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a b s t r a c t

In articular cartilage-repair, grafts usually fuse unsatisfactorily with surrounding host cartilage. Enzy-
matic dissociation of cartilaginous matrix to free chondrocytes may benefit fusion. We tested such a
hypothesis with human cartilage in vitro, and with porcine cartilage in vivo. Human articular cartilage
was collected from knee surgeries, cut into disc-and-ring sets, and randomly distributed into three
groups: disc-and-ring sets in Group 1 were left untreated; in Group 2 only discs, and in Group 3 both
discs and rings were treated with enzyme. Each disc-and-ring reassembly was cultured in a perfusion
system for 14 days; expression of cartilage marker proteins and genes was evaluated by immunohisto-
chemistry and PCR. Porcine articular cartilage from knees was similarly fashioned into disc-and-ring
combinations. Specimens were randomly distributed into a control group without further treatment,
and an experimental group with both disc and ring treated with enzyme. Each disc-and-ring reassembly
was transplanted into subcutaneous space of a nude mouse for 30 days, and retrieved to examine disc-
ring interface. In in vitro study with human cartilage, a visible gap remained at disc-ring interfaces in
Group 1, yet became indiscernible in Group 2 and 3. Marker genes, including type II collagen, aggrecan
and Sox 9, were well expressed by chondrocytes in all specimens, indicating that chondrocytes’
phenotype retained regardless of enzymatic treatment. Similar results were found inin vivo study with
porcine cartilage. Enzymatic dissociation of cartilaginous matrix promotes fusion of adjacent cartilage.
The clinical relevance may be a novel method to facilitate integration of repaired cartilage in joints.
© 2020, The Japanese Society for Regenerative Medicine. Production and hosting by Elsevier B.V. This is
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/
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1. Introduction

The fact that articular cartilage repairs poorly after injury has
not changed much since its discovery in the 19th century. Surgical
repair of focal defects of the articular surface has been suggested to
prevent subsequent catastrophic osteoarthritis. Untreated lesions
in weight bearing joints such as the knee impair quality of life as
much as severe osteoarthritis. The World Health Organization has
reported osteoarthritis as the highest-ranking disease among the
musculoskeletal diseases [1,2]. Although many surgical modalities
have been advocated, those that use cartilaginous grafts to replace
the defects have yielded better clinical outcomes.

The primary goal in repairing focal cartilaginous defects is to
restore a smooth articular surface. If the defect is repaired by
sting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
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Fig. 1. Schematic diagrams of disc-ring assembly used to test for fusion between the
two components. At the time of examination, assembled specimens were sectioned
along the diameter of the disc for light microscopy. a ¼ disc part, b ¼ ring part.
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patching it with a cartilage graft, the surface of the patch is ex-
pected to flush well with the surrounding native cartilage without
humping, dimpling or leaving a gap in between. It is therefore
important to ensure fusion between the repair and the native
cartilage [3e5]. However, one of the major obstacles in current
techniques of cartilage repair is the unsatisfactory integration of the
implanted with the host tissues [6,7]. Mosaicplasty using an
osteochondral autograft to replace the cartilage defect was once
reported to yield a good clinical outcome, but these transplants
were later found to have no host-graft healing at all [8]. Newer
clinical techniques using engineered cartilage as the repair material
have also encountered the same difficulty with incomplete inte-
gration, resulting in a split between the matrix-based autologous
chondrocyte implantation and the host cartilage at one year post-
operation [9].

The reasons for such poor integration of cartilaginous tissue
remains unclear. Articular cartilage is an avascular tissue composed
of chondrocytes embedded in a dense extracellular matrix [10]. The
chondrocytes are securely confined in the matrix with minimal
motility, making it difficult, if not impossible, for them tomigrate to
the boundary area and bond the implanted cartilage with the sur-
rounding host cartilage. The avascular nature of cartilage precludes
a primary inflammatory process to occur at the junctional region,
indicating that remodeling of the matrix may not happen. Many
studies have investigated various methods to promote fusion be-
tween the cartilaginous matrix of the adjacent cartilage. Peretti
et al. used isolated chondrocytes and devitalized cartilage to bond
adjacent cartilage in animal models [11,12]. Pabbruwe et al. also
relied on colonization of chondrocytes at the cartilaginous inter-
face, using a collagenmembrane as a scaffold, to induce integration.
However, these procedures are complicated andmay be impractical
for clinical application.

