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ABSTRACT

If a tissue-engineered cartilage transplant is to succeed, it needs to integrate with the host tissue, to
endure physiological loading, and to acquire the phenotype of the articular cartilage. Although there
are many reported treatments for osteochondral defects of articular cartilage, problems remain with the
use of artificial matrices (scaffolds) and the stage of implantation. We constructed scaffold-free three-
dimensional tissue-engineered cartilage allografts using a rotational culture system and investigated the
optimal stage of implantation and repair of the remodeling site. We evaluated the amounts of extra-
cellular matrix and gene expression levels in scaffold-free constructs and transplanted the constructs for
osteochondral defects using a rabbit model. Allografted 2-week constructs expressed high levels of pro-
teoglycan and collagen per DNA content, integrated with the host cartilage successfully, and were able to
counter physiological loads, and the chondrocyte plate contributed reparative mesenchymal stem cells to
the final phenotype of the articular cartilage.

INTRODUCTION

MATURE ARTICULAR CARTILAGE has a limited capacity

for regeneration after degeneration or injury.1 How-

ever, none of the methods currently used to repair damaged

cartilage can restore a durable articular surface to an os-

teoarthritic joint predictably.2 Recently, three-dimensional

(3D) tissue-engineered cartilage has been investigated in-

tensively, using varieties of artificial matrices and biore-

actors.3 Scaffolds provide a 3D structure and help control

the shape of the regenerated cartilage for implantation.

However, they can present problems with cell distribution,

attachment, proliferation, and biocompatibility, and these

drawbacks pose ongoing challenges.

A successful approach to tissue-engineered cartilage

must provide for construct survival, providing mechanical

stability and permitting integration with the adjacent host

tissue after implantation. An in vitro study showed better

integration between native and engineered cartilage using

constructs at an earlier rather than a later stage of chon-

drogenesis.4 Thus, biochemical and biomechanical assays

were the criteria for assessing tissue maturity and the tim-

ing of implantation. Moreover, successful regeneration of

any tissue requires the presence of reparative cells with the

potential to differentiate into the phenotypes required to

restore the damaged site, but it must also provide a mi-

croenvironment that supports the proliferation and differ-

entiation of those cells.5,6

1Department of Orthopedic Surgery and Surgical Science, School of Medicine, Tokai University, Kanagawa, Japan.
2Department of Bioengineering and Department of Mechanical Engineering, School of Engineering, University of Tokyo, Tokyo,

Japan.
3Division of Biomedical Material and Systems Center for Disease Biology and Integrative Medicine, Faculty of Medicine, University

of Tokyo, Tokyo, Japan.

TISSUE ENGINEERING: Part A
Volume 14, Number 7, 2008
# Mary Ann Liebert, Inc.
DOI: 10.1089/ten.tea.2007.0225

1225



We have reported that chondrocytes can be harvested as

sheets and made into multilayered tissue allografts to re-

pair a rabbit model with partial-thickness defects in artic-

ular cartilage using temperature-responsive culture dishes.7

Such scaffold-free cell sheets might protect the tissue from

proinflammatory agents present in the synovial fluid during

experimental implantation. Recently, we constructed 3D,

scaffold-free, tissue-engineered cartilage to act as cores for

treating total-thickness defects. These constructs induced

cell aggregation and eventually formed 3D chondrocyte

plates. We used rotational culture to induce an appropriate

shearing stress.

The objectives of this study were to conduct a histo-

logical, biochemical, and gene expression analysis of the

scaffold-free chondrocyte plate and to evaluate whether a

chondrocyte plate could integrate with total-thickness de-

fects in the knee joints of rabbits. We also aimed to de-

scribe the course of differentiation of host mesenchymal

stem cells (MSCs) derived from the bone marrow, com-

paring plate insertion and control noninsertion groups at

early stages of implantation.

MATERIALS AND METHODS

Animal experiments were approved and carried out fol-

lowing the guidelines on animal use of Tokai University

and Tokyo University.

Isolation of chondrocytes

Articular cartilage slices from the knee and shoulder

joints were obtained from 4-week-old male Japanese white

rabbitsweighing approximately 1 kg. Sliceswereminced and

digested in Dulbecco’s modified Eagle medium (DMEM)/

F12 (Gibco, Invitrogen Corporation, Carlsbad, CA) con-

taining 0.4% (w/v) actinase E (Kaken Pharmaceutical Inc.,

Tokyo, Japan) for 1 h and then in DMEM/F12 containing

0.016% (w/v) bacterial collagenase P (Roche Diagnostics

GmbH, Mannheim, Germany) for 3 h. The digested tissue

was passed through a cell strainer (Becton Dickinson Lab-

ware Co. Ltd, Franklin Lakes, NJ) with a pore size of 70 mm.

