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Fig. 9. The immunohistochemical localization of the macrophages in the constructs using the scaffold consisting of various polymers. A—E: The immunohistochemical localization
of the macrophages by F4/80. There were polymer remnants (poly}) in PLLA (A), PLA/CL (D) and PDLA (E), in which the localization of the macrophages accumulated around
the remnants, but not in the regenerative cartilage (CA). Espedially, multinucleated cells (arrows) were noted around the remnants. B: PLGA (L), C: PLGA (H). Bar = 100 ym. F: The
number of macrophages in all constructs of each scaffold. All values are presented as mean plus standard deviation of 3 samples per group. Statistics were assessed using the

Dunnett significance test (**P < 0.01 vs PLLA).
5. Conclusions

The structure optimal for the porous scaffold in combination
with the atelocollagen was regarded to be that with the porosity of
95% and pore size of 0.3 mm made by the sugar leaching method,
which effectively kept the chondrocytesfatelocollagen mixture in
the scaffolds and indicated a fair cartilage regeneration. Regarding
the comparison among PLLA, PDLA, PLA/CL and PLGA, PLGA and
PLLA were superior to the others, when the tissue-engineered
cartilage using each polymer was transplanted in nude mice.
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Although either of polymers has been currently recommended for
the scaffold of cartilage, the polymer for which biodegradation is
exactly synchronized to the cartilage regeneration would improve
the quality of the tissue-engineered cartilage.
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Abstract: For improving the quality of tissue-engineered
cartilage, we examined the in vivo usefulness of porous
bodies as scaffolds combined with an atelocollagen hydro-
gel, and investigated the suitable conditions for atelocolla-
gen and seeding cells within the engineered tissues. We
made tissue-engineered constructs using a collagen sponge
(CS) or porous poly(i-lactide) (PLLA) with human chon-
drocytes and 1% hydrogel, the concentration of which
maximized the accumulation of cartilage matrices. The CS
was soft with a Young’s modulus of less than 1 MPa,
whereas the porous PLLA was very rigid with a Young's
modulus of 10 MPa. Although the constructs with the CS
shrank to 50% in size after a 2-month subcutaneous trans-
plantation in nude mice, the PLLA constructs maintained
their original sizes. Both of the porous scaffolds contained

some cartilage regeneration in the presence of the chondro-
cytes and hydrogel, but the PLLA counterpart significantly
accumulated abundant matrices in vivo. Regarding the con-
ditions of the chondrocytes, the cartilage regeneration was
improved in inverse proportion to the passage numbers
among passages 3-8, and was linear with the cell densities
(10° to 10° cells/mL). Thus, the rigid porous scaffold can
maintain the size of the tissue-engineered cartilage and re-
alize fair cartilage regeneration in vivo when combined
with 1% atelocollagen and some conditioned chondrocytes.
© 2009 Wiley Periodicals, Inc. | Biomed Mater Res 93A:
123-132, 2010

Key words: chondrocyte; scaffold; atelocollagen; poly(t-lac-
tide); tissue engineering

INTRODUCTION

Cartilage possesses abundant extracellular matri-
ces specifically consisting of type II collagen (COL2)
and progeoglycan, and functions to accomplish
smooth joint motion or to support body shape. Once
the cartilage is injured by trauma, age-related dis-
eases, inflammatory diseases, congenital anomalies,
or other disease, people become severely limited due
to pain, reduction of joint motion, and deterioration
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of morphological integrity. Because cartilage has
poor regenerative capacity by itself, its regeneration
using a tissue engineering technique significantly
benefits the treatment of these various cartilage dis-
orders. As a clinical protocol of cartilage tissue engi-
neering, autologous chondrocyte implantation (ACI)
has been practically applied for the purpose of treat-
ing focal joint defects' or the augmentation of nasal
cartilage.” This cell-based therapy involves several
procedures, that is, the harvesting of a small carti-
lage biopsy, the isolation and proliferation of chon-
drocytes in vitro, and the subsequent transplantation
of proliferated autologous chondrocytes into the
lesions. The ACI material principally belongs to a
cell suspension or occasionally a cell mixture with
hydrogels which are produced by the cells during
the culture. Since 1987, the number of patients that
have been treated by the ACI method has reached
more than 12,000 internationally.’ However, the
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clinical indication of the present ACI is confined to
the focal cartilage defects in joints or noses mainly
due to athletic trauma or a cosmetic complaint. To
broaden the indication range of cartilage tissue engi-
neering to larger or more complicated cartilage
defects, for example, the end stage of osteoarthritis
or a congenital anomaly of the craniofacial region,
we should make an implant-type tissue-engineered
cartilage with greater firmness and a 3D structure
that corresponds to the properties of the defective
cartilage.

For the purpose of increasing the mechanical
properties of tissue-engineered cartilage, we should
improve the scaffold adequately for the regenerative
cartilage constructs. In our basic concept, we think
that the chondrocytes should be sufficiently prolifer-
ated in the monolayer culture before the in vivo
transplantation, after which those cells are harvested
from the monolayer culture plates, administered into
the scaffold at the high cell density, and are trans-
planted into the body within the scaffold. We chose
the 2D system in cell proliferation, because the cell
number can be precisely counted in the monolayer
culture and the cell density in the tissue-engineered
cartilage constructs will be well controlled. There-
after, the sufficient numbers of cells contained within
the scaffold under the 3D condition would begin to
make abundant cartilage matrices in the body,
finally resulting in the regenerative cartilage con-
structs. Therefore, the material design of the scaffold
should effectively retain the chondrocytes without
cell outflow, favorably provide the biological 3D
environment for the chondrocytes, and maintain the
gross 3D shape and mechanical strength of the
whole construct. To date, two types of scaffolds
have been used for cartilage tissue engineering. The
first is a hydrogel, whereas the second is a porous
body. Although the latter can provide load-bearing
capacity and mechanical strength, such scaffolds are
often associated with a relatively low cell-seeding ef-
ficiency, inadequate cell distribution, and an increase
in chondrocyte dedifferentiation. In contrast, it is
well known that encapsulation within hydrogel
materials, such as agarose,* atelocollagen,” and type
II collagen,® improves the biological environment for
cultured chondrocytes, and stimulates their matrix
synthesis. We previously examined the matrix syn-
thesis of human chondrocytes which were 3D-cul-
tured within various hydrogel scaffolds” We
focused on the atelopeptides of collagen (atelocol-
lagen), alginate, and synthetic peptides PuraMa-
trix™, as typical hydrogels that are or will soon be
clinically available. The accumulation of cartilagi-
nous matrices was remarkable in the chondrocytes
within the atelocollagen hydrogel. The chondrocytes
embedded in the atelocollagen showed a high
expression of the Bl integrin, seemingly promoting
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cell-matrix signaling, while the N-cadherin expres-
sion was inhibited, implying a decrease in cell-to-cell
contacts and the maintenance of chondrocyte solitari-
ness in the atelocollagen. Considering the biological
effects and clinical availability, atelocollagen may be
accessible for clinical use. Actually, as a modified
protocol of ACI, autologous chondrocytes were cul-
tured within atelocollagen, while a gel material con-
sisting of a mixture of atelocollagen and chondro-
cytes was placed into a focal joint defect.® It could
reduce the possible risk of chondrocytes leaking
from the site of the graft after load-bearing resump-
tion, which was occasionally observed when chon-
drocytes were transplanted in a cell suspension.®

