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Using Cartilage Extracellular Matrix (CECM) Membrane to
Enhance the Reparability of the Bone Marrow Stimulation
Technique for Articular Cartilage Defect in Canine Model

Tian Zhu Li, Cheng Zhe Jin, Byung Hyune Choi, Moon Suk Kim, Young Jick Kim,

So Ra Park, Jeong Ho Yoon, and Byoung-Hyun Min*

Bone marrow stimulation techniques (BSTs) are widely used in clinics to
treat cartilage defects, but yet have a critical limitation from the loss of blood
clots. In this work, a novel cartilage extracellular matrix (CECM) membrane is
developed to protect blood clots after BSTs. The CECM membrane was made
of ECM fabricated naturally by cultured porcine chondrocytes, and then decel-
lularized and multi-layered to confer optimal mechanical strength. Highly
compatible with cells, the CECM membrane did not show any cytotoxicity or
immune responses in vivo. The CECM membrane was very thin (30-60 pm
thick) and bendable, but had good tensile strength (85.64 N), suitable for
protecting blood clots from leakage in rabbit cartilage defect. Moreover,

the CECM membrane showed low but enough diffusion coefficient to allow
delivery of small proteins in synovial fluid into the repaired tissue. In a beagle
model, covering the cartilage defect with the CECM membrane after BST
generated more hyaline cartilage-like tissues than the BST alone in histology
and chemical analyses at 18 weeks. Its ICRS score was approximately 2.5
times higher than that of the BST alone. Therefore, the CECM membrane

is proposed as a useful tool that can improve the outcome of BSTs to treat
cartilage defects.

1. Introduction

Biomaterial has found extensive use,
playing a crucial role as an implant by
itself, drug delivery vehicle, cell delivery
vehicle, or scaffold substrate in the tissue
engineering. Many synthetic or natural
biomaterials have been developed so far,
and some studies tried to add functional
structures or bioactive molecules to bio-
materials for enhancing cell compat-
ibility and tissue repair.’3l Among these
approaches, use of extracellular matrix
(ECM) materials is of particular interest.
The ECM is thought to provide an optimal
environment for differentiation of stem
cells particularly into the cells of same
origin as that of the ECM material. Thus,
many studies attempted to employ tissue-
specific ECM materials for the regenera-
tion of the tissue.*’! Scaffolds using ECM
materials have been manufactured from
many different tissues such as dermis,
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Figure 1. Manufacturing process of the cartilage extracellular matrix (CECM) membrane. Artic-
ular chondrocytes were isolated from porcine cartilage and subjected to monolayer culture at
a high starting density (3 x 10° cells/mL) for 3 weeks in order to produce thin and firm mem-
branes that were composed of a ECM/cell composite. The membranes were then decellularized
and combined together in multiple layers in order to finally construct an CECM membrane of
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Therefore, undoubtedly, in order to reach
those numbers, MSCs must have prolifer-
ated themselves. In this sense, preservation
of MSCs drained from bone marrow will
be very advantageous. Kramer et al., Dor-
otka et al., and Breinan et al. reported that
cartilage healing was promoted by filling
of the defect with matrix.?'2’l They sug-
gested that holding the MSCs could be a
crucial factor to enhancement of the regen-
eration potential. Mizuta et al. reported that
the mobilization and accumulation of pro-
liferative mesenchymal cells into the defect
cavities correlated well with the capacity to
subsequently induce cartilage repair. MSCs
were differentiated into the chondrogenic
lineage following the their proliferation.?4l
The first evidence of synthesis of a cartilage
extracellular matrix appeared at ten days.!'®!
Although type II collagen and aggrecan could
be detected since 2 weeks and enhancement
of type II collagen expression was observed

a thickness of 3060 um. Please refer to the Experimental Section for details.

small intestine, urinary bladder, heart, trachea, and lung and
from a variety of species including human, porcine, bovine,
and equine.[*12

We reported that an ECM scaffold derived from cultured
porcine chondrocytes supported efficiently the proliferation of
chondrocytes and formation of cartilage using chondrocytes or
MSCs in vitro and in nude mice.'3"°] The ECM scaffold stimu-
lated differentiation of bone marrow mesenchymal stem cells
(MSCs) into chondrocytes and help differentiated tissues main-
tain well its phenotypes consequently proving it to be excellent
in repairing and regenerating cartilage in vivo.l'’] In addition,
the cartilage defect in rabbits was well repaired and looked
similar to that of normal cartilage after transplantation of an
engineered cartilage produced using the ECM scaffold and
rabbit chondrocytes. Such a cartilage specific biomaterial may
stimulate the biological activity of chondrocytes and induce
the differentiation of stem cells into chondrocytes, thereby is
presumed to also increase the effectiveness of the surgical car-
tilage repair like bone marrow stimulation techniques (BSTs),
that drain intrinsic stem cells to cartilage defect region.

BSTs have long been adopted to allow the migration of
endogenous mesenchymal cells into the damaged area. What
typically occurs with BSTs is that the subchondral bone in the
cartilage defect under arthroscopic control is perforated or
curetted to allow the bone marrow stem cells therein to move
out and repair the defect site. Since Shapiro et al., Steadman et
al., Breinan et al., Buckwalter et al. explained the origin of cells
drained by BSTs, the repair was mediated wholly by prolifera-
tion and differentiation of mesenchymal cells of marrow.[61
The cells filled in the cartilage defect area start proliferating
vigorously and thereafter slowly differentiate into chondro-
cytes. Here, the number of cells is very important. The number
of cells that fill up the defect area of an immature animal
was found to be similar to that of peripheral normal carti-
lage, which causes a significant impact on cartilage repair.?’!
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at 6 weeks.[”! In spite that few reports was

published regarding how differentiation of
MSCs affects the cartilage repair after BSTs, MSCs being well
differentiated surely lead better cartilage repair.

