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a b s t r a c t

Osteoarthritis is a major joint disease for which medical interventions have been extensively investigated
in humans and animals. In this study, we examined the regeneration of articular cartilage and sub-
chondral bone using a scaffold-free construct consisting of adipose tissue-derived mesenchymal stem
cells (AT-MSCs) fabricated using a bio three-dimensional (3D) printer. AT-MSCs were isolated from three
rabbits and cultured to a number of sufficient for creation of 3D-printed constructs. One construct
consisted of 960 spheroids obtained from 3.5 � 104 autologous AT-MSCs. The construct was then
implanted into an osteochondral defect (diameter 4 mm and depth 4 mm) surgically bored into the left
femoral trochlear groove of each rabbit. Three months after implantation, healing was assessed by
computed tomography, magnetic resonance (MR) imaging, and pathology. MR images were evaluated
based on a modified two-dimensional (2D)-magnetic resonance observation of cartilage repair tissue
(MOCART) grading system, and gross and microscopic histology were scored according to the Interna-
tional Cartilage Repair Society scale. At the time of imaging, treated defects had become radiopaque,
while control defects remained radiolucent. Total 2D-MOCART scores were higher in the implanted
defects than in the controls, but not to a statistically significant extent. Similarly, average histological
scores were comparable among all groups, although average gross scores were significantly higher in
implanted defects than in controls. This is the first demonstration of a scaffold-free 3D-printed construct
consisting of autologous AT-MSCs regenerating cartilage and subchondral bone within three months.
© 2020, The Japanese Society for Regenerative Medicine. Production and hosting by Elsevier B.V. This is
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).
1. Introduction

Osteoarthritis, defined as cartilage degradation and subchondral
bone sclerosis/deformity, is a major joint disease that contributes to
midlife and geriatric locomotor deficiency [1]. The disease slowly
progresses with the accumulation of bone, cartilage, and ligament
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damage [2], and the associated disability may decrease quality of
life [3]. In advanced stages, cartilage degeneration and subchondral
bone sclerosis are exacerbated even by the usual mechanical load of
daily activities [2]. Therefore, surgical strategies that reconstruct
both bone and cartilage to restore joint structure and function have
been investigated in such cases [4].

Although osteochondral autografts promote favorable outcomes
following surgery [5], the loss of clinically sound cartilage is inev-
itable, and an amount of autografts is limited by the size of the
osteochondral defects [6]. Alternatively, combinations of artificial
bone and autologous chondrocytes seeded onto collagen scaffolds
promote bone and cartilage restoration [7,8]. However, such
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implants require isolation of a small number of chondrocytes from
a large amount of normal cartilage. In addition, these cells may
dedifferentiate by during passage in culture [7,9]. To overcome
these issues, bone and cartilage regeneration from stem cells has
been attempted [10]. Indeed, mesenchymal stem cells (MSCs)
derived from bone marrow, adipose tissue (AT), synovium, synovial
fluid, umbilical cord tissue, and umbilical cord blood have been
shown to differentiate into bone and cartilage in vitro [11e16]. Of
these, AT is easily obtained by liposuction under local anesthesia.
Furthermore, adipose tissue-derived mesenchymal stem cells (AT-
MSCs) can be effectively collected from the tissue, and those iso-
lated from a mature animal are known to maintain high growth
rates [17,18]. Therefore, AT appear to be the most feasible source of
MSCs.

Although MSCs can be grown in vitro as two-dimensional (2D)
monolayers using conventional tissue culture technology, this
technique does not provide a suitable microenvironment [19].
Thus, three-dimensional (3D) culture techniques have been
developed in recent years to reproduce tissue morphology, to
facilitate intercellular adhesion and interaction via the extracellular
matrix, and to enhance multilineage differentiation potential [20].
In addition, the expression of genes and molecules related to
angiogenesis and wound healing is promoted in 3D cultures of
rabbit AT-MSCs [21].