The findings of previous studies attempting to fuse adjacent
cartilage suggest that loosening the matrix and recruiting free
chondrocytes around the boundary region might be the key for
integration of cartilaginous tissue. The rationale is to create an
environment similar to tissue-remodeling induced by the inflam-
matory process during healing. We therefore designed an enzyme-
treatment model to enzymatically dissociate the matrix of cartilage
implants, and hypothesized that such treatment would benefit the
fusion of the implanted cartilage with the native host-cartilage.

2. Materials and methods

This study was conducted in the corresponding author's hos-
pital after approval by its Research Ethics Review Committee. The
protocol for the animal experiments was approved by the Institu-
tional Animal Experiment Committee of the hospital.

2.1. Articular cartilage collection and experimental design

The first part of this study used human cartilage-samples and
in vitro cultivation. Specimens of human articular cartilage were
collected from osteoarthritic knees during total prosthetic arthro-
plasty. A total of 8 patients were involved, all of whom signed an
informed consent before the surgery. Full-thickness cartilage flake
was collected from the spared portion of the operated knee. A 5-
mm disc was cut from its center, forming 2 parts including the
disk and the remainder of the flake as an outer ring (Fig. 1). Spec-
imens were randomly and evenly distributed into three groups. The
specimens in Group 1 served as the control, receiving no enzymatic
treatment. Only the discs in Group 2, and both the discs and rings in
Group 3, were enzymatically treated with immersion in 0.64 mg/
mL collagenase (Liberase, Roche Diagnostics GmbH, Germany) for
20 min at 37 �C. All specimens were rinsed thoroughly with Hank's
Balanced Salt Solution (HBSS, Life Technologies, Inc., Gaithersburg,
MD). The disc and the ring from the same flake were re-assembled.
Half of the assembled specimens in each group were retained for
prompt assays; the other specimens were cultured for 14 days in a
perfuse culture system [13] containing Dulbecco modified Eagle's
medium (DMEM, Life Technologies, Inc., Gaithersburg, MD) sup-
plemented with 10% fetal bovine serum (FBS, Gibco, Grand Island,
NY) at 37 �C with a perfusion rate of 10 mL/min. The sample sizes
were three in each group. The cartilage at the disc-ring interface
was examined, including histochemical staining for the quantita-
tion of glycosaminoglycan (GAG) content and real-time RT-PCR for
the expression of marker genes for cartilage.

The second part of this study used porcine cartilage-samples
and in vivo cultivation. Full-thickness cartilage specimens were
harvested aseptically from the knee joints of one-year-old adult
pigs in a laminar flow workstation and cut into a disc-and-ring
configuration as aforementioned (Fig. 1). Half of the specimens
were retained as the control group, in which the disk and ring of
each set were re-assembled immediately without additional
treatment. The other specimens served as the experimental group,
in which both the disc and the ring of the same set were enzy-
matically treated, and washed thoroughly with HBSS similarly as
for the human specimens. The sample sizes are three in each group.
Each set of assembled specimens was buried in the subcutaneous
space on the back of a 20-week-old nude mouse under anesthesia
with 0.1mL Zoletil-50 (VIRBAC, France) and 0.1mL Xylazine (10mg/
mL, SigmaAldrich, St. Louis, MO) per 100 g body-weight. The
specimens were retrieved after 30 days, and the tissue at the disc-
ring interface was examined by histochemical staining.
2.2. RNA extraction and PCR

Total RNA was extracted from examined tissue with Trizol re-
agent (Invitrogen, Life Technologies, Gaithersburg, MD). Briefly, the
lysates of the cartilaginous samples were extracted with chloro-
form, and the total RNA was precipitated with isopropanol. The
concentration of total RNAwas measured by absorbance at 260 nm
2 mg of total RNA were reverse transcribed using oligo (dT)20 as the
primer and reverse transcriptase (Invitrogen, Life Technologies,
Gaithersburg, MD). The amount of cDNA was measured by poly-
merase chain reaction (PCR). The first-strand cDNA product was
subjected to PCR using oligonucleotide primer pairs for type I
collagen, type II collagen, aggrecan, Sox 9, and GAPDH as the
housekeeping gene (Table 1). The PCR protocol included an initial
denaturation at 95 �C for 3 min, followed by 25 cycles of 94 �C for
30 s, 55 �C for 30 s and 72 �C for 45 s. The products were analyzed
by electrophoresis in 1% agarose gel containing ethidium bromide
and visualized with an ultraviolet camera.



Table 1
Primer pairs for the polymerase chain reaction (PCR) assay.

