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gest. The mincing damaged the cells located on the surface of
the tissues and decreased the viability of those cells. There-
fore, the cells harvested after the 2h incubation period
showed a low viability (Fig. 2C). This tendency was also
confirmed by the results of apoptosis assay. When the
chondrocytes were exposed to lower concentrations of col-
lagenase (0.15% or 0.3%), in which the cytotoxic effects of
collagenase may hardly become obvious, those of short-
term exposure (2—4 h) showed rather high extent of apoptosis

(Fig. 6).
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The cytotoxic effects of long-term exposure to collagenase
were regarded as the cause of decrease in the viable cell
numbers for those cells harvested at 24 h in 1.2% collagenase.
In the present study, the maximum number of cells har-
vested from the native cartilage was ~1x10” cells/g. These
cell numbers were lower than those found in human carti-
lage (1><108 cells/ gsl), but it is a 10-fold increase when
compared to previous data (1x10° cells/g*).

A cell density of 30,000 cells/cm? upon seeding was re-
garded as too high because the cells harvested from the

FIG. 6. Apoptosis enzyme-linked im-
munosorbent assay. Apoptosis appeared

——8— 12%  to be increased after digestion in 1.2%
——de - 0.6% collagenase, especially at 24h. All values
: are presented as mean = SD of three
— 8- 0.3% samples per group. Statistics were as-
s 0A% sessed using the Dunnett’s test (*p < 0.05,
............... 15%

vs. 2h in each concentration of collage-
nase).
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0.6% to 1.2% collagenase digest tended to be aggregated, as
seen in Figure 3. If fragments of the matrices remain around
the chondrocytes after collagenase digestion, the chon-
drocytes may aggregate because cell aggregation is pro-
moted by the matrix fragments that mediate the cell-matrix
interaction.®® Exposure to a higher concentration of colla-
genase even for a short incubation period could completely
release the chondrocytes, but some fragments of the extra-
cellular matrices may remain, which could mediate cell
aggregation in a cell density as high as 30,000 ce]ls/ em?,
In contrast, the density of 3000~10,000 cells/cm® showed
appropriate adhesion and subsequent proliferation in all
concentrations.

In addition, for a cell density lower than 1000 cells/cm?,
some viable cells were obtained after more than a week of
incubation, as shown in Figure 4B.

It took 2 weeks for cells at initial densities <1000 ce]]s/ cm?
to become confluent, and cells seeded at 100 cells/cm? nee-
ded as long as 3 weeks (Fig. 4B). However, if it takes >2
weeks for the chondrocytes to become confluent after seed-
ing, too much time may be spent judging whether or not the
chondrocytes have appropriately proliferated. A cell density
at which the cells completely reach confluence within 1 week
is desirable. Moreover, the paracrme/ autocrme signals are
needed for adequate cell proliferation.*® Cells may not suf-
ficiently proliferate at a low cell density because they cannot
receive the paracrine/autocrine signals from adjacent cells.
On the other hand when the cell density is higher than
10,000 cells/cm?, the passage would be needed at <1 week of
incubation. If the incubation time during one passage is
shortened and the passage number increases correspond-
ingly, procedures become more complicated, and the risk of
dedifferentiation may increase.

p53 and Bcl-2 are related to apoptosis. p53 induces apo-
ptosis, participating in the maintenance of cell homeostasis. >
Bcl-2, on the other hand, prohibits apoptosis.>* TNF-a and
IL-1B are inflammatory cytokines that are synthesized by
natural immune cells in response to the infection or destruc-
tion of tissues.*®*® Analysis of gene expression of these in-
flammatory cytokines, apoptosis-related molecules and
apoptosis assay revealed that damage to the cells is dimin-
ished when the collagenase concentration is low. The dam-
age to the cells may result from the cytotoxicity of the
collagenase, which is a kind of digestive enzyme.

Therefore, we recommend a 24-h incubation in 0.3% col-
lagenase, or 6h in 0.6% collagenase, as the optimal condition
for chondrocyte isolation from cartilage pieces that are 250-
1000 pm in size. Moreover, the cell-seeding density should be
in the range of 3000-10,000 cells/ cm?®. These conditions
maximize the harvest of the isolated chondrocytes from a
small amount of biopsied tissue and significantly aid in ob-
taining a large quantity of cultured cells in a short period.
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One of the potential factors that may affect the results of mesenchymal stem cell (MSC)-based therapy is
the age of donors and recipients. However, there have been no controlled studies to investigate the
influence of skeletal maturity on the MSC-based repair of cartilage. The purpose of this study was to
compare the repair quality of damaged articular cartilage treated by a scaffold-free three-dimensional
tissue-engineered construct (TEC) derived from synovial MSCs between immature and mature pigs.
Synovial MSCs were isolated from immature and mature pigs and the proliferation and chondrogenic
differentiation capacities were compared. The TEC derived from the synovial MSCs were then implanted
into equivalent chondral defects in the medial femoral condyle of both immature and mature pigs,

Keywords:
Mesenchymal stem cell
Cartilage tissue engineering

Allogenic cell
Agingg respectively. The implanted defects were morphologically and biomechanically evaluated at 6 months
Animal model postoperatively. There was no skeletal maturity-dependent difference in proliferation or chondrogenic

differentiation capacity of the porcine synovial MSCs. The TEC derived from synovial MSCs promoted the
repair of chondral lesion in both immature and mature pigs without the evidence of immune reaction.
The repaired tissue by the TEC also exhibited similar viscoelastic properties to normal cartilage
regardless of the skeletal maturity. The results of the present study not only suggest the feasibility of
allogenic MSC-based cartilage repair over generations but also may validate the use of immature porcine
model as clinically relevant to test the feasibility of synovial MSC-based therapies in chondral lesions.
© 2010 Elsevier Ltd. All rights reserved.

1. Introduction alterations of chondrogenic phenotype associated with the in vitro

expansion of the cells. Furthermore, due to alterations and

It is widely accepted that chondral injury does not usually heal
spontaneously due to its avascular surroundings and unique matrix
organization. Therefore, a variety of approaches have been assessed
to improve cartilage healing [1,2]. Among them, chondrocyte-based
therapies have been extensively studied since the reports of
successful autologous chondrocyte implantation [3—8]. However,
this procedure is likely to have some limitations including the
sacrifice of undamaged cartilage within the same joint and
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degenerative changes in cartilage accompanying aging, the avail-
ability of such cells may be limited in elderly individuals [7,9].

To overcome such potential problems, stem cell therapies have
been tested to facilitate regenerative tissue repair. Mesenchymal
stemn cells (MSCs) have the capability to differentiate into a variety
of connective tissue cells including bone, cartilage, tendon, muscle,
and adipose tissue [10]. These cells may be isolated from various
tissues such as bone marrow, skeletal muscle, synovial membrane,
adipose tissue, and umbilical cord blood [10—15]. MSCs isolated
from synovial membrane may be well suited for cell-based thera-
pies for cartilage based on the relative ease of their harvest and
their strong capability of chondrogenic differentiation [11,14,16].
Recent implantation studies have reported successful cartilage
repair using synovial membrane-derived MSCs [12,15,17].
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One of the crucial factors that may affect the results of cell-based
therapies is the age of the donors and recipients. Specifically, the
results of implantation surgery could be potentially affected by
both the characteristics of the cells and the local environment in
the lesions following implantation. Therefore, it is important to
elucidate the influence of skeletal maturity on these two factors.
Regarding the cell proliferation and differentiation capacities of
MSCs, it is controversial as to whether they are age-dependent
[18—21] or not [10,22—25]. In terms of the host tissue reaction,
natural healing responses of osteochondral defects has been
compared between immature and mature animals using rabbit
models, and in this species the studies demonstrated better healing
responses in immature animals [26—29].