Although BSTs have shown poorly repaired tissue with
mostly unstructured fibrocartilages and poor mechanical
properties, 267! it is still considered the first line treatment
for cartilage defects owing to its fairly easy procedure to per-
form and minimal invasiveness. Therefore, a new protocol
in overcoming the limitations of BSTs and enhancing the
regeneration of cartilaginous tissue in the defect is necessary,
considering the number of cells and differentiation ability of
progenitor cells.

We have developed a membrane form of the ECM mate-
rial and applied it to covering the defect region after BSTs.
The cartilage ECM (CECM) membrane was hypothesized to
be able to preserve blood clots containing MSCs by not only
acting as a physical barrier but also providing biological cues
to enhance the repair of cartilage after BSTs. The physico-
chemical properties of the CECM membrane were first ana-
lyzed and its effect on repairing cartilage defect was evaluated
in a beagle model.

2. Results
2.1. Gross Observation and EM images of CECM Membrane

The CECM membrane (Figure 1) looked translucent and stiff in
gross observations (Figure 2A). In the SEM images, the cross-
section of the CECM membrane showed a compact structure
of multiple layers (Figure 2B, 1,500X), and its surface looked
very smooth and compact (Figure 2C, 19X; and 2D, 220X)
without any pores. In the TEM images with ultrahigh resolu-
tion (13,000X), the surface of the CECM membrane exhibited
a rather rough morphology with many collagen fibers that were
irregularly arranged and almost identically thick to those of
normal cartilage (Figure 2E).
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Figure 2. Morphology and surface analysis of the CECM membrane. (A) A gross image of the
CECM membrane. Scale bar = 1 cm. (B) Sectional image of the CECM membrane obtained
by scanning electron microscope (SEM; 1,500X). (C) Surface image of the CECM membrane
obtained by SEM (19X). (D) Surface image of the CECM membrane obtained by SEM (220X).
(E) Surface image of the CECM membrane obtained by transmission electron microscope
(TEM; 13,000X). The arrows in E indicate collagen fiber-like structures. (F) The surface images
of the CECM membrane and tissue culture plate (TCP) were obtained by atomic force micros-
copy (AFM). The depth of the surface area is indicated by the color gradient within the ranges
of 0.0 (red)-50.1 (yellow) nm, as indicated in the middle. Cross lines in the images indicate the
sites for topological analysis in G. (G) The surface topology of the CECM membrane and TCP
along the cross lines are indicated in F. The 0 line indicates an average value of the topology,
and 2 red arrowheads indicate the lowest and highest peaks for each sample. The roughness
parameters of the CECM membrane and the TCP surfaces obtained by the topological analyses
are presented in Table 2.

2.2. Physicochemical Properties of the CECM Membrane

www.MaterlalsVIews.com

water content of the CECM membrane was
about 11 + 3% of the total, which was much
smaller than that of native cartilage (~80%).
The collagen and sulfated GAG contents in
the CECM membrane were 71 £ 3% and 16 £
3%, respectively. Virtually no other proteins
except collagen were detected in the CECM
membrane (data not shown). For comparison,
the collagen, sulfated GAG, and other pro-
tein contents in native cartilage are approxi-
mately 55%, 20%, and 25%, respectively.’!]
The contact angle of the CECM membrane
was measured at 68 = 1°, which was slightly
higher than 65.6 + 1.5° of typical TCP.

2.3. Surface Analysis of the CECM Membrane
by AFM

When examined by AFM images, the surface
of the CECM membrane was much rougher
than that of typical TCP (Figure 2F and 2G).
A quantitative analysis of the images using
the Image ] program revealed that the average
roughness (R,) of TCP was 1.564 nm with a
standard deviation (Ry,) of 2.257 nm (Table 2).
In contrast, the R, and R, of the CECM
membrane were 53.622 nm and 69.308 nm,
respectively, which was much higher than that
of TCP. The R, which was the difference
between the highest and lowest heights, was
30.097 for TCP and 456.850 nm for the CECM
membrane.

2.4. Cell Compatibility of the CECM Membrane

To evaluate the cell compatibility of the CECM
membrane, the cell attachment and prolif-
eration rates of rabbit chondrocytes on the
CECM membrane were examined in compar-
ison with those of TCP. The number of cells
that were attached on the bottom was similar
in both groups at 2 hour but was significantly
increased on the TCP than on the CECM
membrane at 4 and 8 hour (Figure 3A). At 24
hour, the values were similar in both groups,
but the number was slightly more in the TCP
(13,493 + 356 cells/cm?) than on the CECM
membrane (12,031 £ 141 cells/cm?), which

Table 1. Physicochemical properties of CECM membrane.

Physical properties

Chemical properties

The physicochemical properties of the CECM membrane are

described in Table 1. The diameter of the CECM membrane was ~ Diameter 28+1mm Water content 11+3%
28 £ 1 mm, which showed only small deviations because it was  Thickness 30-60 um Composition (% dry  Collagen: 82 + 4%
artificially cut to a circular shape in the final step. The tensile weight) GAG: 18 + 3%
. I o
strength of the CECM membrane was 85.64 £ 6.49 N, which
Tensile Strength  85.64 +6.49 N Contact angle 68 +1°

showed no significant variation within its thickness range. The
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Table 2. Roughness parameters of CECM membrane by AFM images.

R (nm) R ms (nm) R max (nm)
Tissue culture plate 1.564 2.257 30.097
CECM membrane 53.622 69.308 456.850

R, is the arithmetic average of the height deviations from the center plane; R, is
defined as the standard deviation of the height values (n = 3); R, is the difference
between the highest and lowest heights. The size of AFM images used for analysis
was 10 X 10 mm?,

was statistically significant (p < 0.001). The cell proliferation
rate that was measured every day for up to 10 days was also
higher on TCP, and the differences were significant at all time
points after 4 days of culture (p < 0.001) (Figure 3B).

