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A Novel Bone Marrow Stimulation Technique Augmented
by Administration of Ultrapurified Alginate Gel
Enhances Osteochondral Repair in a Rabbit Model
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Cartilage injuries are a common health problem resulting in the loss of daily activities. Bone marrow stimulation
technique, one of the surgical techniques for the cartilage injuries, is characterized by technical simplicity and less
invasiveness. However, it has been shown to result in fibrous or fibrocartilaginous repair with inferior long-term
results. This study focused on using ultrapurified alginate gel (UPAL gel) as an adjuvant scaffold in combination
with a bone marrow stimulation technique. The objective of this study was to assess the efficacy of a bone marrow
stimulation technique augmented by UPAL gel in a rabbit osteochondral defect model. To achieve this goal, three
experimental groups were prepared as follows: defects without intervention, defects treated with a bone marrow
stimulation technique, and defects treated with a bone marrow stimulation technique augmented by UPAL gel.
The macroscopic and histological findings of the defects augmented by UPAL gel improved significantly more
than those of the others at 16 weeks postoperatively. The combination technique elicited hyaline-like cartilage
repair, unlike bone marrow stimulation technique alone. This combination procedure has the potential of im-

proving clinical outcomes after use of a bone marrow stimulation technique for articular cartilage injuries.

Introduction

CARTILAGE INJURIES ARE a common health problem,
affecting patients in all age groups. According to recent
studies, these lesions were found in 61-67% of the patients
with symptomatic knees who underwent arthroscopy.'™ A
localized, full-thickness cartilage lesion classified as ICRS
grade 3 or 4 was observed in 17% of all patients diagnosed
as having a cartilage lesion.” Because of the aging society
and the increase in sports participation, the prevalence rate
is presumed to be rising. As early as 1743, Hunter observed
that cartilage once destroyed, (cartilage) is not repaired.*
Although various kinds of treatments have been designed to
promote cartilage repair,”™® their clinical efficacy remains
controversial. In the midst of growing expansion of public
needs, establishing a novel procedure for cartilage repair
close to normal tissue is an urgent issue to improve life and
sports activities in patients.

Bone marrow stimulation techniques, such as drilling or
microfracture, are characterized by technical simplicity and
less invasiveness.”!! Therefore, not only young athletes but

also middle-aged and older patients have been treated
with these techniques.'* However, bone marrow stimulation
techniques have been considered to result in fibrous or fi-
brocartilaginous repair due to poor recruitment and differ-
entiation of bone marrow-derived mesenchymal stem cells
(BM-MSCs), leading to unsatisfactory long-term clinical
results."*™'7 To improve postoperative outcomes, technical
improvements are required to achieve tissue repair with
hyaline or hyaline-like cartilage.

The authors developed an injectable ultrapurified alginate
gel (UPAL gel) as a scaffold material for cartilage tissue
engineering.®'? In the purification process, the contained
endotoxin level of UPAL gel was reduced to 5.76 EU/g,
whereas that of commercial grade alginate (Sodium Alginate
500, 199-09961; Wako, Osaka, Japan) is 75,950 EU/g.l This
material can instantaneously gelate as an in situ forming
gel and enhance the cellular proliferation and chondro-
genic differentiation of BM-MSCs, resulting in better
reparative tissues in rabbit osteochondral defects.'®2%~22
In addition, UPAL gel containing a chemokine enhanced
the recruitment of BM-MSCs and successfully achieved
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hyaline-like cartilage repair without exogenous BM-MSC
transplantation."®

Based on these previous results, we hypothesized that
bone marrow stimulation techniques augmented by UPAL
gel could induce hyaline-like cartilage regeneration. The
objective of this study was to assess the efficacy of this
surgical strategy using a rabbit osteochondral defect model.
The obtained data will give support to the clinical reality of
one-step, minimally invasive, cartilage tissue regenerative
medicine without harvesting donor cells.

