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Abstract Some treatments for full thickness defects of

the articular cartilage, such as the transplantation of cul-

tured chondrocytes have already been performed.

However, in order to overcome osteoarthritis, we must

further study the partial thickness defects of articular car-

tilage. It is much more difficult to repair a partial thickness

defect because few repair cells can address such injured

sites. We herein show that bioengineered and layered

chondrocyte sheets using temperature-responsive culture

dishes may be a potentially useful treatment for the repair

of partial thickness defects. We also show that a chon-

drocyte-plate using a rotational culture system without the

use of a scaffold may also be useful as a core cartilage of

an articular cartilageous defect. We evaluated the proper-

ties of these sheets and plates using histological findings,

scanning electrical microscopy, and photoacoustic mea-

surement methods, which we developed to evaluate the

biomechanical properties of tissue-engineered cartilage. In

conclusion, the layered chondrocyte sheets and chondro-

cyte-plates were able to maintain the cartilageous

phenotype, thus suggesting that they could be a new and

potentially effective therapeutic product when attached to

the sites of cartilage defects.
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1 Introduction

Adult articular cartilage shows a poor self-repairing ability

after either degeneration or injury occurs and is, therefore,

unlikely to be restored to normal condition once it has been

damaged. The currently available treatments for cartilage

defects include the application of a periosteal patch to

cover the defect [1] and mosaicplasty, in which an osteo-

chondral pillar is grafted from a non-weight-bearing site

[2]. However, the use of periosteal patches has limitations

due to problems with ossification and the limited area that

can be treated. Although microfracture techniques, in

which drilling is employed to induce bone marrow cells to

differentiate into chondrocytes, are now widely used, the

cartilage obtained by this technique is fibrocartilage with

different characteristics from those observed in hyaline
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cartilage. Since promising results for the transplantation of

cultured autologous cartilage cells have been reported [3],

various articular cartilage regeneration techniques have

thus been clinically applied, including the use of scaffolds

such as atelocollagen [4] and cell transplantation therapy

with bone marrow-derived mesenchymal stem cells (MSC)

[5]. However, the current cartilage regeneration techniques

are intended for the treatment of full thickness defects, and

there have so far been no reports regarding the clinical

application of a technique for treating partial thickness

defects in patients with early osteoarthritis as far as we

could determine in a comprehensive literature search.

In this study, we introduce two different approaches for

the treatment of cartilage defects without using a scaffold.

One is using chondrocyte sheets for the treatment of partial

thickness defects of the articular cartilage; while, the other

is using a chondocyte-plate for the core of an articular

cartilageous defect. Finally, we mention the findings of a

study describing a non-invasive measurement method to

evaluate the biomechanical properties of such tissue-engi-

neered cartilage using photoacoustic measurements.

2 Materials and methods

2.1 Isolation of chondrocytes

2.1.1 Human articular chondrocytes

The cells used for the in vitro experiment included human

articular chondrocytes derived from patients who had

undergone anterior cruciate ligament reconstruction and

gave their informed consent at the Tokai University Oiso

Hospital from December 2004 to August 2005. The

chondrocytes were obtained while forming the interfove-

olar ligament, and then they were isolated by enzymatic

treatment. Twenty-five knees from 25 patients aged

14–49 years (average 23 years old, 19 males and 6

females) were used as the source of these cells. Next, the

chondrocytes were subjected to enzymatic treatment, and

then were seeded and cultured according to the method of

Sato et al. [6].

2.1.2 Articular chondrocytes from Japanese white rabbits

Twelve Japanese white rabbits aged 3–4 weeks and

weighing about 800–1,000 g were used as the source of

articular cartilage cells. Cartilage samples were collected

from the femoral compartment of the knee joint, and then

were subjected to the same enzymatic treatment process as

that used for human articular cartilage cells. Thereafter, the

isolated cells were seeded and cultured in temperature-

responsive culture dishes.

2.2 Preparation of the tissue-engineered cartilage

with ACHMS scaffold

The cells (0.2 ml) were then seeded at a high density

(2 9 106 cells/scaffold) on the top (open side) of an a-

telocollagen honeycomb-shaped scaffold with a membrane

seal (ACHMS-scaffold, Fig. 2a–c) [7–15] (diameter 6 mm,

thickness 2 mm) in 96-well plates (Sumitomo Bakelite

Corp., Tokyo, Japan) by centrifugation at 500 rpm (45 g)

for 5 min and then were cultured in F12/DMEM supple-

mented with a 10% fetal bovine serum (Iwaki) and 50 g/ml

of ascorbic acid (Sigma Corp., St Louis, MO) at 37�C in an

atmosphere of 5% CO2 in air and 100% relative humidity.

