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Abstract: We evaluated the efficacy of transforming
growth factor (TGF)-B-immobilized magnetic beads for
chondrogenesis in vitro using a mesenchymal stem cell
(MSC) delivery system and an external magnetic force
(EMF). MSCs isolated from the bone marrow of Sprague
Dawley rats were mixed with carboxyl group-combined
magnetic beads (Ferri Sphere 100C®) coated with anti-rat
CD44 mouse monoclonal antibodies. TGF-B3 (10 and 1
ng/mL) was_attached magnetically to such other Ferri
Sphere 100C® beads via an amide bond formed between
a primary amino group on the TGF-B3 and the carboxyl
groups on the surface of the beads. MSC-magnetic bead
complexes were centrifuged to form a pellet and cul-
tured in chondrogenic differentiation medium (CDM)

supplemented with either 10 or 1 ng/mL TGF-B-immobi-
lized magnetic beads (10 or 1 ng/mL TGF-B-immobilized
magnetic bead groups) or in CDM supplemented with 1
or 10 ng/mL TGF-8 (1 or 10 ng/mL TGF-B group).
TGF-B-immobilized magnetic beads were gathered effec-
tively under an EMF. Chondrogenesis was achieved
from the MSC-magnetic bead complexes in the presence
of 1 ng/mL TGF-B-immobilized magnetic beads. © 2009
Wiley Periodicals, Inc. J Biomed Mater Res 92A: 196-204,
2010

Key words: transforming growth factor (TGF)-B; magnetic
beads; magnetic force; mesenchymal stem cell; chondro-
genic differentiation

INTRODUCTION

In recent years, autologous chondrocyte implanta-
tion or autologous osteochondral mosaicplasty have
been widely performed to treat limited chondral and
osteochondral lesions because articular cartilage has
a limited potential to repair itself, and the cartilage
defects treated by conventional surgical methods do
not lead to hyaline cartilage regeneration.' How-
ever, the disadvantages of these procedures are that
they involve undergoin§ an arthrotomy to harvest
and transplant cartilage,” and they are limited by a
lack of suitable donor sites from which large carti-
lage samples can be harvested.”

A treatment strategy that avoids undergoing an
arthrotomy would ideally involve combining a
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Contract grant sponsor: Japan Ministry of Education,
Culture, Sports, Science and Technology; contract grant
number: 16209045

© 2009 Wiley Periodicals, Inc.

group of multipotential cells and a controlled con-
centration of cytokines at a localized area with a sin-
gle intra-articular injection. We originally developed
a technique for cell-based cartilage repair in which
cells were coupled with magnetic beads in associa-
tion with an external magnetic force.® The under-
lying concept of this technique involves injection of
cells coupled with magnetic beads into a joint and
the use of an external magnetic force to position the
transplanted cells in the desired location.”® We iso-
lated mesenchymal stem cells (MSCs) from bone
marrow to use as our cell source and developed two
types of MSC-magnetic bead complexes using anti-
CD44 antibodies and a synthetic cell adhesion
peptide (arginine-glycine-aspartic acid-serine, RGDS
peptide).® Anti-CD44 antibody-bead complexes are
useful for the identification of MSCs because the
CD44 antigen is popularly regarded as a positive
phenotypic maker of MSCs.” The RGDS peptide-
bead complexes are useful for clinical applications as
the RGDS peptide is a biodegradable material. We
have also demonstrated that MSC-magnetic bead
complexes could proliferate and differentiate into
chondrocytes when supplemented with chondro-
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genic differentiation factors® as first described by
Johnstone et al.®* We have shown that MSC-magnetic
bead complexes that have been localized to a specific
area by an external magnetic force could generate a
chondrogenic matrix when cultured in a monolayer.®
However, we have not examined whether MSC-
magnetic bead complexes still possess chondrogenic
potential under three-dimensional culture conditions
against gravity and under the influence of an exter-
nal magnetic force.

To induce differentiation of MSCs, cultivation
under appropriate culture conditions and stimula-
tion with several bioactive factors, including trans-
forming growth factor-B (TGF-B), bone morphogenic
protein (BMP), fibroblast growth factor (FGF), and
insulin-like growth factor (IGF-I) are required.”"! In
particular, TGF-B is essential to the in vitro chondro-
genic differentiation of MSCs.® However, in terms of
the clinical application of TGF-B, several investiga-
tors have shown that free injection of TGF-B into the
joint cavity precipitates severe adverse effects such
as osteophyte formation and inflammatory joint dis-
ease.’>'® That is to say, because the injected TGF-B
does not directly target and attach to the lesion, it
affects the lesion and also extends into the normal
intra-articular structure. Therefore, to assist this
intra-articular cell transplantation without scaffolds
and to solve the problems associated with injecting
free TGF-B, we developed TGF-B-immobilized
magnetic beads, which localized the TGF-B and
enhanced our unique MSC delivery system.

On the basis of this information, this study had
two main objectives. Firstly, we wanted to assess
whether chondrogenesis using MSCs as a cell source
could be induced under conditions against gravity
and under the influence of an external magnetic
force. Secondly, we hoped to evaluate a new cyto-
kine delivery system involving TGF-B-immobilized
magnetic beads and an external magnetic force. This
included examining whether the localization of TGF-
B-immobilized magnetic beads could lower the con-
centration of TGF-B necessary for chondrogenesis to
occur from the MSC cell source.