The filtered material was centrifuged at 200�g for 5min to

separate the cells. The washed pellet was resuspended in

medium consisting of DMEM/F12, 10% fetal bovine serum

(Gibco), 100U/mL penicillin (Gibco), 100 mg/mL strepto-

mycin (Gibco), 0.25 mg/mL Fungizone (Gibco), and 50 mg/
mL ascorbic acid (Wako Pure Chemical Industries, Ltd,

Osaka, Japan). Chondrocytes were seeded on 500 cm2 square

dishes at 1�104 cells/cm2 at 378C in an atmosphere of

5% carbon dioxide (CO2) in air and 95% humidity. After

approximately 1 week, primary passage cells were de-

tached using 0.05% trypsin/ethylenediaminetetraacetic acid

(EDTA; Gibco) for 20 to 30min at 378C. The cells were

centrifuged as above, washed three times, and then counted

in a hemocytometer. The cells were resuspended in medium

and then placed into square dishes at a concentration of

1�104 cells/cm2 for two passages.

Scaffold-free tissue-engineered cartilage:

chondrocyte plate

We harvested chondrocytes after second passages in

monolayer cultures. High-density suspensions of second-

passage cells were adjusted to 1.0�107 cells/mL in DMEM/

F12 supplemented with 20% fetal bovine serum, 100U/mL

penicillin, 100 mg/mL streptomycin, 0.25 mg/mL Fungizone,

and 50 mg/mL ascorbic acid. Cylindrical molds (diameter,

10mm; height, 10mm; Iwaki, Tokyo, Japan) with a pore

size of 0.4 mm were then put on each culture insert (Corning

Coastar Japan, Tokyo, Japan). Six hundred microliters of the

cell suspension (6�106 cells) was inoculated in the mold

(Fig. 1A). The cell suspension in the mold showed cell ag-

gregation by 8 h, producing a chondrocyte plate. The mold

was then removed (Fig. 1B). In a preliminary experiment,

the shape of the chondrocyte plate changed, undergoing

deformity or contraction after rotational culture if the pri-

mary static culture had been maintained for less than 4 days.

Then the plate was cultivated in primary static culture for 7

days until it formed a regular cylindrical shape under dy-

namic culture conditions. It was then moved into a six-well

dish using a medicine spoon and subjected to rotational

culture using an orbital shaker (Fig. 1C). The construct was

rotated at 70 revolutions/min (rpm) for 3 weeks in a hu-

midified 5% CO2 incubator at 378C. The orbital shaker ro-

tates horizontally with a radius of gyration of 25mm. The

culture medium was replaced completely every 2 to 3 days.

FIG. 1 Construction of the chondrocyte plate. (A) The cell

suspension was inoculated in the mold. (B) After 8 h, the chon-

drocyte plate had formed, and the mold was removed. The

chondrocyte plate was cultured under primary static culture for 7

days. (C) The constructs were moved onto nonadherent dishes,

which were then cultured under rotational culture or static culture

conditions for 3 weeks.
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Biochemical analyses

The chondrocyte plates and normal articular cartilage

(NAC) of 4-week-old Japanese white rabbits were used for

biochemical analyses (five constructs duplicated from four

different rabbits per group). Samples were frozen, lyophi-

lized and digested with 1000 mL aliquots of papain (Sigma-

Aldrich Co., St Louis, MO) at 125 mg/mL in 0.1M sodium

phosphate with 5mM Na2-EDTA and 5mM cysteine–

hydrochloric acid (HCl) at pH 6.0, and incubated at 608C for

15 h. DNA content was measured spectrofluorometrically

using 4,6-diamidino-2-phenylindole, with purified calf thy-

mus DNA as a standard. The glycosaminoglycan content in

each chondrocyte plate was determined spectrophotometri-

cally using the dimethylmethylene blue method8 and shark

chondroitin sulfate as a standard. Total collagen content in

the plate was determined from the hydroxyproline concen-

tration after alkaline hydrolysis and reaction with chlora-

mine T and p-dimethylaminobenzaldehyde.9 The collagen

content was calculated using a hydroxyproline-to-collagen

ratio of 1:10.10

Real-time reverse transcription

polymerase chain reaction

The frozen constructs were pulverized using a CRYO-

PRESS (Microtec Nition, Chiba, Japan) on liquid nitrogen.

Total RNA was isolated using the SV Total RNA Isolation

System (Promega Corp., Madison, WI), following the manu-

facturer’s instructions. Absorbances at 260 and 280 nm were

measured for RNA quantification and quality control. Each

RNA sample was then reverse-transcribed to cDNA using

TaqManRT reagents (Applied Biosystems, Foster City, CA).

Using cDNA, polymerase chain reaction (PCR) assays were

carried out with primers and probes for connective tissue

matrix-specific genes using an ABI SDS 7300 (Applied

Biosystems) programmed to run at 40 cycles under standard

thermal conditions.An indexmRNA levelwas assessed using

a threshold cycle (CT) value. To control for variability in

amplification caused by differences in starting mRNA con-

centrations, 18S ribosomal RNA was used as an internal

standard (Applied Biosystems). The primers were from

Invitrogen, and labeled TaqMan probes were from Sigma-

Aldrich. Real-time PCR was carried out using TaqMan

Universal PCR Master Mix (Applied Biosystems), 900 nM

primers (forward and reverse), 250 nM TaqMan probe, and

2 mL of cDNA sample in a total volume of 25mL. The relative
expression of target mRNAwas computed from the target CT

values and the 18S CT value. Chondrocyte plates of primary

static culture at 7 days were used as a reference for com-

parison of the extent of gene expression in the constructs.