On the other hand, there have been no studies which compared '

the results of cell-based repair of chondral defects between
immature and mature animal models. Regarding the clinically
relevant animal models for cartilage repair, it is difficult to create
a chondral injury which does not breach the subchondral bone in
small animals such as rabbits, rats and mice due to the limited
thickness of their articular cartilage. Therefore, in consideration of
clinical relevance, it is preferable to utilize a large animal model to
investigate the influence of maturity on the results of cell-based
therapy in chondral lesions.

As a potential MSC-based therapeutic method, we have devel-
oped a scaffold-free three-dimensional tissue-engineered
construct (TEC) composed of allogenic mesenchymal stem cells
{MSCs) derived from the synovium and extracellular matrices
(ECMs) synthesized by the cells [11], and demonstrated the feasi-
bility of the resultant TEC to facilitate cartilage repair in a large
animal study [12]. The TEC efficiently repaired the chondral defects
by developing a cartilage-like tissue without the development of
any immunologic reaction [12]. A potential limitation of this
previous study was the use of an immature animal model (cell
donors and recipients) and a concern that the successful chon-
drogenic repair without immunologic reaction in vivo might have
been due to the immaturity of the recipient animals which may be
a growth-oriented environment.

In the present study, we used both skeletally immature and
mature animals as recipients, and compared the results of TEC
implantation to the chondral lesions morphologically and biome-
chanically in order to elucidate the influence of the skeletally
maturity on subsequent cartilage repair with the TEC.

2. Materials and methods
All procedures of this study followed the Declaration of Helsinki principles.
2.1, Harvest of synovial tissue and isolation of the cells

Porcine synovial membranes were obtained aseptically from the knee joints of
immature (3—4 months of age) (N = 3) or mature (12 months of age) (N = 3) male
pigs within 12 h of death. The cell isolation protocol was essentially that used
previously for the isolation of human synovial derived MSC {11]. Briefly, synovial
membrane specimens were rinsed with phosphate buffered saline (PBS), minced
meticulously, and digested with 0.1% collagenase IV (Sigma, St. Louis, MO, USA) for
1.5 h at 37 °C. After neutralization of the collagenase with growth medium con-
taining high-glucose Dulbecco’s modified Eagle's medium (HG-DMEM; Gibco BRL,
Life Technologies Inc., Rockville, MD, USA) supplemented with 10% fetal bovine
serum (FBS; HyClone, Logan, UT, USA) and 1% penicillin/streptomycin (Gibco BRL,
Life Technologies Inc.), the cells were collected by centrifugation, washed with PBS,
resuspended in growth medium, and plated in culture dishes. The characteristics of
the porcine cells were similar to those of the human synovium derived MSC with
regard to morphology, growth characteristics and multipotent differentiation
capacity (to osteogenic, chondrogenic and adipogenic lineages) [11,12,30}. For
expansion, cells were cultured in the growth medium at 37 °C in a humidified
atmosphere of 5% CO,. The medium was replaced once per week. After 15~28 days
of primary culture, when the cells reached confluence, they were washed twice with
PBS, harvested by treatment with trypsin-EDTA (0.25% trypsin and 1 mm EDTA:
Gibco BRL, Life Technologies Inc.), and replated at 1:3 dilutions for the first
subculture. Cell passages were continued in the same manner with 1:3 dilutions

when cultures reached near confluence. Cells at passages 4—7 were used in the
present studies.

2.2. Cell proliferation assay

To assess cell proliferation between cells derived from immature and mature
animals, cell counts and WST-1 assays [31,32] were performed atday 1,3, 7,10 and 14 of
culture. The cells were isolated by trypsinization, washed extensively, and then
replated at a density of 5 x 103 cells/cm? in 6-well and 96-well culture plates for cefl
counts and WST-1 assays, respectively. MSCs were cultured in growth medium and the
medium was replaced twice per week. Subsequently, the numbers of cells were
counted at each measurement day using a hemocytometer. In addition, 10 pl of Premix
WST-1 solution {TAKARA Bio, Shiga, Japan) and 100 pl of medium were added to the cell
monolayers in the 96-well plates and these were then incubated at 37 °C for an addi-
tional 2 h. Supernatants were quantified spectrophotometrically at 440 nm with
reference wavelength at 620 nm. Results were reported as optical density (OD) units.

2.3. In vitro chondrogenesis

To assess chondrogenic differentiation, a pellet culture system was used [33].
Approximately 2 x 10° cells were placed in a 15-ml polypropylene tube, and
centrifuged at 500 g for 10 min. The pellets were cultured at 37 °C with 5% CO; in
500 pl of chondrogenic culture medium that contained HG-DMEM supplemented
with 50 mg/ml ascorbate-2-phosphate, 100 mg/ml sodium pyruvate, and 50 mg/ml
insulin, transferrin, selenious acid (ITS) + Premix (BD Biosciences, California, USA),
and 200 ng/ml recombinant human bone morphogenetic protein 2 (rhBMP2) (a
generous gift from Wyeth, Massachusetts, USA) as described previously [30,34]. The
optimal concentration of thBMP2 was determined from preliminary in vitro opti-
mization studies on chondrogenic differentiation of MSCs in pellet cultures {data not
shown). The medium was replaced twice per week for 3 weeks.

24. Reverse transcription-polymerase chain reaction (RT-PCR)

Total RNAs from the pellets were extracted using a RNeasy Mini Kit (Qiagen,
Valencia, CA, USA). Complementary DNAs (cDNAs) were obtained by RT of 1 pg total
RNA using a Reverse Transcription System (Promega, San Luis Obispo, CA, USA) with
random primers. Equal amounts of each RT product were amplified by PCR with
TaKaRa Ex Taq (TAKARA Bio, Shiga, Japan). PCR reactions were carried out in iCy-
clerTM (BioRad Laboratories, Hercules, CA, USA). After initial denaturation at 94 °C for
5min, PCR involved amplification cycles of 30sat94°C,305at60°C,and 30sat 72 °C,
followed by elongation for 7 min at 72 °C. PCR primers used were as follows: pig-
GAPDH (forward): CTG CCC CTT CTG CTG ATG C, (reverse): CAT CAC GCCACA GTT TCC
CA, pig-collagen 2a1 (forward): ATT GTAGGA CCCAAAGGACCTC, (reverse): GGT CCC
AGG TTC TCC ATC TC. PCR products were separated on 2% agarose gel containing
ethidium bromide and evaluated for the expression of mRNA for each gene. The band
intensities were captured into a computer with a digital image scanner, quantified
using image] (NIH, Bethesda, MD) and subjected to statistical analyses.

2.5, Histological assessment of the pellets

The cell pellet cultures were fixed in 4% paraformaldehyde, rinsed twice with
PBS, embedded in paraffin, cut into 5 pm sections, and then stained for 2 h at room
temperature with 1% Alcian blue (Alcian Blue 8 GX; Sigma, Missouri, USA} in 0.1N
H(, and subsequently counter stained with Kernechtrot.

2.6. Measurement of glycosaminoglycan (GAG) levels

Proteoglycan levels in the pellets were measured by a color method as described
previously [35], with minor modification. Briefly, synovial cell pellets were digested
for 4 h at 65 °C with a papain solution (Sigma, St. Louis, MO, USA). Samples from the
papain digest were subsequently assayed for GAG as a measure of proteoglycan
content. GAGs were assayed using the 1,9-dimethylmethylene blue binding (DMMB)
assay, using a chondroitin sulfate standard curve (Nacalai Tesque, Kyoto, Japan).

