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ABSTRACT: Autologous chondrocyte implantation (ACI) has been recently used to treat cartilage
defects. Partly because of the success of mosaicplasty, a procedure that involves the implantation of
native osteochondral plugs, it is of potential significance to consider theapplicationofACI in the form
of biphasic osteochondral composites. To test the clinical applicability of such composite construct,
we repaired osteochondral defect with ACI at low cell-seeding density on a biphasic scaffold, and
combined graft harvest and implantation in a single surgery. We fabricated a biphasic cylindrical
porous plug of DL-poly-lactide-co-glycolide, with its lower body impregnated with b-tricalcium
phosphateas the osseousphase.Osteochondral defectswere surgically createdat theweight-bearing
surface of femoral condyles of Lee-Sung mini-pigs. Autologous chondrocytes isolated from the
cartilagewere seeded into the upper, chondral phase of the plug, whichwas inserted by press-fitting
to fill the defect. Defects treated with cell-free plugs served as control. Outcome of repair was
examined 6 months after surgery. In the osseous phase, the biomaterial retained in the center and
cancellous bone formed in the periphery, integrating well with native subchondral bone with
extensive remodeling, as depicted onX-ray roentgenographybyhigher radiolucency. In the chondral
phase, collagen type II immunohistochemistry and Safranin O histological staining showed hyaline
cartilage regeneration in the experimental group, whereas only fibrous tissue formed in the control
group.Onthe InternationalCartilageRepairSocietyScale, the experimental grouphadhighermean
scores in surface, matrix, cell distribution, and cell viability than control, but was comparable with
the control group in subchondral bone and mineralization. Tensile stress–relaxation behavior
determined by uni-axial indentation test revealed similar creep property between the surface of the
experimental specimen and native cartilage, but not the control specimen. Implanted autologous
chondrocytes could survive and could yield hyaline-like cartilage in vivo in the biphasic biomaterial
construct. Pre-seeding of osteogenic cells did not appear to be necessary to regenerate subchondral
bone. � 2007 Orthopaedic Research Society. Published by Wiley Periodicals, Inc.* J Orthop Res

25:1277–1290, 2007
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INTRODUCTION

The clinical finding that articular cartilage
‘‘once destroyed, is not repaired,’’ has remained
unchanged since it was first observed by Hunter in
1743. Full-thickness defect of articular cartilage
inevitably progresses to catastrophic arthritis,1

and no consensus on effective treatment has been
achieved thus far. Conventional surgeries, such
as abrasive chondroplasty and penetration of
subchondral bone, usually rely on stimulation or
recruitment of chondrogenic cells, but the outcome
is discouraging because of the avascular nature
and lack of repair cells in cartilage.2 Articular
cartilage defects have to be repaired, but the
supply of graft is severely limiting. Consequently,
autologous chondrocyte implantation (ACI) has
become a principal procedure in current cell-based
cartilage repair.3,4
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Various modalities of ACI have been introduced
to date, including those that involve chondrocytes
or chondrogenic cells seeded onto biodegradable
scaffolds to generate cartilage constructs in vitro,
which in turn are used for implantation.5–9 Similar
to previous trials of patching the cartilage defects
with periosteal or perichondrial grafts, these
engineered cartilage chips require a technically
demanding and time-consuming suture procedure
to be fixed onto recipient sites.10,11 After implanta-
tion, inadequate security at the osteochondral
junction may lead to dehiscence of cartilage graft
from the underlying bone by the shearing force
encountered during joint motion. The solution of
such problem may be a pre-fashioned osteochon-
dral graft, which is self-secured to the subchondral
bone without additional fixation procedure or
device, and therefore has good surgical appli-
cability. The clinical success of mosaicplasty using
osteochondral grafts12–15 supports this approach;
at the same time, the shortage of donor resources
may be overcome by the cell expansion process
of ACI. In addition, an osteochondral graft, instead
of cartilage alone, may be optimal for the repair of
some focal cartilage lesions, such as osteonecrosis
and osteochondritis dissecans, that involve both
cartilaginous and osseous pathology.

A biphasic scaffold is preferred in constructing
such osteochondral graft for both mechanical and
biological reasons—a uniform tidemark at the
osteochondral junction and integration of the
biphasic structure with host tissue to sustain
biological function.16 Such scaffolds should ideally
have a rigid osseous phase, to support the overlying
cartilage and integrate with the native bone, and a
porous chondral phase, to allow the seeding and
proliferation of chondrocytes and subsequent
deposition of cartilaginous extracellular matrix
(ECM).