MATERIALS AND METHODS

Animal experiments were performed in accordance with
the Guide for Animal Experimentation, Hiroshima Univer-
sity, and the Committee of Research Facilities for Labora-
tory Animal Sciences, Graduate School of Biomedical
Sciences, Hiroshima University.

Isolation and expansion of MSCs

A modification of Kotobuki’s culture method,” as
described previously,® was used for the isolation and

in vitro expansion of MSCs. Briefly, the bone marrow of
Sprague Dawley rats (12-weeks-old) was aspirated from
the tibial marrow cavities with 24G injection needles and
mixed in a culture medium consisting of high-glucose
Dulbecco’s modified Eagle’s medium (DMEM, Invitrogen,
Carlsbad, CA) with 10% heat-inactivated fetal bovine
serum (FBS, Sigma-Aldrich, St. Louis, MO) and penicillin-
streptomycin-fungizone (Bio-Whittaker, ML). The cells,
including buffy coat and red blood cells, were seeded onto
100-mm culture dishes (Falcon, BD Bioscience, Franklin
Lakes, NJ) in culture medium, and incubated in a humidi-
fied atmosphere of 5% CO, and 95% air at 37°C. The me-
dium remained unchanged for the first 7 days, and was
subsequently changed every 2-3 days. After 14-21 days,
the cells had proliferated and reached confluence. The cells
were then harvested by using 0.25% trypsin and 0.02%
EDTA, and then rinsed twice with culture medium. To
expand the MSCs, 2-3 X 10° of the harvested cells were
seeded onto 100-mm culture dishes. On reaching conflu-
ence again, the cells were reseeded under the same condi-
tions.

Carbodiimide-mediated immobilization
of CD44 antibody to the magnetic beads
by amide bond formation

Firstly, to examine the expression of the cell surface
antigen CD44 in rat MSCs expanded in a monolayer
culture, immunohistochemical staining was performed as
described previously.® Then, according to Yanada's
method,® we coated uniform, mono-sized magnetic beads
composed of styrene-acryl polymers with a thin film of
magnetic ferrite (diameter: 310 nm; density: 1.8 g/cm?; the
amount of magnetization: 27 emu/g; carboxyl groups
introduced on the surface: 0.01-0.04 mol/mg; Ferri Sphere
100 C®, Nippon Paint, Tokyo, Japan). The coupling proce-
dure involved the formation of an amide bond between a
primary amino group of the CD44 antibody (Chemicon
International, Temecula, CA) and the carboxyl groups on
the surface of the magnetic beads, mediated by carbodii-
mide activation (Fig. 1). Because the intermediate product
of the reaction between the carboxylic acid and the carbo-
diimide is very labile and hydrolyzed quickly, a less labile
intermediate (NHS: N-hydroxy succinimide) was used.
Briefly, after 3 mg of magnetic beads were washed twice
with 500 pL 0.01N NaOH for 10 min with thorough mix-
ing, they were washed three times with deionized water in
the same manner to remove excess liquid. Then, 50 pL
of EDC (l-ethyl-3-(3-dimethylaminopropyl) carbodiimide
hydrochloride) solution (50 mg/mL in 25 mM MES (2-[N-
morpholinojethane sulfonic acid), pH 5) and 50 pl. NHS
solution (50 mg/mL in 25 mM MES, pH 5) were added,
mixed well, and incubated with slow tilt rotation at room
temperature for 30 min. After incubation, the tube contain-
ing the magnetic beads was placed on a magnet for 4 min
and the supernatant was removed. The beads were
washed twice with 25 mM MES (pH 5). Twenty micro-
grams of CD44 antibody dissolved in 25 mM MES (pH 5)
were added to the activated beads, making a total volume
of 500 pL. The mixture was vortexed and then incubated
for 3 h at 25°C with slow tilt rotation. After incubation, the
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Figure 1. Schema with CD44 antibody-immobilized magnetic bead-conjugated MSC (MSC-magnetic bead complex)
and TGF-B-immobilized magnetic beads. Light microscopic view (magnification X400). Some massive bead conglomerates
are attached to the surface of MSCs (a). [Color figure can be viewed in the online issue, which is available at www.

interscience.wiley.com.]

tubes were placed on a magnet for 4 min, and the super-
natant was removed. Ethanolamine (0.05M) in PBS(-) (pH
8) was added and the magnetic beads were incubated for
1 h at room temperature with slow tilt rotation to quench
nonreacted groups. Finally, the beads were washed four
times with 0.5% BSA in PBS(-) and suspended in 0.5%
BSA in PBS(-) at a concentration of 3 mg beads/mL. Thus,
CD44 antibody-immobilized magnetic beads composed
of magnetic beads and CD44 antibodies were prepared
(Fig. 1).

