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Abstract Successful treatment of tears to the avascular
region of the meniscus remains a challenge. Current re-
pair techniques, such as sutures and anchors, are effec-
tive in stabilizing the peripheral, vascularized regions of
the meniscus, but are not adequate for promoting
healing in the avascular region. The purpose of this
study was to demonstrate the healing ability of a tissue-
engineered repair technique using allogenic chondro-
cytes from three different sources for the avascular zone
of the meniscus. Material and methods: Articular,
auricular, and costal chondrocytes were harvested from
3-month-old Yorkshire swine. A 1-cm bucket-handle
lesion was created in the avascular zone of each three
swine. A cell-scaffold construct, composed of a single
chondrocyte cell type and Vicryl mesh, was implanted
into the lesion and secured with two vertical mattress
sutures. Controls consisted of each three sutured un-
seeded mesh implants, suture only, and untreated le-
sions. The swine were allowed immediate post-operative
full weight bearing. Menisci and controls were harvested
after 12 weeks. Results: In all experimental samples, le-
sion closure was observed. Gross mechanical testing
with two Adson forceps demonstrated bonding of the
lesion. Histological analysis showed formation of new
tissue in all three experimental samples. None of the
control samples demonstrated closure and formation of
new matrix. Conclusion: We present preliminary data

that demonstrates the potential of a tissue-engineered,
allogenic cellular repair to provide successful healing of
lesions in the avascular zone in a large animal model.

Keywords Meniscus Æ Repair Æ Implant Æ Allogeneic Æ
Chondrocytes Æ Tissue engineering Æ Large animal study

Introduction

Successful treatment of tears to the avascular region of
the meniscus remains a challenge. Although current re-
pair techniques, such as sutures and anchors, are effec-
tive in stabilizing the peripheral vascularized regions of
the meniscus, they are not adequate for promoting
healing in the avascular region due to the lack of vas-
cular supply [2]. Tissue engineering techniques could
provide an alternative approach to achieve repair of
lesions in the avascular meniscus by delivering cells
directly to the injury site. The concept of a tissue-engi-
neered cell-based repair technique for meniscal repair or
replacement has been previously recognized [3, 9–11].
However, one of the primary obstacles to engineering
meniscal tissue is a source of appropriate cells, as
autologous cell procurement involves unwanted donor
site morbidity.

Alternatively, allogeneic cells that possess a capacity
for meniscal repair or regeneration would permit an
unlimited supply of cells for further application; the
most likely cell type is the allogenic chondrocyte.
However, chondrocytes, like many other cell types, are
believed to express major histocompatibility complex
(MHC) antigens on the cell surface, which could lead to
immunologic rejection by the recipient. For example,
chondrocytes have been found to express MHC class II
proteins on the surface in patients with rheumatoid
arthritis and patients with articular surface defects [17].
It is not clear if these pathologic conditions have any
relationship to lesions in the meniscus where the carti-
lage is largely isolated from the vascular system, and,
therefore, less susceptible to cell-mediated rejection.
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Previous experiments in our laboratory have shown
the ability of autologous chondrocytes seeded onto a
scaffold (the basis of tissue engineering) to bond artifi-
cially created meniscal tears in a large animal model [15].
However, only partial bonding occurred, probably due
to the lack of a uniform distribution of cells on the
scaffold. Subsequently, we have developed a seeding
technique (dynamic oscillating seeding) that has been
successful in providing uniform cell distribution onto a
scaffold (C. Weinand et al., submitted for publication).

The purpose of this study was to build upon previous
work by combining an improved seeding technique with
a novel cell type, as we have demonstrated healing po-
tential of autologous chondrocytes [15]. We hypothe-
sized that allogenic chondrocytes from different
anatomical sources could achieve repair of artificially
created meniscal tears in the porcine animal model.

Materials and methods

The Institutional Animal Care and Use Committee of
the Massachusetts General Hospital approved all animal
procedures. A single surgeon (T.J.G.) under sterile
conditions performed all surgical procedures.