Most ACI procedures involve the culturing of
cells in vitro prior to the secondary implantation
surgery. This step is necessary because a cell-
seeding density as high as 60� 106 cells/ml is
considered important to produce mechanically
sound cartilage.17 Direct harvest of this number
of cells from spared cartilage is at best difficult, if
not impossible. However, a recent study indicates
that chondrocytes seeded at lower seeding
density on selected biomaterial scaffold can synthe-
size a cartilage-like matrix without prior mono-
layer expansion.18 Another possible solution to
overcome the short cell resource is an ideal culture
environment, which may support the regeneration
of cartilage from a limited number of cells.
Although sophisticated bioreactors mimicking the

intraarticular environment are frequently used
to optimize the tissue engineering process,
the cartilage defect environment as a ‘‘bioactive
chamber’’ provides a more natural setting.19 If a
lower seeding density on suitable scaffold could
build cartilage in such ideal environment, an
obvious advantage is that cell harvest and implan-
tation steps could both be accomplished in a single
surgery. Animal model study is useful in this
regard, to test the efficacy of in vivo regeneration
of cartilage. Further, animal studies are also
critical to verify the clinical applicability of engi-
neered cartilage constructs.20 As many designs of
biphasic osteochondral construct have been intro-
duced in recent years,16,21–25 it is important to
investigate their applicability in living joints.

In this study, we hypothesized that cartilage
regeneration in vivomight proceed at a cell density
below 5� 106 cells/ml, so that all procedures
for repair of osteochondral defect, including cell
harvest, seeding to biphasic scaffold, and construct
implantation, could be done in one surgery. In this
study, we have developed a biphasic scaffold, and
verified its ability to repair osteochondral defects in
an animal model with a seed-and-implant surgery.

METHODS

Biomaterials

The biphasic construct was fabricated with a modified
solvent merging/particulate leaching method26 as fol-
lows. (1) 1.5 g DL-poly-lactide-co-glycolide (PLGA)
particles (molar ratio 85:15, average molecular weight
580,000; Purac, Gorinchem, The Netherlands) and 8.5 g
NaCl (Sigma, St. Louis, MO) were dissolved in 40 ml
acetone, and the solution was poured into a 10-cm wide,
0.5-cm high cubic Teflon mold. After solvent evapora-
tion, the formed 0.8-mm thick PLGA-NaCl membrane
was trimmed to an 8-mm diameter disk and a
25-mm� 5-mm rectangular sheet. (2) PLGA and
b-tricalcium phosphate (TCP) (Fluka, Seelze, Germany)
of equal weight were dissolved in 40 ml acetone, and
NaCl was added to supersaturation. The solution was
poured into a Teflonmold, air dried for 48 h, and vacuum
dried for 48 h. The resultant PLGA-TCP composite was
ground to small particles, and immersed in water
overnight to remove the salt; after air drying, 250–
440-mm size particles were selected via a 40–60 mesh
sieve, and combined with NaCl particles of the same size
range, in 15/85 weight ratio. (3) The disk and the sheet
prepared in step 1 were assembled onto an 8-mm
diameter, 40-mm high cylindrical Teflon mold with a
No. 80 stainless steel mesh on the bottom, which was
attached to a downward exhaust. The disk was seated on
the bottom, and the sheet was wrapped around the
inside of the cylinder to make a fillister with the disk.
The disk would serve as the chondral phase of the final
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construct. Fifty milligrams of NaCl particles were
tightly packed centrally on the disk, and the fillister
was subsequently tightly filled with 1,000 mg of the
PLGA-TCP/NaCl mixture prepared in step 2. Next,
10 ml of 1–4 dioxane solvent (Aldrich Chemical,
Milwaukee, WI) was poured into the mold, left to stand
for 30 s, and exhausted; 100 ml of methanol was
similarly passed through the mold. Finally, the PLGA
polymer precipitated and formed a matrix, which was
then flushed with abundant water to leach the NaCl
particles and remove residual solvent. (4) The fabricated
PLGA/PLGA-TCP biphasic construct was removed from
the mold and vacuum dried at 0.05 torr for 12 h at room
temperature. The final product was a cylindrical plug of
8-mm diameter and 8-mm height (Fig. 1). About 1/6 of
the height of the cylinder was PLGA, serving as the
chondral phase; the remainder consisted of PLGA-TCP
composite, serving as the osseous phase. The overall
infrastructure was 85% porosity and 250–400 mm pore
dimension. Prepared constructs were immersed in 75%
alcohol for 6 h for sterilization, rinsed with phosphate-
buffered saline (PBS), vacuum dried, and stored in a
desiccator until use.