However, the mechanical properties of the atelo-
collagen hydrogel, even if the matrix production of
chondrocytes is biologically enhanced within the
hydrogel, are not sufficiently strong in vitro. Based
on our previous data, even when the accumulation
of cartilaginous matrices in tissue-engineered carti-
lage pellets generated by human chondrocytes and
atelocollagen was strongly enhanced by stimulation
from bone morphogenetic protein (BMP)-2, insulin,
and the thyroid hormone, the mechanical properties
of the cartilage pellets were much weaker than those
of native human cartilage.’

In previous studies, the development of composite
scaffolds have been attempted to improve the poor
mechanical properties of typical biological scaffolds,
collagen. The collagen scaffolds had been reinforced
by the incorporation of poly(glycolide) (PGA) fiber,
which was used by itself or in hybridization with
other biomaterials for the culture of MSCs.'**? Some
other researchers have overcome the mechanical
weakness of the hydrogel by combining it with a
biodegradable porous scaffold. It was also reported
that a collagen gel was used in combination with a
nonwoven mesh made of poly(i-lactide ) (PLLA),® a
mesh of PGA,** and a nonwoven fabric of PGA
coated with PLLA."® In these studies, cell retainment
within the constructs using the collagen gel with
these porous bodies and their fair cartilage regenera-
tion under in vitro conditions were confirmed, but
their in vivo effects have not yet been reported.

With a focus on clinical applications, we examined
the in vivo cartilage regeneration of the constructs
using some porous bodies in combination with
human chondrocytes and atelocollagen. In this
study, we selected the collagen sponge and porous
PLLA for the porous bodies, both of which are com-
ponents or materials of clinically available medical
products. The collagen sponge is included in the ar-
tificial dermis Pelnac® (Gunze, Kyoto, Japan) used
to maintain wound moisture, retain growth factors,
or enhance cell attachment. PLLA is widely used as
raw material for absorbable bone screws and plates.
We also investigated the suitable conditions for ate-
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locollagen and the seeding cells, such as their den-
sities or doubling populations for making higher-
quality tissue-engineered cartilage, when they are
used in combination with the porous scaffolds. The
objectives of this study are to elucidate the useful-
ness of porous bodies as the scaffolds for the carti-
lage tissue engineering when they are used in vivo in
combination with atelocollagen, and to determine
the specificities of atelocollagen and human chondro-
cytes for improving the quality of tissue engineered
cartilage.

MATERIALS AND METHODS

Chondrocyte preparation

All procedures for the present experiments were
approved by the ethics committee of the University of To-
kyo Hospital (#622). Auricular cartilage remnants were
obtained from five microtia patients (age range of 10-15
years) who underwent operations at the University of To-
kyo Hospital, after receiving permission from the institu-
tional ethics committee and the informed consent of the
patients. The chondrocytes were isolated by digestion of
the cartilage remnants with 0.15% collagenase (Wako Pure
Chemical Industries, Osaka, Japan). The isolated chondro-
cytes were cultivated as previously reported.'® Briefly, the
isolated chondrocytes were seeded in a 100-mm plastic tis-
sue culture dish at a density of 2500 cells/cm” and cul~
tured in a medium containing Dulbecco’s Modified Eagle’s
Medium (DMEM)/Ham’s F-12 (Sigma Chemical, St. Louis,
MO), 5% human serum (Sigma Chemical), 100 ng/ mL of
FGF-2 (kindly provided by Kaken Pharmaceutical, Tokyo,
Japan), and 5 pg/mL of insulin (Roche Diagnostics GmbH,
Mannheim, Germany), then incubated at 37°C/5% CO,.
The medium was changed three times per week. Passages
were performed by treatment with a trypsin-EDTA solu-
tion (Sigma Chemical) when the cells were approaching
confluence on day 7 of the culture.

Preparation of porous scaffolds

The collagen sponge was purchased from Gunze as Pel-
nac®, a part of which was used for the experiment (Fig. 1).
The porous PLLA was prepared from raw material (MW:
300,000, Polysciences, Warrington, PA) by the sugar-leach-
ing method described in a previous paper (Fig. 1)."” The
mechanical properties of the scaffolds were measured
using a Venustron tactile sensor (Axiom, Fukushima, Ja-
pan). With computer control, the motor-driven sensor unit
automatically presses the objects down up to 0.5 mm in
depth from the surface, and provides compression strength
and a decrease in the resonant frequency. Young's modu-
lus was calculated by the compression strength and the
frequency decrease using Venus 42 (Axiom) software,
based on a previous report.'® The retainment of the
DMEM/F-12 or atelocollagen solution was measured as

PLLA

Collagen sponge

100 pm

1 mm

Pore sizes
(approximately)

Figure 1. The morphology and the specificities of the po-
rous scaffolds used in this study. Top, gross appearance
(1 em X 1 cm); bottom, scanning microscopic images. Bar
= 200 pm. [Color figure can be viewed in the online issue,
which is available at www.interscience.wiley.com.]

the (wet weight — dry weight)/volume of the porous
body.

Tissue-engineered cartilage

For tissue-engineered cartilage pellets, cutlured chondro-
cytes (passage 4) were suspended in an atelocollagen solu-
tion (Koken, Tokyo, Japan) at a density of 107 cells/mL.
Twenty microliters of the cell/atelocollagen suspension
(total 2 X 10° cells) were placed in the bottom of a 15-mL
conical tube to form a gel after a 1-h incubation at 37°C.
The atelocollagen pellets were cultured in a DMEM/F-12
medium with or without recombinant human BMP-2 (200
ng/mL, kindly provided by Astellas Pharma, Tokyo), insu-
lin (5 pg/mL, MP Biomedicals, Irvine, CA), and triiodo-
thyronine (10~”M, T3, EMD Bioscience, San Diego, CA) for
1-3 weeks.” Throughout the experiment, the medium was
changed three times/week.