The relative mRNA levels for each condition were deter-

mined by performing quantitative reverse transcription (RT)-

PCR three times for each of the five independent constructs.

Primers and probes were designed using Primer Express 3.0

(Applied Biosystems), based on sequences from the Gen-

Bank database (http://www.ncbi.nlm.nih.gov/GenBank/

index.html). The sequences of primers and probes are shown

in Table 1.

Preliminary in vivo implantation

As an implantation chondrocyte plate, we selected plates

with high levels of proteoglycan (PG)/DNA and collagen/

DNA or those showing high levels of chondrogenic gene

expression. We transplanted both kinds of plates for pre-

liminary experiments.

In vivo implantation

Ten Japanese white rabbits (female, 16–18 weeks old,

weighing *3 kg) were used in this study. The rabbits were

anesthetized with intramuscular injections of 120mg keta-

mine and 9mg xylazine. After a medial parapatellar incision

to both legs, each patella was dislocated laterally, and a

superficial osteochondral defect (5mm in diameter and

3mm deep) was created on the patellar groove of the femur

in both legs using a drill and a biopsy punch (Kai Industries

Co., Seki City, Japan). The bottom of the subchondral bone

was shaved to a plane using a biopsy punch until bleeding

TABLE 1. LIST OF PRIMERS USED IN REAL-TIME REVERSE TRANSCRIPTASE POLYMERASE CHAIN REACTION

Primer and Probe Accession No. Sequence Expect size (bp)

Collagen type I-F D49399 GCC TCG CTC ACC ACC TTCT 77

Collagen type I-R CAA TCT GGT TGT TCA GAG ACT TCA G

Collagen type I-Probe CAG ACC CAA GGA CTA TGA AGT CGA TGC C

Collagen type II-F D83228 GCA GCA CGT GTG GTT TGG 67

Collagen type II-R CAG GCT GCT GTC TCC ATA GCT

Collagen type II-Probe AGA CCA TCA ATG GCG GCT TCC ACT T

Collagen type X-F AF247705 AAC CTG GAC AAC AGG GAC TTA CA 100

Collagen type X-R TCC CCT TTC TGT CCA CTC ACA

Collagen type X-Probe CCC CCG CGG CTT TCC TGG

TaqMan probes were labeled with the reporter dye molecule 6-carboxyfluorescein at the 50 end with quencher dye 6-carboxy-N,N,N0,N0-
tetramethylrhodamine at the 30 end.
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was seen from the marrow. The rabbits were classified into

two recipient groups: a chondrocyte plate insertion group, in

which the plates were allografted into the created defect, and

a noninsertion control group. Before allograft transplanta-

tion, the chondrocyte plates were adjusted to the size of the

defects using a biopsy punch. The chondrocyte plates were

inserted into the defects so that each construct’s surface was

flush with the host articular cartilage and then left without

any additional fixation. The chondrocyte plate filled only the

upper part of the lesion, not the entire 3-mm-deep defect.

After recovery from the surgery, all animals were allowed to

walk freely in their cages without any splints.

Histological evaluations in vitro and in vivo

The rabbits were sacrificed 1 month after the operation

using an overdose of intravenous anesthetic. The distal part

of the femur was excised and fixed with 4% paraformalde-

hyde for 7 days. Each specimen was decalcified in a solution

of 10%EDTA in distilled water (pH 7.4) for 2 to 3 weeks and

then embedded in paraffin wax and sectioned perpendicu-

larly (4.5-mm sections) through the center of the defect. Each

section was stained with safranin O for glycosaminoglycans

and with Masson’s trichrome. The chondrocyte plates were

also fixed in 4% paraformaldehyde for 7 days, embedded in

paraffin wax, and sectioned (4-mm sections).

Immunohistochemistry was done as described.11 Briefly,

sections were deparaffinized according to standard proce-

dures. The sections were treated with 0.005% proteinase

(type XXIV, Sigma-Aldrich) for 30min at 378C for antigen

retrieval. For types I and II collagen, a primary mouse

monoclonal antibody (Daiichi Fine Chemical Co., Toyama,

Japan) diluted 1:200 in phosphate buffered saline (PBS) þ
1% bovine serum albumin (BSA; Sigma-Aldrich) (final

concentration 2.5 mg/mL) was placed on the section over-

night at 48C. For chondromodulin-I (ChM-I), a primary goat

polyclonal antibody (Santa Cruz Biotechnology, Inc., Santa

Cruz, CA) diluted 1:200 in PBS þ 1% BSA (final concen-

tration 1 mg/mL) was placed on the section overnight at 48C.
For vascular endothelial growth factor (VEGF), a primary