Experimental Design and Surgical Procedures

Animal experimentation was conducted according to a
protocol approved by the Institutional Animal Experi-
ment Committee (National Taiwan University). Ten
skeletally mature (7–9 months old) Lee-Sung mini-pigs
were used in the experiment, four male and six female.
They were housed individually in a sheltered outdoor
fenced space with good ventilation, and allowed forage
and water ad libitum throughout the experiment. All
surgeries were carried out in the operation room of the
veterinary hospital with standard surgical routines and
sterile techniques.

General anesthesia was induced with intramuscular
atropine sulfate (0.03 mg/kg) and Zoletil 50TM (tileta-
mine/zolazepam, 0.55–0.80 mg/kg, Virbac Laboratories,
Carros, France), and maintained by intravenous Citosol

(thiamylal, 1.11–1.60 mg/kg, Shinlin-Sinseng Pharma-
ceutical, Taoyuan, Taiwan). Both knees of each animal
were operated at the same surgery, with arthrotomy
made through a longitudinal medial parapatellar inci-
sion and lateral dislocation of patella. An 8-mmdiameter
circle wasmarked by a dermal punch on the center of the
distal weight-bearing portion of each femoral condyle. In
the right knee, full thickness cartilage was peeled off and
retained to isolate chondrocytes, as described later. Each
marked area was further drilled to an 8-mm deep
cylindrical pit for later repair with either autogenous
chondrocyte-seeded construct as experimental group, or
blank cell-free construct as control. The two condyles in
each knee were assigned alternatively to experimental
and control groups, in order to eliminate the effect of side
and laterality. Two defects of different animals, one on
medial and the other on lateral condyle, were kept empty
as the null group, while the other defects were
implanted—20 for experimental and 18 for control
groups.

After harvesting of autogenous cartilage, the
arthrotomy was reduced and closed temporarily with
sutures. The animal was kept under anesthesia
during the preparation of implants, and the surgery
would be continued when the constructs were ready for
implantation.

Graft Processing and Construct Implantation

The harvested cartilage graft was immersed immedi-
ately in Dulbecco’s modified Eagle’s medium (DMEM)
(HyClone, Logan, UT) until processing. The graft was
processed aseptically: chopped with a scalpel, washed
thoroughly with PBS, and digested for 2 h with an
enzyme mixture of 0.4% collagenase and 0.1% hyalur-
onidase (w/w) (Sigma) in DMEM, supplemented with
gentamycin and amphotericin B. Tissue debris was
removed by filtration through a 40-mm sieve, and
chondrocytes in the filtrate were collected with centri-
fugation at 300g for 10 min. Approximately 0.8� 106

cells were isolated per animal. Cell viability based on
Trypan blue exclusion test showed about 90%–95% cell
viability. The cells were resuspended in 0.2 ml DMEM
and divided evenly into two aliquots. The 0.1-ml aliquot
of cell suspension was slowly injected into the chondral
phase of a construct with a syringe, so that the spongy
biomaterial was fully soaked. The final cell density in
the chondral phase of the construct was estimated to be
3� 106 cells/ml.

At the time of graft implantation, the knee joints were
re-opened by removing the sutures, and the prepared
biphasic constructs weremanually press-fit inserted into
the defect such that its surface appeared flush with the
articular surface (Fig. 2). The patella was reduced and
the wound was closed in layers. The knee joints were not
immobilized, and the animal resumed free activity with
standing on all their legs as soon as recovery from
anesthesia. For 3 postoperative days, Cephalexin 1,000
mg (Glaxovet, Harefield, UK) as antibiotics was injected
intramuscularly one dose per day, with intermittent

Figure 1. Biphasic cylindrical scaffold ready for cell seeding.
About1.5-mmdepth of the top of the cylinderwas the soft spongy
chondral phase, and the remainder was the more rigid osseous
phase. Left, top view; right, side view. (Arrow, chondral phase;
bracket, osseous phase).
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analgesic injection of buprenorphine-flunixin. Wound
healing was evident at 1 week after surgery.