To make the tissue-engineered cartilage construct, a 100-
uL atelocollagen aliquot containing the chondrocytes was
added to the collagen sponge or PLLA (5 X 3 mm) to
form a gel after a 1-h incubation at 37°C. The constructs
using the porous bodies with or without the human chon-
drocytes or atelocollagen were then subcutaneously trans-
planted into nude mice (6-week-old male) for 2 months.
The animal experiments were performed according to the
protocol approved by the Animal Care and Use Commit-
tee of the University of Tokyo.

Total RNA extraction and real time RT-PCR

Total RNA was isolated from the chondrocytes using
the chaotropic Trizol method (Nippon-gene, Tokyo). Total
mRNA (1 pg) was reverse transcribed using the Super
Script reverse transcriptase with a random hexamer
(Takara Shuzo, Otsu, Japan). Full-length or partial-length
cDNA of the target genes, including the PCR amplicon
sequences, was amplified by PCR, cloned into pCR-TOPO

Journal of Biomedical Materials Research Part A



126

Zero 11 or pCR-TOPO I vectors (Invitrogen, Carlsbad,
CA), and used as standard templates after linearization.
The QuantiTect SYBR Green PCR Master Mix (Invitrogen)
was used, and SYBR Green PCR amplification and real-
time fluorescence detection were performed using an ABI
7700 Sequence Detection system. We measured three ali-
quots of the reverse transcription products for each sample
by real-time RT-PCR. All experiments were run in every
sample from four patients and the results that could be tet-
raplicated are shown in this study. The sequence of the
primers we used in the real-time PCR to detect COL1AL,
COL2A1, and GAPDH were as follows: COL1Al F:5'-
CTCCTCGCTTTCCTTCCTCT-3, R:5-GTGCTAAAGGTGC
CAATGG T-3; COL2A1 F:5-GAGTCAAGGGTGATCGT
GGT-%, R: 5-CACCTTGGTCTCCA GAAGGA-3'; GAPDH
F: 5-GAAGGT GAAGGTCGGAGTCA-3, R: 5-GAAGAT
GGTGATGGGATTTC-3'.7 GAPDH was used as the house-
keeping gene.

Histology

For the histology analysis, the tissue-engineered carti-
lage was fixed with 4% paraformaldehyde in 0.1M phos-
phate buffer (pH 74) for 2 h at 4°C and successively
immersed in 10% sucrose in phosphate-buffered saline
(PBS), 20% sucrose in PBS, and a 2:1 mixture of 20% su-
crose in PBS and the OCT compound in succession. The
samples were flash-frozen in liquid nitrogen, cryosectioned
to a thickness of 10 pm, and stained with toluidine blue-O.

Biochemical measurement of tyge Tand II
collagens (COL1 and COL2) and proteoglycan

The cell/gel construct was dissolved in 10 mg/mL of
pepsin/0.05M acetic acid at 4°C for 48 h and then in
1 mg/mL of pancreatic elastase/0.1M Tris-0.2M NaCl-6 mM
CaCl, at 4°C overnight. In the case of the monolayer culture,
the cells attached to the culture plates were harvested by
a cell scraper and were treated as above. The cell debris
and insoluble material were removed by centrifugation at
6000g for 30 min. The collagen proteins were solubilized
and quantified by ELISA according to the protocol of the
human type I and 1I Collagen (COL1 and COL2) Detection
Kit (Chondrex, Redmound, WA). The collagen proteins
were captured by polyclonal anti-human type I or type I
collagen antibodies and detected by the biotinylated coun-
terparts and streptavidin peroxidase. OPD and HyO, were
added to the mixture and the spectrophotometric absorb-
ance of the mixture was measured at a wavelength of 490
nm. Proteoglycan was measured using the Alcian blue-
binding assay for the sulfated glycosaminoglycan (GAG)
content (Wieslab AB, Lund, Sweden). GAG in the superna-
tant was precipitated with an Alcian blue solution, and the
sediments, after centrifugation at 6000g for 15 min, were
redissolved in a 4M GuHCl-33% propanol solution. The
spectrophotometric absorbance of the mixture was meas-
ured at a wavelength of 600 nm. The collagen or GAG con-
tent in the tissue-engineered cartilage was adjusted by the
total protein content of the pellets. The total protein content
of the samples was measured using the Bio-Rad Dc Protein
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Figure 2. Concentration of atelocollagen suitable for carti-
lage matrix accumulation. A: Gene expressions evaluated
by real time RT-PCR. B: Biochemical measurements of
COL1, COL2, and GAG. Human auricular chondrocytes
(200,000 cells) at passage 4 were embedded within differ-
ent concentrations of atelocollagen (20 pL, 3D) and were
cultured in vitro for one (A) or 3 (B) weeks with BMP-2, in-
sulin, and T3 (BIT) or without BIT (control). For compari-
son, the gene expressions and matrix production were
examined in the chondrocytes cultured in the monolayer
culture (2D) at passage 4. All values are presented as
mean plus standard deviation.

Assay (Bio-Rad Laboratories, Hercules, CA). We measured
three aliquots of the enzyme-digested solution for each
sample. All experiments were run in every sample from
four patients and the results that could be tetraplicated are
shown in this study.

RESULTS

Concentration of atelocollagen

We first examined the concentration of atelocolla-
gen suitable for the matrix accumulation in the tis-
sue-engineered cartilage. The human auricular chon-
drocytes cultured in the monolayer at the passage of
four remarkably decreased the gene expression or
matrix production of cartilage matrices, including
type II collagen or proteoglycan [Fig. 2(2D)]. In con-
trast, when they were embedded within atelocolla-
gen and were incubated in vitro, the production of
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the cartilage matrices was stimulated, especially
with BMP-2, insulin, and T3 (BIT)® [Fig. 2(3D)].
Although the gene expression of COLIAI was up-
regulated in 0.3-0.5% atelocollagen gel without BIT
(control), it was suppressed according to the increase
in the gel concentration [Fig. 2(A)]. The COL1A1
expression was also inhibited by the stimulation of
BIT [Fig. 2(A)]. The COL2A1 expression was signifi-
cantly up-regulated between the 0.3-1% gel concen-
trations by the stimulation of BIT, although it was
suppressed in a more than 2% gel concentration
with BIT, or in all concentrations without BIT [Fig.
2(A)]. On the other hand, the accumulation of the
COL1 protein in the tissue-engineered cartilage was
increased when the gel concentration became higher.
In spite of the high COL1A1 gene expression in the
control groups of the 0.3-0.5% gel, the COL1 accu-
mulation of the control group was almost similar to
that of the BIT groups and rather lower than that of
the 1-3% gel, suggesting that the construct with the
low gel concentration could not sufficiently retain
abundant matrix production. The accumulation of
COL2, like proteoglycan, was abundantly observed
in the 1-2% gel with BIT, although neither of the car-
tilage matrices were up-regulated in the chondro-
cytes embedded within the 3% gel at the gene or
protein level, possibly due to deterioration in the dif-
fusion of nutrients or growth factors necessary for
the cartilaginous matrix production [Fig. 2(B)].
Therefore, we chose the 1% gel concentration for
chondrocyte encapsulation in later experiments.