Materials and Methods
Preparation of alginate gel

An in situ forming material based on UPAL gel with a
molecular weight of 1700kDa (Sea Matrix®; Mochida
Pharmaceutical Co. Ltd., Tokyo, Japan), which we devel-
oped,'® was used in this experiment. The current material was
filter sterilized through a 0.22-mm pore size filter and then
freeze-dried for packaging in a sterilized vial. In this study,
2% w/v sodium alginate solution dissolved with normal saline
was used.

Rabbit cartilage repair model

Thirty male Japanese white rabbits (3.3-3.7kg) aged 9
months were anesthetized by an intravenous injection of
0.05 mg/kg of pentobarbital, followed by isoflurane in ox-
ygen gas anesthesia. Their bilateral legs were then shaved
and draped in a sterile manner. After a 2-cm anteromedial
skin incision was made, the patella was everted through a
small, medial parapatellar approach. Using a power drill
(Rexon, Kawasaki, Japan), a full-thickness osteochondral
defect, 4.0 mm in diameter and 2.0 mm in depth, was created
in the patellar groove of each knee. In this study, an origi-
nally developed drill sleeve was used to make their depth
uniform. For the bone marrow stimulation technique, seven
holes were drilled into the defect using a 0.5-mm-diameter
drill. The osteochondral defects were divided into three
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groups as follows (n=20 defects in 20 knees in each group):
defects without intervention (group D, Fig. 1A); defects with
the bone marrow stimulation technique mentioned above
(group MS, Fig. 1B); and defects with the bone marrow
stimulation technique augmented by UPAL gel (group MSG,
Fig. 1C). In group MSG, the defects were filled with 2%
sodium alginate solution after the bone marrow stimulation
technique. The alginate solution did not flow out from the
defect because of its high viscosity. To avoid excessive ex-
posure to cytotoxic CaCl,, it was injected onto the surface of
the alginate for 10 s, and then the superficial layer of alginate
was immediately gelated (Fig. 1C). The knees were irrigated
with normal saline to wash away the CaCl, solution. To
confirm the stability of the implanted UPAL gel, the knees
operated on were intraoperatively flexed and extended 10
times in condition of getting the patella back to its original
position. Without any additional fixation to the augmentation
site, the capsule and skin were closed with 4-0 black nylon
sutures. The rabbits were allowed to move freely in their
cages. At 4 and 16 weeks after the operation, 30 defects in 30
knees were evaluated at each time point. Ten defects in each
group were used for macroscopic evaluation at each period of
time. Five of them were histologically evaluated, and the
remaining five were assessed for mechanical properties and
subchondral bone repair (Fig. 2).

Macroscopic, histological, and immunohistochemical
evaluations

At 4 and 16 weeks after the operation, the animals were
euthanized for further investigations. The knee samples were
obtained and photographed with a digital camera for macro-
scopic evaluation. The specimens were prepared for histo-
logical and immunohistochemical analyses. A 5-pum-thick
section was obtained from the center portion of each defect.
The sections were stained with safranin-O and hematoxylin
and eosin (HE). To quantitatively evaluate the reparative
tissue in each group, macroscopic and histological findings
were scored with the 8-point and 28-point grading scales of
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FIG. 2. Experimental de-
sign for rabbit cartilage
repair models. An osteo-
chondral defect was created
bilaterally on the patellar
groove. The samples were
divided into three groups
(n=20 defects in each
group). At 4 and 16 weeks
after the operation, 10 defects
in each group at each period
of time were used for mac-
roscopic evaluation. Five of
these were histologically
evaluated, and the remaining
five were assessed for sub-
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a a : Macroscopic evaluation

Niederauer et al. (Tables 1 and 2),23 which are a modification
of the scoring system reported by O’Driscoll.** The scores
were determined by an independent blinded observer. To
avoid observer bias, the samples were randomized and coded
before analysis. Immunohistochemical staining was per-
formed with anti-type I and anti-type II collagen antibodies
(Fuji Pharm. Lab., Toyama, Japan). For quantitative evalua-
tion of glycosaminoglycan (GAG) content, the findings of
safranin-O staining were scored using the three-point grading
scales of Mohan’s scoring system.>

Evaluation of the collagen orientation by a polarized
light microscope

To evaluate the collagen orientation of the repaired tissue
at 16 weeks postoperatively, a supplemental evaluation using
a polarized light microscope (PLM) (ECLIPSE E600 POL;

TABLE 1. MACROSCOPIC SCOREZ?