2.5. Permeability Property of the CECM Membrane

We found that about 77% of TGFB3 accumulated for 96 hours
after diffusion through the CECM membrane. Notably, the
diffusion pattern was slow for the first 24 hours, and, after-
wards, it became slightly faster for up to 96 hours. Based on
these demonstrated patterns, the TGFB3 diffusion coefficient
was measured as 2.5 X 1077, This is an exceedingly low number,
which indicates slow diffusion of the drug and demonstrates
that the membrane is quite permeable (Figure 4B).

2.6. The Effect of the CECM Membrane on Fibrosis of Blood
Clots After Bone Marrow Stimulation

In the gross and histological observations, the blood clots in the
defect site felt soft and did not coagulate well, whereas those
covered with the CECM membrane were a little hard and were
observed to have fibrosis in progress (Figure 5). The character-
istic red hue of blood had disappeared, and the area was cov-
ered with grayish-white fibrous tissues. The CECM membrane

www.afm-journal.de

was observed to remain on the defect area at 1 week. No signs
of inflammation or immune responses were observed in the
histological examination.

2.7. Cartilage Repair in a Canine Model: Gross Observation
and Safranin-O and Sirius Red Stain

Based on visual inspections performed 6 weeks after the surgery,
both of the defect sites were packed with brown-colored tissues
that, for the most part, had remained stained in hemoglobin
unlike the surrounding cartilage tissues. Over time, however,
the stained tissues were replaced with white glistening tissues
that were similar to those found in the cartilage. The previously
mentioned phenomenon showed no clear differences between
the group with the CECM membrane and the one without it,
however (Figure 6).

In the Safranin-O-stained images, all defects were mostly
filled with fibrous tissues as early as 6 weeks. This finding
persisted until 12 weeks in both the BST and the BST +
CECM membrane groups (Figure 7A, 1L-6L and 1R-6R). After
18 weeks, however, the BST group did not exhibit metachro-
matic stains in the repaired tissues at the defect site, whereas
the CECM membrane-covered group generally showed pale,
metachromatic stains in the repaired tissues of 2 out of the
3 samples. The CECM group also revealed a metachromatic
strain whose strength resembled that of normal cartilage
in the deep layer (Figure 7A, 7R-9R versus 7L-9L). In the
CECM group, chondrocytes formed mature lacunas and were
perpendicularly disposed with subchondral bone. Besides,
the formed GAGs were mainly observed in the deep layer
(Figure 7A, 7R-9R). No signs of inflammation were observed.
Overall, the CECM membrane group showed that the defect
area was being more uniformly repaired compared to the BST
group in terms of the height of the repaired cartilage and the
staining strength.

The distribution and arrangement of collagen fibers were
observed in the 18-week samples by Sirius red stain. As shown
in Figure 7C, the collagen fibers were distributed irregularly
and randomly in various directions in the BST group (a and

b), while they were distributed more evenly
and were aligned well vertically in the CECM

A B
PRI g 3 e oo membrane group (c and d).
14000 = 25 |
E 12000 | s 3 | . . .
Z 0000 | = ¥ 2.8. ICRS Scoring on Repaired Cartilage
S 3000 E 157
é 6000 5 L The ICRS histological score did not change
= g o5 significantly over time until 12 weeks in
o 0 both groups. The mean score of the BST
2 4 3 2 ‘ 2 ¢ . s 1 group was higher than that of the CECM
hours days

Figure 3. Cell compatibility of the CECM membrane. Rabbit chondrocytes (1.4 x 10* cells/cm?)
were seeded on the typical TCP or CECM membrane in 6-well plates. (A) The number of cells
adhered to the unit area (1 cm?) was measured at 2, 4, 8, and 24 hour before the first round of
cell doubling was completed. (B) The proliferation rate of the cells in each group was measured
by a MTT assay that was performed every day for up to 10 days. The absorbance at 570 nm is
presented. Values are means + standard error of the mean and are from 3 independent experi-
ments (n = 3). Statistical significance was determined between TCP and CECM membrane
groups at each time points. #:#:#p < 0.001.

Adv. Funct. Mater. 2012, 22, 4292-4300
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membrane group, but the difference was
not statistically significant. A sharp increase
in the score was observed at 18 weeks only
in the CECM membrane group, which
was increased approximately 3 times com-
pared to the score of the BST group, while
a slight decrease was seen in the BST group
(Figure 7B, p < 0.05).
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at 18 weeks (Figure 8B, p < 0.001). The DNA
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contents gradually decreased in both groups
but showed a large variation in the BST group

along with time (Figure 8C). The differences

8

between the 2 groups were statistically sig-

- nificant only at 12 weeks (p < 0.001).

Cumulative release (ng)

B ‘/L

Figure 4. The cumulative release of loaded TGF[3 that was transferred from the left chamber

to the right through the CECM membrane.

2.9. Chemical Analysis of Repaired Tissue

The water (% total weight) and collagen (ug/mg dry weight)
contents were not significantly different between the BST and
CECM membrane groups over time (Figure 8A and 8D). How-
ever, the GAG contents gradually decreased in the BST group,
while they gradually increased in the CECM membrane group,
and they were 5 times larger in the CECM membrane group

60 80 10 3. Discussion

Time (hours)

The endogenous cell therapy of BSTs such as
microfracture has long been applied to deliver
cells into the defect area of cartilage. The
brief biology of microfracture includes MSCs
recruitment, attachment, and cell nesting. The retention of
MSCs and their proliferation to fill up the defect should follow
to regenerate the cartilage. The mobilization and accumulation
of proliferative MSCs into the defect cavities correlated well
with the capacity to induce cartilaginous repair subsequently.*
Therefore, holding MSCs could be a crucial factor in enhance
offing the regeneration potential of BSTs. The cartilage healing
was also reportedly promoted by the filling of the defect with