Usefulness of porous bodies

To support the mechanical strength of the tissue-
engineered cartilage using 1% atelocollagen and pro-
vide it with a 3D shape, we attempted to use porous
bodies in combination with this gel material. We
chose the collagen sponge and porous PLLA for typ-
ical biodegradable porous scaffolds (Fig. 1), and
compared their usefulness. We examined the me-
chanical properties of the porous scaffolds using a
tactile sensor. Both the compression strength and
Young’s modulus of the porous PLLA were signifi-
cantly greater than those of the collagen sponge (Fig.
3). The retainment of the culture basal medium
(DMEM/F-12) or the 1% atelocollagen solution
within a unit volume of the porous scaffolds was
measured for the purpose of evaluating the affinity
of DMEM/F-12 and atelocollagen, either of which
is a material composed of a chondrocyte suspension
or chondrocytes/atelocollagen mixture, respectively.
As a result, PLLA retained less DMEM/F-12 than
the collagen sponge. However, the atelocollagen
retainment in PLLA was almost similar to that in
the collagen sponge; possibly because atelocollagen

Compression Young's DMEMIF-12  Atelocollagen
strength modulus retainment retainment
@y . §1 - "51. "gi.
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Figure 3. Biophysical properties of the porous scaffolds.
Mechanical properties and the retainment of DMEM/F-12
or 1% atelocollagen were compared between collagen
sponge (CS) and porous PLLA. All values are presented as
mean plus standard deviation. Statistics were assessed
using Student’s t-test (*p < 0.05, **p < 0.01 vs. CS5).

possesses a high viscosity that prevents cells from
flowing out of the porous scaffolds (Fig. 3).

We then made the tissue-engineered cartilage con-
structs having the porous bodies administered with
or without the mixture of human chondrocytes (107
cells/mL) or 1% atelocollagen gel, and subcutane-
ously transplanted them into the backs of nude
mice. Regardless of the use of the atelocollagen gel
or administration of the chondrocytes, all constructs
of the collagen sponges could not maintain their ini-
tial size and shape [Fig. 4(A)]. Quantitative measure-
ments of the construct sizes showed that downsizing
of the collagen sponge constructs was suppressed by
50% after transplantation when containing both the
chondrocytes and atelocollagen [cells (+) gel (+)],
while the constructs without cells or gel shrank by
more than 60% [Fig. 4(B)l. In contrast, the PLLA,
with or without the atelocollagen or chondrocytes,
almost maintained their original sizes (Fig. 4).

We also evaluated the histological and biochemical
properties of the tissue-engineered cartilage con-
structs after a 2-month transplantation. Both of the
porous scaffolds showed dense metachromasia in
the presence of the chondrocytes and atelocollagen
[cells (+) gel (+)] [Fig. 5(A)]. Although the collagen
sponge constructs did not maintain their sizes, the
metachromasia was partially observed in the con-
structs with the chondrocytes [cells (+) gel (+) and
cells (+) gel (—)]. The PLLA constructs of cells (+)
gel (+) showed round chondrocytes with abundant
metachromatic matrices, and exhibited the character-
istic for cartilage tissues [Fig. 5(A)]. Biochemical
measurements of the collagen sponge constructs
showed protein accumulation of COL2 and proteo-
glycan in the presence of cells [cells (+) gel (+) and
cells (4) gel (-)], although COL1 was also abundant
in the cells (+) gel (+) [Fig. 5(B)]. With the PLLA,
the constructs with the chondrocyte/atelocollagen
mixture [cells (+) gel (+)] contained abundant carti-
lage matrices, especially proteoglycan, when com-

Journal of Biomedical Materials Research Part A



128 YAMAOKA ET AL.

A celi(+) gel(+)  _celi(-) gei(+) celi(+) gel(-) celi(-) gel(-)
CS PLLA CS PLLA CS PLLA CS PLLA

porous
=BH Bl BA 0N
~=H0 e
-~ EE S S

0

B celi(+) gel(+) celi(-) gel(+) celi(+) gel(-) celi(-) gei(-)
mm? mm? mm? mm?
5 CS
g 20 "—1/“ 0l yy gy 2Ry
S ol puat 0 Ny 1} % of
s PLLA { ‘ 1
:

. 0! ot 0t
NS N
%

Figure 4. In vivo changes in the sizes of tissue-engineered constructs using atelocollagen and porous bodies. A: Macro-
scopic observation of tissue-engineered constructs. Constructs with (+) or without (—) chondrocytes (cell) or atelocollagen
(gel) were observed before (pre-transplant) and after (post-transplant) the subcutaneous transplantation into nude mice.
Mold size, 10 X 10 mm. CS, collagen sponge; PLLA, porous PLLA. B: Morphometrical changes in the sizes of the con-
structs. Solid line, construct with porous PLLA (PLLA); dashed line, construct with collagen sponge (CS). pre and post,

before and after subcutaneous transplantation into nude mice. [Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

pared with the collagen sponge constructs. Based
on these results, porous PLLA would be favorable
for maintaining the sizes and shapes of the tissue
engineered construct and accumulate the cartilage
matrices.

Cell density and passage number of chondrocytes

Finally, we examined the chondrocyte conditions
suitable for the cartilage matrix accumulation in the
PLLA construct with human chondrocytes and 1%
atelocollagen. When we compared the quality of
cartilage regeneration among the tissue-engineered

Figure 5. Histological and biochemical changes of tissue-
engineered constructs using atelocollagen and porous
bodies. A: Histological observation. Toluidine blue stain-
ing. Metachromasia (purple color) was prominently
observed in the construct of porous PLLA (PLLA) with
chondrocytes and atelocollagen [cell (+) gel (+)]. Bar =
100 pm. CS, collagen sponge. B: Biochemical measurements
of COL1, COL2, and GAG. All values are presented as
mean plus standard deviation. Statistics were assessed
using Student’s t-test [*p < 0.01 vs. CS cell (+) gel (-)].
[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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Figure 6. Tissue-engineered cartilage generated by
human auricular chondrocytes with various passage num-
bers (passages 3-8) and subcutaneously transplanted into
nude mice for 2 months. A: Histological images. The areas
of dense metachromasia decreased according to the
increase in the passage number. Bar = 1 mm. B: Biological
measurement. The amount of COL2 and proteoglycan
decreased when the passage number increased. All values
are presented as mean plus standard deviation. Statistics
were assessed using Student’s t-test (*p < 0.01 vs. P3).
[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

constructs using human chondrocytes of passage 3
(corresponding to a 10°-fold increase in cell number),
passage 5 (10°-fold increase), and passage 8 (10, the
areas of cartilage regeneration showing dense meta-
chromasia decreased in accordance with the increase
in the passage number [Fig. 6(A)]. The biological
measurements of COL2 and proteoglycan also
decreased in inverse proportion to the passage num-
bers, whereas both COL2 and proteoglycan signifi-
cantly decreased in passage 8 when compared with
passage 3 [Fig. 6(B)].