Chondrocyte preparation

Under sterile operating conditions articular, auricular,
and costal cartilage from three 3-month-old Yorkshire
swine was harvested. The cartilage was excised, rinsed in
phosphate-buffered saline (PBS) with 2% antibiotics,
and minced into 1 mm3 pieces. The cartilage was di-
gested at 37�C in a 5% CO2 incubator for 12–18 h in
Ham’s F-12 media with Glutamax-1 (Gibco/BRL, Life
Technologies, Grand Island, NY, USA) containing
0.1% of collagenase Type 2 (Worthington Biochemical,
Freehold, NJ, USA) and 1% antibiotics. The solutions
were then passed through a 100-lm filter to remove
undigested particles. The cell suspension of isolated
chondrocytes was centrifuged at 1,500 rpm for 10 min,
washed three times with PBS containing 1% antibiotic/
antimycotics (10,000 units penicillin, 10 mg streptomy-
cin, and 25 lg amphotericin B; Sigma Chemical Co., St
Louis, MO, USA) and cell viability assessed using try-
pan blue exclusion. Cell counting was done by a hema-
cytometer to the nearest 1·106 cells/ml. Only digests
with a cell viability of >95% were used in this study.

Scaffold

Woven Vicryl� mesh, PLGA (Ethicon Inc., Somerville,
NJ, USA) was used as the scaffold. The scaffold was cut
to dimensions of 2·0.5 cm2 in and had a thickness of
0.1–0.15 cm. The dimensions of the scaffold were chosen
in order to have a large scaffold/cell carrier that could be
modified intraoperatively into smaller dimensions. This

scaffold has been employed in a previous study (C.
Weinand et al., submitted for publication).

Dynamic oscillating seeding

One scaffold was placed into a 15-ml conical tube and
5 ml of chondrocyte solution at a concentration of
1 million cells/ml was added. The tube was tightly cap-
ped and placed horizontally onto a mobile platform in a
bioreactor at an oscillation rate of 40 Hz at 37�C. Thus,
the scaffold was free floating in the cell suspension and
the fluid containing the cells was mixed by continuous
oscillation. After co-culturing for 1 week, the scaffolds
were removed from the media. Cell attachment, cellular
phenotype, and cellular distribution for each chondro-
cyte type were evaluated histologically and quantita-
tively by DNA count. Extra scaffolds were prepared for
histological examination to confirm successful seeding as
evidenced by toluidine blue staining. In total, nine
scaffolds, three with each chondrocyte type were evalu-
ated for cell attachment.

Implantation of experimental constructs
and controls [15]

Three recipient experimental swine were placed supine
on an operating room table under general anesthesia.
Cephazolin (1 g) and 600,000 IU bicillin were given
intramuscularly preoperatively. An antero-medial inci-
sion was made over the left knee and the tibia was ex-
posed under sterile conditions. A capsulotomy was
performed with a #10 scalpel blade and the medial
meniscus exposed. A 2-0 silk traction suture was placed
in the superior rim of the meniscus. While applying
traction, a 1-cm bucket-handle lesion was created at the
anterior middle aspect of the medial meniscus in the
white–white zone, anterior to the anterior cruciate liga-
ment using a #11 scalpel blade. The bucket-handle lesion
was opened with a mosquito hemostat and by pulling on
the traction suture.

The seeded construct was cut to fit the lesion and
implanted. The construct was fixed within the lesion
with two, 2-0 Ethibond (Ethicon Inc., Somerville, NJ,
USA) vertical mattress sutures. Eleven controls were
employed, eight from a previous experiment in our lab,
using the same techniques. They consisted of three un-
seeded control mesh, four suture only, or four no
treatment [15]. The knee joint was washed gently with
several irrigations of normal saline, and the incision was
closed in layers. The wound was covered with a sterile
Telfa (Kendall, Mansfield, MA, USA) dressing, Aeroz-
oin adhesive spray (Graham-Field, Hauppauge, NY,
USA), and Tegaderm (3M Health Care, Borken, Ger-
many). A temporary Coflex (Andover, Covendish Scott
Ltd., England) hip spica was applied for 1 day. All
animals received analgesics (buprenex 0.03 mg/kg
and fentanyl 50 lg/h) for 3–4 days to reduce pain and
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discomfort. After operation, all pigs were allowed full
weight bearing and full motion of the knee joints. The
menisci were harvested at 12 weeks and fixed in 10%
buffered formalin.

