrographs of surface of the control after 28 days culture are shown in Fig. 6. Many
fibroblast-like flat cells were observed on the surface of the samples. FE-SEM micrographs of surface of the
gel layered scaffold after 28 days culture are shown in Fig. 7. Many chondrocyte-like spherical cells and
cotton-like fibrous type II collagen were observed on the surface of the samples. In comparison, more
chondrocytes were observed in the gel layered scaffold than the control.
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Fig. 2. Growth behavior of cells during culture. Fig. 3. Compressive modulus.
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Fig. 4. Variation of type II collagen. Fig. 5. Variation of aggrecan.

4. Discussion
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In the combination culture, cell number did not change largely during the chondrogenic differentiation
culture and increased during the cell growth culture as shown in Fig. 4. The cell number increased up to
about 14 times in the gel layered scaffold and about 17 times in the control (the scaffold without gel layer)
for 28 days culture. This suggests that the cell growth was suppressed by chondrogenic differentiation of
hMSCs, and therefore the gel layer is effective for cartilage-like tissue formation.

In the combination culture, compressive modulus slightly decreased in the chondrogenic differentiation
culture of the first half period, however it significantly increased in the chondrocyte growth culture of the
second half period as shown in Fig. 3. It is thought that the structural stability was improved by hMSC
proliferation and differentiation into chondrocytes, promotion of extracellular matrix formation and
increase of formation amount, resulting in the recovery of the compressive modulus as shown in the
FE-SEM micrograph of Figs. 6 and 7. The compression modulus at 28 days culture increased up to about 1.5
times in the gel layered scaffold and about 1.8 times in the control. The compression modulus of the gel
layered at 28 days of culture was lower than that of the control, suggesting that the improvement of
modulus of the gel layered was suppressed due to the suppression of cell growth by chondrogenic
differentiation of hMSCs.

In both the scaffold, type Il collagen did not increase in the cell proliferation culture, however it tended to
increase with days in the chondrogenic differentiation culture as shown in Fig. 4. Increasing chondrogenic
marker implies that hMSCs were differentiated into chondrocytes. The expression value of type II collagen
of the gel layered scaffold was higher than that of the control during 28 days culture. It is thought that the
gel layer is very effective for producing type II collagen. Also, gene expression of aggrecan by the gel layered
was higher than that of the control as shown in Fig. 5, suggesting that the gel layering effectively activates
cartilage-like tissue formation.

Many chondrocyte-like spherical cells were observed in the gel layered scaffold more than the control
without gel layer as shown in Figs. 6 and 7. It implies that the gel layered scaffold activates chondrogenic
differentiation of hMSCs, corresponding the because it corresponds to the chronological change of gene
expression of type II collagen and aggrecan. This results clearly exhibited that the gel layer is very effective
for differentiation of hMSCs into chondrocytes by introducing a suitable environment of three-dimensional
floating positions for the cells.

Fig. 7. FE-SEM micrographs of cells after 28 days (gel layered).
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5. Conclusions

In the present study, an innovative composite scaffold was developed for cartilage tissue engineering. The
collagen sponge/gel composite scaffolds with hMSCs were wrapped by additional collagen gel layer. Culture
experiments using the new scaffolds and the old ones (no gel layer) were performed and compared in order
to characterize the effectiveness of the gel layering. The experimental results clearly exhibited that the
introduction of gel layering is very effective for improvement of chondrogenic differentiation of hMSCs
because the gel layering expressed large amount of gene expression of type II collagen and aggrecan which
are typical chondrogenic markers, and furthermore many chondrocyte-like spherical cells with cotton-like
type 1I collagen fibrils were found to be generated from FE-SEM observation. In the future study, we are
planning to try to develop a tissue-engineered cartilage that has more similar structure with biological
natural cartilage by examining the cell culture condition and the structure of the scaffold.
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