Examination of Regenerate Tissue

Six months after the transplantation, the animals were
euthanized by overdose injection of pentobarbital
and the grafted femoral condyles retrieved. Each
condyle was inspected for shape and contour, and
evaluated X-ray roentgenographically for subchondral
bone changes. Each grafted area was bisected along
the frontal plane to examine the integration of re-
generate tissue with adjacent native tissue. The speci-
mens were then fixed with buffered paraformaldehyde,
decalcified overnight in a sodium citrate-formic acid
solution, embedded in paraffin, and sectioned for
routine hematoxylin and eosin (H&E) staining, Safranin
O staining, and immunohistological staining for
collagen type II (Chemicon, Temecula, CA).

The regenerate cartilage was scored grossly on a
previously developed scale (Table 1),27 and histologically
on the International Cartilage Repair Society (ICRS)
Visual Histological Assessment Scale.20 Two observers,
both blind to the treatment, independently scored the
specimens. To be defined as hyaline cartilage, the ground
substance of the matrix should be homogeneous without
fibrous texture with H&E staining, be positively stained
for sulfated glycosaminoglycan (sGAG) by Safranin O,
and contain predominantly collagen type II, while the
cells should be round, exist individually or align in short
columns, and sit centrally in lacunae. A cell would be

Table 1. Gross Grading Scale*

Parameter Grade

Coverage (% area)
75%–100% 4
50%–75% 3
25%–50% 2
<25% 1
Bare 0

Neocartilage color
Normal 4
0%–25% abnormal 3
25%–50% abnormal 2
50%–75% abnormal 1
75%–100% abnormal 0

Defect margin (% circumference)
Invisible 4
0%–25% visible 3
25%–50% visible 2
50%–75% visible 1
75%–100% visible 0

Surface smoothness
Smooth, flush with adjacent 4
Smooth, raised 3
25%–50% irregular 2
50%–75% irregular 1
75%–100% irregular 0

*Reference.27

Figure 2. Demonstration of the implantation surgery. (A) Osteochondral defect, 8-mm diameter
and 8-mmdepth,was created on the distal surface of the condyle by drilling.Marrow seeped from the
surrounding cancellous bone and accumulated in the created pit. (B) The biphasic cylindrical plug,
either chondrocyte-laden (as shown here) or cell-free, was press-fit inserted into the defect with the
surface flush with the articular surface.
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considered viable by the presence of a clearly delineated
nucleus under H&E staining.27 All specimens were
evaluated on the basis of one parameter at a time. Scores
of each individual parameter were analyzed statistically
between groups withWilcoxon rank sum test. Statistical
significance of difference was defined at p< 0.05.

For biomechanical characterization, the tensile
stress–relaxation property of the regenerate and nearby
native cartilage were determined by unconfined
uni-axial indentation test28,29 using a custom-designed
device. Four randomly selected joints were subjected to
testing; each had experimental site on one condyle and
control site on the other. Briefly, the thickness of
cartilaginous tissue was measured, and the specimen
was mounted on an adjustable stage with precise height
control. The stagewas raised by apredetermined amount
to apply a 30% strain on the cartilage surface against a
2-mm diameter bold-tip probe. The reaction force was
determined with a stress gauge on the base of the probe,
and transformed to compressive stress as a function of
time. After the instantaneous peak stress, the specimens
were allowed to show a time-dependent creep for 30 min
or until equilibrium was reached.

RESULTS

Macroscopic and Histological (ICRS Score) Results

The two sites of null group remained empty
defects, whereas all 38 implanted sites were
repaired with regenerate tissue. The implanted
defects were consistently filled with firm bone,
which was covered with fibrous or cartilaginous
tissue to varying extents: 11 defects in the
experimental group and 4 in the control group
had more than 75% area of coverage. The covering
tissue in the experimental group consisted of firm,
cartilage-like substance in 13 defects, whereas
such tissue was found in only 1 defect of the control
group. The other specimens of the control group
were either covered with soft tissue or bare with
exposure of underlying bony tissue (Fig. 3). The
experimental group had significantly higher mean
scores than control group in all four categories of
the Gross Grading Scale.