After the indicated period of incubation, the cultures were

studied (1) by a scanning electron microscope, (2) for the

DNA content as an indicator of cell proliferation, as well as

(3) for the glycosaminoglycan (GAG) accumulation as the

marker of matrix formation [17]. Prior to the transplanta-

tion of the chondrocyte-containing ACHMS scaffold into

an articular cartilage defect in vivo, the chondrocytes were

cultured for 21 days in the scaffold. All cells were plated at

a density of 2 9 106 cells/dish (Falcon culture dish;

diameter 10 cm; Nippon Becton Dickinson Co., Ltd.,To-

kyo, Japan).

2.3 Preparation of the chondrocyte sheet

(without scaffold)

Each culture dish was removed from the incubator when

the cells reached confluence and then was left to stand at

about 25�C for 30 min. After the culture medium was

removed, the cell sheet was collected using a polyvinyli-

dene difluoride (PVDF) membrane according to the method

reported by Kaneshiro [16]. In brief, the PVDF membrane

was placed on the cell sheet and then the sheet was rolled

up with the membrane from one corner. The cultured

human chondrocytes could be successfully collected as cell

sheets by this method. Next, each cell sheet was placed on

top of another confluent cell sheet in order to prepare

multilayered sheets. Three-layered sheets of the cartilage

cells from Japanese white rabbits were also prepared. In

addition, a 0.4-lm filter was also used in order to compress

these sheets onto the culture dish and thereafter incubation

was performed for 1 week in order to prepare the multi-

layered sheets for transplantation.

2.4 Preparation of chondrocyte-plate (without scaffold)

In order to create a chondrocyte-plate that is hard enough

and with a sufficiently regular appearance, a primary static

culture is required before the rotational culture is

performed.
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2.4.1 Primary static culture

We harvested all chondrocytes after passages 1–3 in cul-

ture. Thereafter, we adjusted the cell suspension to a

density of 1.0 9 107 cells/ml in DMEM/F12 supplemented

with 20% fetal bovine serum, 100 U/ml penicillin, 100 lg/

ml streptomycin, 0.25 lg/ml fungizone, and 50 lg/ml

ascorbic acid. Four cylindrical molds (diameter 10 mm,

height 10 mm) were then placed on each culture insert

having a pore size of 0.4 lm (Corning Coastar Japan,

Tokyo, Japan: Cat.3419). At first, 13 ml of culture medium

was added under the culture insert. Subsequently, 13 ml of

medium was added on the culture insert around the molds.

(The surrounding culture medium was identified whether or

not the medium invaded from the lateral side of the bottom

of the molds.) Next, 600 ll of the cell suspension

(0.6 9 107 cells) was inoculated in the mold and the cell

suspension subsided 15–20-min later. Thereafter, approxi-

mately another 40 ml of culture medium was added to the

culture insert dish until the molds were completely filled

with medium (total medium was 65 ml). Adding the

medium after cellular sedimentation by gravity was found

to prevent cellular leakage from the top of the mold. The

culture insert was then put into a dish measuring 150 mm

in diameter (Becton Dickinson Labware), without a culture

insert dish cover. Then 8 h later, the cell suspension in the

mold showed cell aggregation, namely producing a chon-

drocyte-plate. Thereafter, the mold was removed. The

chondrocyte-plate was primary static cultured for 7 days

until it formed a regular cylindrical shape under the

dynamic culture conditions. The dishes were then placed in

a humidified 37�C/5% CO2 incubator.

2.4.2 Rotational culture system

In the rotational culture studies, all of the constructs were

cultured under primary static culture conditions and then

were cultured under dynamic conditions using a rotational

culture system. The chondrocyte-plate was moved to a non-

adherent six-well dish (Corning Cat 3411) using a medi-

cine spoon. Next, an orbital shaker; rotational culture

system was used [17]. The construct was cultured at a

speed of 70 rpm for 3 weeks. The culture medium was

completely replaced every 2–3 days (the medium renewal

rate was 2.5 ml/plate per day). The dishes were thereafter

placed in a humidified 37�C/5% CO2 incubator.

2.5 Histological study

The samples were fixed in 4% paraformaldehyde, embed-

ded in paraffin, and then sectioned (4 lm thick).