Complexing CD44 antibody-immobilized
magnetic beads to MSCs

Forty-five microliters of CD44 antibody-immobilized
magnetic beads (225 uL beads) and 1 X 10° MSCs were
mixed in 355 pL of 0.5% BSA in PBS(-) with slow tilting
and rotation for 1 h at 4°C or at 37°C. The tube was then
placed on a magnet for 4 min to collect the complexes. The
assembled MSC-CD44 antibody-bead complexes were
washed four times with 0.5% BSA in PBS(-) and resus-
pended in culture medium at 5 X 10° cells/mL (Fig. 1).

Carbodiimide-mediated immobilization of TGF-$3
to the magnetic beads by amide bond formation

To label TGF-B3 (Sigma-Aldrich, St. Louis, MO) magnet-
ically, we used such other Ferri Sphere 100C® beads. The
coupling procedure involved the formation of an amide
bond between a primary amino group of TGF-B3 and the
carboxyl groups on the surface of the magnetic beads,
mediated by carbodiimide activation. After the magnetic

Journal of Biomedical Materials Research Part A

beads were activated as described above, 50-uL of 1000
ng/mL TGF-B3 dissolved in 25 mM MES buffer (pH 5)
was added to the activated beads, making a total volume
of 500 pL. The mixture was vortexed and then incubated
for 3 h at 25°C with a slow tilt rotation. After incubation,
the tube was placed on a magnet for 4 min and the super-
natant was removed. Ethanolamine (0.05M) in PBS(-) (pH
8) was added, and the magnetic beads were incubated for
1 h at room temperature with a slow tilt rotation to quench
the nonreacted groups. Finally, the beads were washed
four times with 0.5% BSA in PBS(-) and resuspended in
0.5% BSA in PBS(-) at a concentration of 1 mg beads/mL.
The concentration of TGF-B3 was 100 ng/mg beads
(Fig. 1).

Chondrogenesis of MSC-magnetic bead complexes
using TGF-B-immobilized magnetic beads
under an external magnetic force

To evaluate the effect of an external magnetic force on
the chondrogenic potential of the MSC-magnetic bead
complexes, a modification of Johnstone’s pellet culture sys-
tem was performed.® Approximately 2 X 10° MSCs, exist-
ing as complexes, were resuspended in chondrogenic dif-
ferentiation medium (CDM) lacking TGF-B3. The CDM
consisted of high-glucose DMEM supplemented with 10~%
M dexamethasone (Sigma), 50 pg/mL ascorbic acid-2-
phosphate (Sigma), 40 pg/mL L-proline (Nacalai Tesque,
Kyoto, Japan), ITS-A supplement (Invitrogen, 10 pg/mL
insulin, 6.7 ng/mL sodium selenite, 5.5 ug/mL transferrin,
110 pg/mL sodium pyruvate), and 1.25 mg/mL BSA
(Sigma). The MSC-magnetic bead complexes and non-
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Figure 2. Pellet culture system in which a neodymium magnet was set on the lateral side of the polypropylene tube.
Approximately 2 X 10° MSC-magnetic bead complexes (b) or MSCs alone (a) were centrifuged to form a pellet. Although
the pellet of the MSCs alone remained on the bottom of the tube (a), the pellets of the MSC-magnetic bead complexes
could be moved up against gravity by an external magnetic force (b). The pellets of the MSC-magnetic bead complexes (b)
were cultured in CDM containing either 100 or 10 pL/mL TGF-B-immobilized magnetic beads (TGF-B concentration: 10 or
1 ng/mL, respectively) or 1 or 10 ng/mL TGF-B protein, respectively. [Color figure can be viewed in the online issue,
which is available at www.interscience.wiley.com.]

labeled rat MSCs (MSCs alone) were centrifuged to form a [Fig. 2(a,b)]. The pellet of the MSCs alone remained on the
pellet and a neodymium magnet (diameter: 5 mm; height: bottom of the tube [Fig. 2(a)].

5 mm; magnetic flux density: 0.43 Tesla (T))® was posi- Next, to evaluate the effect of TGF-B-immobilized mag-
tioned on the lateral side of a 15-mL polypropylene tube  netic beads on the chondrogenic potential of the pelleted

Figure 3. Macroscopic findings of the MSC-magnetic bead complexes pelleted after being cultured for 21 days. The pellet
was transferred into PBS(-) under the influence of an external magnetic force, and these photographs were taken. Photo-
graph (a) indicates the pellet cultured in the CDM lacking TGF-B, but supplemented with 10 pL/mL TGF-B-immobilized
magnetic beads (1 ng/mL TGF-B) localized under an external magnetic force whenever the medium is changed. Photo-
graph (b) indicates the pellet cultured in the CDM containing 1 ng/mL TGF-B. [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com.]
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TABLE I
Each Pellet Culture System of the Four Groups

10 ng/mL TGEF-B- 1 ng/mL_TGE-B-
immobilized immobilized magnetic 1 ng/mL_TGF-8 10 ng/mL
magnetic bead group bead group group TGF- group
Cultured Cells MSC-magnetic bead ~ MSC-magnetic bead ~ MSCs-magnetic ~ MSC-magnetic
complexes complexes bead complexes bead complexes
TGF-B (ng/mL) 0 0 1 10
TGF-B-immobilized magnetic bead (ng/mL) 10 1 0 0

The basic CDM consisted of high-glucose DMEM supplemented with 10~ M dexamethasone, 50 pg/mL ascorbic acid-
2-phosphate, 40 pg/mL L-proline, ITS-A supplement (10 ug/mL insulin, 6.7 ng/mL sodium selenite, 5.5 pg/mL transfer-
rin, 110 pg/mL sodium pyruvate), and 1.25 mg/mL BSA, and was applied under an external magnetic force.