Remarkably, new native bone can be produced after the im-
plantation of bone-like scaffolds, such as those composed of beta-
tricalcium phosphate, with or without bone-inducing factors,
because osteoclasts eventually degrade such implants and osteo-
blasts regenerate the original bone matrix. On the other hand,
articular cartilage lacks the ability to degrade artificial scaffolds
because of its lower self-restorative capacity, avascularity, and
hypocellularity. Therefore, we hypothesized that scaffold-free 3D
implants consisting entirely of cells would be more suitable for
regenerating articular cartilage.

Indeed, implantation of scaffold-free 3D constructs consisting of
AT-MSCs elicited bone and cartilage regeneration at osteochondral
defects in rabbits and pigs [22e25]. These constructs were fabri-
cated by manually stacking spheroids into a cylindrical mold. More
sophisticated constructs with pre-defined shapes, densities, and
distributions of spheroids have also been generated by bio 3D
printing [25,26]. Notably, bio 3D printed materials have higher
elasticities than do manual constructs and are easier to manipulate
during implantation. Most importantly, these materials can be
customized precisely to match the size and shape of various
osteochondral defects.

In this study, we fabricated three constructs on a bio 3D printer.
These constructs were then implanted into osteochondral defects,
and healing was assessed after three months using computed to-
mography (CT) and magnetic resonance (MR) imaging. Gross and
histological features were also scored according to the ICRS grading
system.
2. Materials and methods

2.1. Animals

Six mature male New Zealand White rabbits (Kitayama Labs
K.K., Nagano, Japan) with mean weight 4.21 kg (ranging from 3.91
to 4.69 kg) were divided into two groups of three rabbits each. One
group was left untreated after surgical injury, while the other was
implanted with the bio 3D printed constructs. All procedures were
evaluated and approved by the Institutional Animal Care and Use
Committee in LSI Medience Corporation (Application No. P130912;
Approval No. 2013e0706).
2.2. Isolation and expansion of adipose tissue-derived mesenchymal
stem cells

Cervical AT (15e30 g per animal) was aseptically collected under
general anesthesia, minced, and digested for 3 h in phosphate-
buffered saline (PBS) containing 0.1% collagenase (Collagenase L;
Nitta Gelatin, Osaka, Japan). The digests were filtered through a
100 mm pore membrane (Cell Strainer; BD Biosciences, Franklin
Lakes, NJ, USA), and centrifuged at 190�g for 5 min at room tem-
perature. After removing the resulting supernatant, the pellet was
resuspended in complete culture medium (CCM) consisting of
Dulbecco's Modified Eagle's Medium (DMEM; Life Technologies,
Carlsbad, CA, USA), 10% fetal bovine serum (FBS; GE Healthcare,
Little Chalfont, UK), and 1% antibiotics (100 U/mL penicillin G and
100 mg/mL streptomycin; Pen Strep; Life Technologies). The cells
were centrifuged a second time, resuspended in fresh CCM, and
seeded in 75 cm2 culture flasks (Cell Culture flask; Corning Inc., NY,
USA). Following incubation at 37 �C with 5% CO2 for 4e5 days,
adherent cells were washed with PBS and cultured in fresh CCM as
passage 0. The medium was changed every other day. Nine days
after seeding, the cells were harvested with recombinant trypsin
(TrypLE Select; Life Technologies), diluted with an equal volume of
fresh CCM, and centrifuged. After removal of the resulting super-
natant, the pellet was rinsedwith CCM, seeded at 3.0� 106 cells per
225 cm2

flask (Corning), and cultured until 90% confluence with a
change of medium every other day. This process was repeated four
times until passage five to obtain a sufficient number of cells for
construct preparation.