Histological staining was performed with Safranin-O for

the glycosaminoglycans. The sections were immunostained

with mouse antihuman type II collagen monoclonal anti-

body (Daiichi Fine Chemical Corp., Toyama, Japan) by

incubating with diaminobenzidine and 5 ll hydrogen per-

oxide in 100 ml PBS for 5 min at room temperature.

2.6 Photoacoustic measurement method

A nanosecond pulse light was used for the excitation of the

stress waves. The light beam was focused with a lens and

then coupled to a silica fiber of 600 lm in core diameter.

The stress waves induced by the light pulses were detected

by a piezoelectric transducer consisting of a poly(vinyli-

dene fluoride-trifluoroethylene) [P(VdF/TrEE)] film of

55 lm in thickness. The output signals of the photoacoustic

transducer were then amplified (bandwidth, 1 GHz, TDS

3054B, Textronics, Beaverton, OR). The relaxation time

theoretically has a relationship with the viscous-to-elastic

modulus rate (Fig. 1). The relaxation time (s) was calcu-

lated using the Levenverg–Marquardt algorithm, a non-

linear least squares method, as described below. When the

attenuation of the stress wave intensity is affected only by

the reflection at the boundaries and the relaxation during

transmission through the viscoelastic materials, then the

time course of the stress wave intensity is thus expected

based on the following equation

Id ¼ I0 � R� exp �dt=sð Þ: ð1Þ

where s is relaxation time, I0 initial intensity of the stress

wave, R product of the reflectance at the front surface and

posterior boundary, dt time required to transmit the stress

wave back and forth between the sample, and Id first peak

intensity of each wave packet of the measured acoustic

pulse sequence at t = dt. We investigated the characteris-

tics of the measured signal in order to determine whether or

not the diffraction affected the calculation of the relaxation

time from the measured stress wave intensity. It was shown

that there was no need to consider the diffraction effect

when measuring the articular cartilage with only a few

millimeters in thickness in comparison to the diffraction

length ([20 mm). The tissue-engineered cartilage with the

ACHMS scaffold was measured using a photoacoustic

measurement system [13, 18].

3 Results

3.1 Tissue-engineered cartilage with the ACHMS

scaffold

The high density of the chondrocytes (2 9 106 cells/scaf-

fold) could be seeded into the ACHMS scaffold by gentle

centrifugation without spilling the cells due to the scaffold

membrane sealing. Scanning electron microscopy after
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21 days of culturing (Fig. 2e, f) revealed the scaffold to be

filled with grown chondrocytes with their produced and

accumulated matrix molecules. The chondrocytes in the

scaffold were also found to retain their spherical shape,

namely, the typical appearance of the chondrocyte cells,

during the culturing period. Figure 2 also shows micro-

photographs of the chondrocyte cultures inside the scaffold

after 21 days. The chondrocytes were able to proliferate in

the scaffold, thus resulting in a strong expression of type II

collagen (Fig. 2d).

After 1 week of culture, the tissue-engineered cartilage

was considered to be sufficiently stable to be handled with

surgical pincers. The DNA content of the chondrocytes in

the scaffold culturing increased at a lower rate in com-

parison to the monolayer culturing during the initial

21 days (Fig. 3a). The increase in the total GAG content

from the cells and matrix components of the scaffold cul-

ture occurred at a higher rate than in the monolayer culture,

and this difference was observed throughout the entire

culture period for up to 21 days (Fig. 3b). Therefore,

chondrocytes are able to gradually grow for a longer period

of time (at least 21 days), and although they have a lower

growth rate than in a monolayer culture, the formation of

the extracellular matrix in the scaffold culture is higher.

3.2 Chondrocyte sheet (without a scaffold)

The chondrocyte sheets could be easily prepared by placing

one sheet on another and then culturing them together. It

was thus possible to continue the culture of such three-

layered sheets. The three-layer human articular chondro-

cyte sheets that were cultured for 1 week were extendable

and thus were not damaged by any mild external force.

Figure 4 shows that the layered rabbit articular chondro-

cyte sheets cultured for 3 weeks maintained their original

shape without shrinking when the PVDF was removed. As

a result, it was thus possible to create round grafts which

demonstrated a chondrocytic phenotype.

3.3 Chondrocyte-plate (without scaffold)

After a primary static culture for 7 days, the chondrocyte-

plate was able to be collected in a spoon while maintaining

the form of a circle, then it was conducted to the rotational

culture system. It was thus preserved without losing its

regular cylindrical shape even if we pinched it with twee-

zers after a rotational culture for 3 days. After 2 weeks of

rotational culture, the chondrocyte-plate was considered to

be sufficiently stable to be handled using surgical pincers.