MSC-magnetic bead complexes, TGF-B was labeled mag-
netically (10 ng/mL and 1 ng/mL TGF-B-immobilized
magnetic bead groups) using the method described above
(Fig. 1). The pelleted MSC-magnetic bead complexes were
cultured at 37°C with 5% CO, and 95% air in 1 mL of
CDM supplemented with either 100 pL/mL or 10 pL/mL
TGE-p-immobilized magnetic beads (TGF-B concentration:
10 ng/mL or 1 ng/mL [Fig. 3(a)], respectively) and local-
ized under an external magnetic force [Fig. 2(b)]. We have
demonstrated previously that MSC-magnetic bead com-
plexes had the ability to differentiate into the chondrogenic
lineage in the presence of 10 ng/mL TGF-B.® To assess the
influence of TGF-B concentrations lower than 10 ng/mL,
the pellet from the MSC-magnetic bead complexes was
cultured in CDM supplemented with 1 ng/mL TGF-B
under an external magnetic force (1 ng/mL TGF-B group)
[Fig. 3(b)]. As the positive control group, the pellet of the
MSC-magnetic bead complexes was cultured for 21 days
in CDM supplemented with 10 ng/mL TGF-B (10 ng/mL
TGF-B group) and localized under an external magnetic
force [Fig. 2(b)]. Table I is a list to clarify all the test
groups. The medium was changed every 3 days and either
100 pL/mL or 10 pL/mL TGE-B-immobilized magnetic
beads (TGF-8 concentration: 10 ng/mL or 1 ng/mlL,
respectively) were added at the same time. In the 1 ng/mL
TGF-B group and the 10 ng/mL TGF-B group, 1 ng/mL or
10 ng/mL TGF-B in solution was respectively added. After
14 and 21 days in culture, the chondrogenic ability of the
four different groups was evaluated (Table I).

RNA preparation and reverse transcription-
polymerase chain reaction analysis

Total RNA was prepared from the pellets of MSC-mag-
netic bead complexes using the RNeasy Micro kit (Qiagen,
Tokyo, Japan). Prepared RNA was converted to ¢DNA
using the Superscript™ First-Strand Synthesis System for
reverse transcription-polymerase chain reaction (RT-PCR)
(Invitrogen) according to the manufacturer’s protocol. PCR
was performed in a Minicycler (PTC-150, Bio-Rad, Hercu-
les, CA). PCR amplification conditions for rat aggrecan,
type 1I collagen, and glyceraldehyde-3-phosphate dehydro-
genase (GAPDH) were as follows: 94°C for 2 min followed
by 35 cycles of 94°C for 15 s, 56°C (or for GAPDH: 58°C)
for 30 s, and 68°C for 1 min. The reaction products were
resolved by electrophoresis on a 2% agarose gel and
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visualized with ethidium bromide under UV illumination.
The aggrecan and type II collagen primers have been
described previously,” and the GAPDH primers were
designed specifically for this study. The primer sequences
used are as follows: aggrecan (forward): 5-TAGAGAA
GAAGAGGGGTTAGG-3; aggrecan (reverse): 5-AGCAG
TAGGAGCCAGGGTTAT-3’; type II collagen (forward): 5'-
GAAGCACATCTGGTTTGGAG-3'; type II collagen (re-
verse): 5-TTGGGGTTGAGGGTTTTACA-3'; GAPDH (for-
ward): 5-GCCAAAAGGGTCATCATCTC-3'; GAPDH (reverse):
5-GCCTGCTTCACCACCTICTT-3.

Histological evaluation

Pelleted MSC-magnetic bead complexes that had been
cultured for 21 days were fixed with 4% paraformaldehyde
and embedded in paraffin. After deparaffinization, sections
(5 um) were stained with toluidine blue and safranin O
solution.

RESULTS

Assembly and proliferation of MSC-magnetic
bead complexes

As described previously,® immunohistochemical
staining for CD44 antigens revealed that CD44 anti-
gens are expressed in ~90% of expanded MSCs up
to at least passage four. We decided to use MSCs
that had been expanded up to passage four for
assembling MSC-magnetic bead complexes. Next,
CD#4 antibody-immobilized magnetic beads were
combined with the expanded MSCs (Fig. 1). Electron
and light microscopy demonstrated that some mas-
sive bead conglomerates had attached to the surface
of the labeled MSCs (Fig. 1). In contrast, large bead
conglomerates had not attached to the nonlabeled
rat MSCs. We showed that MSCs could be combined
with small magnetic beads via rat CD44 antibodies.