2.7. Development of the TECs

Synovial MSCs were plated on culture dishes at a density 0f 4.0 x 10° cells/cm? in
growth medium containing 0.2 mm ascorbate-2-phosphate (Asc-2P), an optimal
concentration from earlier studies {11,12]. Within a day, the cells became confluent.
After an additional 7—14 days in culture, a complex of the cultured cells and the ECM
synthesized by the cells was detached from the substratum by application of shear
stress using gentle pipetting. The detached monolayer complex was left in
suspension to form a three-dimensional structure by active tissue contraction. This
tissue was termed a basic scaffold-free three-dimensional TEC.

2.8. Implantation of the TEC to chondral defects

As previously reported [12], porcine MSCs (4.0 x 10° cells/cm?) derived from
immature animals (3—4 months of age) were cultured with Asc-2P in 6 cm
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Fig. 1. Cell Proliferation assay assessed by cell counting (a) and the WST-1 method (b). There are no significant differences in proliferative capacity between immature (N=3)and

mature porcine synovial MSCs (N = 3).

diameter culture dishes (21.3 cm?) for 7 days, and the resultant TECs were prepared
as an allograft without any chondrogenic stimulation. 6 immature (4-month-old)
pigs and 7 skeletally mature (12-month-old) pigs were anesthetized by intra-
muscular injection of a mixture of ketamine hydrochloride (50 mg/ml and 0.6 ml/
kg of body weight) and xylazine (20 mg/ml and 0.3 ml/kg of body weight) and
continuous intravenous injection of propofol (10 mg/ml and 8 mi/kg/h). After
a medial parapatella incision, the medial femoral condyles of the both knees were
exposed with the knee in deep flexion, and chondral defects of 8.5 mm diameter
and 2.0 mm depth which did not breach the subchondral bone were created on the
medial femoral condyle using an electric router (Proxxon, Niersbach, Germany)
and diamond disc grinding (Shofu Inc., Kyoto, Japan). The TEC were then implanted
into the defects without suture for 8 knees in the immature pigs and 6 knees of the
mature pigs. In the control groups, the defect was left empty for 4 knees of the
immature pigs and 6 knees of the mature pigs. All animals were immeobilized for 7
days, and euthanized under anesthesia at 6 months after surgery. Each graft site
was divided into two parts. One was fixed and used for subsequent paraffin
sectioning and histological analysis, and the other was subjected to mechanical
compression tests.

2.9. Macroscopic and histological evaluation

The macroscopic findings were assessed in accordance with the following
criteria; the score 2 was complete resurface (>90% coverage), 1 was partial resurface
(50—90% coverage), and 0 was poor resurface (<50% coverage) [12].

a
GAPDH
Col2a1
€
Immature
c animals

Mature animals

Chondrogenesis =

Control

For histological evaluation, tissue was fixed with 4% paraformaldehyde in
phosphate buffer (pH 7.4), decalcified with EDTA, embedded in paraffin, and 4 pm
sections were prepared. The sections were stained with HE or Safranin O.

The histology of repair tissue at 6 months was evaluated by the modified
International Cartilage Repair Society (ICRS) Visual Histological Assessment Scale
[36]. As this original scale is usually applied to human biopsy specimens of 2 mm
diameter and not to large animal specimens, the repair tissue was divided into 4
parts of 2 mm width and each area was evaluated by the ICRS Visual Histological
Assessment Scale. Moreover, a new criteria category “Integration” was imple-
mented. Good integration was a score of 3, and poor or no integration a score of 0.
This criterion was utilized for both sides of a divided area [12]. All scores for each
area were averaged.

2.10. Mechanical testing

Unconfined compression tests were performed for normal cartilage and the
repair tissue in defects treated with or without TEC as previously reported [12]. A
cylindrical-shaped cartilage-subchondral bone specimen of 4 mm diameter and
5—8 mm depth was taken in the medial condyle of the femur. The specimen was
placed on a permeable stage soaked in saline solution at 37 °C. Compressive
deformation was generated using a linear actuator (LAH-46-3002-F-SP, Harmonic
Drive Systems, Tokyo, Japan) with the position repeatability of 0.5 mm under 50N of
axial force. Compressive loads were measured with a custom-made ring-shaped
load transducer with strain gauges having the rated output of 1.76N and
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Fig. 2. Chondrogenic potential of porcine MSCs derived from immature and mature animals assessed by collagen 1I expression by RT-PCR (a, b), alcian blue staing (c), and GAG
synthesis (d). Bar = 200 ym. There are no significant differences detected between immature-pellets (N = 3) and mature-pellets (N = 3) in RT-PCR (b) and GAG synthesis (d).
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a non-linearity of 0.01%, while compressive deformation in cartilage was measured
from the actuator displacement assuming no deformation in the subchondral bone.
Compressive loads were divided by the cross-sectional area of each specimen to
obtain nominal stress values. After the width of the repair tissue was measured with
a digital microscope (VHX-100, Keyence), the deformation of cartilage was trans-
formed to strain. Finally, the stress—strain relationship of the repair tissue was
obtained.

2.11. Statistical analysis

The results are presented as mean = SD. The results of the experiments were
analyzed by Mann—Whitney U test using JMP 7 (SAS Institute, Cary, NC, USA) and
significance was set at p < 0.05.

3. Results

3.1. Cell proliferation and chondrogenic differentiation capacity of
immature and mature porcine synovial MSCs

Cell number assessments, as well as WST-1 assays demonstrated
that there were no significant differences in the proliferation
capacity of porcine synovial MSCs derived from immature or
mature animals (Fig. 1a, b). To evaluate the chondrogenic differ-
entiation potential, semiquantitative analyses were performed
using a pellet culture system. There were no significant differences
in expression level of collagen II detected by RT-PCR between the
pellets from immature animals versus those from mature animals
(p = 0.2752) (Fig. 2a, b). Based on Alcian blue staining of the cell
pellets, increases in staining were prominent in the center area of
pellets from both immature and mature animals (Fig. 2c). Likewise,

Immature Immature
Untreated TEC
25¢ X

Macroscopic Score
-
- (9] ~N

o
o o

there were no significant differences in GAG synthesis noted
between the chondrogenic pellets from the immature
(569 + 14.3 pg/mg protein) and mature donor age groups
(51.8 + 14.4 pg/mg protein) (p = 0.5127) (Fig. 2d).

These results suggested that maturity may not significantly
affect the chondrogenic differentiation capacity of porcine synovial
MSCs and based on the results, we decided to use immature MSCs
consistently as the source of the TEC for the following implantation
studies.

3.2. Macroscopic and histological evaluation of repaired cartilage

At 6 months post-implantation, regardless of skeletal maturity,
untreated lesions had no or only partial tissue coverage (Fig. 3a, c),
while the defects treated with the TEC were totally or partially
covered with repaired tissue (Fig. 3b, d). The mean macroscopic
score for the TEC group (1.50 + 0.50, immature group, and
1.50 + 0.50, mature group) was significantly higher than that for
the untreated group (0.25 + 0.50, immature group, and 0.67 & 0.75,
mature group) (p = 0.017, and p = 0.034, respectively) (Fig. 3e).