4296 wileyonlinelibrary.com

BST BST+ CECM membrane

1wks 1wks

Safranin-O REPL

Figure 5. The application of the CECM membrane to the bone marrow stimulation technique
(BST). The CECM membrane could be used to cover the defect area on the articular carti-
lage after surgery for BST, for example, BST arthroplasty (left; 1L). The CECM membrane was
expected to stabilize the blood clots produced by BST and prevent the loss of mesenchymal
stem cells (MSCs) from the defect area (right; 1R). The effect of the CECM membrane on
the early tissue formation after BST is shown in a rabbit model. The cartilage defects were
made in both knee joints in rabbits and they were treated with the microfracture arthroplasty
as described in the Materials and Methods. The defect areas were then left uncovered in the
left knees (BST alone; 1L) or covered with CECM membrane in the right knees (BST + CECM
membrane, 1R). The gross morphology and the Safranin-O staining results at 1 week after
treatment are presented as indicated (n = 3/group). Scale bars = 0.5 cm in gross images and
0.2 cm in Safranin-O images.

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

a matrix following BSTs.212223 Instead of
using the collagen-based membrane in the
previous report,['8 this study showed that car-
tilage defects covered with a cartilage CECM
membrane after BSTs regenerated more hya-
line cartilage-like tissues in the histology than
those treated with BSTs alone. The improved
outcome in the beagle model is attributable to
the function of the CECM membrane to pre-
serve better the blood clots and probably the
MSCs therein. In the histology, the biomem-
brane did not exhibit therapeutic effect
during the early stages of cartilage regenera-
tion. Far from being effective, the material
seemingly had a tendency to hamper the
packing of the defect site at 6 and 12 weeks
after the surgery. At 18 week after the opera-
tion, however, the repaired cartilage was
observed to start to grow faster in the CECM
membrane groups and exhibit a fairly notice-
able increase in its hyaline-like characteristic.
These findings could be supported by the
report by Shapiro et al.l'®l wherein the rabbit
MSCs began differentiating into chondro-
cytes at 3 weeks after the surgery, then fair
differentiation to chondrocyte took place, and
eventually well-developed underlying cells of
the repaired tissue become hypertrophic in
24 week after the operation. In the study with
monkeys (Cynomolgus macaques), signifi-
cant improvements in the extent and quality
of cartilage repair were observed from 6 to
12 weeks after microfracture.3? This study
used beagles as an animal subject, yielding
results similar to those summarized above.
Badylak reported that the implantation of
biological ECM scaffold materials promotes

Adv. Funct. Mater. 2012, 22, 4292-4300
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BST BST + CECM membrane

Figure 6. Gross observation of the cartilage defect at 6, 12, and 18 weeks after BST in a beagle
model with or without CECM membrane application. The cartilage defect model and the BST
were performed on both knee joints of beagles as in Figure 5 (n = 3/group). The defect areas
were uncovered on the left (BST alone, L series) and covered with CECM membrane on the
right knee joints (BST + CECM membrane, R series). The beagles were sacrificed at 6, 12,
and 18 weeks after treatment. The gross images of all 3 samples per group are presented as
indicated. The numbers indicate individual beagles, and the L or R indicates left or right knee
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Biomaterials derived from decellularized
tissues and organs have been successfully
used in tissue repair, because the xenogenic
or allogenic cellular antigens were removed,
while the structural and functional ECM
molecules were well preserved.3¥3% Unlike
the previous ECM biomaterials, the CECM
membrane used in this study was made of
ECM molecules released by cells (chondro-
cyte) during cultivation. To the best of our
knowledge, this CECM membrane is the first
material created by cell engineering. Since
this CECM biomembrane has very similar
chemical composition to natural cartilage,
it is expected to reconstruct the characteris-
tics of natural cartilage when implanted in
the defect. Also, the cartilage is an extraordi-
nary tissue with a unique immune-privileged
property. Although the precise mechanism
underlying such an extraordinary character-
istic has yet to be explained, the ECM in the
cartilage is believed to play a critical role in
the relevant mechanism. Thus, the cartilage

joints. Scale bars = 0.5 cm.

site-specific constructive remodeling response. Following thera-
peutic placement and exposure to endogenous microenviron-
mental cues, the ECM scaffold degrades; it is then replaced by
host cells and neo-ECM that can approximate the normal tissue
architecture and function in that specific anatomical location.*?!
Rich in native cartilage, type II collagen and sulfated GAGs
have been previously shown to provide a favorable environment
as scaffold materials for the proliferation of chondrocytes and
chondrogenic differentiation of MSCs.3*35 Moreover, in pre-
vious studies we have shown that a sponge-type version of the
CECM membrane was highly efficient in cartilage tissue forma-
tion using rabbit chondrocytes and MSCs in vitro and in vivo,
when compared with a mesh-type polyglycolic acid (PGA) scaf-
fold with superior physicochemical properties.'>1>3¢ In addi-
tion, the ECM scaffold not only strongly supports the chondro-
genic differentiation of rabbit MSCs but also helps maintain its
phenotype in vivo.'3l Even though this study did not prove if this
environment was more favorable for tissue formation, the CECM
membrane is assumed to provide more benefits for the repair of
cartilage defects after BSTs as well, beyond serving simply as a
physical barrier. The biggest weakness of this experiment lies in
the lack of comparative results with other biomaterials. Breinan
et al. reported collagen membrane,l'®l whereas Hoemann et al.
used chitosan-glycerol phosphate after performing microfracture
for coverage of the cartilage defect.’”] Note, however, that those
materials had some thickness and were inserted in the defect
to absorb blood clots and consequently adsorb MSCs from the
bone marrow. Therefore, they are considered to have a different
cartilage repair mechanism compared with the membrane used
in this study. No material suited for insertion in between the
narrow joint while covering the area of cartilage defect could be
found. Therefore, the relative superiority of the ECM biomate-
rial adopted in this study cannot be discussed.