2.3. Tri-lineage differentiation

To investigate osteogenic differentiation, the AT-MSCs were
placed in a 6-well plate (Nunc Cell-Culture Treated Multidish,
Thermo Fisher Scientific K.K., Tokyo, Japan) in CCM at an initial
density of 3.0� 104 cells/well. After 24 h of incubation, the medium
was changed with osteogenic induction medium (Differentiation
Basal Medium-Osteogenic; Lonza, Walkersville, MD), supple-
mented with 100 mMascorbic acid,10mM b-glycerophosphate, and
1 mM dexamethasone, for four weeks. To investigate chondrogenic
differentiation, AT-MSCs (3 � 104) were resuspended in a 6-well
plate in CCM. After incubation for 24 h, the medium was replaced
with chondrogenic induction medium (Differentiation Basal
Medium-Chondrogenic, Lonza), supplemented with 4.5 g/L D-
glucose, 350 mM L-proline, 100 nM dexamethasone, and 0.02 g/L
transforming growth factor beta 3. Chondrogenic differentiation
was induced in plate cultures for two weeks. Adipogenic differen-
tiation began when AT-MSCs attached to the bottom of a 6-well
plate at a density of 2 � 105 cells/well in CCM. Following a 24 h
pre-incubation, the medium was replaced with Adipogenic Induc-
tionMedium (Lonza), supplemented with 4.5 g/L D-glucose, 100 mM
indomethacin, 10 mg/mL insulin, 0.5 mM 3-isobutyl-1-
methylxanthine, and 1 mM dexamethasone for one week. As
negative control of osteogenic, chondrogenic, and adipogenic dif-
ferentiation, AT-MSCs were cultured in CCM for four weeks, two
weeks, and one week, respectively.

Moreover, to investigate tri-linage differentiation after AT-MSCs
formed a spheroid, the cells (1� 106) were resuspended in a 15-mL
culture tube (SuperClear centrifuge tubes; Labcon, Petaluma, CA) in
1 mL of osteogenic, chondrogenic, and adipogenic induction me-
dium (Lonza). Tri-linage differentiation was induced in pellet cul-
tures for 3 weeks. Each cell pellet was fixed with 10% neutral
buffered formalin (NBF), embedded in paraffin, and cut into 5 mm
sections using a microsection instrument.

Production of calcium apatite crystals in the osteogenic extra-
cellular matrix was evaluated with alizarin red staining in the wells
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of culture plates. Cartilage-specific proteoglycans were stained
with alcian blue or toluidine blue, and adipocyte-specific intracel-
lular lipids were stained with oil red O.

2.4. Bio 3D printing

At least 3.5 � 107 autologous AT-MSCs were used to fabricate
each construct as previously described [25,26]. Briefly, cells were
inoculated into 10 96-well low-adhesion plates (PrimeSurface 96U
Plate; Sumitomo Bakelite, Tokyo, Japan) at 3.5 � 104 cells/well.
After static incubation for 48 h, the cells formed spheroids with
diameters of approximately 600 mm (Fig. 1a).

A bio 3D printer (Regenova; Cyfuse Biomedical K.K., Tokyo,
Japan) was used to assemble the spheroids into scaffold-free
tubular tissues pre-designed with the bio 3D design software
(B3D; Cyfuse Biomedical K.K.). The printer was fitted with an array
of needles with diameter 0.17 mm, interval between needles
0.4 mm, and total useable size 3.2 mm square� 10mmhigh (Fig.1b
and c). To assemble the construct, 960 spheroids were individually
picked up from the 96-well plates by a robotically controlled, 26-
gage fine suction nozzle (outer diameter 0.46 mm, inner diameter
0.25 mm) and stacked inside needles. This process took approxi-
mately 2.5 h (Fig. 1b and c). The needle array was then placed in a
perfusion chamber and cultured at 37 �C with 5% CO2 for six days to
fuse the spheroids to one another. After extrication from the needle
array, a construct was obtained with diameter 4 mm and height
4 mm. These constructs were then implanted autologously one day
after extrication (Fig. 1d and e).