Edge integration into native cartilage

Full
Partial
None

Smoothness of the cartilage surface
Smooth
Intermediate
Rough

Cartilage surface, degree of filling
Flush
Slight depression
Depressed/Overgrown

Color of cartilage, opacity, or translucency of the
Neocartilage
Transparent
Translucent
Opaque

S =N S =N S =N

O =N

b : Histological evaluation
c : Mechanical property and subchondral bone repair

Nikon, Tokyo, Japan) was conducted.?*?® This evaluation
was carried out on HE-stained sections in each group. Two
cross polarizers were used so that highly ordered collagen
perpendicular to the articular surface appeared bright, while
collagen that is not ordered (nonbirefringent) appears darkest.
The contrast of fibrils oriented more parallel to the articular
surface was darker than for collagen perpendicular to the
articular surface. To observe the predominant direction of
birefringent regions and confirm the lack of orientation in
nonbirefringent regions, the sections were rotated 0°, 45°, and
90° with respect to the fixed filters. Microscopic images were
acquired through a digital camera (DS-5M-L1; Nikon). Each
sample was independently examined by an experienced PLM
user. To quantitatively evaluate the results, the findings were
assessed by the PLM qualitative score, which was reported by
Changoor et al. (Table 3).29 The scores were determined by an
independent blinded observer. To avoid observer bias, the
slides were randomized and coded before analysis.

Microcomputed tomography evaluation
of subchondral bone repair

To compare the degree of subchondral bone repair in each
group, the harvested tissues were evaluated with a micro-
computed tomography (micro-CT) scanner (R_mCT2; Ri-
gaku, Tokyo, Japan) at 20 um/pixel. The imaging conditions
of micro-CT were 80kV and 100 pA. The images were
processed with Image] software (National Institutes of
Health, Bethesda, MD), and quantitative three-dimensional
bone analyses were performed using the Bone J plugin for
Image].*® Regions of interest were manually set at the
original cylindrical defect area (4.0mm in diameter and
2.0mm in depth). The threshold levels of gray values were
uniformly set for all samples. The lower threshold value
chosen for the binary image was determined to be that
which mimicked bone as closely as possible compared with
the raw image. The volume of mineralized bone, which is
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TABLE 2. HISTOLOGICAL SCORE?

Nature of predominant tissue

Hyaline cartilage
Mostly hyaline cartilage
Mixed hyaline and fibrocartilage
Mostly fibrocartilage
Some fibrocartilage, mostly nonchondrocytic cells
Structural characteristics
Surface regularity
Smooth and intact
Superficial horizontal lamination
Fissures
Severe disruption, including fibrillation
Structural integrity, homogeneity
Normal
Slight disruption
Severe disintegration, disruptions
Thickness
100% of adjacent cartilage
50-100% of normal cartilage
0-50% of normal cartilage
Bonding to adjacent cartilage
Bonded at both ends of graft
Bonded at one end or partially at both ends
Not bonded
Freedom from cellular changes of degeneration
Hypocellularity
Normal cellularity
Slight hypocellularity
Moderate hypocellularity or hypercellularity
Chondrocyte clustering
No clusters
<25% of the cells
25-100% of the cells
Freedom from degenerative changes in adjacent cartilage
Normal cellularity, no clusters, normal staining
Normal cellularity, mild clusters, moderate staining
Mild or moderate hypo/hypercellularity,
slight staining
Sever hypocellularity, poor or no staining 0
Subchondral bone
Reconstruction of subchondral bone
Normal
Reduced subchondral bone reconstruction
Minimal subchondral bone reconstruction
No subchondral bone reconstruction
Inflammatory response in subchondral bone region
None/mild
Moderate
Severe
Safranin-O staining
Normal or near normal
Moderate
Slight
None

S=NWh

—_— N S =N S =N S =W

S =N [N S

— N W

S =N SO —=N W

S =W

defined as the repaired bone volume (BV), and bone mineral
density (BMD) in the region of interest were calculated.