Histologically, the chondral lesions in the untreated control
groups (defects only) showed evidence of osteoarthritic changes
with loss of cartilage and erosion of subchondral bone in both
skeletally immature and mature recipients (Fig. 4a, b). Conversely,
when implanted with a TEC, the defects were repaired with
a chondrogenic-like tissue with positive Safranin O staining,
regardless of skeletal maturity (Fig. 4c, d). Higher magnification
views showed that there was good tissue integration to the

Mature
TEC

Mature
Untreatd

Mature Untreated Mature TEC

Fig. 3. Macroscopic view of immature (a, b) or mature (c, d) porcine chondral lesion treated without (a, c) or with the TEC (b, d) at 6 months after operation. Bar = 10 mm.
(e) Macroscopic score of the chondral lesion treated with the TEC (Immature recipients, N = 8, Mature recipients, N= 6) or untreated (Immature recipients, N = 4, Mature recipients,
N = 6) at 6 months. Regardless of skeletal maturity, the TEC group shows significantly higher score than the untreated group. X; p < 0.05.

Immature TEC

Immature Untreated
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Fig. 4. Safranin O staining of untreated chondral lesions (a, b) or lesions repaired by the TEC (c, d). (a, ¢) immature recipients. (b, d) mature recipients. Bar = 1 mm. Higher
magnification view at the margin (f, g) and center (e, h) area of the repaired tissue by the TEC. Bar = 200 yum. Regardless of the maturity, the defects treated with the TEC are
completely filled with Safranin O positive repaired tissue (c, d) with good tissue integration (f, g, arrow). There is scarce healing response observed the untreated control group with

bony erosion (a, b).

adjacent cartilage obtained when the TEC were implanted in both
immature and mature recipients (Fig. 4f, g, arrows). The repair
tissue exhibited predominantly spindle-shaped fibroblast-like cells
in the superficial area of the repair tissue, while the majority of the
remaining repair matrix contained round-shaped cells in lacuna
(Fig. 4e, h). Following implantation, no histological findings were
obtained that suggested either central necrosis of the implanted
TEC or that an abnormal inflammatory macrophage and lympho-
cyte response consistent with immunological rejection had
occurred in this allogenic situation, regardless of skeletal maturity.

Based on the modified ICRS histological scoring, the TEC group
exhibited significantly higher scores than did the control group in
all criteria categories in the immature recipients (Fig. 5a). In mature
recipients, the TEC group had significantly higher scores than did
the corresponding control group in all categories except the
“Matrix” and “Cell distribution” categories (Fig. 5b). Comparing the
repair tissues by the TEC in immature and mature recipients, there
was no significant difference detected (Fig. 5c).

3.3. Mechanical properties of repaired tissue

Using the methods as previously reported, we evaluated the
mechanical properties of the TEC-mediated repair tissue at two

different compression speeds for the compression tests [12,37].
Namely, the viscoelasticity of cartilage which retains interstitial
water would be mainly reflected by faster compression test (at
100 pm/s) outcomes, while the matrix viscoelasticity without
interstitial water retention would be mainly reflected by slower
compression test (at 4 pm/s) outcomes.

In the tissue localized in the defects of the untreated control
group, the tangent modulus (defined as the slope of the curve at 5%
of strain) in immature recipients was significantly lower than that
for normal cartilage at a compression rate of either 4 pm/s (Fig. 6a,
126 + 61 KkPa versus 344 + 217 KkPa) or 100 pm/s (Fig. 6b,
174 + 225 kPa versus 652 + 354 kPa) (p = 0.0188 at 4 um/s, and
0.0187 at 100 pm/s, respectively). In contrast, there were no
significant differences detected between the tangent modulus for
the repair tissue by the TEC and that for normal cartilage at either
4 pm/s (Fig. 6a, 215 + 93 kPa versus 344 + 217 kPa) or 100 pm/s
(Fig. 6b, 875 + 493 KPa versus 652 + 354 kPa) (p = 0.2215 at 4 pm/s,
and 0.3146 at 100 um/s, respectively) in immature recipients.
Similarly, the mean tangent modulus in the untreated mature
recipients (46 + 34 KkPa) was significantly lower than that for
normal cartilage (173 + 73 kPa) at a compression rate of 4 um/s
(p = 0.0090) (Fig. 6a), while there were no significant differences
detected between the tangent modulus for repaired tissue in
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Fig. 5. Modified ICRS score in repaired cartilage immature (a) and mature recipients
(b). The TEC group (N = 8) exhibits significantly higher scores than does the untreated
control group (N = 4) in all the criteria categories in the immature recipients. ;
p < 0.05. Likewise, the TEC group (N = 6) exhibits significantly higher scores than does
the untreated control group (N = 6) in the criteria categories except for the “Matrix”
and “Cell distribution” categories in the mature recipients. %; p < 0.05. (c) As to the
quality of repaired cartilage by the TEC, there is no significant difference observed in
any criteria category between the immature (N = 8) and mature recipients (N = 6).

mature recipients treated by the TEC and that for normal cartilage
at either 4 pm/s (Fig. 6a, 123 + 77 kPa versus 173 + 73 kPa) or
100 pum/s (Fig. 6b, 293 =+ 268 kPa versus 457 + 212 kPa) (p = 0.3472
at 4 pmy/s, and 0.2506 at 100 pm/s, respectively). These results
suggest that the viscoelastic properties of the tissue in defects
repaired by the TEC are likely similar to those of normal cartilage,
regardless of skeletal maturity.

4. Discussion

Recent animal and clinical studies suggested the feasibility of
MSC-based therapies in cartilage repair [38—44]. Most of the
procedures utilized scaffolds to provide three-dimensional envi-
ronment to stem cells. Scaffolds generally contain synthetic poly-
mers or biological materials and there are still several concerns
associated with the long-term safety of these materials. In order to
avoid unknown risk, such materials should ideally be excluded-
throughout the treatment procedure, and in this regard, a scaffold-
free cell delivery system could be an excellent alternative. With this
concept, we have developed the scaffold-free tissue-engineered
construct (TEC) derived from allogenic synovial MSCs [11,12]. In
addition to the potentially safety as a surgical implant, the TEC has
been shown to have the feasibility to facilitate cartilage repair {12]
which is comparable with other scaffold-based MSC therapies
[38—44] and thus could be a promising option among various cell-
based therapies in chondral lesions.

It is notable that the TEC is derived of allogenic synovial MSCs
and that the results in the present study demonstrated that the TEC
effectively promote cartilage repair without the development of
any immunologic reaction in a large animal study [12]. It is fairly
widely accepted that MSCs exhibit immune-tolerance capacity
[45—47] and the availability of allogenic MSCs to repair chondral
lesions has been also reported in an animal study [43]. Taken
together, it is suggested that allogenic MSC-based therapies are
feasible to cartilage repair. Regarding the donor cells, it has been
controversial as to whether the cell proliferation and differentiation
capacities of MSCs derived from different tissue sources exhibit
age-dependency [10,18—25]. The present study demonstrated that
there were no significant differences in these capacities between
cells from immature and mature porcine synovial membranes. A
previous study likewise showed that the in vitro expandability and
differentiation capacity of human synovial MSCs also are not
overtly influenced by donor age [10]. Such similarity among these
two species suggests that age-independency in the proliferation
and differentiation capacity could be characteristics specific to
synovial MSCs. Taken together, synovial MSCs could be obtained
from donors of variety of ages for allogenic cell-based therapies in
cartilage repair.