Adv. Funct. Mater. 2012, 22, 4292-4300
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ECM secreted from chondrocytes is expected
to have the same function.*0#1]

Implications on the surgical methods
using the biomaterial scaffolds may carry more importance
than that on the physiological strength. When applied to cover
the cartilage defect area after BSTs, a scaffold should be thin
enough to avoid hindering the sliding movement against the
opposite cartilage and impeding the creation of blood clots
from the subchondral bone by occupying the defect area. The
CECM membrane has suitable physical properties as a barrier.
Although only 30-60 um in thickness, the CECM membrane
possesses tensile strength of more than 85 N. In other words,
the CECM membrane is thin and flexible, yet tough in nature,
probably made possible by the complex ECM network naturally
fabricated by chondrocytes.

Even in immunologically secure cartilage tissues, however,
the cellular components can be notoriously immunogenic.
Thus, ensuring a decellularization method and process is imper-
ative. In general, the current methods used to decellularize and
isolate ECMs include a combination of physical (freezing, pres-
sure, sonication, agitation) and chemical (enzymes, detergents,
acids, alkalines) treatments typically tailored to the tissue or
organ of interest. Logically, each of these treatments affects the
components retained within the extracellular matrix, possibly
altering the mechanical and material properties, ultrastructure,
ability to support growth and differentiation of cells in vitro,
and host response following implantation.[*>*3 This study used
only chemical treatment with DNase and sodium dodesyl sul-
fate (SDS) solution, yet it succeeded in eliminating DNA from
ECM beyond measurement. In retrospect, this was attributable
to the fact that the cultured ECM, unlike natural tissues, could
have had greater access to the chemical agents. Our approach
of using only minimum amount of chemical detergents had
presumably minimized the loss of functional components of
the ECM. When present in sufficiently small quantities, neither
DNA nor o-gal epitope has been associated with poor outcomes
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proved to be effective. With retaining MSCs

inside blood clots as the primary goal of the

6wks |-

biomembrane, an early onset of fibrosis sim-
ilar to that found in this study can help main-
tain MSCs.

I~
12wks|

18wks |

4, Conclusions

This study introduced a novel membrane-

type biomaterial made of cartilage ECM that

is derived from porcine chondrocytes. The
CECM membrane successfully protected the

blood clots produced by BSTs and enhanced
the hyaline cartilage tissue formation in
beagle models of cartilage defects. The CECM

membrane not only has the appropriate bio-
logical properties that allow cell attachment
and proliferation but also boasts suitable
physical properties being semipermeable,

18wks|
=3)
B
20 EBST
OBST + CECM membrane *
16
212
8
é 8
= 4
0
6wks 12 wks 18 wks

Figure 7. Safranin-O and Sirius red staining of samples. (A) The histological sections (4 pm)
were prepared from all samples in Figure 6 and stained with Safranin-O in order to examine the
amount of sulfated glycosaminoglycans (GAGs) in the newly formed tissues of the defect area.
High magnification images of the regenerated tissues in the BST + CECM membrane group

biodegradable, and strong enough to protect
blood clots. Considering that its components
are similar to native cartilage and immune-
privileged on implantation, these physico-
chemical properties of the CECM membrane
are believed to make it a better choice not
only for BSTs but also in other regenerative
and reparative protocols of cartilage.

samples at 18 weeks are presented at the bottom. The accumulation of sulfated GAGs in the
peripheral area of the defect area is indicated by arrows in the BST + CECM membrane group

at 18 weeks. The labels in the figure are the same as in Figure 6. Scale bars = 0.5 mm. (B) The
results of Safranin-O staining were evaluated by the International Cartilage Research Study
histological scoring system. Values are means * standard error of the mean from 3 individual
samples (n = 3). The statistical significance was determined between the BST alone and the
BST + CECM membrane groups at each time point. #p < 0.05. (C) The histological sections at
18 weeks were stained with Sirius red in order to examine the distribution and alignment of

collagen fibers. Scale bars = 0.2 mm.

in vivo.[*+*] The non-traceable and small amount of DNA found

in this study is therefore deemed unlikely to cause any harm
in the host tissue. In fact, though it is originated in the porcine
chondrocytes, the CECM membrane showed no clear signs of
cytotoxicity or immune rejection during the histological obser-
vations following its implantation into the joint of beagles.

Another consideration to be made with cartilage is the lack of
blood vessels. Such absence makes cartilage completely reliant
on diffusion to secure the transfer of nutrients and growth fac-
tors as well as remove waste out of the tissues. Thus, the mem-
brane to cover the repair site must meet this requirement. The
CECM membrane is not completely waterproof; it is wettable
in solution and permeable for the slow diffusion of soluble fac-
tors in vitro. Moreover, the CECM membrane showed a low but
enough diffusion coefficient to deliver small molecules in the
synovial fluid into the repaired tissue.

In this trial, we observed that covering the surgical site with
a biomembrane caused fibrosis in the blood clots from the bone
marrow to progress at a faster pace. This is presumably the
consequence of blocking the disturbance of synovial fluid and
the resulting expression of an inherent clotting cascade, which