mouse monoclonal antibody (Upstate, Lake Placid, NY)

diluted 1:50 in PBS þ 1% BSA (final concentration 20 mg/
mL) was placed on the section overnight at 48C. The slides
were washed with PBS after incubation for 1 h at room

temperature with biotin-conjugated goat antimouse sec-

ondary antibody for type I collagen, type II collagen, and

VEGF and with biotin-conjugated donkey antigoat second-

ary antibody for ChM-I. The slides were then treated with

horseradish peroxidase–labeled streptavidin for 1 h. They

were then soaked in a 0.05% solution of diaminobenzidine in

Tris-HCl buffer (pH 7.6) containing 0.005% hydrogen per-

oxide. Slideswere counterstainedwithMayer’s hematoxylin.

Scanning electron microscopy

The samples were fixed in 2.5% glutaraldehyde (TAAB,

Berkshire, UK)/0.1M phosphate buffer (pH 7.2) at 48C for

6 h and postfixed in 1% osmic acid/0.1M phosphate buffer at

48C for 2 h. They were then dehydrated in a graded ethanol

series (50%, 70%, 80%, 90%, and 100%). The samples

were immersed in t-butyl alcohol (Wako) and frozen at

� 208C. They were freeze-dried using the Inoue and Osatake
method,12 spatter-coated with gold ( JFC-1100E JEOL, To-

kyo, Japan), and then observed using scanning electron

microscopy (SEM) ( JSM-840, JEOL).

Statistical analysis

Biochemical data were analyzed using one-factor analy-

sis of variance followed by individual post hoc compari-

sons (Tukey/Kramer). P< 0.05 was accepted as statistically

significant for any differences.

RESULTS

Histology

After 2 weeks of rotational culture, the chondrocyte plates

were considered stable enough to be handled with surgical

forceps. Each plate had a regular cylindrical shape and the

macroscopic appearance of cartilage (Fig. 2A, B). When a

cell suspension was inoculated in a mold, cell aggregation

was observed 8 h later using SEM (Fig. 2C). After primary

static culture for 7 days, a chondrocyte plate formed with a

1- to 2-mm-thick extracellular matrix (ECM), appearing like

a honeycomb shaped scaffold (Fig. 2D). Chondrocytes and

ECM were distributed uniformly in the plate. The chon-

drocytes in the central region of the chondrocyte plate were

spherical, but those at the top of the plate had lost their

spherical shape (Fig. 2F). After 3 weeks of rotational culture,

SEM revealed the formation of chondron units, consistent

with the native chondrocyte alignment (Fig. 2E). At the

same time, the central region of the chondrocyte plate was

intensely and uniformly stained with safranin O and was

positive for type II collagen. Conversely, the peripheral re-

gion of a couple of cell layers in the plate was aligned hor-

izontally to the surface. This zone was not stained with

safranin O and was not positive for type II collagen but was

positive for type I collagen. This peripheral region formed a

capsule around the central region (Fig. 2G–I). Alternatively,

after static culture for 4 weeks (primary static culture for 1

week and static culture for 3 weeks), the central region of the

chondrocyte plate was irregularly stained with safranin O,

positive for type II collagen, but was not positive for type I

collagen. Moreover, the peripheral region of the plate was

not smooth but opened in pores (Fig. 2J–L).

ECM deposition

The time courses of biochemically analyzed construct

components are shown in Figure 3A–E. PG and collagen

contents of the constructs increased significantly in rotational
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culture for 3 weeks. By contrast, both reached a plateau after

static culture for 2 weeks (Fig. 3A, B). The PG contents in

the constructs from the rotational culture were approxima-

tely double that of the static culture at 3 weeks, and the

collagen contents were approximately 180% of those of the

static culture. In the rotational cultures, the DNA content of

the constructs increased for 3 weeks, whereas in the static

cultures, the DNA content reached a peak in 2 weeks and

decreased thereafter (Fig. 3C). PG/DNA of the constructs

from the rotational culture increased progressively from

primary static culture at 7 days to significantly higher than

that of NAC at 2 weeks and then reached a plateau (Fig. 3D).

The PG/DNA level of the plates after 2 weeks of rotational

culture was 275% of that measured in NAC. However, the

collagen/DNA content of the constructs in the rotational

culture was significantly higher than in the static culture at 2

weeks. It peaked at this level but was only 47% of that in

NAC (Fig. 3E). The collagen/DNA content of NAC was

significantly higher than that of the constructs in the rota-

tional and the static cultures through incubation.