Evaluation of mechanical properties

The mechanical properties of each sample prepared for
assessment of subchondral bone repair were measured using
indentation test equipment designed by our laboratory for
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small samples, which was attached to a material testing
machine (AGS-H; Shimazu, Kyoto, Japan). The specimens
were mounted solidly and placed with the articular surface
facing up into a rod with a flat nonporous indenter (2.0 mm
in diameter). The tests were done at room temperature. An
indenter moved (0.5 mm/min) automatically toward the
center of the reparative tissue. The load (N) and displace-
ment (mm) curves were recorded, and then the stiffness
(N/mm) was obtained from the linear region of the curve.

Data analyses

All data are presented as mean * standard deviation. To
determine the sample size, based on previous studies using
UPAL gel,'®"” we performed power analyses in advance (data
are not shown). Significant differences among the three groups
were evaluated by nonparametric Kruskal-Wallis tests be-
tween groups. Comparisons between two groups were per-
formed by paired #-tests. Statistical analyses were performed
using JMP Pro version 10.0 statistical software (SAS Institute,
Cary, NC). Significance was accepted with a p-value <0.05.

Results
Macroscopic morphology

There were no perioperative complications and no mac-
roscopic signs indicating infection, including excessive joint
fluid or purulent synovitis in any knees, at each time point.
At 4 weeks postoperatively, the surfaces of the reparative
tissues in group D were rough and depressed. Those in
group MS and group MSG were somewhat rough and
moderately depressed (Fig. 3A—C). The macroscopic scores
were significantly higher for group MS (mean * SD;
1.70£0.95, p=0.0134) and group MSG (2.30%1.82,
p=0.0058) than for group D (0.40%0.70) (Fig. 3G).

At 16 weeks postoperatively, the surfaces of the reparative
tissues in group D and group MS remained somewhat rough,
slightly depressed, and poorly integrated with the adjacent
cartilage (Fig. 3D, E). On the other hand, those in group MSG
were smooth and showed good integration with the adjacent
cartilage (Fig. 3F). The macroscopic scores of group MSG
(5.60£1.17) were significantly higher than those of group D
(2.20+1.03, p=0.0005) and group MS (3.50%1.18, p=
0.0057) (Fig. 3H). Mean total macroscopic scores improved
significantly from 4 to 16 weeks postoperatively in all groups
(p=0.0002 in the group D, p=0.0008 in the group MS,
p=0.0001 in the group MSG). No other significant differ-
ences in the scores were found among the groups.

Histological and immunohistochemical findings

At 4 weeks after the operation, the defects in group D
were filled with fibrous tissues, including fibroblastic cells
(Fig. 4A, D, G). In group MS, although a few chondrocytic
cells were observed in the peripheral zone of the defects, the
defects were mostly filled with fibrous tissues mainly con-
taining type I collagen (Fig. 4B, E, H). On the other hand,
the defects in group MSG were partially filled with hyaline-
like cartilaginous tissue containing GAG matrix and type 11
collagen (Fig. 4C, F, I). The histological scores tended to be
higher for group MSG (7.20£1.92) than for group D
(5.40+£2.88) and group MS (5.60% 1.52), but the differences
were not significant (Fig. 47J).
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TABLE 3. THE POLARIZED LIGHT MICROSCOPY QUALITATIVE Score®

Score Description

0 Evidence of fiber organization, seen as sparse bright patches throughout the specimen. These patches do not have
parallel alignment at the surface of the specimen nor perpendicular alignment in the deep zone (DZ), but are
randomly oriented in the specimen.

1 Birefringent tissue of the expected orientation in the DZ with fibers oriented mainly perpendicular (£30) to the
cartilage—bone interface and occupying less than ~50% of the thickness of the noncalcified tissue on average.
Little additional evidence of birefringent tissue is apparent, other than randomly oriented patches. Birefringent
tissue may have inconsistent thickness and intensity of birefringence across the lateral direction of the specimen.
The specimen texture may be smooth, patchy, or granular.