The chondrocyte-plates measuring about 1.1 mm in

thickness after 2 weeks and about 1.4 mm after 3 weeks of

cultivation had a regular cylindrical shape and the macro-

scopic appearance of cartilage. The chondrocyte-plate was

thus able to be made without losing its regular cylindrical

shape regardless of the cellular passage number (Fig. 5).

3.4 Evaluation of photoacoustic measurement method

The tissue-engineered cartilage with the ACHMS scaffold

cultured for a longer period had smaller relaxation times.

The relaxation times obtained by photoacoustic measure-

ment closely correlated with the measured intrinsic

relaxation parameters, with a correlation coefficient of over

0.9 (Fig. 6).

Fig. 1 Experimetal setup of the

photoacoustic measurement.

System for measuring the

relaxation time by the

photoacoustic method. The lens
is a silica lens with a 70-mm

focal length, and the

photodetector, which is used to

trigger the photoacoustic signal,

is a biplanar phototube. The

diameter of the transducer is

4 mm. The monitor of the

digital oscilloscope shows a

typical observed waveform of

photoacoustic signal. FET Amp
field effect transistor amplifier
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Fig. 2 An atelocollagen

honeycomb-shaped scaffold

with a membrane seal

(ACHMS-scaffold). a Top of

the scaffold. b Bottom of the

scaffold with the membrane

seal. c Microscopic appearance

of the bottom of the scaffold.

d Type II collagen

immunostaining of the tissue-

engineered cartilage after

21 days. e A scanning electron

microphotograph of the scaffold

cultured chondrocytes after

21 days (original magnification

9150). f A scanning electron

microphotograph of the scaffold

cultured chondrocytes after

21 days (original magnification

91,000)

Fig. 3 a DNA content in the

cultured chondrocytes using

ACHMS scaffold (gray bars)

and monolayer culture (white
bars). b GAG content in the

cultured chondrocytes using

ACHMS scaffold (gray bars)

and monolayer culture (white
bars). Measurements of the

DNA and GAG contents have

been carried out on the indicated

days. Data represent the

mean ± SD of six

determinations. * P \ 0.05,

** P \ 0.01
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4 Discussion

A high density of chondrocytes from the articular cartilage

of Japanese white rabbits was three-dimensionally cultured

in an ACHMS scaffold for up to 21 days. Although the DNA

content in the scaffold increased at a lower rate than in

monolayer culturing, the SEM data showed the scaffold to

be filled with cultured chondrocytes which produced an

extracellular matrix after 21 days. In addition, GAG accu-

mulation in the scaffold culture occurred at a higher level

than the monolayer culture. Masuoka et al. [11] revealed that

the implantation of allogenic chondrocytes cultured in

ACHMS scaffolds could be effective for repairing articular

cartilage defect using a rabbit model. The use of a proper

scaffold contributes to tissue construction and the scaffold is

a critical item for tissue engineering. However, it does not

Fig. 4 A layered chondrocyte sheet. a Harvest of the cell sheets. The

cultured chondrocytes using a temperature-responsive surface could

be released from the dish (/ 35 mm) only by reducing the

temperature without a proteolytic enzyme. The confluent cultured

chondrocytes were harvested as a single contiguous cell sheet

retaining cell–cell junction as well as the deposited ECM on the

basal side. b The chondrocyte sheets could be layered and thereafter

adhere to the other cell sheets. The culture of the five-layered

chondrocyte sheets could be continued for 1 week. Bar 150 lm. c
Low magnification of b. Bar 400 lm

Fig. 5 A chondrocyte-plate. a, b The macroscopic appearance of the

chondrocyte-plate which formed after 7 days of primary static

culture, and subsequently, a chondrocyte-plate formed after 2 weeks

of rotational culture. The bottom of the scaffold with the membrane

seal. c Safranin-O stained paraffin sections of a chondrocyte-plate. e
A high magnification of c. The peripheral region, which was not

stained by safranin-O forms elongated fibroblastic-like cells. e The

scanning electron microscopic appearance of the chondrocytes-plate

which formed after 8 h of inoculation in the mold, and sequentially,

the appearance of the chondrocyte-plate which formed after 3 weeks

of rotational culture. Bar 10 lm

Fig. 6 Comparison between the relaxation times as measured by the

photoacoustic method and the values of the intrinsic viscoelastic

properties measured by a rheometer. The tissue engineered cartilage

cultured for a longer period had smaller relaxation times. Error bars
standard deviations
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always work well with the repair process in vivo. For

instance, some biodegradable polymers, such as PLLA, may

generate inflammation in the late phase, and some non-

biodegradable collagens may also have a harmful effect on

tissue remodeling. We speculate that tissue-engineered car-

tilage without a scaffold may, therefore, be suitable to obtain

a satisfactory repair of injured cartilage, thus providing a fast

recovery from injuries. We herein introduce the findings of

our recent studies concerning cartilage regeneration.