Gene expression

The time courses of mRNA level expression of collagen

type I, collagen type II, and collagen type X in the constructs

from the rotational culture were normalized to those of the

constructs in primary static culture at 7 days, as indicated by

a value of 1.0 (Fig. 4A–C). Collagen type I mRNA expres-

sion increased during the first 2 weeks of rotational culture

and decreased thereafter (Fig. 4A). The mRNA expression

FIG. 2 Macroscopic and histological analyses of the study in vitro. (A, B) Macroscopically, the chondrocyte plate after 3 weeks of

rotational culture resembled cartilaginous tissue (1-mm scale bar below). (C) Scanning electron microscopy (SEM) of chondrocyte

plates formed after 8 h of inoculation in the mold. (D) Chondrocyte plates formed after 7 days of primary static culture. The autologous

extracellular matrix (ECM) has a honeycomb appearance. (E) Chondrocyte plates formed after 3 weeks of rotational culture. SEM

revealed the formation of chondron units. (F, G, J) Safranin O staining; (H, K) collagen type II immunostaining; (I, L) collagen type I

immunostaining. (F) After primary static culture for 7 days, chondrocyte plates showed an ECM stained uniformly with safranin O.

After 3 weeks of rotational culture, (G) the central region of chondrocyte plates stained intensely with safranin O and (H) was positive

for type II collagen. (I) The peripheral region of the plates was positive for type I collagen. On the other hand, after 3 weeks of static

culture, chondrocyte plates were irregularly and faintly stained with safranin O and were weakly positive for types I and II collagen

(scale bars¼ 1mm in B; 10mm in C–E; 100 mm in F–L). Color images available online at www.liebertpub.com/ten.
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of type II collagen of the 1-week chondrocyte plate tended to

be high. However, the expression of type II collagen mRNA

did not show any significant differences in chondrocyte

plates from rotational culture over 1 to 3 weeks (Fig. 4B).

The mRNA expression of type X collagen in rotational

culture was maintained at the same level as that in primary

static culture from 7 days to 2 weeks and increased thereafter

(Fig. 4C).

Preliminary in vivo implantation

Messenger RNA expression of type II collagen tended

to be high, and type I collagen was still at a low level in the

1-week chondrocyte plates from rotational culture. Alter-

natively, PG/DNA and collagen/DNA levels were high in

the 2-week plates. We transplanted the 1-week and 2-week

chondrocyte plates to the total-thickness-defect model. At 4

weeks after implantation, fibrous tissue had replaced most of

the 1-week plates, and many inflammatory cells were seen in

the subchondral bone (Fig. 5A). Alternatively, 2-week plates

maintained their shape and integrated with the host carti-

lage. In the subsequent studies, we used 2-week chondrocyte

plates as grafts (Fig. 5B).

Examination of implanted chondrocyte plates

Operations were uneventful, and all rabbits resumed

normal cage activity immediately. All rabbits exhibited an

unlimited passive range of knee joint motion at the time they

were euthanized.

At 4 weeks after implantation, according to macroscopic

observation, the chondrocyte plate insertion group seemed

to show better results in terms of the integration of host

cartilage, and the defects repaired by the plate were

smoother than in the noninsertion group (Fig. 6A, I). In the

chondrocyte plate insertion group, the repair site appeared to

be filled with cartilaginous tissues, which were strongly

stained with safranin O, positive for type II collagen, and

negative for type I collagen (Fig. 6B, E, G). Lateral inte-

gration of the chondrocyte plate was well bonded at both
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FIG. 3 Quantitative biochemical analyses of proteoglycan, collagen, and DNA contents of the constructs of the chondrocyte plates

cultured in primary static culture for 7 days followed by 3 weeks in rotational and static culture conditions. (A) Proteoglycan content.
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sides of host cartilage (Fig. 6C, D). Basal integration of the

plate was also good. Each implanted chondrocyte plate was

clearly visible but was thinner than before implantation

(650–700 mm thick). The interfacial adhesion between the

plate and the lower portion of the repair tissue is shown by

arrowheads in Figures 6F and H and Figure 7A. The lower

portion of the repair tissue contained hypertrophic chon-

drocytes that were remodeling the subchondral bone.

Structural integrity of the plate was shown by the beginning

of columnar organization of rounded chondrocytes (Fig.

7B). No infiltration of inflammatory cells within the sub-

chondral bone was seen. Alternatively, in the noninsertion

group, the defects were filled with mainly fibrous tissue (Fig.

6J, L, N) concealing the lower portion of the repair tissue.

The lower portions of the regions stained with safranin O

were positive for type II collagen but not for type I (Fig. 6K,

M, O). Black arrowheads indicate the interface between fi-

brous tissue and the remodeling site of subchondral bone in

Figure 6. The interface area was positive for type I collagen.

The lower portion of the remodeling site of subchondral

bone appeared to be filled with hypertrophic chondrocytes.
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FIG. 4 Gene expression levels using real-time reverse tran-

scription polymerase chain reaction. Gene expression in the

chondrocyte plate constructs cultured for up to 3 weeks in primary

static or rotational culture conditions. (A) The relative gene ex-

pression level for type I collagen. (B) The relative gene expression

level for type II collagen. (C) The relative gene expression level

for type X collagen. Values represent the means� standard de-

viations of five samples with experiments run in duplicates.