2 Identical to a score of 1 except that the DZ occupies more than ~50% of the thickness of the noncalcified tissue.
Alternatively, a second region of birefringent tissue may be present above the DZ that may have any orientation
(parallel to the articular surface, obliquely oriented to the articular surface, or multiple orientations) except for
vertical. In this case, the DZ may then occupy <50% of the thickness of the noncalcified tissue.

3 Zonal organization with birefringent tissue in the DZ perpendicular to the cartilage—bone interface (£30), and
birefringent tissue at the articular surface that is either aligned parallel to the surface or that has multiple
orientations. These two zones are separated by a third nonbirefringent region that is appropriate to the species
from which the specimen was taken; for example, in human articular cartilage, it may be a thin nonuniform
region that is difficult to distinguish compared with the consistent dark band observed in equine articular
cartilage. Alternatively, the two birefringent zones are separated by a birefringent region with orientation that is
neither parallel nor perpendicular. Zonal thicknesses are heterogeneous across the lateral direction of the
specimen. The specimen texture may be smooth, patchy, or granular.

4 Identical to a score of 3 except that the orientation in the superficial zone (SZ) must be parallel to the surface and
the transitional zone (TZ) must be appropriate to the species from which the specimen was taken; for example, in
human articular cartilage, it may be a thin nonuniform region that is difficult to distinguish compared with the
consistent dark band observed in equine articular cartilage. In addition to these characteristics, each zone should
approximate the zonal proportions for the species from which the specimen was taken; for example, in human
articular cartilage, the DZ should be the largest, occupying >50% of the total thickness of noncalcified tissue.
The transitional and SZs are smaller and the TZ may be larger than the SZ.

5 Displays birefringence patterns of young adult hyaline articular cartilage with distinct, superficial, and deep zones
with uniform birefringence, indicating parallel and perpendicularly oriented fibers, respectively, separated by an
appropriate TZ. Zonal thicknesses are appropriate for the species and location from which the specimen was
taken and are relatively homogeneous across the lateral direction of the specimen. Overall, the specimen
birefringence has a uniform smooth texture and is neither granular nor patchy.

At 16 weeks postoperatively, the defects in group D were and MS contained mainly type I collagen-positive staining
filled with fibrous tissues with a severely disrupted surface matrix (Fig. 5D, E). In contrast, reparative tissues in group
(Fig. 5A, D, G). In group MS, the defects were mostly filled MSG were mostly hyaline-like cartilage with rich GAG ma-
with fibrocartilage and some disruptions were detected trix content and strong type II collagen staining (Fig. 5C, I).
(Fig. 5B, E, H). Moreover, the reparative tissues in groups D The histological scores were significantly higher for group

the osteochondral defect at 4 weeks (A—
C) and 16 weeks (D-F) postoperatively.
Macroscopic scores at 4 weeks (G) and
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FIG. 4. Histological sec-
tions of osteochondral defects
at 4 weeks after the operation.
Sections were stained with
safranin-O (A—C) and immu-
nohistochemically stained with
anti-type I (D-F) and anti-type
II (G-I) collagen antibodies.
Scale bar: 1 mm. (J) Histolo-
gical scores at 4 weeks
postoperatively (n=>5). Nie-
derauer’s histological scoring
scale range: 0-28. Histological
scores for glycosaminoglycan
(GAG) content (K) at 4 weeks
postoperatively (n=5). Scoring
scale range: 0-3. Values are
mean and SD. Color images
available online at www
Jiebertpub.com/tec

Collagen [ Safranin-O

Collagen II

MSG (13.60 £ 2.88) than for group D (5.20+2.05, p=0.0234)
and group MS (7.00%3.08, p=0.0422) (Fig. 5J).