As for the cell density in the constructs, the areas
of cartilage regeneration gradually improved in ac-
cordance with the increase in cell density [Fig. 7(A)],
corresponding to the results of the biological meas-
urements of COL2 and proteoglycan [Fig. 7(B)]. Con-
structs using more than 5 X 10° cells/mL in cell
density were hardly realized due to the limitation of
the sizes in the chondrocytes. Fragments of PLLA
were observed in the constructs of all cell densities
examined [Fig. 7(A, arrows)], implying that polymer
remnants were still present even at 2 months after
transplantation.

DISCUSSION

The atelocollagen gel is a promising material for
cartilage tissue engineering because it possesses
adequate visco-elasiticity and exhibits good chondro-
cyte compatibility.” Atelocollagen is prepared by

treatment with protease, showing low immunogenic-
ity, and is usually used as a medical device for the
treatment of tissue defects.”® The atelocollagen solu-
tion forms a firm gel at 37°C with neutral pH, the
conditions of which correspond to those suitable for
maintaining live mammalian cells. When chondro-
cytes were embedded within this kind of hydrogel
in a 3D environment, the gene expressions of carti-
lage matrices and their production were significantly
up-regulated, when compared with those of a 2D
culture (Fig. 2). The promotive effects of the 3D cul-
ture on cell differentiation have been reported in
various kinds of cells,'®™? and such effects were
prominently noted in the chondrocytes. The chon-
drocytes in native cartilage are surrounded by abun-
dant extracellular matrices in all directions and are
isolated in their own lacunae. It implies that chon-
drocytes are constantly exposed to cell-matrix inter-
actions and, in contrast, that they maintain cell
solitariness under physiological conditions. The 3D
environment of the atelocollagen gel possibly repre-
sents these situations to the cultured chondrocytes
through the enhancement of cell-matrix interactions
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Figure 7. Tissue-engineered cartilage generated by
human auricular chondrocytes with various cell densities
(1 X 10° to 1 X 10° cells/mL) and subcutaneously trans-
planted into nude mice for 2 months. A: Histological
images. Wider areas of dense metachromasia were
observed in the higher cell density groups. Note that rem-
nants of PLLA were observed as indicated by arrows. Bar
= 1 mm. B: Biological measurement. Accumulation of
COL2 and proteoglycans increased according to the
increase in cell density. All values are presented as mean
plus standard deviation. [Color figure can be viewed in
the online issue, which is available at www.interscience.
wiley.com.]
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or even 3D distribution of the cells within the
hydrogel.

Although the biological hydrogel functions pro-
vide suitable 3D conditions for the cells, it may inter-
fere with substance transfers necessary for cell me-
tabolism and survival. However, the atelocollagen
gel shows a good diffusion of nutrients or growth
factors, providing a suitable 3D environment for the
maintenance of chondrocyte activity. This gel is
known to consist of an interconnected network,
which possesses mesh estimated to be several tens
of nanometers in size.”® The gel of 0.35% bovine col-
lagen showed a matrix mesh size of 57.7 nm.?! Such
a mesh appears to permit the free diffusion of
nutrients. The glucose diffusion coefficient within
the collagen gel of ~0.2% was measured to be 1.3 X
107 cm? s}, a value between an aqueous solution
(9.2 X 107® cm? s7%) and a biological matrix (islet of
Langerhans, 3.8 X 1077 ecm? s™1).2 Practically, the
three-dimensional (3D) culture of a 0.3% of collagen
gel maintained human chondrocyte proliferation
under repeated passage to realize a 1000-fold
increase in the cell number at passage 3.> However,
a lower expression and accumulation of cartilage
matrices were observed in the tissue-engineered car-
tilage pellets made of 3% atelocollagen gel [Fig.
2(B)]. This suggested that such a high concentration
of the atelocollagen gel may interfere with the diffu-
sion of nutrients or growth factors for the chondro-
cytes. Too low a concentration gel could hardly
retain either the chondrocytes or accumulation of
matrices within the construct. Therefore, we recom-
mended a concentration of around 1% for tissue-
engineered cartilage.

Regarding the specificities of the porous scaffolds,
a sufficient compression strength and Young’s mod-
ulus are prerequisites for mechanical support of
the atelocollagen gel when it is transplanted in vivo.
The collagen sponge is a very soft material allowing
the chondrocyte/atelocollagen mixture to gradually
permeate into the collagen sponge by repeated man-
ual compression and recovery. However, the stiff-
ness of such an animal-derived material seemed too
low to maintain size and 3D shape during in vivo
transplantation. However, the porous body made of
a biodegradable polymer, PLLA, possessed sufficient
mechanical strength. The present data suggested that
porous scaffolds with ~80 g of compression strength
and 10 MPa of Young’s modulus appeared to suffi-
ciently maintain size and 3D shape for 2 months in
the subcutaneous areas of the nude mouse back.
When the viscous material of the chondrocyte/atelo-
collagen mixture is administered into inelastic PLLA,
a sufficient pore size in the porous scaffold is
needed. The pore sizes of the present PLLA scaffolds
were ~1 mm (Fig. 1), which allowed viscous chon-
drocyte/atelocollagen mixture to infiltrate into the
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center of the scaffold and retain the mixture as
much as the elastic collagen sponge material (Fig. 3).

The histological findings of the constructs using
chondrocytes, atelocollagen, and porous PLLA after
a 2-month implantation exhibited maturation of the
tissue-engineered cartilage, while the porous scaffold
of PLLA still remained without any significant deg-
radation (Fig. 7). Maturation of the tissue-engineered
cartilage increases its mechanical strength, as the tis-
sue is sufficiently firm due to the abundant extracel-
lular matrices, in which the chondrocytes in the
engineered tissues produce. Therefore, it is ideal that
the porous scaffold should be degraded during mat-
uration of the tissue-engineered cartilage. Biodegra-
dation of the scaffold would be synchronized to the
speed of cartilage regeneration. However, the half-
life of PLLA is as long as 1 year.** The long-term life
of the porous bodies may be rather harmful because
it may impair the regenerated cartilage or the adja-
cent host tissues. To obtain the tissue-engineered
cartilage of higher quality and safety, faster biode-
gradability of the polymers used for the porous scaf-
folds should be considered.