Temperature-responsive culture dishes have already been

applied to conduct research in various fields of regenerative

medicine, including the regeneration of the myocardium

[19, 20], vascular epithelium [21], cornea [22], hepatocytes

[23], and renal cells [24]. This method has also been clini-

cally applied for the myocardium and cornea [22]. The

surface of a temperature-responsive culture dish is coated

with a polymer (poly-N-isopropylacrylamide) which thus

becomes hydrophilic or hydrophobic in a reversible manner,

depending on the temperature [25]. The polymer has a low

critical solution temperature of 32�C, below which it

becomes soluble in water. Based on this characteristic, the

temperature-responsive culture dish has a weakly hydro-

phobic surface, similar to that of commercially available

dishes, and it can, therefore, be used to culture cells in a

conventional manner when the temperature is 37�C or

higher. However, the surface of the dish becomes hydro-

philic when the temperature falls below the critical solution

temperature of 32�C. Therefore, the confluent sheets of

cultured cells can be spontaneously released from the

hydrophilic dish surface by reducing the temperature to

below 32�C [26]. Using this method, the cultured cells can

thus be harvested as a sheet without damaging the cell–cell

junctions and the ECM because it eliminates the need for

conventional enzymatic harvesting with trypsin. Such cell

sheets have been reported to have various advantages,

including the preservation of the normal phenotype and the

expression of the adhesion proteins on the base [27]. Fur-

thermore, these cell sheets can also be placed on each other

to prepare layered ‘‘tissue’’ because the ECM is preserved

on the base and such 3D manufactured tissue has already

been successfully used for transplantations [20]. We already

confirmed that the layered chondrocyte sheets were able to

maintain a normal phenotype of the chondrocytes, and they

could, therefore, be attached to the sites of the injured car-

tilage, thereby acting as a barrier to prevent the loss of

proteoglycan from these sites, while also protecting them

from catabolic factors in the knee joints of the rabbits [16].

We also succeeded in forming 3D tissue-engineered

cartilage using a rotational culture system without the use

of a scaffold, and thus showing a sufficient biomechanical

strength. To date, only a few scaffold-free approaches have

been available for 3D cultivations [28–30]. We have cho-

sen a rotational culture system in a dense dissemination

using a mold, thus inducing cell aggregation and eventually

forming a 3D chondrocyte-plate, and thereafter suitable

tissue-engineered cartilage was constructed using an orbital

shaker, thus making it easy and simple to create a rotational

flow in the medium, and thereby inducing an appropriate

shearing stress to the chondrocyte-plate. Using the above-

mentioned chondrocyte sheets and the chondrocyte-plate,

we are now planning to conduct further studies in trans-

lational research in order to make this method clinically

available in the near future.

Furthermore, we also recognized the importance of

the non-invasive measurement method for the tissue-

engineered cartilage, and developed photoacoustic mea-

surement method to evaluate the biomechanical properties

of the tissue-engineered cartilage. This photoacoustic mea-

surement method can be used not only for evaluating

engineered tissue both in vitro and in vivo, but also for the

diagnosis of the disease and for surgical treatment planning

[13, 18]. After transplantation of tissue-engineered cartilage

and chondrocyte sheet, the subchondral bone of the joints

would also have to be evaluated. In such cases, a micro CT-

imaging could be a powerful tool for the structural properties

of the hard tissues [31]. Although these technologies were

originally independent, and handled separately, we would

like to combine them in order to regenerate articular carti-

lage after obtaining appropriate institutional approval.

5 Conclusions

1. The tissue-engineered cartilage with an ACHMS

scaffold, the layered chondrocyte sheets, and the

chondrocyte-plate were able to maintain the normal

phenotype of the chondrocytes, thus suggesting their

potential effectiveness for the treatment of the defects

of articular cartilage.

2. The newly developed photoacoustic measurement

method is also considered to be useful for the

evaluation of tissue-engineered cartilage in vitro.
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