As described previously,® the MSC-magnetic bead
complexes did not proliferate during the first 3 days
of culture although the complexes remained attached
to the bottom of the well. However, microscopic
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Figure 4. RT-PCR analysis of the 10 ng/mL and 1 ng/mL TGF-B-immobilized magnetic bead groups, 1 ng/mL and 10
ng/mL TGF-B groups. The expression of aggrecan and type II collagen mRNA could be detected in both the 10 ng/mL
and 1 ng/mL TGF-B-immobilized magnetic bead groups after being cultured for 21 days, but not after being cultured for
14 days. The data shown are typical of four independent experiments (n = 6).

observation revealed that the cells proliferated after
the CD44 antibody-immobilized magnetic beads sep-
arated from the surface of MSCs in the well. After 7
days of culture, cell proliferation of MSC-magnetic
bead complexes was ~50% that of normal rat MSCs.
The assembled MSC-magnetic bead complexes were
able to proliferate after separating from the media-
tor-immobilized magnetic beads, although the prolif-
eration of the complexes was slower during the ear?/
period of culture than that of nonlabeled rat MSCs.

Macroscopic findings from the three-dimensional
culture system of pellets influenced by an
external magnetic force

All of the pellets in each group were attached to
the wall of the tube by an external magnet after 21
days in culture [Fig. 3(a,b)]. Moreover, in the 10 ng/
mL and 1 ng/mL TGF-B-immobilized magnetic bead
groups [Fig. 3(a)], the TGF-B-immobilized magnetic
beads gathered effectively under the influence of the
external magnet.

Chondrogenesis of MSC-magnetic bead complexes
in the three-dimensional culture system under the
influence of an external magnetic force

RT-PCR analysis of the pellet cultures demon-
strated that aggrecan and type II collagen mRNA
expression could not be detected in the 1 ng/mL
TGF-B group after either 14 or 21 days in culture
(Fig. 4). On the other hand, mRNA expression of
these two markers was not detected in the 10 ng/
mL or 1 ng/mL TGF-B-immobilized magnetic bead
groups or the 10 ng/mL TGF-B group after 14 days
in culture (Fig. 4). However, after 21 days in culture,
aggrecan and type II collagen mRNA expression
could be detected (Fig. 4). The same RT-PCR analy-

sis results were obtained in all six pellets (n = 6)
from each group.

In addition, after 21 days in culture, MSC-CD44
antibody-bead complex-derived-MSCs were partially
surrounded by a chondrogenic matrix in the 10 ng/
mL and 1 ng/mL TGF-B-immobilized magnetic bead
groups, as well as the 10 ng/mL TGF-B group (Fig.
5). This matrix stained metachromatically with tolui-
dine blue and safranin O, albeit sparsely (Fig. 5).
The complexes in the 1 ng/mL TGF-B-immobilized
magnetic bead group had higher chondrogenic
potential than that of 1 ng/mL TGF-B group based
on these histological findings. The complexes in the
10 ng/mL TGF-B-immobilized magnetic bead group
also had a higher chondrogenic potential than the
complexes in the 10 ng/mL TGF-B group (Fig. 5).
This pattern of histological findings was consistent
in four of six pellets (n = 6) in each group.

DISCUSSION

This study demonstrated that MSC-magnetic bead
complexes could differentiate along the chondro-
genic lineage in the presence of 1 ng/mL TGF-B.
This concentration of TGF-8 is 10% lower than the
10 ng/mL generally used, and was made possible
by using TGF-B-immobilized magnetic beads.

The chondrogenic differentiation of MSCs in vitro
requires the addition of certain bioactive factors,
such as TGF-B and dexamethasone. Several investi-
gators have speculated that TGF-B initially increases
the proliferation of cells with chondrogenic potential
to the point where a critical number is reached and
differentiation can then occur.”?1%! Johnstone et al®
reported that lowering the TGF-B concentration
decreased chondrogenesis in the aggregates of rabbit
MSCs, and that the optimal TGF-B concentration
was 10 ng/mL. In addition, Bosnakovski et al.’®
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Figure 5. Histological results using light microscopy. Representative histology of cartilage pellets stained with Toluidine
blue or safranin O under high (X200) magnification: the 10 ng/mL TGF-B-immobilized magnetic bead group; the 1 ng/
mL TGF-B-immobilized magnetic bead group; the 1 ng/mL TGF-B group; and the 10 ng/mL TGF-B group. The histologi-
cal results shown are typical of four independent experiments (n = 6).