The biomaterial in the chondral phase was
completely resorbed in all implanted constructs.
ICRS histological scoring revealed that the experi-
mental group had significantly higher mean scores
than the control group in surface morphology,
matrix, cell distribution, and cell viability, but both
groups were comparable in subchondral bone and
cartilage mineralization scores (Fig. 4). The obser-
vations are summarized as follows. (1) Surface
morphology: Surface smoothness observed histolo-
gically roughly paralleled gross observation. In the
experimental group, the surface of regenerate
cartilage was smooth in 12 specimens, although

some of these had visible major fissures. One
specimen had a fibrous cap that could be peeled
off, revealing the coarse surface of the underlying
cartilage tissue. In the control group, the surfaces
were generally uneven, but in three specimens,
the regenerate fibrocartilage had smooth surface.
(2) Matrix: The ground substance of regenerate
cartilage in experimental group was homogeneous
byH&Estainingand contained collagen type II and
sGAG, on the basis of positive immunostaining and
Safranin O staining, respectively (Fig. 5). In one

Figure 3. Gross appearance of repaired sites (arrows) at
6 months postoperatively, showing various patterns of tissue
regeneration. Three animals are shownhere: #3 left, #4 left, and
#7 right. In the experimental group, cartilaginous tissue was
generated, with various thickness, surface smoothness, and
coverage of defects. In control group, cartilaginous tissue was
generally absent, and the defects were incompletely filled with
bony repair with or without a thin fibrous coverage.
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specimen, the hyaline cartilage was capped with
tightly adhered fibrous tissue. The regenerative
tissue in control group was generally fibrous with
darkly H&E -stained coarse streaks. Such fibro-
cartilagewasdeficient in collagen type II and sGAG
as revealed by specific staining. (3) Cell distribu-
tion: As shown in Figure 6, the native cartilage
adjacent to the repair sites depicted normal
chondrocyte distribution, i.e., cells were located
predominantly near the osteochondral junction, in
rays of 4–5 within each lacuna, forming a typical
palisade architecture. This pattern was not com-
pletely rebuilt in the regenerate cartilage of the
experimental group. Although also lacunated, the
round cells in the regenerate cartilage were
distributed more evenly and appeared essentially
as individual cells. Short cell columns were found,
but were generally oriented randomly rather than
perpendicularly to osteochondral junction. Cell
clusters or rosettes were also found in three
specimens. The lacunated round cell was never
found in the control group; instead, individually,
spindle-shaped fibroblast-like cells were seen

oriented parallel to the osteochondral junction
andwere packed tightly within intercellular fibers.
(4) Cell viability: Viable cells were generally
observed in the experimental group. In the control
group, the scaffolds were cell-free at the time of
implantation; therefore, all cells subsequently found
within the scaffolds were considered postoperative
immigrant cells. Control group specimens were
generally highly hypocellular in their chondral
phase, but could be hypercellular in cases where
dense fibrous tissues formed. (5) Subchondral
bone: In every implanted defect, the osseous space
was filled with a complex mixture of unresorbed
biomaterial with massive cellular infiltration, and
scattered callus and granulation tissue. Cellular
reaction was most active peripherally along the
junction with native bone, featuring many multi-
nuclear cells (see detailed description below).
(6) Mineralization: Regardless of the nature of the
regenerate tissue, chondral phase of all specimens
showed associated mineralization, as buds of
subchondral bone rising beyond the tidemark,
and/or as isolated bone islands. Mineralization

Figure 4. Mean scores of experimental and control groups based on Gross Grading Scale and
ICRS histological scale. Asterisks indicate statistically significant difference between groups.
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Figure 5. Histological and immunohistochemical analysis of regenerate cartilage. (Top) Gross
view of animal #1, right knee, with arrow indicating the junction of repair and native tissues, and
sections made at the indicated bar. (A, D) H&E staining; (B, E) Safranin O staining; and (C, F)
immunohistochemical staining for collagen type II. Vertical lines indicate the borders of the repaired
tissue, located to the right of the lines. (A–C) The lateral condyle of the experimental group: The
regenerate cartilage was thinner than the adjacent native cartilage, yet contained sGAG (red
Safranin O stain) and collagen type II (brown immunostain), with homogeneous ground substance
(without dark H&E -stained fibrous streaks). (D–F) The medial condyle of control group had thick,
soft regenerated tissue that was fibrous upon H&E -staining, and stained negatively for sGAG and
collagen type II. (Bar¼ 1 mm).
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within the chondral phase existed in 13 (of 18)
specimens of the control group, and 11 (of 20)
specimens of the experimental group.