2.5. Cell viability

Cell viability in constructs, spheroids, and 2D cultures was
assessed by flow cytometry. Briefly, 3D constructs were dispersed
into single cells by digestion at 37 �C for 140 min with 4 mg/mL
collagenase (Collagenase Type I; Worthington Biochemical, Lake
wood, NJ, USA). The cells (1 � 106) were then washed with PBS,
resuspended in 100 mL PBS containing 1% FBS, and stained for 5 min
Fig. 1. Preparation of spheroids and 3D constructs. (a) A representative cell spheroid approx
c) A columnar construct (4 mm in diameter, upper view; 4 mm in height, side view) immedia
view and side view) extricated from the needle array six days after culture. Scale bar ¼ 50
in the dark with 1 mL of 1 mg/mL propidium iodide (PI;
SigmaeAldrich, St. Louis, MO, USA). Unstained cells were used as a
negative control. Cells were sorted with a flow cytometer (FACS-
Verse™, BD Bioscience), and cell viability was calculated as the
percentage of cells unstained by PI.

2.6. Histology of cell construct

One of the constructs was fixed in 10% NBF for 1 week and
embedded in paraffin. Serial sections (5 mm thick) were placed on
glass slides and stained with hematoxylin and eosin (HE), Elastica
Masson, and by immunohistochemistry using specific mouse an-
tibodies against human collagen type I (Anti Collagen I; Southern
Biotechnology Associates, Birmingham, AL, USA) and an
avidinebiotin complex system (VECTASTAIN ABC Standard Kit;
Vector Laboratories, Southfield, MI, USA).

2.7. Implantation

Animals were pre-treated with sedatives (intramuscular in-
jections of 50 mg/kg medetomidine and 250 mg/kg midazolam) and
analgesics (intramuscular injections of 100 mg/kg butorphanol and
5 mg/kg ketamine). Constructs were then implanted into surgically
created defects under general anesthesia using oxygen, nitrogen
monoxide, and isoflurane. Briefly, the femoropatellar joint was
incised to expose the femoral trochlear groove. Using a surgical
trephine with an outer diameter of 4.8 mm (Cancellous Collector;
Sophia Tech, Tokyo, Japan), the articular cartilage and subchondral
bone were drilled to a depth of 4 mm at the center of the groove in
the left hind limbs (Fig. 2a and b). The defects were then implanted
autologously with the constructs (Fig. 2a) or left untreated in
control animals (Fig. 2b).

2.8. Computed tomography imaging

Osteochondral defects were imaged three months after surgery
with a CT scanner (Aquilion LB; Toshiba, Tokyo, Japan). In brief,
imately 600 mm in diameter for use in fabricating a construct by bio 3D printing. (b and
tely after stacking spheroids into a needle array. (d and e) A columnar construct (upper
0 mm (a) and 2 mm (bee).



Fig. 2. Surgical implantation. (a) A cylindrical osteochondral defect was surgically
bored into each groove of the left hind limb before implantation with autologous bio
3D-printed constructs. (b) Untreated defects were used as controls. Scale bars ¼ 3 mm
(a and b).
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animals were sedated by intramuscular injection of 50 mg/kg
medetomidine and 250 mg/kg midazolam, anesthetized using iso-
flurane as described in section 2.5, and restrained in a dorsal po-
sition. The left stifles were then serially imaged by CT and two- and
three-dimensionally reconstructed in conjunctionwith MR images.
Fig. 4 depicts longitudinal sections of 0.5 mm obtained in lateral
view.
2.9. Magnetic resonance imaging

Osteochondral defects were also evaluated three months after
surgery by imaging the left stifle with a 3.0 T MR system (Trillium
Oval; Hitachi, Tokyo, Japan). After CT in the dorsal position, animals
were imaged in a coil intended for human imaging. Subsequently,
proton density (PD)-MR images were scored based on a modified
2D-magnetic resonance observation of cartilage repair tissue
(MOCART) scale (Table 1).
2.10. Pathology