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

5. Experimental Section

Preparation of the CECM Membrane: Articular
cartilages were obtained from the stifles of 2 to
3 week old pigs (Farmsco Co., Ltd., Seongnam,
Korea).®! The cartilage tissues were separated
carefully from the other tissues, washed briefly
with phosphate-buffered saline, and dissected into
small pieces of approximately 1 mm3. The cartilage
pieces were then treated for 18 hour with 0.2% (wt/vol) collagenase
(Worthington Biochemical Corp., Lakewood, NJ) in Dulbecco’s
modified Eagle’'s medium (DMEM) (Gibco, Invitrogen Corporation,
Grand Island, NY) supplemented with 5% newborn calf serum (NCS)
(Thermo Scientific Hyclone, Logan, UT). Once the cartilage tissues
were completely digested, the isolated chondrocytes were harvested by
centrifugation at 1700 rpmfor 10 min. Cell pellets were washed twice
with DMEM and seeded in 6-well tissue culture plates at a density of
7.5 x 10° cells per well. The chondrocytes were cultured in a monolayer
with DMEM supplemented with 20% NCS, 1% antibiotic-antimyotic, and
5 ug/mL L-ascorbic acid. After 2 weeks, the cultured chondrocytes and
ECM were collected by centrifugation at 2000 rpm. For decellularization,
the celllECM complex was sequentially treated with 0.3% sodium
dodecyl sulfate (SDS) solution 3 times for 2 hour each at RT, and 200 U
DNase solution at 37°C for 2 hour. The decellularized ECM was finally
washed with purified water for 30 min each and spread out to form a
membrane. The resulting membranes were finally trimmed into a circular
shape in order to produce a final product named ArtiFilm (Figure 1).
The thickness of the CECM membrane ranged from 30-60 pum, which
possibly depended on the thickness of the unit membranes (5-10 um)
before making multiple layers.

DNA Components in the CECM Membrane: DNA contents were
determined by digesting dried samples in a papain solution (5 mM
L-cysteine, 100 mM Na,HPO,, 5 mM EDTA, and 125 ug/mL papain type

Adv. Funct. Mater. 2012, 22, 4292-4300
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A B (SEM) at 15 kv (Hitachi S-4700; Hitachi High-
100 mBST 0 - — uBST Technologies Corporation, Tokyo, Japan), and
0 BST+ CECM membrane OBST+CECMmembrane  the collagen fiber arrangement was evaluated by
6 L _aas transmission electron microscope (TEM) at 100 kV
9 ) (Hitachi  H-7650; Hitachi High-Technologies

:..é ‘§-§' 2+ Corporation).
£ :5:2 Atomic Force Microscope (AFM) Analysis: The
g g: gl surface of the tissue culture plate (TCP) and
s 3§ CECM membranes was analyzed using an AFM
= 3 4 (MultiMode; Veeco Instruments, Inc., Plainview,
NY) under a taping mode. The surface roughness of
o the samples was determined from the AFM images
Gwls 12wks  18wks Swks 12wks 18wks of 10 x 10 um? using Image | image software.
Image | is a public domain software program
C D (http://rsbweb.nih.gov/ij/). Filament contours were
200 " BST 0 - uBST traced and exported as XY-coordinate sets by using
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Figure 8. Chemical analysis of samples. The newly formed tissues were retrieved and digested
with papain. The liquid samples were examined for the contents of water (A), sulfated GAGs
(B), DNA (C), and collagen (D), as described in the Materials and Methods. The water content
is presented as the percentage of water in the wet weight of samples (%). The results of the
other assays are presented by the amount of each component in the dry weight of samples (ug/
mg). Values are means * standard error of the mean from 3 individual samples (n = 3). The
statistical significance was determined between the BST and BST + CECM membrane groups.

#p < 0.05 and **x#xp < 0.001.

Il (pH 6.4)) at 60 °C for 24 hours, which was followed by centrifugation
at 12,000 x g for 10 min. The supernatant was used for the assays. The
DNA content of the decellularized CECM membrane was measured
using Quant-iT™ dsDNA BR assay kit (Invitrogen Corporation; Eugene,
OR).

Chemical Composition of the CECM Membrane: The CECM membrane
was first digested in a papain solution (5 mM L-cysteine, 100 mM
Na,HPO, (pH 6.4), 5 mM EDTA, and 125 ug/mL papain type Ill) at
60 °Cfor 24 hours. The collagen content was measured by a hydroxyproline
assay using bovine collagen of tracheal cartilage (Sigma-Aldrich Co.,
St Louis, MO) as a standard (0-10 pg/mL).?8 The glycosaminoglycan
(GAQ) contents were measured by a dimethylmethylene blue colorimetric
assay using chondroitin sulfate from shark cartilage (Sigma-Aldrich
Co.) as a standard.?’l The water content was determined based on the
weight difference before and after drying the CECM membrane under
50-100 mmHg at 100 °C for 5 hour. The contents of collagen, sulfated
GAGs, and water in the CECM membrane were described as a weight
percentage of each element in the total weight (Table 1).

Physical Properties of the CECM Membrane: The physical properties
consisting of diameter, thickness, and tensile strength of the CECM
membrane were determined (Table 1). The diameter and thickness of
the circle-shaped CECM membrane were measured using a caliper rule
and a thickness-measuring instrument (ID-S1128; Mitutoyo Corporation,
Kanagawa, Japan), respectively. The tensile strength of the CECM
membrane was measured using a Universal Testing Machine (H5K-T,
H.T.E., Salfords, England). Briefly, the 1 X 3 mm? specimens (n = 5) were
placed vertically on a 500 N load cell and pulled at a speed of 10 mm/
min. A break load was obtained from the load-displacement curve, and
tensile strengths were then calculated.

Electron Microscope (EM) Imaging: The surface and sectional images
of the CECM membrane were observed by scanning electron microscope
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either the Freehand Linetool or a skeleton algorithm
implemented in Image ).

Cell Compatibility of the CECM Membrane: Rabbit
chondrocytes were isolated from the articular
cartilages of 2 week old male New Zealand white
rabbits (Joong Ang Experimental Animal Center;
Seoul, Korea), as described above for the porcine
chondrocytes. The isolated chondrocytes were
cultured at an initial density of 1.0 x 10° cells
per 150-mm dish. The chondrocytes at passage
2 were seeded on 6-well plates with or without an
CECM membrane precoating at a density of 1.4 x
10* cells/cm?. To examine the early attachment
rate of chondrocytes, the unattached cells in the
medium were collected and counted by Trypan blue
staining at 2, 4, 8, and 24 hours after seeding. The
proliferation rate of chondrocytes was measured
by a MTT assay (Sigma-Aldrich Co.) every day until
10 days after seeding.