On the other hand, several studies have shown that the natural -
healing response of rabbits to osteochondral defects was better in
immature animals than in mature animals [26—29]. Therefore,
although there have been no studies demonstrating an age-
dependent repair response of cartilage in a large animal model,
skeletal maturity might be likewise an important variable the
repair and differentiation process following stem cell-based ther-
apies in such larger species. The results of the present study
demonstrated that TEC implantation into porcine chondral defects
effectively contributed to chondrogenic repair, with good tissue
integration to the adjacent cartilage tissue. The repair tissue
exhibited viscoelastic properties similar to normal cartilage.
Notably, such repair responses were equivalently observed in both
immature and mature recipients. In addition, there were no
abnormal inflammatory responses detected, observations which
might be suggestive of immunological rejection, in either immature
or mature animal recipients. These results suggest that an
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Fig. 6. The results of compression tests at slower compression speed (4 um/s) (a) and at faster compression speed (100 um/s) (b). (Immature recipients: normal cartilage, N = 11,
TEC, N = 7, untreated, N = 4, Mature recipients: normal cartilage, N = 5, TEC, N = 5, untreated, N = 5) Regardless of skeletal maturity, there is no significant difference detected in the
tangent modulus of the repaired tissue by the TEC and of normal cartilage at either slower or faster compression speed. Conversely, untreated cartilage, whether immature or
mature, showed significantly lower tangent modulus than normal cartilage at either slower or faster compression speed. %; p < 0.05.

immunological reaction subsequent to the implantation of allo-
genic MSC-based materials may be negligible regardless of matu-~
rity. In interpreting the results on the present study, it should be
taken into account that the injury model we used was chondral
injury model which did not breach the subchondral bone. Such
injury accompanies minimal bleeding response and such unique
repair environment might have led to the converse results from
previous natural healing studies with osteochondral injury model
which accompanied extensive bleeding [26—29].

Taken together, the skeletal maturity of recipient animal does
not likely influence the repair quality of allogenic MSC-treated
chondral lesions and the results of the present study suggest the
feasibility of the synovial MSC-based therapies to chondral lesions
in both adolescent and adult cases, which could increase the
opportunity of clinical applications in the future. Furthermore,
equivalent cartilage repair response observed in immature and
mature recipients coupled with similar chondrogenic differentia-
tion capacity in immature and mature MSCs suggest the validity of
the use of immature porcine animal models to test the feasibility of
synovial MSC-based therapies, whether allogenic or autologous, in
chondral lesions. The use of skeletally mature large animals
specifically requires large expense and thus the present results
could contribute to the valid cost reduction in future experimental
preclinical studies.

As a potential limitation of the present study, are we did not
perform detailed laboratory investigations to detect specific
immunologic reactions such as development of antibodies or cell-
mediated responses. Additionally, we did not follow the implan-
tation surgery beyond 6 months. Longer follow-up studies with
laboratory experiments would be required towards clinical appli-
cations. However, the histological analyses in the present study
revealed that the chondrogenic repair responses as well as the lack
in immunologic reactions was very consistent by 6 months post-
implantation, and the limitations do not likely affect the major
conclusions drawn from the findings.

5. Conclusion

The TEC, allogenic MSC-based approach was proved to be
feasible to cartilage repair regardless of the skeletal maturity. The
use of allogenic stem celis could be advantageous from a time- and
cost-saving perspective, without tissue sacrifice of host tissue in
comparison with autologous cell-based approach. Therefore the
results of the present studies would support the clinical application
of this strategy to promote cartilage repair and regeneration in
patients over wide range of patient ages. This may be particularly

relevant to older patients where autologous chondrocytes are
limited in number and quality.
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We have developed a novel form of granular artificial bone “Tetrabones” with a homogeneous tetrapod
shape and uniform size. Tetrabones are four armed structures that accumulate to form the intergranular
pores that allow invasion of cells and blood vessels. In this study we evaluated the physicochemical char-
acteristics of Tetrabones in vitro, and compared their biological and biomechanical properties in vivo to

those of conventional B-tricalcium phosphate (8-TCP) granule artificial bone. Both the rupture strength
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Intergranular pores
Mechanical properties
Tetrapod

and elastic modulus of Tetrabone particles were higher than those of B-TCP granules in vitro. The connec-
tivity of intergranular pores 100, 300, and 400 um in size were higher in Tetrabones than in the p-TCP
granules. Tetrabones showed similar osteoconductivity and biomechanical stiffness to 8-TCP at 2 months
after implantation in an in vivo study of canine bone defects. These results suggest that Tetrabones may
be a good bone graft material in bone reconstruction.

© 2012 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction

Trauma, disease, and developmental abnormalities resulting in
skeletal defects often incur considerable morbidity. Although the
use of autogenous bone, as blocks or in granular form, has long
been considered the gold standard in terms of grafting material,
this approach has several disadvantages, including donor site mor-
bidity and the restricted quantity and shape of the tissue {1,2]. For
these reasons calcium phosphate-based artificial bone materials
such as hydroxyapatite and tricalcium phosphate (TCP) have been
widely used in clinical practice [3-6]. These materials are used in
various forms, including blocks, pastes, and granules, depending
on the indication and type of bone defect.

The ideal granular artificial bone should be biocompatible and
biodegradable, and exhibit controlled porosity, good pore intercon-
nectivity, and biomechanical strength [7]. However, it has not yet
been established which type of granular calcium phosphate-based
artificial bone materials possess the best osteoconductive potential
and biomechanical properties [8]. One problem with conventional
granular calcium phosphate-based artificial bones is that they
have irregular shapes and sizes, which may compromise their

* Corresponding author at: Laboratory of Veterinary Surgery, Graduate School of
Agricultural and Life Sciences, The University of Tokyo, 1-1-1 Yayoi, Bunkyo-ku,
Tokyo 113-8657, Japan. Tel.: +81 3 5841 5405; fax: 81 3 5841 8996.

E-mail address: tjdwis1101@hotmail.com (S. Choi).
! These authors should be regarded as joint first authors.

performance. To circumvent this problem we have designed and
fabricated a novel granular artificial bone taking advantage of its
tetrapod shape.

In the field of civil engineering tetrapods are used to protect
harbors against the force of the ocean and the consequent erosion,
capitalizing on their high mechanical strength, low center of grav-
ity, and stability to external forces [9]. These advantages led us to
hypothesize that tetrapods could be scaled down for application as
artificial bone. We expected that their structural characteristics
would provide better mechanical stability and control over inter-
granular pores.

In this study we fabricated novel tetrapod shaped granular arti-
ficial bone (hereafter referred to as “Tetrabones”) by injection
molding using microparticles of o-tricalcium phosphate (oi-TCP).
We first studied the physicochemical characteristics of Tetrabones
in vitro, and then evaluated its biological and biomechanical prop-
erties in a canine model in vivo in comparison with B-TCP granules,
which are widely used in clinical practice.

2. Materials and methods
2.1. Fabrication of Tetrabones
2.1.1. Materials

A mix of 60/40 wt.% o~TCP powder (Taihei Chemical Industrial
Co., Tokyo, Japan) and binder (composed of 55% olefin resin, 30%

1742-7061/$ - see front matter © 2012 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

doi:10.1016/j.actbi0.2012.02.019
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wax, and 15% plasticizing materials) were compounded in a tum-
bler mixer (Neo TecsKO3P), and then mixed at room temperature
in a rotating drum tumbler mixer for 5 h.

2.1.2. Fabrication of Tetrabones

Injection molds were prepared to fabricate 1 mm sized tetra-
pods, and the o-TCP powders were molded using an injection
molding machine (J34AD, Japan Steel Works, Tokyo, Japan),
Molded products were then degreased and calcined. The detailed
parameters for the injection molding, degreasing, and calcination
processes are given in Tabie 1.

The degreased and calcined products were soaked in 0.2 M suc-
cinic acid for 24 h to form octacalcium phosphate (OCP), rinsed
twice with distilled water, dried under reduced pressure, and
sterilized by electron beam irradiation at 25 kGy to give the final
Tetrabone product.

B-TCP granules (Osferion®, size range 0.5-1.5 mm, porosity
75%; Olympus Biomaterial Corp., Tokyo, Japan) were used as the
control material.