All rabbits were euthanized by intravenous overdose of pento-
barbital sodium after CT and MR imaging, and gross features were
blindly scored using International Cartilage Repair Society (ICRS)
scale (Table 2). Both distal femurs were then fixed in 10% NBF,
longitudinally sectioned parallel to the trochlear groove, decalcified
with a chelating agent (K-CX; Falma, Tokyo, Japan), and embedded
in paraffin. Subsequently, serial sections (5 mm) were obtained,
placed on glass slides, and stained with HE and safranin O. For
immunohistochemistry, sections were probed with 5 mg/mL anti-
bodies against collagen type II (Novus Biologicals, Littleton, CO,
USA), labeled with biotin-conjugated goat anti-mouse IgG (Vector
Laboratories), and incubated with peroxidase-conjugated strepta-
vidin (Nichirei, Tokyo, Japan) for 5 min. Finally, specimens were
visualized with diaminobenzidine, counterstained with Mayer's
hematoxylin (Muto Pure Chemicals, Tokyo, Japan), and scored ac-
cording to the ICRS scale (Table 3).
2.11. Statistical analysis

All numeric data are reported as means ± standard deviation
(SD). 2D-MOCART and ICRS scores were compared between the
implanted and control groups with the t-test and p < 0.05 was
considered statistically significant.

3. Results

3.1. Tri-lineage potential

Rabbit AT-MSCs adhering to the bottom of the culture dish were
spindle-shaped and proliferated well. Following osteogenic induc-
tion, AT-MSCs showed appropriate characteristics of osteocytes,
including staining with alizarin red, indicating the presence of
calcium apatite crystals (Fig. 3a), and compared with negative
control (Fig. 3b). AT-MSCs were round-shaped and showed a sheet-
shaped structure that was positively stained with alcian blue
(Fig. 3c). On the other hand, the cells didn't form sheet-shaped and
only their nucleuses were stained with alcian blue (Fig. 3d). Adi-
pogenic induction of the AT-MSCs resulted in adipocyte-like flat-
tened cells with small lipid vesicles that were positively stained
with oil red O (Fig. 3e). No stained vesicles were observed in a
negative control (Fig. 3f).

Histological observation of the cell pellets also indicated calcium
apatite crystals stained with alizarin red after osteogenic induction
(Fig. 4a), showed a hyaline cartilage structure stained with tolui-
dine blue after chondrogenic induction (Fig. 4c), and contained
lipid droplets stained with oil red O after adipogenic induction
(Fig. 4e). On the other hand, no stained materials were observed in
a negative control (Fig. 4b, d, and f).

3.2. Cell viability

Cell viability was measured by flow cytometry as the percentage
of cells not stained with PI (Fig. 5). In 2D cultures, almost all cells
were viable (97.8%; Fig. 5a), while 97.0% of cells were viable in
spheroids (Fig. 5b). In constructs, 86.3% of cells were viable (Fig. 5c).

3.3. Histology of cell construct

Microscopic observation of the cell construct is presented in
Fig. 6. The boundaries of the spheroids were unclear and tended to
agglutinate with each other (Fig. 6a, b, and c). Numerous cell nuclei
were confirmed inside and around the spheroids (Fig. 6a, b, and c),
and ECM production was observed but not specifically within the
construct in the section stainedwith ElasticaMasson (Fig. 6d, e, and
f). Furthermore, the section stained by immunohistochemistry for
collagen type I was positive in correspondence with Elastica Mas-
son staining (Fig. 6g, h, and i).

3.4. Computed tomography imaging

Representative CT images are shown for each group in Fig. 7a
and b. In implanted rabbits, a radiopaque material had emerged
from and bridged the boundary between bone and construct
(Fig. 7a). In contrast, a radiolucent area persisted in control animals
(Fig. 7b).