Permeability Property of the CECM Membrane: To
confirm the permeability of the CECM membrane,
we loaded 100 ng of TGFB3 on one side of the diffusion cell chamber
(Figure 4A) and measured the amount of drug released on the other side
with the CECM membrane in the center for 1, 3, 7, 10, 24, 48, 72, and
96 hours, and then the release patterns were analyzed using ELISA kits
(R&D system; MN, USA) in order to measure the diffusion coefficient
of TGFB3.

Effect of CECM Membrane on Fibrosis of Blood Clot: The cartilage
defects of rabbit stifles were left alone or covered with CECM membrane
after BST, which was conducted as described above, in ‘Cartilage defect
model and bone marrow stimulation technique’ section. After 1 week
of surgery, the specimens were evaluated by gross and histological
observation.

Cartilage Defect Model and Bone Marrow Stimulation Technique:
Male beagles (12-15 mo.; KyeRyong Science Co., Ltd., Daejeon, Korea)
were used. The experimental animals were anesthetized with zoletil
and lumpun (ratio, 3:1). An arthrotomy was made through a midline
longitudinal incision on the medial parapatellar of both knee joints with
the patella dislocated laterally to expose the femoral patellar groove. Full
thickness chondral defects were created that were 5 mm in diameter on
the trochlear groove of both knees using a biopsy punch. The defects
were surgically treated with the BST. Briefly, subchondral cortical bone
was partially removed by curet and then left uncovered in the left knee
as a control group (BST group) or covered with CECM membrane in the
right knee (CECM membrane group). After the BST, CECM membrane
that was 6 mm in radius was attached to the surgical region and sutured
in a criss-cross manner (Figure 5, 1R). The experimental protocol was
approved by the Institutional Animal Experiment Committee of described
Ajou University School of Medicine.

Histological Evaluations of Repaired Cartilage: The effect of the CECM
membrane on the cartilage repair after BST was evaluated in the canine
model of cartilage defects. A cartilage defect was made on both knees
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of beagle dogs, and one knee was covered with an CECM membrane
after the BST. The repaired cartilage was observed in the uncovered
control (BST) and CECM membrane (BST + CECM membrane) groups
at 6, 12, and 18 weeks. The specimens were decalcified by 5% nitric
acid and then embedded in paraffin wax. Coronal sections that were
4 um in thickness were prepared and stained with Safranin-O or Sirius
red staining, as described previously.'¥! The Safranin-O images were
evaluated quantitatively by a modified version of the International
Cartilage Research Society (ICRS) grading scale, which consists of
7 categories and which assigns a score ranging from 0 to 18 points.2%

Chemical Analyses: The repaired tissues in the defect area were
carefully removed using curets. The retrieved tissues were dried at
37 °C for 48 hours. The water content of the samples were determined
by the percentage of water (wet weight—dry weight) in the wet weight of
the samples, as described above, in ‘Chemical composition of the CECM
membrane’ section. The dried tissues were digested in the papain
solution and the sulfated GAGs and collagen contents were determined,
as described above, in ‘Chemical composition of the CECM membrane’
section. The DNA contents of the samples were measured using Quant-
iT™ dsDNA BR assay kit (Invitrogen Corporation).

Statistical Analysis: The statistical analyses of the experimental
data were performed with one-way analysis of variance for multiple
comparisons and Student’s t-test (two-tail) for pair-wise comparisons.
Differences were considered statistically significant if p values were less
than 0.05.

Acknowledgements

This study was supported by a grant of the Korea Healthcare Technology
R and D Project, Ministry of Health, Welfare, and Family Affairs, Republic
of Korea (A091120).

Received: November 9, 2011
Published online: June 18, 2012

[1] J. H. Cui, S. R. Park, B. H. Choi, B. H. Min, Tissue Eng. Reg. Med.
2010, 7, 24.

[2] Y. K. Seo, H. H. Youn, J. K. Park, Tissue Eng. Reg. Med. 2009, 6,
1088.

[3] K. H. Kim, M. H. Kim, Y. H. Lim, S. R. Park, B. H. Choi, H. C. Park,
S. H. Yoon, B. H. Min, H Park, Tissue Eng. Reg. Med. 2009, 6,
1420.

[4] T. W. Hudson, S. Zawko, C. Deister, S. Lundy, C. Y. Hu, K. Lee,
C. E. Schmidt, Tissue Eng. 2004, 10, 1641.

[5] C. E. Schmidt, J. M. Baier, Biomaterials 2000, 21, 2215.

[6] S. F. Badylak, Transpl. Immunol. 2004, 12, 367.

[7] Z. Yang, Y. Shi, X. Wei, J. He, S. Yang, G. Dickson, ). Tang, ). Xiang,
C. Song, G. Li, Tissue Eng. Part C Methods 2010, 16, 865.

[8] J. Cortiella, ). Niles, A. Cantu, A. Brettler, A. Pham, G. Vargas,
S. Winston, . Wang, S. Walls, J. E. Nichols, Tissue Eng. Part A 2010,
16, 2565.

[9] A. D. Bhrany, C. J. Lien, B. L. Beckstead, N. D. Futran, N. H. Muni,
C. M. Giachelli, B. D. Ratner, J. Tissue Eng. Regen. Med. 2008, 2,
365.

[10] P. Macchiarini, P. Jungebluth, T. Go, M. A. Asnaghi, L. E. Rees,
T. A. Cogan, A. Dodson, J. Martorell, S. Bellini, P. P. Parnigotto,
S. C. Dickinson, A. P. Hollander, S. Mantero, M. T. Conconi,
M. A. Birchall, Lancet 2008, 372, 2023.

[17] H. C. Ott, B. Clippinger, C. Conrad, C. Schuetz, |. Pomerantseva,
L. Ikonomou, D. Kotton, ). P. Vacanti, Nat. Med. 2010, 16, 927.