Target gene Sequences of primer

Type I collagen sense- ATGCTCAGCTTTGTGGATACG
antisense- CAGCAGGTCCTTGGAAACCTT

Type II collagen sense-CAACCAGATTGAGAGCATCC
antisense-TGTTTCGTGCAGCCATCCTT

Aggrecan sense-CAGTGCCATCATTGC
antisense-TCCTTGTCTCCATAGC

Sox 9 sense-ATCTGAAGAAGGAGAGCGAG
antisense-TCAGAAGTCTCCAGAGCTTG

GAPDH sense-ACCACAGTCCATGCCATCAC
antisense-TCCACCACCCTGTTGCTGTA

Fig. 2. Characterization of cartilage marker-gene expression. Relative gene expression
of cartilage markers was monitored by PCR: specimens in Group 1 were not enzy-
matically treated, specimens in Group 2 had only the disc part treated with enzyme,
and specimens in Group 3 had both the disc and ring parts treated. The hyaline
cartilage markers included type II collagen, aggrecan and Sox 9. Type I collagen served
as the fibrous cartilage marker and was monitored concomitantly. The expressions of
GAPDH mRNA were assessed by standard RT-PCR.
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2.3. Quantitation of cell numbers and GAG

The cell numbers were measured by total DNA content assay.
The amount of GAG in the specimens was measured by the 1,9-
dimethyl methylene blue (DMMB) assay [1]. Immediately after
the enzymatic treatment, half of the specimens were retained as
the Day 0 sample and sent for assay without further culture. The
other specimens were cultured in a perfusion culture system for 14
days as aforementioned before they were collected for the assay.
Specimens subjected to analysis were washed with phosphate-
buffered saline (PBS) and digested with papain overnight at
60 �C. The amount of DNA in a samplewas measured by absorbance
at 260/280 nm for normalization. After centrifugation, the super-
natant was collected for incubationwith DMMB andwas shaken for
30 min at room temperature. After centrifugation, the supernatant
was discarded and the lysate was incubated in decomposing solu-
tion containing 50 mM sodium acetate solution buffered with 10%
propan-1-ol and shaken for 30 min at room temperature. Absor-
bance was measured at 656 nm.

2.4. Histochemical staining

The specimens were fixed in 4% paraformaldehyde/PBS,
sequentially dehydrated in grade-alcohol and embedded in
paraffin. Sections of 5-mm thickness were obtained from the
paraffin block, de-paraffinizedwith xylene, sequentially rehydrated
in grade-alcohols, stained with hematoxylin and eosin (H&E), and
viewed under light-microscope.

2.5. Data analysis

Quantitative data were analyzed with the Student's t-test. The p
values < 0.05 were regarded statistically significant.

3. Results

3.1. Gene expression

The marker genes for hyaline cartilage, including the type II
collagen, aggrecan and Sox 9 genes, were expressed by cells of all
three groups. The marker gene for fibrous cartilage, specifically the
type I collagen gene, was expressed at comparable levels among all
three groups. GAPDH mRNA expression levels were assessed by
standard PCR (Fig. 2).

3.2. Cell proliferation and GAG content in cartilage

The cell proliferation assay was done with determination of the
cell numbers in each cartilage sample by DNA content. The cell
numbers of Group 1 had similar equity on day 0 and on day 14. The
cell numbers in Group 2 were insignificantly higher on day 14 than
on day 0. The cell numbers in Group 3 was significantly higher on
day 14 than on day 0 (Fig. 3A).

The total GAG content in each cartilage samplewas measured by
DMMB colorimetric assay. The content in Group 1 remained con-
stant on day 0 and on day 14 without a significant change. The
contents in Group 2 and 3 were both less than that in Group 1 on
day 0, whereas both increased to be comparable with that in Group
1 on day14 (Fig. 3B).
3.3. Interface of gap

The disc-ring interfaces of human specimens after 14 days of
in vitro culturing were observed with H&E stain under light mi-
croscopy. The disk-ring gaps were easily identified visually in the
specimens of Group 1, and were narrower in the specimens of
Group 2. In the Group 3 specimens the discs fused well with the
rings without an visually identifiable fissure (Fig. 4).