Moreover, we examined the chondrocyte condi-
tions, including the cell densities and passage num-
bers for in vivo cartilage regeneration using porous
PLLA and atelocollagen. Various cell densities (2 X
10° to 1.25 X 10%) were evaluated for cartilage tissue
engineering using the scaffold system in combination
with hydrogels and porous bodies.”*">** How-
ever, the optimal cell density for human chondro-
cytes has not been sufficiently examined. We exam-
ined the relation between the density of human
chondrocytes and in vivo cartilage regeneration. As a
result, the highest cell density of 10° cells/mL was
found to be the most effective for increasing the
quality of the tissue-engineered cartilage. As the con-
centration of the atelocollagen solution could not be
more than 3% due to its high viscosity, and as the
average size of human auricular chondrocytes in the
cell suspension was ~85 X 85 X 85 um?® (nearly
equal to 0.6 X 107® mL) according to the data of this
study, we could not prepare a chondrocyte/atelocol-
lagen mixture with a cell density higher than the
final density of 10°® cells/mL in the 1% atelocollagen
gel.

Thus, with a combination of the atelocollagen gel
and the PLLA porous scaffold, we could prepare a
hybrid scaffold with effective retainment of adminis-
tered cells, good biocompatibility for the chondro-
cytes, and sufficient mechanical strength, which
correspond to the material design of the scaffold for
tissue-engineered cartilage. If an implant-type tissue-
engineered cartilage with greater firmness and a 3D
structure is made with this hybrid scaffold under
the conditions determined in this study, it can be
used for large cartilage defects that are not sur-
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rounded by intact cartilage or that are located in
sites suffering from severe mechanical loading,
which are often observed in the final stage of osteo-
arthritis or various craniofacial anomalies. More
detailed studies of the structure and composition of
biodegradable polymers for porous scaffolds would
improve the quality and safety of tissue-engineered
cartilage.
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To optimize the chondrocyte numbers obtained after collagenase digestion for cartilage tissue engineering, we
examined the enzyme concentration and incubation time for collagenase digestion. The appropriate cell density
in the chondrocyte primary culture was also verified. The collagenase digestion conditions that maximized the
viable cell numbers were 24 h in 0.15% and 0.3% collagenase, 6h in 0.6%, and 4h in 1.2%, leading to ~5x10°
cells from 0.05 g. When seeded at 10,000 cells/ cm?, all of these cells became almost confluent within 1 week. Cells
digested in 0.3% for 24h or 0.6% for 6h and seeded at 3000 cells/cm® may also be acceptable, and similarly
reached confluence within 1 week. Results regarding expression of the p53, tumor necrosis factor-a, and
interleukin-1f genes, as well as apoptosis enzyme-linked immunosorbent assay results, show that excessive
collagenase exposure may decrease chondrocyte viability or activity. We recommend a 24-h incubation in 0.3%
collagenase or 6h in 0.6% collagenase, and a cell-seeding density of 3000~10,000 cells/ cm?. These conditions
maximize the harvest of isolated chondrocytes from a small amount of biopsied tissue and significantly aid in

obtaining a large quantity of cultured cells in a short period.

Introduction

N TISSUE ENGINEERING, cells are isolated from tissues/

organs and cultured under biochemical and biophysical
stimulation, eventually producing functionally equivalent
tissues/organs. This procedure requires both a sufficient
number of cells isolated from the tissues/organs and a high
success rate of the primary culture. Although chondrocytes,
which have been successful in various fields of regenerative
medicine, are the major cell source for cartilage tissue engi-
neering, they are difficult to isolate from cartilage because
they contain abundant collagen-based matrices that require
thorough digestion by collagenase.! Collagenase may de-
crease chondrocyte activity, not only because it damages the
cell structure but also because chondrocytes separated from
their native matrices show a decrease in proliferation, sur-
vival, and differentiation.? Because collagenase digestion
might be a necessary evil during chondrocyte isolation, the
concentration of collagenase and its incubation time should
be restricted to a minimum. In previous reports, collagenase
concentrations and incubation times during chondrocyte
isolation varied widely (Table 1). The collagenase concen-
trations ranged from 0.03% to 0.6% (<1150 U/mL), and the
incubation time ranged from 2 to 20h.>® Under these con-

ditions, ~1x10° cells/g of viable chondrocytes were har-
vested.?® However, human cells are known to contain 1x108
cells/g® which is 100 times more than the number of
chondrocytes actually isolated. To increase the number of
cells obtained after collagenase digestion, we attempted to
determine the collagenase concentration and incubation time
at which human chondrocytes are optimally digested.

The seeding density has a significant influence on cell via-
bility and proliferation efficacy in the primary culture. If the
seeding density is too low, the autocrine/paracrine system
may barely work, which leads to slow proliferation. On the
other hand, an overdose of chondrocytes may interfere with
sufficient cell attachment to the substrate in the culture dish or
evoke early contact inhibition, both of which lead to a less
effective cell culture. However, the optimum seeding density
in chondrocyte cultures for tissue engineering has not yet
been investigated in detail. In this study, the appropriate cell
density for the chondrocyte primary culture was also verified.

Materials and Methods
Chondrocyte isolation

All procedures were approved by the Ethics Committee of
the University of Tokyo Hospital (ethics permission number

Departments of 'Cartilage and Bone Regeneration (Fujisoft) and *Sensory and Motor System, Graduate School of Medicine, University of

Tokyo, Tokyo, Japan.

agata Microtia and Reconstructive Plastic Surgery Clinic, Saitama, Japan.
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TABLE 1. COLLAGENASE CONCENTRATIONS FOR CHONDROCYTE ISOLATION IN PREVIOUS REPORTS

Collagenase Collagenase Origin of

concentration Unit (UfmL) Time (h) subtype cartilage Digested cartilage Reference
0.6% — 12 Type 2 Human Nasal 3,4
0.5% 1150 6-8 Normal Human Auricular 5
0.3% 690 4 Normal Human Auricular 6
0.3% 690 8-12 Normal Human Auricular 7
0.3% 690 8-12 Type 2 Human Auricular 8-11
0.3% 690 12-18 Normal Cow Articular 12
0.25% 575 46 Normal Human Articular 13
0.2% 460 8 Type 2 Human Auricular 14
0.2% 460 10-14 Type 2 Human Nasal 15
0.2% —_ 4 Type 2 Human Articular 16
0.15% 291 Overnight Normal Human Auricular 17-19
0.15% — Overnight Type B Rabbit Auricular 20
0.1% — 2 Type 1 Rabbit Auricular 21
0.1% — 3 Type A Rabbit Articular 22
0.1% 230 12 Type 2 Human Nasal auricular 23
0.1% 230 14-16 Type 2 Pig Nasal auricular 24

Articular

0.1% — 16 — Human Articular 25
0.08% 960 1620 Normal Human Articular 26
0.07% 100 3 Type 2 Goat Articular 27
0.04% — Overnight — Human Articular 28
0.03% — 12-18 Type P Human Nasal 29
0.03% — 16 Type P Human Nasal 30

Dashes indicate lack of data.