reported that chondrogenic differentiation of bovine
MSCs in monolayer culture appeared to be dose-
dependent and time-dependent in relation to TGF-.
The optimal TGF-B concentration was >5 ng/mL,
with higher concentrations able to promote chondro-
genic differentiation of bovine MSCs better than
lower concentrations. Several investigators”'*!! have
reported that chondrogenic differentiation of human
MSCs can be promoted by supplementing the cell
cultures with 10 ng/mL TGF-B. Similarly, 10 ng/mL
TGF-B was often added to the CDM when culturing
rat MSCs in vitro.'® Thus, regardless of these inter-
species differences, TGF-B promotes chondrogenesis
of MSCs in vitro, and the minimal and optimal TGF-
B concentration required is 10 ng/mL in a number
of species. In addition, the concentration of TGF-B in
the medium correlates with the chondrogenic poten-
tial of the MSCs. However, there are some complica-
tions regarding the clinical application of TGF-B.
Several investigators have demonstrated that injec-
tion of free TGF-B into the joint cavity precipitates
severe adverse effects such as osteophyte formation,
cartilage destruction, and inflammatory joint dis-
ease.'>'317 Therefore, to inject TGF-B into the joint at
the lowest concentration possible for effective chon-
drogenic differentiation, we devised a method that
allowed the accumulation of TGF-B at the site of in-
terest only by immobilizing TGF-B to Ferri Sphere
100 C® magnetic beads (Fig. 1). That is, by using
TGF-B-immobilized magnetic beads and an external
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magnetic force, we enabled TGF-B to act at the local
site more effectively. Although we have already
shown that MSC-magnetic bead complexes can dif-
ferentiate along the chondrogenic lineage in both
monolayer and three-dimensional cultures grown in
CDM supplemented with 10 ng/mL TGF-B,° in this
study, we established new culture conditions for
chondrogenesis comprising of TGF-B-immobilized
magnetic beads and an external magnetic force.

In this study model, we have developed a new
pellet culture system in which a magnet was applied
to the lateral wall of a tube to properly evaluate the
effect of TGF-B-immobilized magnetic beads under
an external magnetic force (Fig. 2). In the conven-
tional pellet culture system described by Johnstone
et al.® the pellet is usually found on the bottom of
the tube. Without an external magnetic force, TGF-B-
immobilized magnetic beads should also gravitate to
the bottom of the tube under the influence of grav-
ity. Under these conditions, it is difficult to use the
TGF-B-immobilized magnetic beads to their full
capacity and the effects of the beads cannot be eval-
uated precisely. TGF-B-immobilized magnetic beads
should be applied against gravity. Therefore, to pre-
vent the pellet from falling to the bottom of the tube
because of gravity, we made a pellet composed of
MSC-magnetic bead complexes (Fig. 2) and showed
that the pellet of MSC-magnetic bead complexes
could be held up off the bottom of the tube under
an external magnetic force for 21 consecutive days in
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culture (Fig. 3). In addition, we also demonstrated
that the pellet of MSC-magnetic bead complexes
could differentiate along the chondrogenic lineage
even in a three-dimensional culture system against
gravity and under the influence of an external mag-
netic force (Figs. 4 and 5).

Recently, we investigated the efficacy of a mag-
netic drug delivery system (DDS). We demonstrated
successfully that the combined treatment of a topical
injection of magnetic liposomes containing magnetite
(FesO4 mean diameter: 10 nm) and cytokines, such
as recombinant human bone morphogenetic protein-
2 (thBMP-2) and TGF-Bl, together with a magnet
implanted at the target defect site is effective for
bone formation in a segmental bone defect rat model
and for promotion of chondrogenesis in the osteo-
chondral defect rat model.'*™® These studies led to
the use of an external magnetic force, which is less
invasive and more useful than the surgical implanta-
tion of a magnet. We modified this magnetic DDS
and demonstrated that this magnetic stem cell deliv-
ery system could direct MSC-magnetic bead com-
plexes to the desired location. We had previously
performed a pilot study demonstrating the clinical
application of this system, in which a cartilage defect
in the bilateral femoral condyle of a rabbit was
placed between two magnetic poles after an intra-
articular injection of MSC-magnetic bead complexes.’
In this model, the accumulation of the MSC-mag-
netic bead complexes in the defects after 60 min was
markedly higher in the group exposed to an external
magnetic force than the group that was not exposed
to a magnetic force.! In contrast, in another in vitro
experimental model, we had found that the chondro-
genic potential of the complexes was sli§ht1y
reduced compared to that of normal rat M5Cs.” On
the basis of these previous results, we tried to con-
trol the concentration of TGF-B at the local site
under an external magnetic force by using TGF-B-
immobilized magnetic beads to form a denser carti-
lage matrix. Consequently, we found that as long as
the CDM was supplemented with 10 pL/mL TGF-8-
immobilized magnetic beads (TGF-B concentration:
1 ng/mL) and these TGF-B-immobilized magnetic
beads were localized under an external magnetic
force, the MSC-magnetic bead complexes could dif-
ferentiate along the chondrogenic lineage even in
three-dimensional culture systems in CDM lacking
TGE-B.

In this study, Ferri Sphere 100C® magnetic beads
were used. As this model has potential for clinical
application, but several investigators have shown
that micro-sized magnetic beads are phagocytosed
by some cells such as active dendritic cells®® or
CD8-positive lymphocytes,” we speculated that me-
diator-immobilized magnetic beads may be taken
up by cells such as macrophages once released

from the cell surface® or from an external magnetic
force.