2.2. Material properties of Tetrabones

2.2.1. X-ray diffraction analysis

X-ray diffraction analysis (XRD) was performed using an X-ray
diffractometer (Mini Flex 2, Rigaku, Japan) equipped with a Cuk,,
radiation source at 20 mA, scanning from 20 =4 to 60 °C. All sam-
ples were crushed before analysis. The results were compared with
the International Center for Diffraction Data (ICDD) database.

2.2.2. Scanning electron microscopy

Scanning electron microscopy (SEM) was performed on pure
o-TCP powders and the surface of injectionmolded products before
and after succinic acid treatment, using a JCM-5700 scanning
electron microscope (JEOL, Tokyo, Japan). Images were obtained
at 1.2 keV accelerating voltage and 20 mA current.

2.2.3. Mechanical testing

The rupture strength of single Tetrabones and single p-TCP
granules were measured with a rheometer (CR-500DX, Sun scien-
tific Co., Japan). A single particle of each artificial bone was placed
on the slab of the rheometer. The rod was loaded at 3 mm min~!
until the particle ruptured, and the rupture strength when each
specimen broke was measured (n=4).

For elastic modulus evaluation Tetrabones and B-TCP granules
were embedded in cylindrical molds 5mm in diameter and
10 mm long, and each mold was placed on the slab of an Instron
universal testing machine (Instron-3365, Instron Corp., Norwood,
MA). Arod 5mm in diameter was loaded into the mold at
0.5 mm min~?, and the elastic modulus measured (n = 4).

2.2.4. Analysis of size and connectivity of intergranular pores

Polymer beads used to simulate cells and blood vessels were
provided by the Sekisui Plastics Corporation (Osaka, Japan). The
beads were composed of cross-linked polymethyl methacrylate
and had diameters of 100, 300, 400, and 600 pm.

The end of a 2.5 ml syringe barrel was cut to create a cylindrical
tube and sealed with mesh. The plunger was pulled back and the
rubber cap removed. The barrel was filled with 0.5 ml of Tetra-
bones or B-TCP granules, overlaid with 1.5 ml of the beads, and
the plunger pushed back into the barrel. The end of the plunger
was loaded with a 500 g weight and the syringe was vibrated using
a vibrator for 2 min. The beads were collected as they exited the
syringe and their weight measured (n=3, Fig. 1). Additionally,
mercury porosimetry was performed using a Micromeritics Auto-
pore III 9510 mercury porosimeter (Micromeritics Instrument
Corp., Norcross, GA) to compare the values of these methods.

Table 1
Detailed parameters of the Tetrabone fabrication process.

Injection molding Degreasing Calcination

Cylinder temperature
170-190°C

Mold temperature
25-40°C

Injection pressure
30-50 MPa

Injection velocity
0.3-05s

Screw revolution speed
1000 r.p.m.

Maximum temperature
500 °C

Rate of temperature
rise 87°Ch™!

Holding time 1 h

Maximum temperature
700 °C

Rate of temperature
rise 87°Ch™"

Holding time 1 h

2.2.5. Cell viability

MC3T3-E1 cells were cultured on Tetrabones or B-TCP granules
in standard medium (Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10 vol.% fetal bovine serum (FBS),
50 U ml™! penicillin, and 50 mg ml~! streptomycin) at 37 °C in a
5% CO, atmosphere. When the cells reached confluence the
medium was changed to osteogenic medium (standard medium
supplemented with 0.1 pM dexamethasone, 50 mM B-glycero-
phosphate and 50 pg mi™! ascorbic acid). 7 days later the Tetra-
bones and B-TCP granules were stained with an alkaline
phosphatasestaining kit (Takara Bio, Tokyo, Japan). The numbers
of cells growing on the surface of the Tetrabones and B-TCP gran-
ules werecounted using a stereoscopic microscope.

2.3. In vivo experiments

2.3.1. Canine bone defect model

Seven healthy beagle dogs (10-12 kg body weight, 1-2 years of
age) were purchased from Nosan Corporation (Kanagawa, Japan).
General anesthesia was maintained with isoflurane, and fentanyl
hydrate was continuously administered during and after surgery.
The femoral medial condyle was exposed, and a tunnel defect
10 mm in diameter extending to the lateral cortex was created in
the bilateral femur using a power surgery drill (IMEX™ Veterinary
Inc., Longview, TX). After irrigation of the defect with sterile saline,
Tetrabonesor B-TCP granules were implanted into the defect (n=5
each), or, in the control group, nothing was implanted (n = 4), After
implantation the joint capsule, fascia lata, subcutaneous tissue, and
skin were sutured. An antibiotic (cefazolin, 20 mg kg™! subcutane-
ously twice daily) and an analgesic (buprenorpine, 15 pgkg™
intramuscularly twice daily) were administered for 3 days after
implantation. This study was conducted under the Guidelines of
the Animal Care Committee of the Graduate School of Agricultural
and Life Sciences, the University of Tokyo.

2.3.2. Biomechanical analysis

8 weeks after implantation the distal part of the femur was ex-
cised, and the surrounding tissue removed. The normal femur was
used as the positive control (n=5). The specimes was fixed with
bone cement with the longitudinal axis of the bone defect vertical
to the slab of a rheometer (CR-500DX, Sun Scientific Co., Japan),
and arod 5 mm in diameter was preloaded on the surface of the de-
fect site at 1 N force. The specimen was loaded at 3 mm min~}, and
stopped when displacement reached a depth of 0.25 mm to avoid
destruction of the specimen. Force-displacement changes in the
bone defect were observed and the stiffness calculated from the
slope of the linear region of the resulting force~displacement curve.

2.3.3. Histological analysis
After the biomechanical analysis the bone around the implant
sites was trimmed and fixed with 10% neutralized formaldehyde
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Fig. 1. A novel method of evaluating the size and connectivity of intergranular
pores.

for 1week, then demineralized with Plank-Rychlo decalcifying
solution for 20 weeks. It was then embedded in paraffin, cut into
7 um thick longitudinal sections, and stained with Masson’s
Trichrome.

To evaluate the new bone tissue a picture of the entire specimen
was taken under a light microscope (Biozero, Keyence, Japan). The
ratios of new bone area and distribution were measured using Im-
age] software (National Institutes of Health, Bethesda, MD). To
evaluate the new bone area we measured only the new bone tissue
showing a calcified dense matrix which stained deep blue at high
magnification. To evaluate the distribution the extended margins
of the new bone tissue were measured, and the outer area of the
margins were defined as the distribution of new bone tissue.

2.4, Statistical analysis

All data are expressed as means and standard deviations. Statis-
tical analysis was performed using SPSS software (IBM, New York,
NY). One-way analysis of variance was performed to compare the
properties of Tetrabones and B-TCP granules, with Tukey’s post
hoc test applied for the biomechanical analysis in vivo. P values
of less than 0.05 were considered statistically significant.

3. Results
3.1. Fabrication of Tetrabones
Tetrabones of homogeneous shape and size (1 mm) were

fabricated by injection molding and succinic acid treatment. The
macromorphology of Tetrabones was visualized by SEM, which

confirmed their uniform size and shape (Fig. 2A). In contrast,
B-TCP granules showed heterogeneous shapes and sizes (Fig. 2B).

3.2. Material properties of Tetrabones

3.2.1. X-ray diffraction analysis

XRD was performed to confirm OCP formation on Tetrabones by
succinic acid treatment. The XRD patterns of pure o-TCP powder
and the injectionmolded products before and after succinic acid
treatment are shown in Fig. 3. The XRD patterns of the injection-
molded products before succinic acid treatment fitted the standard
peak of a-TCP well. After succinic acid treatment the main peak ob-
served at 20 =4.70° was assigned to OCP, while peaks at around
20 = 30° indicated mainly TCP and other calcium phosphate com-
plexes. These results indicate that some part of Tetrabones was
recrystallized into OCP and other calcium phosphates by succinic
acid treatment. The XRD of B-TCP granules showed pure B-TCP
peaks.