Osseous Phase

Histologically, residual biomaterial was con-
sistently present in the osseous phase of every

repaired defect at 6 months, confirming that the
construct did not dislodge from the recipient sites
during the course of study (Fig. 7). Cells populated
in the osseous phase of every repaired site,
with generation of callus. New bone formed
and partially replaced the biomaterial from
the periphery, and the repair tissue seamlessly
integrated with the native bone with micro-
interdigitation instead of a clear liner interface.
However, normal architecture of cancellous bone
had not been achieved completely to replace the
biomaterial. In the experimental group, cancellous
bone regenerated under the regenerate cartilage
and fused with the cartilage with a clear tidemark
as originally defined by the construct design.

X-ray roentgenography delineated a cystic
radiolucent area larger than the originally cylind-
rical repair area, indicating that the cancellous
bone adjacent to the implanted biomaterial under-
went a remodeling process (Fig. 8).

Tissue Interface

In the experimental group, the osseous and
chondral tissues regenerated separately in the
corresponding phases of the biphasic constructs.
Regardless of the nature of the regenerate carti-
lage, the tissues of the two phases of the construct
adhered tightly with a clear tidemark that aligned
with the native osteochondral junction. In the
control group, the chondral phase was either
replaced with fibrous tissue, or was devoid of
regenerate tissue, thus exposing the underlying
osseous part to the joint to give the original defect
the appearance of a shallow pit with bony floor.

The regenerate cartilage was distinguishable
histologically from native cartilage in most speci-
mens. The integration between the regenerate
cartilage and native cartilage was inconsistent
and varied greatly even in a given specimen. In
some areas, the two tissues were integrated with a
transitional zone, where the surface was smoothly
continuous without a step or notch. In other cases,
the two tissues did not integrate and were sepa-
rated by a gap. However, as described above, the
osseous phase of the repaired tissue consistently
integrated seamlessly with the native bone.

Mechanical Properties

At 30% strain, specimens of the experimental
group (n¼ 4) and native cartilage (n¼ 4) showed
similar biphasic stress–relaxation patterns. A
peak stress was derived rapidly in the initial
6–13 s, to the average of 3.77 MPa for the
experimental group and 5.17 MPa for the native

Figure 6. Higher magnification histology (H&E staining) of
regenerate tissues in the chondral phase. (A) Experimental
group—homogeneously distributed lacunated cells existed
individually or in short column. (B) Control group—cells were
predominantly spindle-shaped and resembled fibroblasts. (C)
Native cartilage adjacent to the repaired site—typical nonho-
mogeneous cell distribution with palisade pattern near the
osteochondral junction. (Bar¼100 mm).
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cartilage, representing the viscoelastic stiffness of
these specimens. The stress peak was followed by a
gradual decay to a final equilibrium in the next
30 min. The mean stress values from 20 to 30 min,
the equilibrium stress that represented the time-
independent tensile modulus of the solid phase in
the viscoelastic material, were 0.93 and 0.88 MPa
in these two respective groups.

The control group specimens (n¼ 4) behaved
very differently under the same condition. The
average maximal stress of 3.16 MPa was reached
20–36 s after the application of strain, and only
dropped insignificantly thereafter. The equili-
brium stress was 2.82 MPa, only slightly lower
than the peak stress. An example of the stress
changes with time is shown in Figure 9. This
property indicated a rigid rather than viscoelastic
material.

DISCUSSION

This study was designed to test the possibility of
repairing osteochondral defects with relatively
small number of chondrocytes transplanted with
a biphasic construct. Cartilage regeneration with
ACI is a time-consuming process and requires a
minimum of 3 months to develop satisfactory
repair tissue, with better repair expected by
6 months.30–32 The intent of our study was to test
the end result of cartilage repair, and thus only the
6-month timepoint was examined, without other
shorter-term observations.