The mechanism underlying the action of the TGF-
B-immobilized magnetic beads remains unknown.
The TGF-B superfamily contains multifunctional
growth factors that are responsible for many cellular
processes such as differentiation, proliferation, and
apoptosis.”>* However, the effects of TGF-B during
chondrogenesis are still unclear. Chondrocyte differ-
entiation is regulated by the conflicting effects of
TGF-B. TGF-B promotes the differentiation of embry-
onic chick limb cartilage.”® MSC-derived primary
chondrogenesis needs TGF-B signals.” TGF-p acti-
vates the TGF-B type I receptor by forming a ligand-
receptor complex with the type II receptor. Several
TGF-B responsive pathways, such as the Smad2/3
and mitogen-activated protein kinase (MAPK) path-
ways, have been identified as key signaling
processes and are regulated by the activation of the
TGF-B receptor.zs' 27 We speculate that the TGF-B-
immobilized magnetic beads linked to the MSCs
might stimulate the Smad2/3 signaling pathway and
therefore produce Smad 2 and Smad 3, which are
phosphorylated and translocated into nuclei along
with nonlabeled TGF-B.28 Studies that focus on the
function of TGF-B-regulated Smads (Smad2/3) dur-
ing chondrogenesis from MSCs are required to
further investigate the mechanism underlying the
action of the TGF-B-immobilized magnetic beads.

In conclusion, we have demonstrated that our
novel TGF-B-immobilized magnetic beads could
lower the concentration of TGF-B necessary for chon-
drogenesis of MSC-magnetic bead complexes. Our
cell and growth factor delivery systems, which can
be influenced by an external magnetic force in vitro,
has the potential to support minimally invasive carti-
lage repair such as intra-articular cell transplantation
without scaffolds. Our results suggest that the use of
TGF-8-immobilized magnetic beads under an exter-
nal magnetic field can enhance chondrogenesis of
MSC and decrease the incidence of side effects
caused by injection of TGF-B directly into the joint.
However, further studies will be necessary to evalu-
ate the effectiveness of our new stem cell and
growth factor delivery system for cartilage repair
in vivo.

A part of this study won the Best Poster Presentation at
the 20th Annual Research Meeting of the Japanese Ortho-
pedic Association, October 20-21, 2005.
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Repair of a large osteochondral defect in the knee joint using
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Abstract The biological reconstruction of a large osteo-
chondral defect in the weight-bearing area of the knee joint
has long been a challenge to orthopedic surgeons. We
present a case of a large posttraumatic defect in the weight-
bearing area of knee joint treated with a novel distraction
arthroplasty device after reconstruction of the joint surface
using combined autologous and artificial bone graft.

Keywords Large osteochondral defect repair -
Knee - Distraction arthroplasty

Introduction

Large osteochondral defects are associated with mechani-
cal instability and are accepted indications for surgical
intervention to prevent development of degenerative joint
disease.

Ideally, a large osteochondral defect should be repaired
with a graft that can provide mechanical stability and allow
early postoperative function under physiologic loading
conditions [1].

Osteochondral defects in the weight-bearing area are
difficult to treat effectively using biological methods [2, 3].
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The fragile repair tissue induced from the bone marrow
is thought to be damaged by overloading. Furthermore, it is
well known that joint motion promotes repair of osteo-
chondral defects in the joint [5, 6]. Therefore, to minimize
damage to the repaired tissue, long-term unloading with
continuous passive motion was applied [1].

Distraction arthroplasty is a technique that has been used
mostly at the elbow, hip, and ankle joints to preserve joint
space and decrease the weight-bearing load. It delays the
need for arthrodesis or joint replacement surgery [7-10].

The senior author [11] developed a new articulated
arthroplasty device for the knee joint (Meira, Nagoya,
Japan). In addition to the merits of previous devices, which
include preservation of the joint surface and protection
against overload on the regenerating fibrocartilage during
weight bearing, this new articulated device permits smooth
exercising of the joint during fixation [11].

We hypothesize that articulated joint distraction may be
a useful treatment for osteochondral defects in the weight-
bearing area. So we present a case of large osteochondral
defect in the knee joint treated with a novel distraction
arthroplasty (DA) device after reconstruction of the joint
surface using combined autologous and artificial bone
graft.

Case report

An 18-year-old female patient presented to us with her
chief complaints: right knee pain with a limited range of
motion, instability and deformity of the knee especially on
weight bearing.

In March 2003, she was injured by traffic accident and
resulting an open fracture of the right knee joint. Her plain
X-rays revealed also a remarkable bone defect in the right
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medial tibial condyle due to a markedly depressed fracture
of the right medial tibial plateau (Schatzker classification
type IV B, AO/ASIF type B2 pure depression) with a
corresponding bony defect of the right medial femoral
condyle due to an impacted compression fracture. Initial
MRI demonstrated only medial meniscus tear and medial
collateral ligament (MCL) injury. There were no associated
neurovascular injuries. At this time, debridement and open
reduction of the dislocation fracture, and bracing were
carried out.

In mid-October, she was referred to our hospital for the
purpose of the treatment of the large bone defect in the
right knee joint as revealed in plain X-ray (Fig. la, b) as
well as CT (Fig. 2).

On presentation; the wound on the anteromedial aspect
of the knee was completely healed with no evidence of
infection. There was limited range of motion of the
affected knee from 0 to 50. Marked varus malalignment of
the right lower limb could be attributable to the marked
bony defect on the medial side of the knee, meanwhile
there was no clinical, or MRI evidence of lateral collateral
ligament (LCL), anterior cruciate ligament (ACL) or pos-
terior cruciate ligament (PCL) injuries.