FIG. 5 Preliminary in vivo implantation experiments. Histolo-

gical analyses at 4 weeks (A) in the 1-week chondrocyte plate

insertion group and (B) in the 2-week chondrocyte plate insertion

group (scale bars¼ 1mm). Color images available online at

www.liebertpub.com/ten.

FIG. 6 Macroscopic and histological analyses of the in vivo

study for safranin O and for types I and II collagen. (A, I) Mac-

roscopic observations on femoral condyles at 4 weeks after sur-

gery. (A) In the chondrocyte plate insertion group, the defect

seemed to be better regarding the integration of host cartilage than

in (I) the noninsertion control group. (B–H, J–O) Histological

analyses at 4 weeks. Sagittal sections of the defects were (B)

stained positively with safranin O and (E) were positive for type II

collagen and (G) type I collagen in the plate insertion group.

Sections from the noninsertion group (J) were stained with saf-

ranin O and were (L) positive for type II collagen and (N) type I

collagen. Higher magnifications of the circle area in (B) stained

with safranin O (C and D); the black-framed area in (B), which

was positive for (F) type II collagen and (H) type I collagen.

Higher magnifications of the black-framed area in (J) stained with

(K) safranin O and (M) positive for type II collagen and (O) type

I collagen (scale bars¼ 1mm in B, E, G, J, L, and N; 250mm in

C, D, F, H, M, and O). Color images available online at www

.liebertpub.com/ten.
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The blood vessels at the bottom of the hypertrophic chon-

drocyte layer failed to penetrate this zone and were dilated in

the plate insertion group (Fig. 7C). Alternatively, in the

noninsertion group, the blood vessels penetrated the hyper-

trophic chondrocyte layer (Fig. 7D, E). In the plate insertion

group, ChM-I was intensely positive in the lower portion of

the repair tissue, shown between the arrows and arrowheads

in Figure 8A. The asterisked area below the arrows was

positive for types I and II collagen but not for ChM-I (Fig.

6F, H and Fig. 8A). VEGF was present in the asterisked area

(Fig. 8Ca) and was almost absent in the arrowed regions

(Fig. 8Cb). In the noninsertion group, no ChM-I was ob-

served in the lower portion of the repair tissue (Fig. 8B).

Alternatively, the remodeling hypertrophic chondrocyte

layer was intensely positive for VEGF (Fig. 8Da).

DISCUSSION

We consider that the importance of tissue engineering

cartilage lies not only in the quantity of ECM that can be

produced, but also in maintaining the distribution of the cells

and the ECM. Moreover, as a matter of course, the central

region of the graft must maintain cartilage differentiation.

The distribution of the peripheral region facing in the ar-

ticular surface is particularly important, because emission of

proteoglycan and cellular damage are anticipated if the pe-

ripheral region carrying a direct load is not a smooth and

tight surface.

In this study, PG/DNA of 2-week plates of rotational

culture was 275% of that in NAC, and collagen/DNA of

2-week plates of rotational culture was 47% of NAC. In

another study on scaffold-free tissue-engineered cartilage,

Grogan et al.13 reported that the dry weight of PG in their

neo-cartilage was 83% of NAC and that collagen dry weight

was 25% of NAC after 4 weeks culture. Hu et al.14 reported

that the PG per dry weight of their constructs formed over

agarose was 166% of NAC and that the collagen per dry

weight was 33% of NAC after 12 weeks of culture. Park

et al.15 reported that the PG content per cell of their scaffold-

free constructs was approximately 60%ofNAC after 5weeks

of culture. (Collagen content was not assessed.) We were

able to construct scaffold-free tissue-engineered cartilage

with abundant ECM after a shorter culture period than for

other scaffold-free models. The chondrocytes of the periph-

eral region of the chondrocyte plate in rotational culture were

aligned horizontally to the surface. We speculate that our

rotational culture systempromoted the production ofmatrices

FIG. 7 Histological analyses of the in vivo study using

Masson’s trichrome staining. (A, B) Higher magnifications of

the black-framed area in Figure 6B. (C) Higher magnification

of the white-framed area in Figure 6B. (D) High magnification

of the white-framed area in Figure 6J. (E) Higher magnification of

the white-framed area in (D) stained with Masson’s trichrome

(scale bars¼ 250 mm in A, C, and D; 200 mm in B; 50 mm in E).

Color images available online at www.liebertpub.com/ten.

FIG. 8 Histological analyses of the in vivo study for

chondromodulin-I (ChM-I) and vascular endothelial growth factor

(VEGF) expression levels. (A) Higher magnification of the black-

framed area in Figure 6B, which was positive for ChM-I. (B) Higher

magnification of the black-framed area in Figure 6J, which was

positive for ChM-I. (C) Higher magnification of the arrowed area in

(A), which was positive for VEGF. (D) Higher magnification of the

white-framed area in Figure 7D, which was positive for VEGF.C(a)

shows a higher magnification of the asterisked area in (C). C(b) is a

higher magnification showing hypertrophic chondrocytes above the

arrowed area in (C). (a) is a higher magnification of hypertrophic

chondrocytes in (D). (scale bars¼ 250mm in A and B; 200mm in

C and D; 10mm in Ca, Cb, and Da). Color images available online

at www.liebertpub.com/ten.
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in the central region and helped develop the peripheral