622). Remnant -auricular cartilage from three microtia pa-
tients was obtained during surgery in accordance with the
Helsinki Principles. The cartilage tissue was thoroughly
minced with scissors and tweezers into fragments of 250-
1000 um (Fig. 1A). Approximately 3mL of collagenase solu-
tion (Wako Pure Chemical Industries) at concentrations of
0.15%, 0.3%, 0.6%, or 1.2% was poured into a 5mL tube (BD
Falcon). Four tubes were prepared for each concentration, for
a total of 16 tubes. Approximately 0.05g of cartilage frag-
ments was put into each tube, which was then placed in a
37°C water bath and shaken at 150 cycles/min. For each
concentration, the number of total cells and viable cells as
well as the cell viability were measured with a Nucleo-
Counter (ChemoMetec) after 2, 4, 6, and 24 h.

Chondrocyte culture

The viable cells were seeded in 6.4-mm plastic culture
dishes coated with collagen type 1. Cells were seeded at
densities of 30,000; 10,000; 3000; 1000; 300; and 100 cells/cm?
for the evaluation of the optimal cell-seeding density for the
primary culture. For the analysis of gene expression, 35-mm
plastic culture dishes coated with collagen type 1 were used
for the culturing of cells digested under certain conditions.
The culture medium was Dulbecco’s modified Eagle’s me-
dium Nutrient Mixture F-12 HAM (Sigma Chemical Co.)
containing 5% human serum (Sigma Chemical Co.), 100ng/
mL fibroblast growth factor-2 (Kaken Pharmaceutical Co.,
Ltd.), and 5 pg/mL insulin (MP Biomedicals).*?

Real-time reverse transcription (RT)-polymerase
chain reaction analysis

Total RNA was isolated from the chondrocytes with
ISOGEN (Wako Pure Chemical Industries) following the

supplier’s protocol. cDNA was synthesized from 1pg of the
total RNA with the PrimeScript® RT-PCR Kit Perfect Real
Time (Takara Shuzo). The full-length or partial-length cDNA
of the target genes, including the polymerase chain reaction
(PCR) amplicon sequences, was amplified by PCR, cloned
into pCR-TOPO Zero II or pCR-TOPO 1 vectors (Invitrogen),
and used as standard templates after linearization. Using the
QuantiTect SYBR Green PCR Master Mix (Invitrogen) and
the ABI 7700 Sequence Detection System, we performed real-
time fluorescence detection with the following protocol: ini-
tial denaturation for 10 min at 94°C followed by 40 cycles of
155 at 94°C and 1min at 60°C. All reactions were run in
quadruplicate. The sequences of the primers were 5-CCA
GCCAAAGAAGAAACCAC-3 and 5'-CTCATTCAGCTCTC
GGAAC-3 for p53, 5'-CCCCAGGGACCTCTCTCTAATC-3
and 5-GGTTTGCTACAACATGGGCTACA-3' for tumor
necrosis factor alpha (INF-w), 5-CCTGTCCTGCGTIGIT
GAAAGA-3 and 5-GGGAACTGGGCAGACTCAAA-3 for
interleukin 1beta (IL-1B), 5-AGAACCTTGTGTGACAAAT
GAGAAC-3 and 5-TACCCATTAGACATATCCAGCTT
GA-3 for bel-2, and 5-GAAGGTGAAGGTCGGAGTCA-3'
and 5-GAAGATGGTGATGGGATTTC-3' for glyceraldehyde-
3-phosphate dehydrogenase.®2¢

Photometry analysis of ssSDNA apoptosis
enzyme-linked immunosorbent assay

Five thousand cells were transferred into each well of a
96-well microplate, and the microplate was centrifuged at 200
g for 5min. The medium was removed, and 200 pL of fixative
(80% methanol in phosphate-buffered saline) was added to
each microwell. The microplate was incubated at room tem-
perature for 30 min, after which the fixative was removed, and
the microplate was kept at room temperature for 1-2h to
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FIG.1. (A) Cartilage frag-
ment after manual mincing.
We measured the sizes of the
fragments (n =100} and de-
termined them to be 643 +
381 um (mean = standard de-
viation [SD]). This size and
variation seemed almost av-
erage because the previous
studies also reported fragment
sizes of 250-1000™ or 250~
500 um.?*>° Left, higher mag-
nification; right, lower magni-
fication. (B) Collagenase
digestion of the cartilage
fragments. (Upper) At all
concentrations, the sizes of the
collagenase digests decreased
as the incubation periods in-
creased (2-24h). (Lower) The
chart shows the degree of
cartilage digestion. Many
fragments clearly remained
(+); some fragments visible
(+£); all were digested ().

0.15% 0.3%

0.6%

1.2%

2h
4h
6h
24h

H o+ + +
[
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allow attachment of the cells to the plate. Cell apoptosis was
evaluated according to the manufacturer’s protocol of the
ssDNA Apoptosis ELISA Kit (Chemicon® International Inc.).
The enzyme-linked immunosorbent assay absorbance was
measured using a standard microplate reader at 405nm.

Results

We examined the effects of collagenase concentration and
incubation time on cartilage digestion. For all concentrations,

the volume of the collagenase digests decreased as the in-
cubation period increased (Fig. 1B). Although the cartilage
pieces were somewhat visible after 24h in the 0.15% colla-
genase, they had disappeared after the same amount of time
in collagenase concentrations >0.3% (Fig. 1B). The amount of
time for the cartilage remnants to disappear was shortened
to 6 and 4h in collagenase concentrations of 0.6% and 1.2%,
respectively (Fig. 1B).