When repairing an osteochondral defect, sub-
chondral cancellous bone formation is considered
independent of the pre-seeding the construct with
osteogenic cells.33 The spongy construct would
absorb the oozing marrow from the host cancellous

Figure 7. Histology of femoral condyles 6 months after implantation of biphasic construct (H&E
staining), showing various patterns of cartilage regeneration. The biomaterial in the osseous phase
of repaired sites was consistently present (arrows). (A) Experimental group, with well-established
osteochondral tidemark. Regional magnification showing micro-integration between residual
biomaterial and adjacent cancellous bone. Cells populated in the biomaterial, where scattered islets
of ossification also formed. (B) Experimental group, with incomplete establishment of tidemark.
Fissure formed on the joint surface, and was filled with fibrocartilaginous tissue. (C) Control group,
where the repaired site remained indented, and the biomaterial of the osseous phase was covered
with a fibrous top. [Bar¼1 mm; regional magnification of (A), 10�].
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bone at the graft site. The osteogenic stromal cells
in marrow can undergo osteogenesis when exposed
to the TCP content of the construct, and build bony
replacement while PLGA degrades.34–36 Although
many designs of osteochondral constructs have
included pre-seeding of cells to build the osseous
phase,16,21,37 this is unnecessary for intraarticular
application.38 We observed bone formation in
the osseous phase of all specimens, with evident
subchondral remodeling. We did not determine
whether such remodeling originated from the
trauma of graft site preparation, or from
chemical osteolysis by the acidic degradation
product of PLGA. The remodeling may invade the
osteochondral junction, resulting in formation of
mineral buds/islands and capillary vessels in the
regenerate cartilage, which should be normally
avascular. However, a previous in vitro report
about a similar biphasic construct,withPLGA/TCP
in the osseous phase, indicates that the seeded
chondrocytes preferentially stays in the chondral
phase of PLGA.23 This has held true in our
observations.

A distinct advantage of the ACI procedure is the
utilization of chondrocytes that produce appropri-
ate ECM to replace the cartilage defect. Because
chondrocytes have limited motility in vitro,39–41 it
is reasonable to assume that the native chondro-
cytes are unlikely to migrate a significant distance
into the implanted biomaterial scaffold. We did not
find such cells in the non-cell seeded scaffolds of the
control group.Apotentialmigratory cell population
is the progenitor cells derived from bone marrow,
although they most likely do not contribute to
the generation of normal hyaline cartilage.42 The
fibroblast-like spindle cells we found in the chon-
dral phase of control group might be derived from
themarrowprogenitor cells, or other intraarticular
cell sources, such as the inflammatory cells. The
absence of chondrocytes in the control group would
suggest that the neocartilage in the experimental
group was generated by the seeded chondrocytes.
Thus, cartilage regeneration in implanted bio-
material scaffolds depends on pre-seeding with
chondrogenic cells, but not on local host cells per se.
The hyaline characteristics of the ECM in the

Figure 8. Plain X-ray roentgenography showing a subchondral cystic pouch of radiolucency
(arrows), indicating remodelingwithin this area that included the implanted space and surrounding
native tissue. Example shown here is the right knee of animal #9. (Solid arrows¼ lateral condyle,
experimental group; open arrow¼medial condyle, control group).
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regenerate cartilage of the experimental group
suggest that the seeded chondrocytes maintain-
ed their phenotype after being seeded in the
biomaterial.

Cell-seeding density on biomaterial scaffold has
been considered critical to the production of quality
cartilage in tissue engineering.Densities ashigh as
107 cells/ml have been shown to elaborate abundant
cartilage ECM.17,43 However, more recent studies
suggest that lower cell density, e.g., 104 cells/ml,
can yield good cartilage identical to that from
higher density, i.e., 106 cells/ml.44 Excessive im-
planted cells may adversely affect the outcome of
ACI by overgrowth of neocartilage to form a hump
rising above the level of the native articular
surface.18 In principle, a lower but sufficient
density of initially seeded cells, which then pro-
liferate in the living joint and produce adequate
ECM, may be optimal for cartilage regeneration.18

The clinical relevance of our findings to ACI with
lower cell density is the possibility of omitting the
in vitro step of cell expansion, and combining cell
harvest with implantation in the same surgery.