3.5. Magnetic resonance imaging and modified 2D-magnetic
resonance observation of cartilage repair tissue scores

Representative PD-MR images are shown in Fig. 5c and d. These
images indicate that the articular cartilage in implanted animals
had been restored to a state near that of surrounding uninjured



Fig. 3. Tri-linage differentiation of AT-MSCs. (a) Calcium apatite stained with alizarin red in osteogenic induction (b) AT-MSCs slightly stained orange with alizarin red in negative
control. (c) A sheet-shaped structure positively stained with alcian blue in chondrogenic induction. (d) No sheet-shaped structure and their nucleuses stained with alcian blue in
negative control. (e) The MSCs with small lipid vesicles stained positively with oil red O in adipogenic induction. (f) No stained vesicles in a negative control. Scale bars ¼ 100 mm
(aef) and 1 cm (Insets of c and d).
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Fig. 4. Tri-linage differentiation of AT-MSC aggregates. (a) Calcium apatite stained with alizarin red in osteogenic induction (b) AT-MSCs slightly stained orange with alizarin red in
negative control. (c) Mucopolysaccharides positively stained with toluidine blue in chondrogenic induction. (d) Their nucleuses stained with alcian blue in negative control. (e)
Small lipid vesicles stained positively with oil red O in adipogenic induction. (f) No stained vesicles in a negative control. Scale bars ¼ 100 mm (aef).

D. Murata et al. / Regenerative Therapy 15 (2020) 77e8982



Table 1
Modified 2D-MOCART scores.

Feature Score

Defect fill Complete 20
Hypertrophy 15
Incomplete >50% 10
Incomplete <50% 5
Subchondral bone expose 0

Cartilage interface Complete 15
Demarcating border visible 10
Defect visible <50% 5
Defect visible >50% 0

Surface Surface intact 10
Surface damaged <50% of depth 5
Surface damaged >50% of depth 0

Adhesion Yes 5
No 0

Structure Homogenous 5
Inhomogeneous or cleft formation 0

Signal intensity Normal 30
Nearly normal 10
Abnormal 0

Subchondral Lamina Intact 5
Not intact 0

Subchondral bone Intact 5
Granulation tissue, cyst, sclerosis 0

Effusion No effusion 5
Effusion 0

Total (0e100)

Table 2
ICRS gross grading scale.

Feature Score

Coverage >75% fill 4
50e75% fill 3
25e50% fill 2
<25% full 1
No fill 0

Neocartilage color Normal 4
25% yellow/brown 3
50% yellow/brown 2
75% yellow/brown 1
100%yellow/brown 0

Defect margins Invisible 4
25% circumference visible 3
50% circumference visible 2
75% circumference visible 1
Entire circumference visible 0

Surface Smooth/level with normal 4
Smooth but raised 3
Irregular 25e50% 2
Irregular 50e75% 1
Irregular >75% 0

Average (0e4)
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sound cartilage (Fig. 7c). On the other hand, high-intensity signals
characteristic of granulomas or fat marrow were pervasive in
control defects (Fig. 7d). However, scores based on the modified
2D-MOCART scale were comparable between the two groups
(Fig. 8).

3.6. Pathology

Representative macroscopic images are shown in Fig. 9. Gross
examination indicated that dense cartilaginous white tissue had
covered the surfaces of implanted defects (Fig. 9a) but not control
defects (Fig. 9b). Notably, scores for all gross features listed by ICRS
were higher in implanted rabbits than in control animals (Fig. 10).
In particular, scores for disappearing defect margin were signifi-
cantly higher in implanted (2.67 ± 0.47) than in control defects
(0.0 ± 0.0, p ¼ 0.001). Accordingly, average gross scores were
significantly higher in the former (2.83 ± 0.12) than in the latter
(1.33 ± 0.42, p ¼ 0.008).