In all concentrations, both the total number of cells and
the number of viable cells increased in parallel to the
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increase in the incubation time, with the exception of the
sample with 1.2% collagenase for 24h (Fig. 2A and B). The
maximum number of viable cells, 4-5x10° cells obtained
from ~0.05g tissue, occurred at 4h in 1.2% collagenase, 6h
in 0.6% collagenase, and 24 h in 0.3% collagenase. However,
the sample with 0.15% collagenase provided <3x10° cells
even after 24h, possibly because of the abundant remnants
of the cartilage digests (Fig. 2A and B). The total cell num-
bers and viable cell numbers under conditions of 24h and
0.15% collagenase, 24¢h and 0.3% collagenase, and 6h and
0.6% collagenase were significantly higher than those at 2h
for each dose of collagenase (Fig. 2A and B). The cell num-
bers had decreased after 24h in 1.2% collagenase, as the vi-
ability deteriorated (Fig. 2C). Therefore, we determined
which conditions of collagenase digestion maximized the
viable cell numbers and found that the incubation time can

4h 6h 24h
Incubation time

be reduced to 24h in 0.15% collagenase and 0.3% collage-
nase, 6h in 0.6% collagenase, and 4h in 1.2% collagenase.
Next, we investigated the effect of cell density during
seeding on cell growth (Fig. 3). Chondrocytes that had been
digested by collagenase under suitable conditions as deter-
mined above were seeded at several cell densities (100-
30,000 cells/cm?). All of those seeded at 10,000 cells/cm?
became almost confluent in 1 week. Seeding at 3000 cells/
cm?® may be acceptable for the chondrocytes digested with
0.3% collagen for 24 h and 0.6% for 6 h, but the cells digested
under other conditions could not sufficiently proliferate at
3000 cells/cm? (Fig. 3B). The cells were aggregated with each
other and formed cell clusters at 30,000 cells/cm? in the
samples digested with 0.6% collagenase and 1.2% collage-
nase (Fig. 3A and B). When we counted the cell numbers, the
cells seeded at a density of 3000-10,000 cells/cm? after di-
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gestion in 0.3% collagenase for 24 h and 0.6% for 6h reached
the maximum cell numbers at 1 week (Fig. 4A), which sup-
ported the results shown in Figure 3. However, the cells
seeded at <1000 cells/cm? became confluent as well after >2
weeks (Fig. 4B)

The possibility that the chondrocytes may fall into apoptosis
or catabolic situations after the destruction of the native ma-
trices by collagenase digestion could be not ignored. Thus, we
examined gene expression of the apoptosis-related molecules
and inflammatory cytokines in the chondrocytes for each set of
collagenase digestion conditions. As shown in Figure 5, the
proapoptotic factor p53 was likely upregulated as collagenase
concentration increased, although we could not detect Bcl-2.
The inflammatory cytokines TNF-o. and IL-18 were scarcely
detected in the chondrocytes digested in 0.15% collagenase for
24 h and in 0.3% collagenase for 24 h. Expression of these genes
tended to increase in the chondrocytes with the higher colla-
genase concentrations (Fig. 5), suggesting that a collagenase
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concentration higher than 0.6% may somewhat affect chon-
drocyte viability or metabolism. Actually, the results of apo-
ptosis assays also showed that apoptosis tended to be
upregulated when the exposure time became longer in the
higher concentrations of collagenase (0.6% or 1.2%). In con-
trast, the chondrocytes in the lower concentrations (0.15% and
0.3%) exhibited minimum apoptosis at 24 h (Fig. 6), which was
consistent with the viability of chondrocytes (Fig. 2C) and the
results of p53 expression (Fig. 5). '

Discussion

Each laboratory engaged in the research and development
of cartilage tissue engineering prepares various unique proto-
cols according to their previous findings and experiences.
Although they may independently work well, some kinds of
standards are needed when we attempt to obtain stable re-
sults. However, thus far, no systematic analyses on collagenase

A
30,000
Celis/em®
10,000
Cellsicm®
3,000 .
Cellsicm’ FIG. 3. Optimal cell-seeding
density to provide favorable
cell growth. (A) The cells see-
ded at a density of 3000-
10,000 cells/cm? became
1,000 almost confluent in all the
Celisicm collagenase concentrations
within 1 week. The cells at the
density of <1000 cells/cm?
could not sufficiently prolifer-
ate, whereas the cells tended
300 to be aggregated at 30,000
Cells/fem® cells/cm®. (B) The chart shows
the degree of cell growth. O,
confluent; A, did not reach
confluence; X, became aggre-
gated.
100
Cellslem®
B
0.15%/24h 0.3%/24h 0.6%/6h 1.2%/4h
30,000 o] O x x
10,000 O o] (o] (o}
3,000 o] o} o o]
1,000 Pay Pa A A
300 & A A A
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doses or incubation times have been found. Although the
cartilage includes different tissues and donor ages or diseases
affect the cellularity or protein compositions of the tissues, the
amount of collagen, which is the major inhibitory factor for
chondrocyte isolation, seems almost constant.*” This implies
the possibility of a standard protocol. Thus, we regard the in-
vestigation of the optimal conditions for collagenase digestion
to be a pivotal task for increasing the steadiness and safety of
regenerative medicine.

On the basis of the results of the present study, by the
time-course counting of cell numbers in various concentra-
tions of collagenase, the maximum number of viable cells—

YONENAGA ET AL.

5x10°—were harvested from 0.05 g of original tissue at 24h
in 0.15% collagenase, 6h in 0.6%, and 4h in 1.2% (Fig. 2B).
The incubation time at which the viable cell numbers reached
a maximum corresponded to the point at which the colla-
genase digests completely disappeared (Fig. 1B). The reason
why the harvested cell numbers in the 0.15% collagenase did
not reach the maximum even at 24h may be because the
remaining cartilage digests in the solution at that time. The
viability of the cells harvested at 2h was lower than that of
the later harvests. The cells harvested in this short incubation
period had been located at the surface of the cartilage tissues
that had been minced to <1 mm?® before the collagenase di-

A 0.15%/24h 0.3%/24h 0.6%/6h 1.2%/4h
. 4 4 4 4
e
x3 3 3 3
-g 2 2 2 2
= 1 1 1
D
o o o
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%0622, %% e82%, %628, DY %%%S,
YV Y%, © P %%, ° 0 %%, © 0 %%,
Cell density (cells/cm®)
B 1wk 2wk 3wk
FIG. 4. Optimal cell-seeding 30,000
density for obtaining suffi- cellsfcm
cient cell numbers. (A) The
cells seeded at a density of
3000-10,000 cells/cm? reached
the maximum cell numbers at
1 week. All values are pre- 10,000
sented as mean 35D of three celisiem’
samples per group. (B) The
cells after digestion in 0.3%
collagenase for 24h were cul-
tured for 3 weeks. They be-
came confluent at >2 weeks 3,000
when seeded at <1000 cells/ cellslem®
cm?. Color images available
online at www liebertonline
.com/ten.
1,000
cells/em®
300
celislcm’
100

cellslem®