The disc-ring interfaces of the porcine specimens were similarly
inspected after 30 days of in vivo culturing. The specimens in the
control group had a significantly visible gap in the interface,
whereas the tissues of specimens in the experimental group fused
to an integrity without identifiable interface (Fig. 5).
4. Discussion

Repair of articular cartilage-defect is an unmet clinical need for
its poor healing capability [14]. The current standard of treatment
for such defects is primarily repair by autograft or allograft trans-
plantation using engineered cartilage fragments, scaffolds or cells,
including chondrocytes and mesenchymal stem cells [15e17]. In
order to constitute a functional joint with a smooth articular sur-
face, the surface of the repaired cartilage must be flush and



Fig. 3. (A) The cell numbers in the cartilage samples were measured by DNA content
assay (B) The content of GAG in the cartilage samples was measured by DMMB
colorimetric assay, and was normalized by DNA content (n ¼ 3, p > 0.05). After the
enzymatic treatment, the cartilage samples were harvested before cultivation (0 day)
and after 14 days of cultivation in a perfusion culture system (14 day).
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continuous with the surrounding host cartilage, without any step
or gap.

The extracellular matrix serves as the fundamental biome-
chanical underpinnings of cartilage, and provides biological sup-
port to the chondrocytes housed within [18,19]. It works as a
reservoir for nutrients, growth factors, cytokines, and modulators
for the maintenance and turnover of chondrocytes, and also as the
physical scaffolding that shapes the tissue and provides strong
Fig. 4. The light microscopic appearance of the disc-ring interface after 14 days of in vitro
junctions (A) Group 1 (B) Group 2 (C) Group 3.
shelter around the chondrocytes [19,20]. However, the fibrous
matrix also confines the chondrocytes from migrating within the
tissue [10]. Additionally, the cartilage is an avascular tissue and
therefore lacks the inflammatory process evoked by the blood cells
[21]. Consequently, both the host and the implanted cartilage have
minimal potential to remodel, and thus cannot fuse properly
without intervention. A possible solution would be the release of
chondrocytes, either of the host or of the implanted cartilage, from
the matrix, which would then be re-constituted by the free
chondrocytes.

A study by Krych et al. [3e5] about the osteochondral defect in a
rabbit model showed that the long term digestion might have been
slightly beneficial; however, there was no new matrix generated
and therefore no good connection occurred between the implanted
gelatin sponge and the native cartilage. In our experiments, the
extracellular matrix of the cartilage was not completely digested;
instead, it was dissociated only in order to mobilize the chon-
drocytes. The chondrocytes were not insulted by the enzymatic
treatment and preserved their phenotype, whereas the gross
structure of the matrix remained intact as we observed under mi-
croscopy. The protocol for such treatment was optimized in a
provisional experiment, in which the optimal time for enzymatic
exposure was verified by courses of different length. The depth of
matrix-dissociation after 40-min exposure to the enzyme was only
1.06 folds of that after 20-min exposure; all chondrocytes remained
alive after either time-course of treatment (data not shown) [13]. In
the present study, the implant (represented by the disk) and the
native (represented by the ring) cartilage would be fuse well using
the 20-min regimen that the cartilaginous matrix was only partial
digested by collagenase. The partial digestion was supposed to
loosed the extracellular matrix of cartilage without affecting the
phenotypes of the chondrocytes and might promote the chon-
drocytes to secret more the extracellular matrix to fuse the gap.

Articular cartilage is composed of simply chondrocytes within
the extracellular matrix [22]. The matrix plays an important role in
regulating chondrocyte-functionsdthrough cellematrix interac-
tion, organization of the cytoskeleton, and integrin-mediated sig-
nalingdto maintain cartilage homeostasis [23]. The composition
and structure of the matrix change during the progression of
osteoarthritis due to many factors. Such change of the matrix af-
fects the biology of the resident chondrocytes [22,24]. Type II
collagen is the major collagenous constituent of the articular
culturing (human specimen). Dotted lines and arrows indicate the original disc-ring



Fig. 5. The light-microscopic appearance of the disc-ring interface after 30 days of in vivo culturing (porcine specimen) (A) Control group (B) Experimental group (C, D) Close-up
view of the junctional regions (arrows) in (A) (E, F) close-up view of the junctional regions (arrows) in (B). a ¼ disc part, b ¼ ring part.
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cartilage, whereas aggrecan is a cartilage-specific proteoglycan that
combines with hyaluronan via link proteins to form large GAG
aggregates [10,22]. Sox 9 is a nuclear transcription factor and is the
earliest marker expressed by chondrocytes undergoing the process
of condensation during chondrogenesis [25]. The expression of
Sox9 requires the presence of cartilage-specific matrix proteins,
primarily collagen II and other matrix proteins, including collagen
IX, X, and XI and cartilage-derived retinoic acid-sensitive protein
[26]. Collagen I is abundant in human tissues such as skin, tendon
and bone, as well as in tissues surrounding internal organs [27,28]
yet not in the articular cartilage. The abnormally excessive pre-
sentation of collagen I the chondrocytes may indicate the transition
of these cells from chondrogenic to fibroblastic [29]. The chon-
drocytes in our specimens remained chondrogenic throughout the
experiments regardless of the enzymatic treatment, as shown by
their preserved ability to express the cartilage marker proteins,
specifically collagen II, aggrecan and Sox9 (Fig. 2). Whether the
enzyme did not affect the chondrocytes at all or the time of
exposure was not long enough, was not investigated. However, all
chondrocytes expressed collagen I in similar amounts, also
regardless of enzymatic treatment.