[12] S. F. Badylak, Biomaterials 2007, 28, 3587.

Mok

www.MaterialsViews.com

[13] K. H. Choi, B. H. Choi, S. R. Park, B. J. Kim, B. H. Min, Biomaterials
2010, 37, 5355.

[14] C. Z. Jin, S. R. Park, B. H. Choi, K. Park, B. H. Min, Artif. Organs
2007, 317, 183.

[15] C. Z. Jin, B. H. Choi, S. R. Park, B. H. Min, J. Biomed. Mater. Res. A
2010, 92, 1567.

[16] F. Shapiro, S. Koide, M. ]. Glimcher, J. Bone Joint Surg. Am. 1993,
75, 532.

[17] J. R. Steadman, W. G. Rodkey, K. K. Briggs, J. ]. Rodrigo, Orthopade
1999, 28, 26.

[18] H. A. Breinan, S. D. Martin, H. P. Hsu, M. Spector, J. Orthop. Res.
2000, 78, 781.

[19] J. A. Buckwalter, T. D. Brown, Clin. Orthop. Relat. Res. 2004, 423, 7.

[20] Y. Anraku, H. Mizuta, A. Sei, S. Kudo, E. Nakamura, K. Senba,
Y. Hiraki, J. Bone Miner. Metab. 2009, 27, 272.

[21] J. Kramer, F. Bdhrnsen, U. Lindner, P. Behrens, P. Schlenke,
J. Rohwedel, J. Cell Mol. Life Sci. 2006, 63, 616.

[22] R. Dorotka, U. Bindreiter, K. Macfelda, U. Windberger, S. Nehrer,
Osteoarthritis Cartilage 2005, 13, 655.

[23] H. A. Breinan, T. Minas, H. P. Hsu, S. Nehrer, C. B. Sledge,
M. Spector, J. Bone Joint Surg. Am. 1997, 79, 1439.

[24] H. Mizuta, S. Kudo, E. Nakamura, Y. Otsuka, K. Takagi, Y. Hiraki,
Osteoarthritis Cartilage 2004, 12, 586.

[25] D. D. Frisbie, ). T. Oxford, L. Southwood, G. W. Trotter, W. G. Rodkey,
J. R. Steadman, J. L. Goodnight, C. W. Mcllwraith, Clin. Orthop.
Relat. Res. 2003, 407, 215.

[26] S. W. Kang, L. P. Bada, C. S. Kang, J. S. Lee, C. H. Kim, J. H. Park,
B. S. Kim, Biotechnol. Lett. 2008, 30, 435.

[27] R. Gudas, R. ). Kalesinskas, V. Kimtys, E. Stankevicius, V. Toliusis,
G. Bernotavicius, A. Smailys, Arthroscopy 2005, 21, 1066.

[28] G. K. Reddy, C. S. Enwemeka, Clin. Biochem. 1996, 29, 225.

[29] Z. K. Shihabi, R. D. Dyer, Ann. Clin. Lab. Sci. 1988, 18, 235.

[30] S. Wakitani, T. Goto, S. J. Pineda, R. G. Young, . M. Mansour,
A. I. Caplan, V. M. Goldberg, J. Bone Joint Surg. Am. 1994, 76, 579.

[37] V. C. Mow, A. Ratcliffe, A. R. Poole, Biomaterials 1992, 13, 67.

[32] T.J. Gill, P. C. McCulloch, S. S. Glasson, T. Blanchet, E. A. Morris,
Am. J. Sports Med. 2005, 33, 680.

[33] S. F. Badylak, B. N. Brown, T. W. Gilbert, K. A. Daly, A. Huber,
N. J. Turner, Biomaterials 2011, 32, 316.

[34] D. Bosnakovski, M. Mizuno, G. Kim, S. Takagi, M. Okumura,
T. Fujinaga, Biotechnol. Bioeng. 2006, 93, 1152.

[35] S. Varghese, N. S. Hwang, A. C. Canver, P. Theprungsirikul,
D. W. Lin, ). Elisseeff, Matrix Biol. 2008, 27, 12.

[36] J. H. Cui, K. Park, S. R. Park, B. H. Min, Tissue Eng. 2006, 12, 75.

[37] C. D. Hoemann, J. Sun, M. D. McKee, A. Chevrier, E. Rossomacha,
G. E. Rivard, M. Hurtig, M. D. Buschmann, Osteoarthritis Cartilage
2007, 15, 78.

[38] F. Bolland, S. Korossis, S. P. Wilshaw, E. Ingham, |. Fisher,
J. N. Kearney, J. Southgate, Biomaterials 2007, 28, 1061.

[39] L. Flynn, G. D. Prestwich, J. L. Semple, K. A. Woodhouse, Biomate-
rials 2007, 28, 3834.

[40] M. D. Buschmann, Y. A. Gluzband, A. . Grodzinsky, E. B. Hunziker,
J. Cell Sci. 1995, 108, 1497.

[41] S. D. Waldman, M. D. Grynpas, R. M. Pilliar, R. A. Kandel, J. Biomed.
Mat. Res. 2002, 62, 323.

[42] T. W. Gilbert, T. L. Sellaro, S. F. Badylak, Biomaterials 2006, 27,
3675.

[43] ). Liao, E. M. Joyce, M. S. Sacks, Biomaterials 2008, 29, 1065.

[44] M. H. Zheng, ). Chen, Y. Kirilak, C. Willers, J. Xu, D. Wood, J. Biomed.
Mater. Res. B Appl. Biomater. 2005, 73, 61.

[45] K. A. Daly, A. M. Stewart-Akers, H. Hara, M. Ezzelarab, C. Long,
K. Cordero, S. F. Badylak, Tissue Eng. Part A 2009, 15, 3877.

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Adv. Funct. Mater. 2012, 22, 4292-4300