Fig. 1 Preoperative plain X-ray a AP view, b lateral view; revealing
bony defect of the right medial femoral and tibial condyles
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Surgical procedure

On exploration there was a large bony defect of the right
medial tibial and femoral condyles, and irreparable com-
plex injury of the medial meniscus.

The first step

The first step was reconstruction of the original shape of
the medial femoral condyle using a combination of autol-
ogous iliac crest bone graft fixed by Herbert screws and
artificial bone grafts shaped to the configuration of the
remaining defect and consisting of hydroxyapatite ceramic
with an interconnected porous structure (IP-CHA) (NEO-
BONE_, Toshiba Ceramics Co., Tokyo, Japan). Mesen-
chymal stem Cells and growth factors can readily penetrate
the IP-CHA center to provide good osteoconduction in the
early phase of the graft healing. This artificial bone was
fixed by absorbable pins [poly-L-lactide (PLLA) pins of
diameter 2 mm (Neofix; Gunze, Kyoto, Japan)] [12].

Lastly, reconstruction of medial tibial plateau using the
reformed bone retrieved from a free bone fragment, sup-
plemented by iliac crest cortico-cancellous bone graft fixed
with cancellous screws (Figs. 3, 4).

The second objective

The second objective was stimulating bone adhesion and
cartilage regeneration by preserving the joint space and
reducing the load, meanwhile preserving the joint motion
and function. This could be accomplished through external
fixation using a novel articulated distraction arthroplasty
(DA) device that decreases the load to bone grafted area,
meanwhile allowing early start of joint motion to get the
advantage of the stimulating effect of continuous passive
motion on cartilage regeneration (Fig. 5a, b).

Partial medial meniscectomy was performed due to the
associated irreparable complex damage, while the associ-
ated MCL injury was managed conservatively.

Postoperatively continuous passive motion exercise
commenced the day after surgery and was continued for
approximately 2 weeks, partial weight bearing was
encouraged 6 weeks after surgery, This articulated dis-
traction devise was removed 3 months postoperative, full
weight bearing was then encouraged. During the period of
external fixation, the patient was encouraged to do range of
motion (ROM) exercises at first passively by physiothera-
pist and then active ROM exercises as tolerated by the
patient. The screws were removed 6 months postopera-
tively. Follow-up of the patient later on demonstrated
satisfactory arthroscopic (Fig. 6a, b), as well as radiologi-
cal results taken as late as 4.5 years postoperatively
(Figs. 7, 8, 9).
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Fig. 2 Preoperative CT with
three dimensional
reconstruction showing a large
osteochondral defect of the right
medial femoral and tibial
condyles

Frontal view

Fig. 3 Shows the bone defect in the medial femoral condyle (within
the white circle), bone defect of the right medial tibial plateau (white
arrow), patella (yellow arrow)

The patient was completely satisfied having a painless
stable knee joint with a pain-free range of motion of
0-150° (Fig. 10).

Discussion

The biological reconstruction of a large osteochondral
defect in the weight-bearing area of the knee joint has been
a challenge to orthopedic surgeons. This comprises
reconstruction of the bony portion and restoration of the
original shape of the reconstructed condyles, and the

Lateral view Axial view

Fig. 4 Artificial bone (NEO BONE) graft fixed by absorbable pins
(transparent arrow). Autologous iliac bone graft fixed by Herbert
screw (white arrow). Reconstruction of the tibial condyle by the
reformed bone from free bone fragment fixed by cancellous screw
(vellow arrow)

restoration of the hyaline articular cartilage to preserve the
joint function and prevent or halt the likely progression
towards osteoarthritis. The fragile repair tissue induced
from the bone marrow is thought to be damaged by over-
loading; moreover, a defect of the cartilage in the weight-
bearing area eventually progresses to osteoarthritis by
causing friction and overload to the opposing articular
surface. [13-16].
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Fig. 6 a, b Postoperative arthroscopic findings showing resurfacing
of the reconstructed bony surface. a Represents the reconstructed
central weight bearing area of the medial femoral condyle (MFC),
while b represents the adjacent area of the MFC, as well as the medial
gutter as illustrated in MRI Fig. 7

Fig. 7 Two and a half years postoperative coronal MRI showing the
reconstructed bony defects, the cartilage layer showing mild residual
irregularities [the yellow circle represents the arthroscopic view (a),
while the red circle represents the arthroscopic view (b)]

The effective role of distraction arthroplasty in cartilage
repair was demonstrated in a lot of studies; whereby joint
distraction widens the joint space and decreases of the load
to regenerated fibrocartilage. [11, 14, 17-19]

It is also well known that joint motion promotes repair
of osteochondral defects in the joint [20-22]. Moreover,
Kajiwara et al. [4] demonstrated that articulated joint
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Lateral

Fig. 8 Shows the latest follow-up X-rays taken about 4.5 years
postoperative

Fig. 9 AP weight-bearing X-ray of both knees taken in the latest
follow-up about 4.5 years postoperative showing reconstruction of the
bony defects with preservation of the joint space

Fig. 10 Shows the postoperative range of movement from 0° (a) to
140° flexion (b)
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