Collagen orientation of the reparative tissue

At 16 weeks after the operation, the sections in groups D
and MS viewed with a PLM showed no organization of
vertically oriented deep zones (Fig. 6B-D, F-H). On the
other hand, vertically oriented deep zones and additional
two zones approximating the transitional and superficial
zones were found in the sections of group MSG (Fig. 6J-L).
In addition, the vertically oriented collagen fibers in the
deep zone were well integrated with the underlying sub-
chondral bone. However, the transitional zone was smaller
than the superficial zone, and the zonal thickness was not
completely homogeneous (Fig. 6K), which is contrary to the
normal cartilage (Fig. 6N-P). Although the collagen orien-
tations of the reparative tissue in group MSG were not
completely organized like a normal cartilage, the PLM
scores in group MSG (2.00£1.00) were significantly better
than those in group D (0.20+0.45, p=0.0315) and group
MS (0.2010.45, p=0.0315) (Fig. 6Q).

FIG. 5. Histological sec-
tions of osteochondral defects
at 16 weeks after the operation.
Sections were stained with
safranin-O (A—C) and im-
munohistochemically stained
with anti-type I (D-F) and
anti-type II (G-I) collagen
antibodies. Scale bar: 1 mm.
(J) Histological scores at 16
weeks postoperatively (n=>5).
Niederauer’s histological
scoring scale range: 0-28.
Histological scores for GAG
content (K) at 16 weeks post-
operatively (n=5). Scoring
scale range: 0-3. Values are
mean and SD. *p <0.05. Color
images available online at
www.liebertpub.com/tec
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Subchondral bone repair

At 4 weeks after the operation, there was little reconstruction
of subchondral bone in all of the interventional defects. The
volumes of repaired subchondral bone evaluated by micro-CT
were significantly less in all experimental groups (1.32+
0.69mm’ in group D, p=0.0447; 1.31+1.49mm’ in group
MS, p=0.0447; 1.36+0.66 mm? in group MSG, p=0.0447)
than in normal distal femur (13.52+£0.82 mm> ) (Fig. 7E). In
addition, BMDs in all experimental groups (483.43 £ 6.24 mg/
cm® in group D, p=0.0447; 475.57+5.31 mg/cm® in group
MS, p=0.0447; 489.73+11.37mg/cm’ in group MSG,
p=0.0447) were significantly lower than those in normal distal
femur (567.04£7.12 mg/cm3) (Fig. 7G). At 16 weeks after the
operation, although the subchondral bone in the defects of
group D (Fig. 7A) was repaired partially, those of groups MS
(Fig. 7B) and MSG (Fig. 7C) were mostly repaired, except
for the central part of the defect. In addition, excessive bone
ingrowth into the defect was not observed in any groups. The
repaired subchondral BVs of group MS (9.53+1.92 mm®) and
group MSG (9.74 #+3.97 mm”) tended to be higher than those of
group D (8.33 £+ 1.52 mm*). However, no significant differences
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Group D

Gr_oup MSG  Group MS

Normal

in the volumes were found among the experimental groups
(Fig. 7F). BMDs in all experimental groups (551.74%
28.09 mg/cm3 in group D; 555.46+29.16 mg/cm® in group
MS; 571.28 £24.16 mg/cm® in group MSG) almost reached
that in normal distal femur (567.04£7.12 mg/cm3); further-
more, there were no significant differences between experi-
mental groups and normal distal femur (Fig. 7H).

Group D Group MS

Group MSG
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FIG. 6. The evaluation for
the collagen orientation of
reparative tissues at 16 weeks

5 after the operation. Sections
(A, E, I, M) were im-

i munohistochemically stained
with anti-type II collagen an-
tibodies. Scale bar: 250 pm.
The sections stained with HE
(B-D, F-H, J-L, N-P) were
viewed with a polarized light
microscope (PLM) at multiple
angles (0°, 45°, 90°). (Q) The
PLM qualitative scores (scor-
ing scale range: 0-5) at 16
weeks postoperatively (n=5).
Values are mean and SD.
*p<0.05. Color images
available online at www
Jiebertpub.com/tec
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Measurements of mechanical properties

The indentation testing was conducted for the samples at 16
weeks postoperatively and for normal patellar grooves as
controls (n=15). Since the defects of group D were not covered
with sufficient reparative tissues, they were excluded from
the measurements. The representative mechanical plots for

Normal

FIG. 7. Evaluations for
subchondral bone repair by
microcomputed tomography

T 12 12
0 4
0 : 0
D MS MSG Normal D
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E
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D MS MSG Normal D

(micro-CT). Representative
three-dimensional CT images
at 16 weeks postoperatively
(A-D) from each group
(n=5) are shown. Repaired
subchondral bone volume
(BV) (E, F) and bone mineral
density (BMD) (G, H) were
assessed at 4 weeks (E, G)
and 16 weeks (F, H) post-
operatively. Values are mean
and SD. *p<0.05.