smooth layer.16,17

Asmentioned above, this is not the first report on scaffold-

free tissue-engineered cartilage; similar products have been

constructed using rotational wall vessels,18 using static bio-

reactor systems,13,19,20 exploiting the low adhesive property

of agarose to cells,14 and using a specific system.15 How-

ever, the macroscopic and histological appearance of the

cartilaginous tissue produced in the latter three approaches

had surface irregularities, unlike the smooth cartilaginous

tissue surface that we constructed in static culture. Alter-

natively, the peripheral region of the tissue-engineered

cartilage that we constructed in this rotational culture system

was smooth and tight. The chondrocytes of the peripheral

region lost their rounded shape and were more elongated and

oriented parallel to the surface, as is the cartilage surface

in vivo. We speculate that this smooth surface prevented the

loss of aggrecan and the cellular damage caused by loading

in vivo.

It is important that tissue-engineered cartilage transplants

not only provide for construct survival, but also respond to

loading adequately after implantation. It is also necessary to

determine the optimum implantation stage, but there is no

consensus regarding this at present.2 In vitro studies have

shown that the integration between native articular cartilage

and engineered cartilage is better at an early stage of chon-

drogenesis than at a later stage.21 Alternatively, in vivo, it is

important that arthrodial cartilage be able to endure loads, so

a substantial matrix is necessary. Generally, satisfying these

conflicting aspects of integration and biomechanical capa-

bility is considered to center on the optimal timing of im-

plantation. In this sense, 1-week or 2-week plates from

rotational cultivation seem to be optimal, according to the

results of gene expression and biochemical analysis. In

preliminary experiments, we transplanted plates after rota-

tional culture for 1 week, when chondrogenic gene expres-

sion tended to be high. However, fibrous tissue replaced

most of the plates, and many inflammatory cells were seen in

the subchondral bone (Fig. 5A). Meanwhile, plates in rota-

tional culture for 2 weeks, when PG/DNA and collagen/

DNA levels were high, maintained their formation and in-

tegrated well with the surrounding host tissues. Hyper-

trophic chondrocytes from the bone marrow replaced the

bottom of the plate, and repairing regions consistently de-

veloped matrix composed predominantly of glycosamino-

glycans and type II collagen.

Scaffold-free tissue-engineered cartilage must support

loads with a self-producing ECM. Therefore, scaffold-free

constructs need reliable matrices to endure physiological

loading. Park et al. implanted 1-week cultures of scaffold-

free tissue-engineered cartilage and commented that the

implants had collapsed below the nearby cartilage surface.15

This suggests that the mechanical property of 1-week con-

structs is inadequate and that the implants are too thin to fill a

full-thickness defect. They felt that scaffold-free constructs

require more stiffness to counter physiological loads.

In this study, although mRNA expression of type II col-

lagen decreased slightly after 1 week of rotational culture,

we selected 2-week rotational culture plates for the verifi-

cation of implantation in vitro and in vivo. We considered

that PG/DNA and collagen/DNA levels would be a better

index of the implantation stage than chondrogenic gene

expression in scaffold-free constructs. It is important to

evaluate the mechanical properties of tissue-engineered

cartilage and to test whether its mechanical properties can

bear normal physiological loadings. We did not select 3-

week plates because of the high mRNA expression of type X

collagen at that time.

Brehm et al.20 investigated superficial osteochondral de-

fects in a caprine model. They commented that superficial

osteochondral defects resemble commonly encountered

defects in human patients after debridement. These debrided

states corresponded closely to the superficial osteochondral

defects they created artificially. Therefore, for our model, we

assumed that debridement would apply to human patients

and created super-osteochondral defects 3mm deep.

There may be an objection that osteochondral defects in a

rabbit model such as we used here might repair spontane-

ously. In mature rabbits, defects 3mm in diameter and 2mm

deep are reported to be the critical size for spontaneous re-

pair, and defects of the size we used (5mmwide, 3mm deep)

do not repair spontaneously.22

Host MSC-derived hypertrophic chondrocytes were

stained with safranin O and were positive for type II collagen

in the plate insertion group and the control noninsertion

group (Fig. 6B, E, J, L). ChM-I was found only in the plate

insertion group (Fig. 8A). ChM-I staining was intense in the

lower portion of the repair tissue containing hypertrophic

chondrocytes engaged in remodeling subchondral bone.