Histological analysis

The Vicryl mesh scaffolds were stained with toluidine
blue 1 day before implantation to validate the presence
and distribution of cells on the scaffold. At the time of
harvest, the entire menisci were embedded in 10%
phosphate-buffered formalin, embedded in paraffin and
cut in serial 4 lm sections in such a way, that the lesions
with the seeded scaffolds could be evaluated. Hema-
toxylin and eosin staining was performed. Cellular
integration of the newly formed tissue into the native
meniscus tissue and cellular phenotype were analyzed. A
pathologist blinded to the treatment groups evaluated
the new tissue.

Results

Scaffold seeding

Histological analysis of all mesh scaffolds and the ones
prior to implantation showed uniform distribution of
the chondrocytes throughout the pores of the mesh and
in several layers over the entire scaffold. Native chon-
drocyte morphology was preserved. The cells were sur-
rounded by newly formed extracellular matrix, which
was also present in the interstitial areas of the mesh.
Interdigitation of the chondrocytes and the matrix
throughout the meshes was found (Fig. 1).

Control implants

After harvest, one of the menisci with unseeded scaffold
showed adherence at the lesion margin. However, the
remaining controls did not demonstrate macroscopic
healing or bonding to each other at the adjacent lesion
margins (Fig. 2) [15]. Gross mechanical testing of the
bonding using two Adson forceps confirmed the
impression. The samples were transected and were

examined. No new tissue was found to bridge the entire
interface of the meniscus. Histological evaluation con-
firmed the gap between the native meniscus tissues after
12 weeks in vivo (Fig. 2). Evaluation of the histological
processed samples by a pathologist blinded to the study
revealed no immune cell infiltration or reaction to the
implanted mesh in the meniscus host. These results
suggested that there was no cellular rejection.

Clinical and histological evaluation of menisci in the
large animal

The knees of the pigs were examined on a daily basis
during the 12-week post-operative period (Table 1). The
animals were able to ambulate well and no adverse
reactions including infections, swelling of the joint, or
redness were noted. Gross visual analysis of the har-
vested menisci after 12 weeks revealed new tissue filling
the lesion and closure of the lesion in all three cases
(Figs. 3–5; Table 2). This newly formed tissue had a fi-
brous scar-like appearance and was well integrated into
the native meniscus cartilage. Gross mechanical testing
with Adson forceps confirmed bonding of the borders of
the lesion by the newly formed tissue (Table 2).

All menisci were subject to histological examination.
The lesions of menisci in the experimental group were
filled with newly formed fibrous scar-like tissue and
cartilaginous cells. Extracellular matrix integrated into
the meniscus tissue throughout the entire lesion (Figs. 3–
5). The new tissue was hypercellular with some new
cartilagenous tissue concentrated at the superior and
inferior edges of the lesion. The healing seemed to
originate from an ovoid collection of cells and extra-
cellular matrix in the former gap of the lesion that was
surrounded by darker staining fibroblast-like cells. This
was a consistent finding, except for the articular sample,
where new tissue was found close to the distal end of the
lesion. The incomplete healing using articular chondro-
cytes was consistent with our finding from our previous
study [15].

A pathologist blinded to the study examined all his-
tological samples. The new tissue was more scar-like
than cartilaginous. Some histiocytes and new vessel
formation were found in the native meniscus tissue. No
lymphocytic infiltration was found inside the newly

Fig. 1 Cellular interdigitation
throughout the PLGA mesh.
Chondrocytes are evenly
distributed throughout the
mesh. The round holes represent
the PLGA mesh, dissolved
during the histologic
processing. Magnification 100·
and 400·
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formed tissue or in the native meniscus cartilage. Thus,
cellular rejection of the allogeneic chondrocytes was not
apparent.

Discussion

The meniscus is a critically important structure in the
knee that provides stability, shock absorption, and
proper transference of load-bearing forces. Therefore,
preservation of this meniscus is of critical importance.
Various repair techniques have been described, but
they are often ineffective in the avascular zone of the
meniscus, and spontaneous healing in this region is
rare [16]. Current repair techniques to treat tears in the
avascular zone of the meniscus, such as sutures or
resorbable devices, fail to effect healing in more than
60% of the cases [13]. Without suitable means for
stabilization and repair of the inner-third of the
meniscus, partial or subtotal meniscectomy is often
required. Such radical treatment can result in increased

contact pressure as high as 50% to the articular sur-
face of the knee and possibly result in early onset of
osteoarthritis.