MS MSG Normal
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FIG. 8. The results of 3 3
indentation testing at ° o
16 weeks postoperatively. 0 0.05 0.1 0.15 0.2 0 0.05 0.1 0.15 02
Representative mechanical Displacement (mm) Displacement (mm)
plots from each group (A-C)
are shown. The stiffness (N/ C. Normal D
mm) (D) was obtained from :
the linear region of the load/ = Group Stiffness (N/mm)
displacement curve. % 3
g MS 173+ 58
22
a MSG 214+ 92
g
£
8 Normal 235+ 26
0
0 0.05 0.1 0.15 0.2 mean + SD

Displacement (mm)

samples in each group are shown in Figure 8A—C. The stiff-
ness (N/mm) was obtained from the linear region (0.125-
0.200mm) of the curve (R*=0.997+0.001 in group MS,
R*=0.993+0.007 in group MSG, R*=0.998+0.002 in nor-
mal cartilages). The mean stiffness of group MSG
(21.4£9.2 N/mm) and group MS (17.3 £5.8 N/mm) reached
~91% and 74% of that of normal cartilages (23.5+2.6 N/
mm), respectively (Fig. 8D). No significant differences were
found among the three groups.

Discussion

The objective of this study was to assess the efficacy of a
bone marrow stimulation technique augmented by UPAL
gel. Compared with a bone marrow stimulation technique
alone, the combination of this technique and administration
of UPAL gel significantly improved the macroscopic and
histological findings, including the collagen orientation of
reparative tissues in a rabbit osteochondral defect model.
Moreover, the mechanical properties of reparative tissues in
the combined group tended to be close to those of normal
cartilage. Based on these results, we concluded that UPAL
gel accelerated cartilage repair containing abundant GAG
and the organized type II collagen when combined with a
bone marrow stimulation technique.

For cartilage tissue engineering, several procedures aug-
mented by biomaterials have recently been introduced to
enable a one-step operation without cell implantation.?' >
These procedures successfully accelerated cartilage repair,
except for one report of excessive osteogenesis.>® Therefore,
the previous studies suggest that the combination of bone
marrow stimulation and scaffold augmentation is a prom-
ising strategy to enhance hyaline-like cartilage repair, unless
it induces excessive osteogenesis. To stabilize the scaffold

in situ, several procedures require fixation materials. Anders
et al. fixated a bilayer matrix of porcine type I/III collagen
with sutures or glue.®" Siclari ef al. stabilized textile poly-
glycolic acid-hyaluronan implants with biodegradable pins
or glue.>* Although these procedures showed enhancement
of cartilage repair, the fixation materials have a potential for
negative effects on cartilage repair or biotic organisms, and
it is preferable not to use materials at the injury site.>’
Recent reports showed new techniques to stabilize the
scaffold without fixation materials. Efe er al. implanted a
round type I collagen gel matrix derived from rat tails in a
press-fit manner.>* In this technique, it is necessary to make
the fixed size defect before the implantation of the scaffold.
Stanish et al. stabilized chitosan-glycerol phosphate/blood
implants by in situ coagulation, utilizing the characteristic
that it is solidified within a few minutes after mixing with
whole blood.**> Although these techniques that did not use
fixation materials are less invasive, ideally, a simpler and
quicker technique is desirable. UPAL gel can immediately
form a gel by contact with Ca®*. Instant stabilization and
structural compatibility of UPAL gel are great advantages in
the clinical situation, especially in an arthroscopic technique.
In the current study, the UPAL gel augmentation elicited
hyaline-like cartilage repair. We previously confirmed that
host cells from bone marrow were able to penetrate into the
defect filled with UPAL gel, and local administration of
SDF-1 enhanced host cell migration.'” Regarding the
structural characteristics of UPAL gel, the surface is gelated,
whereas the inside remains in a solution state in an os-
teochondral defect. Bone marrow stimulation may have
enhanced host cell recruitment into the defects filled with
alginate solution. Subsequently, host cells accumulated in
the defects because of the coverage of the gelated surface. In
addition, this hydrogel is capable of enhancing cellular
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proliferation and chondrogenic differentiation.'® Therefore,
the recruited host cells successfully proliferated and differ-
entiated into chondrocytes after penetration.