Various ‘‘semi-quantitative’’ scales have been
used to qualify the regenerate cartilage.45,46

Although with debatable validity, these scales
provide objective reference parameters to compare

cartilage samples.47,48 The ICRS scale eliminates
interobserver discrimination by a system of visual
pattern parameters. Histologically, cartilage is
classified as hyaline, elastic, or fibrous on the basis
of the predominant substances in the ECM,
which characterize the phenotype of chondrocytes,
contribute to the mechanical characteristics
of cartilage, and feedback regulate chondrocyte
activities.49 Although the Histological Endpoint
Committee of ICRS recommends the sole use of
H&E staining to evaluate cartilage, we believe that
visualizing the content of ECM with special
stains provides additional information to classify
the regenerate cartilage. Because the nature
and distribution of cells in a given specimen of
regenerate cartilage usually showed regional
variation, evaluation had to be based on the
predominant pattern.

The ICRS scale includes cell distribution as a
parameter to evaluate cartilage, because the lack
of columnar distribution of chondrocytes in the
middle and lower zones of cartilage indicates
abnormal maturation.20 The unique palisade
pattern of uneven cell distribution in native
articular cartilage is influenced by endochondral
ossification of the epiphysis during bone matura-
tion.50 However, most models of ACI involve

Figure 9. Mechanical property of specimens from left knee of animal #2 by indentation test at 30%
of strain, showing the stress–relaxation process. The stresses of the experimental and native
specimens rose in parallel to the peak values of 3.99 and 5.22 MPa at 10 and 7 s, respectively, then
relaxed gradually to equilibrium values of 0.97 and 0.94 MPa, respectively, in the next 30 min. The
stress of the control specimen rose more slowly, peaked at 24 s at 2.84 MPa, and dropped slightly to
the equilibrium value of 2.16 MPa.
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uniform distribution of implanted cells in order to
minimize local hypertrophy,51 and this uniformity
would be expected to be preserved in the regenerate
cartilage. Although cartilage may undergo remo-
deling as a result of the mechanical stimulus
of normal joint activity,52,53 natural chondrocyte
distribution was not seen in our study.

While the chondral phase of our constructs was
completely replaced with regenerate tissue, sub-
stantial amount of biomaterials remained in the
osseous phase 6 months after implantation. A
previous animal study using TCP block to repair
osteochondral defect reported 30%–50%resorption
of the material at 8 weeks, and nearly complete
resorption at 30 weeks.38 Cell-based bioresorption
of TCP was shown to be a slow process, with
possible long-term persistence of this ceramic
material. However, TCP has good osteoconductiv-
ity when used as a filler in the biomaterial implant,
and may enhance the affinity of such implanted
composite with bone.54,55 Our observations are in
agreement with these findings.

The mechanical characteristics of articular
cartilage are difficult to define, and are influenced
by many confounding factors, such as its anatomi-
cal location, the models of testing, and specific
conditions of the joint.29,56 The unconfined com-
pression model has been shown to demonstrate the
mechanical property of cartilage under physiologi-
cal conditions.57,58 One example of thismodel is the
indentation creep test, which examines the overall
response of cartilage under stress.59 We used it to
analyze the relative stress responses of cartilage
specimens from the same joint, instead of calculat-
ing specific mechanical parameters. Both the
experimental specimen and the native cartilage
showeda similar creep response. Immediately after
the peak stress, fluid was extruded from the
material. The faster decay of stress indicated a
faster loss of the fluid content, suggesting an
inferior ability of material to trap fluid, or higher
permeability. Stress at equilibrium reflected the
support derived from the solid matrix of the
material. In this respect, the experimental speci-
men lost its fluid content more quickly than native
cartilage, yet eventually reached a similar equili-
brium stress with the latter, meaning a similar
stiffness of their solid content. The non-cell seeded
control group depicted little creep effect under
stress, consistent with a solid material or limited
amount of interstitial fluid.

In conclusion, our findings indicate that using a
single surgery procedure, the biphasic cylindrical
construct, loaded with as many as 3� 106 auto-
genous chondrocytes per milliliter, supports the

regeneration of articular cartilage in vivo. The
construct could be securely installed by press-fit
without additional fixation. Cancellous bone forms
in the osseous phase without pre-seeding of cells,
and can integrate with the native subchondral
bone. This approach presents an alternative to
mosaicplasty, without the problems of insufficient
graft resource and donor site morbidity, and
the advantage of performing graft harvest and
implantation in a single surgery.
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