The extracellular matrix is produced by cells and it, in return,
provides structural and biochemical support to the cells [20,22].
The articular cartilage is a hypocellular tissue with the volumetric
ratio of the matrix to the resident chondrocytes more than 10:1
[23,30,31]. The matrix also constitutes the mechanical functions of
articular cartilage. GAG is abundant in the extracellular matrix of
articular cartilage, and changes in the GAG content significantly
alter the physical properties of the cartilage [10,22,31]. We moni-
tored the cell numbers and GAG contents in the matrix during the
remodeling process when fusion was taking place. The cell
numbers in both groups after partial enzyme-digestion signifi-
cantly increased from day 0 to day 14. The fluctuation of GAG
content in the matrix did not change the phenotype of the chon-
drocytes. Enzymatic dissociation caused the matrix to loose its GAG
network, but such loss was recovered by the chondrocytes (Fig. 3).

The repair of defects in articular cartilage has been challenging
in clinical practice. Unsatisfactory outcomes obtained after the first
technique initially introduced in the late 1980's has evoked the
development of new techniques [32,33]. The modern strategies
usually involve patching the defects with autologous chondral or
osteochondral grafts or with regenerated neocartilage [34e36]. To
restore joint function by means of these techniques, the patch has
to fill the defect with its surface flush with the gross articular
surface, without any raised or lowered areas, and to integrate with
the surrounding host cartilage without a gap. Such integration
between the graft with the native cartilage, in order to constitute a
smooth, continuous articulating surface, has been regarded as a
critical factor in many scoring systems to evaluate the outcome of
cartilage repair [37], including the Visual Histological Score for
Cartilage Repair proposed by the International Cartilage Repair
Society [38]. The results of our experiment show that enzymatic
dissociation of the matrix is necessary for the grossly contacted
cartilage to histologically fuse. The matrix-remodeling process,
which includes degradation, deposition and other modification of
thematrix-components, is the primary determinant of fusion at the
interface [39]. We found that enzymatic treatment induced the
remodeling process of the matrix, resulting in components of the
matrix being lost and recovered (Fig. 3). The tissues fused better
when both sides of the interface were treated enzymatically than
when only one side was treated (Fig. 4). Because the phenotype of
the chondrocytes was not altered by the treatment and the mole-
cules in the matrix did not link spontaneously, a reasonable
explanation for the matrix-fusion is that it resulted from the
remodeling process governed by the chondrocytes, which were the
only cells around (Figs. 2, 4 and 5). Although the matrix lost some
GAG during enzymatic dissociation, the GAG amount recovered
along with the later synthesis of refilling substrate by the chon-
drocytes (Fig. 3). Further studies about the details of such remod-
eling of the matrix would be of interest.

One concern of translating our enzymatic dissociation to the
clinical setting would be the potential damage to the native carti-
lage by the enzyme. Because our technique is intended to be
applied on the repair of focal cartilage defects bymeans of patching
them with natural or engineered cartilaginous grafts, a simple
devise is being designed to contain the enzyme solution at the
defect site. It resembles an oxygenmask that can cover the cartilage
defect including the patching graft during surgery, avoiding the
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contact of the enzyme solution with the surrounding native carti-
lage. Besides, the time of treatment was optimized in our earlier
study to minimize possible adverse effects by the enzyme to the
treated cartilage [13]. Longer exposure to the enzyme may cause
the cartilaginous matrix to breakdown extensively and results in
the loss of the chondrocytes at large consequently.

To accelerate the integration of the regenerative cartilage and
native cartilage is a critical issue of postoperative evaluation. The
partial enzyme digestion may enhance the fusion of the trans-
planted and the native cartilage by facilitating the remodeling of
extracellular matrix. It most likely works not only by loosing the
extracellular matrix of cartilage but also by stimulating the cell
proliferation.

5. Conclusions

We conclude that enzymatic dissociation of cartilaginous tissue
facilitates its fusion with the adjacent cartilage. Such fusion, it is
hoped, will be of clinical relevance in repairing cartilage defects by
implantation of chondral grafts or engineered neocartilage.
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