3.2.2. Assessment of surface structure

SEM was also performed to observe the surface structure of Tet-
rabones. SEM of the injectionmolded products before succinic acid
treatment revealed globular particles similar to pure o-TCP pow-
der (Fig. 4A and B). After succinic acid treatment thin plate-like
crystals characteristic of OCP were observed on the surface of the
Tetrabones (Fig. 4C and Supplementary Fig. 1). These data suggest
that o-TCP on the surface of Tetrabones was recrystallized into
OCP, while the inner structure beneath the surface was mainly
TCP and other calcium phosphate complexes, which may support
the XRD data.

3.2.3. Mechanical testing

To assess the mechanical properties of Tetrabones and B-TCP
granules the rupture strength of single granules and the elastic
modulus of aggregates were evaluated using a rheometer and a
universal testing machine, respectively.

The rupture strength of single Tetrabone particles was
345+042N and that of B-TCP granules was 1.20+0.42N
(Fig. 5A). The elastic modulus of aggregated particles was
65.15+7.98 MPa for the Tetrabones and 7.85 +3.43 MPa for the
B-TCP granules (Fig. 5B). Both parameters were significantly higher
in the Tetrabone group than in the B-TCP granule group (P < 0.05).

3.2.4. Analysis of size and connectivity of intergranular pores

The weights of 100 um diameter beads passing through the
Tetrabone packed or B-TCP granule packed syringes were
0.236 +0.030 and 0.135 £ 0.034 g, respectively (P< 0.05); for the
300 um beads these weights were 0.214+0.014 and
0.010+£0.002g (P<0.05); for the 400 pum beads they were
0.046 £ 0.011 and 0.021 + 0.005 g (P < 0.05). However, the 600 pm
diameter beads did not pass through either material (Fig. GA).

Fig. 2. Macromorphology (SEM image) of (A) Tetrabones and (B) B-TCP granules. Scale bar 500 pm.
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Fig. 3. XRD patterns of pure (A) a-TCP powder, injectionmolded products (B) before
and (C) after succinic acid treatment (Tetrabones), and (D) B-TCP granules. The
white arrowhead indicates a peak of «-TCP; the black arrowhead indicates a peak of
OCP.

Thus the connectivity of the 100-400 um intergranular pores
was significantly higher in the Tetrabone group than in the g-TCP
granule group, suggesting that Tetrabones have intergranular
pores that may be more supportive of cell and vascular invasion
than conventional artificial bone materials.

Using mercury porosimetry there were no significant differ-
ences between these values for the 100-300, 300-400 and 400-
500 pm beads (Fig. 6B).

3.2.5. Cell viability

To evaluate the effect of Tetrabones on cell viability the number
of cells attached to the surface of the artificial bone was counted
after 7days in culture. The number of attached cells was
17.40 + 1.67 mm™ in the Tetrabone group and 16.00 + 1.41 mm™2
in the B-TCP granule group (Fig. 7), which was not significantly dif-
ferent. These data suggest that Tetrabones and B-TCP granules
show comparable abilities to support viable attached cells.

7

3.3. In vivo experiments

3.3.1. Biomechanical analysis

The biomechanical properties of Tetrabones were evaluated
8 weeks after implantation in vivo, by measuring the stiffness of
a canine femoral defect filled with Tetrabones or B-TCP granules.
The resulting force—displacement curves for each specimen are
shown in Fig. 8A. The stiffness was 27.99 £ 5.87 Nmm™' for the
normal bone group, 21.59+243 Nmm™ for the Tetrabone
implantation group, 2.91+2.15N mm™! for the B-TCP granule
implantation group, and 1.41 £ 1.91 N mm! for the control group
(Fig. 8B), respectively. The stiffness of the normal bone group
was significantly higher than the other groups, and the Tetrabone
implantation group was significantly higher (7.4-fold, P < 0.05)
than those of the B-TCP granule implantation and control groups.
There was no significant difference between the B-TCP granule
implantation group and the control group.

3.3.2. Histological analysis

The implantation sites of the Tetrabone implanted and p-TCP
granule implanted femurs were analyzed histologically for evi-
dence of new bone growth. The surface of the Tetrabones was
found to be surrounded by new bone tissue, which was present
in most of the defect area (Fig. 3A). Moreover, most of the inter-

Fig. 4. SEM images of (A) pure raw o-TCP powder, injectionmolded products (B)
before succinic acid treatment and (C) after succinic acid treatment (Tetrabones).
Scale bar 10 pm.

granular pores were filled with new bone tissue and bone marrow
cells (Fig. 9D). In the B-TCP granule implantation group there was
abundant new bone tissue at the margins of the defect (Fig. 9B),
while most of the tissue in the central area was fibrous tissue
(Fig. 9E). In the control group a large dead space without any tissue
was observed in the central area (Fig. 9C), and at the marginal site
most of the tissue was fibrous tissue (Fig. 9F).

The ratios of new bone area in the bone defects were
16.23 +2.31% in the Tetrabone implantation group, 15.78 +3.11%
in the B-TCP granule implantation group and 6.97 + 2.64% in the
control group, respectively. Those of the Tetrabone implantation
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and the B-TCP granule implantation groups were significantly
higher than that of the control group (P < 0.05), and there was no
significant difference between those of the Tetrabones and p-TCP
granule implantation groups. The ratios of new bone distribution
in the bone defects were 89.68 + 7.34% in the Tetrabone implanta-
tion group, 60.87 + 12.39% in the B-TCP granule implantation group
and 44.98 + 12.09% in the control group, respectively. Those of the
Tetrabone implantation group and the B-TCP granule implantation
group were significantly higher than that of the control group
(P<0.05), and that of the Tetrabone implantation group was signif-
icantly higher than that of the B-TCP granule implantation group
(P<0.05, Fig. 9G).

The Tetrabone implantation group showed a new bone area
comparable with that of the B-TCP granule implantation group,
and new bone tissue was homogeneously distributed in bone de-
fects in the Tetrabone implantation group, while it was heteroge-
neously distributed in the B-TCP granule implantation group.

4. Discussion

Calcium phosphate granules of various shapes and sizes have
been used widely in clinical practice [10-12]. However, they can
only be used for non-load-bearing sites due to their poor biome-
chanical strength [8,13]. The four-armed tetrapod structure was
designed by civil engineers to dissipate force and reduce displace-
ment by allowing a random distribution of tetrapods to mutually
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Fig. 7. Cell viability on Tetrabones and B-TCP granules. Seven days after osteogenic
culture the number of MC3T3-E1 cells per square millimeter of Tetrabones or B-TCP
granules was determined by ALP staining.
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Fig. 8. Biomechanical properties of normal bone, non-treated defects and the
implantation sites of Tetrabones and B-TCP granules 2 months after implantation.
(A) Force-displacement curve and (B) stiffness of the bone defects. *P < 0.05.

interlock. We hypothesized that the same principle could be
applied to artificial bone graft materials and thus developed tetra-
pod-shaped Tetrabones. In the present study we have evaluated
their mechanical strength, their ability to retain their shape in bone
defects in vivo, and the formation of intergranular pores that allow
invasion by cells and blood vessels. Tetrabones showed greater
mechanical strength than B-TCP granules as both single units and
in aggregates, which can be attributed to both its composition
and shape. First, the o-TCP crystals on the Tetrabone surface
recrystallize as OCP after succinic acid treatment, which has high
mechanical strength [14]. Second, as described above, the load
force on accumulated Tetrabones was likely evenly dissipated
due to the mechanical stability imparted by their homogeneous
and symmetrical structure.