There was a concern that UPAL gel would inhibit sub-
chondral bone repair instead of accelerating chondrogenic
differentiation. Furthermore, the acceleration of cell re-
cruitment into the defects may cause adverse effects such as
cartilage formation or scarring into the subchondral bone.*’
Therefore, subchondral bone repair was evaluated quanti-
tatively by micro-CT. Subchondral bone loss due to excess
scar formation or ectopic chondrogenesis was not observed
in the UPAL gel augmentation group. No apparent differ-
ence in the repaired subchondral BVs was found between
the UPAL gel augmentation group and the bone marrow
stimulation group. BMDs were almost equal in all experi-
mental groups at 4 and 16 weeks. This finding implies that
UPAL gel augmentation does not affect calcification during
the process of subchondral bone healing. Moreover, the
indentation test revealed that the stiffness of reparative tis-
sues in the UPAL gel augmentation group was much closer
to that in normal osteochondral tissue compared with that in
the bone marrow stimulation group. These results indicate
that UPAL gel augmentation enhances cartilage regenera-
tion without disturbance of subchondral bone repair.

In the current study, the histological score of the defect
augmented by UPAL gel showed 49% of the full score and
that of the defect without intervention was 19% of the full
score at 16 weeks postoperatively. In contrast, in a previous
study using immature rabbits, the histological score of the
defect filled with UPAL gel containing BM-MSCs reached
59% of the full score and that of the defect without inter-
vention was 24% of the full score at 12 weeks postopera-
tively.'® Although osteochondral defects of younger rabbits
are known to repair more easily than those of mature rab-
bits,*' ™ skeletally mature rabbits were used here to emulate
the clinical situation in humans.**¢ Therefore, UPAL gel
was applied to mature rabbits in this study, and the reparative
tissues of mature rabbits were less than those of previous
studies. Moreover, the defects were created in a partly weight-
bearing region.** Hence, there is a possibility of the lack of the
appropriate mechanical stimulus resulting in insufficient
subchondral bone repair.*’ Because the synthesis of hyaline-
like cartilage is accompanied with a viable subchondral
bone,* insufficient subchondral bone repair in this study is
one of the reasons for the unsatisfactory cartilage repair. Al-
though our results indicated that the UPAL gel augmentation
did not prevent the subchondral bone repair, an additional
treatment for subchondral bone repair should be performed
when there is a deep osteochondral defect. In addition, since
osteogenesis in the weight-bearing region might be larger
than in the less weight-bearing region, further research using
UPAL gel will be needed if there is a defect located in the
weight-bearing region. The present results imply that close
consideration of patient age and injury size is needed when
UPAL gel is applied in the future.

There were several limitations in this study. First, the
results were obtained from a rabbit model. Considering the
clinical application of UPAL gel, histological and biome-
chanical analyses based on a large animal model should
be performed. Second, the in vivo metabolic pathway of
UPAL gel was not clarified here. Although Igarashi et al.
demonstrated that the UPAL gel was completely diminished
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between 2 and 4 weeks after implantation in living joints,'®
the elucidation of the metabolic pathway is essential to use
this hydrogel clinically.

In conclusion, a bone marrow stimulation technique aug-
mented by UPAL gel demonstrated favorable effects on the
reparative process in rabbit osteochondral defects. This
strategy as an acellular treatment option has the potential to
improve the clinical outcome after bone marrow stimulation
without loss of its technical simplicity and cost effectiveness.
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