The field of tissue engineering offers an opportunity
to develop techniques to repair torn menisci in order to
preserve meniscal function and, thus, prevent degener-
ative joint disease. This study demonstrates complete
healing of tears in the avascular zone of the meniscus
using a tissue-engineered cell-based implant composed
of allogeneic cells.

Histologically, all chondrocyte sources provided
healing and integration into the native meniscus tissue.
However, the auricular chondrocytes provided com-
plete integration into the native meniscus tissue
throughout the entire lesion. Auricular chondrocytes
may provide the best healing capacity, due to the in-
creased production of elastin over articular and costal
chondrocytes [14]. Understandably, the elastin may
grant better mechanical stability for the healing men-
iscal tissue. The articular chondrocytes provided only
partial healing, which was observed as well in our
previous results [15]. Interestingly, no inflammatory
reaction was found histologically when using the
allogeneic cells in the implants. Only few lymphocytes
and histiocytes were found at the borders of the fi-
brous scar-like tissue. It has been suggested that
articular chondrocytes may play an active role in im-
mune response by presenting antigen to T cells. In-
deed, a number of studies in animals have looked for
MHC class II restricted responses against chondrocytes
[6, 8, 18]. However, variations in chondrocyte pheno-
type between different species are evident as chondro-
cytes isolated from humans [1, 5, 12], pigs [7], and
mice [4] do not appear constitutively to express MHC

Fig. 2 Control with suture only
showing no new tissue
formation into the meniscus.
Arrows are at the margin of the
lesion, pointing toward the
center. Magnification 100·,
staining H&E

Table 1 Experimental group characteristics

Articular Auricular Costal

Full weight bearing (days) 3 14 5
Full range-of-motion (days) 27 18 67
Weight at implantation (kg) 40.6 36.7 39.4
Weight at harvest (kg) 80.1 72.1 80.2
Load on medial meniscus
at implant (kg)

30.5 27.5 29.6

Load on medial meniscus
at harvest (kg)

60.1 54.1 60.2
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class II molecules and require activation with IFN-c
before they can present antigen to CD4+ T cells. In
contrast to the results obtained with rabbits and rats,
human chondrocytes, IFN-c-treated or not, were very
poor inducers of an allogeneic or autologous T-cell
response and were able to present only to an antigen-
specific T-cell line [1, 5]. Therefore, the use of alloge-
neic chondrocytes as cell-based therapy for an implant
seemed to be possible. An inflammatory response was
found only around the suture material. The use of
allogeneic cells in this study was an attempt to over-
come the potential for significant donor site morbidity.
The problem of inadequate cell numbers inherent to

the use of articular chondrocytes was overcome by
applying dynamic oscillating seeding, thereby expand-
ing our ability to provide easy to use cell-based im-
plants for meniscus repair.

In this report, we describe a biologic repair of an
avascular meniscal tear based on the use of allogeneic
chondrocytes. It utilizes current techniques augmented
with cells and thereby expands indications for meniscal
repair. By use of allogeneic cells, the door might be open
to an unlimited source of cell supply for further appli-
cation. Future studies will concentrate on the use of
allogeneic auricular chondrocytes in larger number of
animals to confirm our results.

Fig. 3 Implant seeded with
articular chondrocytes after 12
weeks in vivo. Scar-like tissue is
integrating into both sides of
the lesion without lymphocytic
infiltration. No complete
healing is observed. At the
margin of the lesion (arrows) a
few histiocytes can be observed.
Arrows pointing toward the
meniscal center. Magnification
100·, staining H&E

Fig. 4 Auricular chondrocyte-
based implant showing new
scar-like tissue integrating into
the native meniscus without
cellular rejection. Here as well
some histiocytes are present at
the borders of the lesion with
some reactive vascular
formation. This vascular
reaction has been described
after implantation of Vicryl.
Arrows at the margins of the
lesion, pointing toward the
center. Magnification 100·,
staining H&E
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