In addition to its high mechanical strength, OCP is known to
have excellent biocompatibility, osteoconductivity, and biodegrad-
ability [15~17]. Our in vitro experiments with MC3T3-E1 cells un-
der osteogenic culture conditions revealed that cells attached to
OCP-coated Tetrabones had comparable viability to those attached
to B-TCP granules. In a previous study OCP was shown to facilitate
the differentiation of osteogenic cells into osteoblastic cells,
although the mechanism by which this occurs remains unknown
[18]. These characteristics likely contributed to the good osteacon-
ductivity displayed by Tetrabones.

The size and connectivity of intergranular pores are important
factors for bone regeneration because they facilitate vascular and
tissue in growth {19,20]. In addition, Tamai et al. have reported
that pore interconnectivity is a primary determinant of osteocon-
ductivity [21]. We hypothesized that their homogeneous shape
and size would allow accumulated Tetrabones to create more
effective intergranular pores than B-TCP granules for cell and
vascular invasion. We tested this hypothesis by devising a novel
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method using microbeads to assess the intergranular pores sizes in
Tetrabones and B-TCP granules. Mercury porosimetry is a typical
method to evaluate pore sizes from 0.1 to 1000 pm and has been
widely used to evaluate the porous structure of various calcium
phosphate materials {21,22]. However, this method is not suitable
for porosity evaluation when the pore connection has a inlet that
narrows or a pathway with an hourglass or ink bottle form
[23,24]. If an inlet or a pathway is smaller than the diameter of a
cell, although there is sufficient space beyond the inlet, the space
may be accessible to mercury but inaccessible to cells and blood
vessels, thus creating a “dead space” within the tissue. Mercury
porosimetry may overestimate the intergranular pores by includ-
ing these dead spaces. To address this problem we used a novel
method to evaluate the size and connectivity of the intergranular
pores using microbeads passing through Tetrabones or B-TCP gran-
ules to simulate passage of cells and blood vessels through the
pores. We could evaluate the connectivity of the intergranular
pores excluding those pores smaller than a certain size by this no-
vel method. In this study, although the mercury porosimetry re-
sults indicated no significant differences between two groups,
the results of the novel method using microbeads indicated higher
intergranular pore connectivity in the Tetrabone group. These re-
sults using the novel method agreed with the histological findings,
which showed homogeneously distributed new bone tissue in the
Tetrabone implantation group and heterogeneously distributed
new bone tissue in the B-TCP granule implantation group. These
data suggest that this novel method using microbeads may be

more appropriate to evaluate the size and connectivity of inter-
granular pores than mercury porosimetry. This is a simple method
using microbeads and a syringe and is effective in evaluating the
connectivity of intergranular pores, although this cannot measure
the total porosity of the materials.

B-TCP granules, having a heterogeneous size and shape, showed
fewer effective intergranular pores than did Tetrabones. It is possi-
ble that smaller B-TCP granules were situated between larger gran-
ules, thus obstructing the connection of intergranular pores. It is
also known that granules with a homogeneous shape are less
pro-inflammatory and facilitate faster bone in growth than gran-
ules having a heterogeneous shape [25].

Several studies have examined the pore size of calcium phos-
phate implants, and have reported that a pore size of about 100~
1000 pm is adequate for bone regeneration [26-29], with a mini-
mum pore size of 50 pm being recommended [30]. In the present
study the accumulated Tetrabones were porous to 100, 300, and
400 but not 600 pum beads, suggesting that the intergranular pore
size is less than 600 pm. Kuhne et al. reported that larger pore sizes
led to higher osteoconductivity [26]. However, larger pore sizes
also reduce the mechanical strength of the implant [31], suggesting
that, on balance, a larger pore size is not necessarily a desirable
property. There is a granular material called JAX™ (Smith and
Nephew Orthopaedics Ltd.) similar to Tetrabone. JAX™ is 4 mm
in diameter and made of B-TCP, and has a six-armed structure to
provide 55% intergranular porosity ranging from 40 to 3000 wm.
It has been reported that JAX™ has good osteoconductivity, and
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has also been used as a drug delivery system in combination with
osteogenic cells and anosteoinductive factor in previous studies
[32,33]. However, it is limited to use for non-load-bearing defects
because of its fragility [34]. In this study Tetrabone showed high
mechanical strength in vitro and in vive, suggesting potential
application for load-bearing defects. Further study is needed to
compare Tetrabones and JAX™ by investigating the mechanical
properties, granule sizes (1 and 4 mm), number of arms (four or
six), intergranular pore sizes and connections (under 600 and un-
der 3000 pm).

B-TCP granules have been shown to have excellent osteocontuc-
tivity due to their superior biocompatibility and biodegradability
in vivo [35,36]. In this study the B-TCP granule implantation group
showed abundant new bone tissue in bone defects, as in previous
studies. However, the new bone tissue was heterogeneously dis-
tributed. These phenomena may result from this particular bone
defect model and a short observation period. In this study the
observation period may not have been long enough to fully regen-
erate new bone tissue in the p-TCP granules implantation group.
However, over a longer period some B-TCP granules might biode-
grade in vivo before bone formation, and they may also lose their
osteoconductive function and mechanical strength [37]. Actually,
in the B-TCP granule implantation group there was less new bone
tissue in the central area of the defect, with more fibrous tissue.
The Tetrabone implantation group showed homogeneously distrib-
uted new bone tissue with less fibrous tissue, although the new
bone area was comparable in both groups. This may indicate that
Tetrabones have more connected intergranular pores. The larger
connected intergranular pores of Tetrabones provide an effective
scaffold, and facilitate more new bone tissue in the central area
of the defects.

Several groups have performed biomechanical analyzes of the
implantation site of artificial bones using bending or compression
tests [38,39]. These methods are destructive and thus do not allow
further evaluation of the sample. In this study we used a non-
destructive method to assess biomechanical strength, which al-
lowed subsequent histological analysis to be performed on the
same samples. A similar method has been used to evaluate spine
stiffness [40,41]. In an earlier preliminary study using cadaver
samples we confirmed that elastic deformation was exhibited at
0.25 mm displacement without structural destruction. Therefore,
we measured the stiffness up to 0.25 mm displacement. Although
this method measures only stiffness, it still provides useful infor-
mation to help explain the mechanical properties of the implant
site.

In this study we used conventional B-TCP granules, having a
heterogeneous size and shape, as the control. However, these
two materials are not only different in size and shape, but also in
surface structure and biodegradability due to their chemical com-
positions and different packing densities and surface areas when
they form aggregates. Since these factors may influence the bone
healing process in vivo further study should be performed taking
these factors into consideration.

5. Conclusions

We succeeded in fabricating uniform 1 mm sized tetrapod
shaped granular artificial bone coated with OCP, which we named
Tetrabones. Tetrabones has a higher mechanical strength than con-
ventional B-TCP granules in vitro, and, when forming aggregates,
formed intergranular pores of an appropriate size and connectivity
for cell and vascular invasion. Tetrabone implantation provided
proper biomechanical properties to stabilize a bone defect and in-
duce homogeneously distributed new bone tissue in vivo due to
their proper intergranular pore connection after 2 months implan-

tation. We conclude that Tetrabones have appropriate biomechan-
ical properties and osteoconductive potential and may be a good
bone graft material for bone reconstruction comparable with con-
ventional granular artificial bone.
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