Generally, total-thickness defects have access to repara-

tive cells of the bone marrow.6 This connection allows in-

filtration of the defect by MSCs from the bone marrow,

which can then proliferate and differentiate. MSC-derived

hypertrophic chondrocytes appear subsequently during en-

dochondral ossification, and vasculature and marrow, and

eventually subchondral bone replace the defects.5,23 The

course of bone remodeling resembles the development of the

mammalian embryonic skeleton.5,24 However, the devel-

opment of hyaline articular cartilage is not recognized in

artificial total-thickness-defect models. By nature, articular

cartilage is avascular except during skeletal development,

when endochondral bone formation occurs. Capillaries from

the surrounding periosteum invade the calcified zone at the

center of the previously avascular cartilage shaft. This an-

giogenesis is thus a pivotal event that coordinates chon-

drogenesis and subsequent osteogenesis in endochondral

bone formation.25 ChM-I was reported to stimulate chon-

drocyte proliferation and PG synthesis in vitro and to inhibit

the proliferation of vascular endothelial cells in vitro and

in vivo.26,27 Kitahara et al.27 suggested that ChM-I acted

to inhibit vascular invasion in the immature state of the ar-

ticular cartilage and that the levels of ChM-I decreased
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gradually with age in the articular cartilage of their mouse

model.

In our study, hypertrophic chondrocytes in the noninser-

tion group produced VEGF (Fig. 8D) but did not show ChM-

I (Fig. 8B), and the blood vessels penetrated the hypertrophic

chondrocyte layer (Fig. 7D, E). Such vascular invasion pro-

motes the progression of ossification in the total-thickness-

defect model. Alternatively, in the plate insertion group,

hypertrophic chondrocytes were positive for ChM-I (Fig.

8A) and expressed little VEGF (Fig. 8Cb). Moreover, the

blood vessels failed to penetrate the hypertrophic chon-

drocyte layer (Fig. 7C). This suggests that MSC-derived

hypertrophic chondrocytes acquired their antiangiogenic

properties from the chondrocyte plate. The levels of ChM-I

and VEGF cannot solely account for the modulation of

switching from angiogenesis to antiangiogenesis. The

presence of inducers of endogenous angiogenic molecules in

the process of endochondral ossification has been reported

for VEGF,27 fibroblast growth factor 2 (FGF-2),28 trans-

forming growth factor beta (TGF-b),29 and tissue matrix

metalloproteinase (MMP)-9.30 Moreover, there may be the

objection that hypertrophic chondrocytes were derived from

the allografted chondrocyte plate rather than from the host.

We consider that the hypertrophic chondrocyte layer con-

tained donor chondrocytes and host MSC-derived hyper-

trophic chondrocytes. The 2-week rotational culture

chondrocyte plate was 650 to 700 mm thick, and at 4 weeks

after implantation, it thinned to approximately 200 mm.

Thus, chondrocytes from approximately 450 to 500 mm of

the implant were included in the 3-mm-deep defect.

Therefore, chondrocytes of the allograft might have hyper-

trophied. Because we did not label the chondrocyte plate, we

could not distinguish between MSC-derived hypertrophic

chondrocytes and donor chondrocytes individually. How-

ever, in this study, the chondrocyte plate did not fill the entire

defect, only the upper part. Moreover, all of the hypertrophic

chondrocyte layer (donor chondrocytes and host MSC-de-

rived hypertrophic chondrocytes) in the plate insertion group

expressed ChM-I and did not express VEGF. Therefore, we

are convinced that the hypertrophic chondrocytes in the

defect were derived mainly from host-derived hypertrophic

chondrocytes. Thus, at 4 weeks after chondrocyte plate

implantation, MSC-derived hypertrophic chondrocytes in

the plate insertion group showed lower angiogenesis than in

the noninsertion group.

There are limitations in the current methods, and the

feasibility of using scaffold-free constructs needs to be

verified with mature chondrocytes and even with passaged

ones.15 In preliminary studies, we found that immature

rabbit and bovine articular chondrocytes could be used to

construct chondrocyte plates after five passages (data not

shown). We have also evaluated other cell sources, and this

will be published elsewhere.

Here we prepared scaffold-free chondrocyte plates and

compared rotational with static culture methods using his-

tological and biochemical analysis. We also evaluated the

modulation of gene expression levels of the plates in rota-

tional culture over 1 to 3 weeks. We investigated whether the

plates produced by rotational culture, which is considered to

provide optimum conditions in vitro, integrated with total-

thickness defects. Those plates that produced high levels of

PG/DNA and collagen/DNA showed satisfactory integration

with the surrounding host cartilage and were capable of

countering normal loads. The repair site receiving the plate

also maintained its cartilaginous matrix. There were differ-

ences at the host repair site between the plate insertion group

and the noninsertion group at the early stage of implantation.

Host MSC-derived hypertrophic chondrocytes produced

ChM-I, reduced their production of VEGF, and inhibited

angiogenesis in the plate insertion group. Thus, the im-

plantation of the chondrocyte plate altered host MSC-

derived hypertrophic chondrocytes to an articular cartilage

phenotype. Further investigations are needed to elucidate

the modulation of such remodeling sites in long-term

experiments.

CONCLUSION

The rotational culture system improved chondrocyte plate

construction in terms of the production of a homogeneous

and abundant ECM that maintained the phenotype of the

articular cartilage. The structural properties of the remodel-

ing site were superior to natural healing from an early stage

of implantation.
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