Representative microscopic images are presented in Fig. 11.
Histopathological assessment of implanted defects revealed depo-
sition of a cartilage matrix, as indicated by safranin O staining and
immunohistochemistry for type II collagen, as well as formation of
subchondral bone (Fig. 11a, c, and e). In contrast, a deeply recessed
surface with less bone was observed in control rabbits (Fig. 11b, d,
and f). Accordingly, ICRS scores for matrix (2.0 ± 0.0 and 0.66 ± 0.47,
p¼ 0.016) and cell distribution (2.0 ± 0.0 and 0.33± 0.47, p¼ 0.008)
were significantly different between the implanted and control
groups (Fig. 12). We note, however, that scores for all features other
than cartilage mineralization were higher for implanted defects
than for control defects, but not to a statistically significant extent.



Table 3
ICRS histological grading scale.

Feature Score

Surface Smooth/continuous 3
Discontinuities/irregularity 0

Matrix Hyaline 3
Mixture; hyaline/fibrocartilage 2
Fibrocartilage 1
Fibrous tissue 0

Cell distribution Columnar 3
Mixed/columnar clusters 2
Clusters 1
Individual cells/disorganized 0

Viability of cell population Predominantly viable 3
Partially viable 1
<10% viable 0

Subchondral bone Normal 3
Increased remodeling 2
Bone necrosis/granulation tissue 1
Detached/fracture/callus at base 0

Cartilage mineralization (calcified cartilage) Normal 3
Abnormal/inappropriate location 0

Average (0e3)

Fig. 5. Cell viability of 2D cultures (a), spheroids (b), and 3D constructs (c). Cell viability is measured as the percentage of cells not stained with PI. Gate was set on unstained
samples (red area). Viability was calculated as rate of cells inside of the gate in PI-stained samples (gray area).
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Thus, average histological scores were not significantly different
between the two groups.

4. Discussion

This study represents the first attempt at osteochondral regen-
eration using constructs fabricated by a bio 3D printer fitted with a
needle array. At first, it was confirmed that the cells obtained from
cervical AT had osteogenic, chondrogenic, and adipogenic potential
(Fig. 3). Therefore, we defined them as rabbit AT-MSCs. As shown in
Fig. 1b, the width of the lumen in constructs just after fabrication
was approximately 1.8 mm. However, this width narrowed after
extrication from the needle array, and the constructs formed
columnar implants (Figs. 1d and 2a). The constructs have moderate
hardness and elasticity as confirmed in the section stained with
Elastica Masson and by immunohistochemistry of collagen type I
(Fig. 6), therefore easy to insert into bone defects during implan-
tation. Importantly, bio 3D printing allows the fabrication of custom
grafts with shapes and sizes conforming to individual osteochon-
dral defects. In addition, our results also suggest that implantation
of autologous MSCs assembled into 3D constructs may potentially
elicit osteochondral regeneration.

Cell viability is reportedly lower inside spheroids than in con-
ventional 2D culture due to necrosis, as spheroids contain more
cells which have less access to nutrients [27]. As shown in Fig. 5, the
cell viability in the constructs was more than 80%, suggesting that
the cells thrived during culture in the needle array. This is pre-
sumably because the cells in the needle array were perfused with
oxygen and nutrients before extrication. Therefore, we concluded
that the methods of cell aggregation and structure fabrication used
in this studywere useful in overcoming the viability issues reported
in 3D cultures. Moreover, it was also confirmed that the cell ag-
gregates indicated osteogenic, chondrogenic, and adipogenic dif-
ferentiation ability (Fig. 4).

CT imaging suggested that subchondral bone was deposited in
defects implanted with the bio 3D-printed constructs (Fig. 7a) but
not in untreated defects (Fig. 7b). Similarly, MR imaging suggested
that articular cartilage was restored to a state near that of the
surrounding normal cartilage in the former (Fig. 7c) but not in the
latter (Fig. 7d). These data indicate that the constructs effectively



Fig. 6. Microscopic histology. Representative histology of a cell construct, as assessed by hematoxylin & eosin (a, b, and c), Elastica Masson (d, e, and f), and immunohistochemistry
for type I collagen (g, h, and i). The defects were implanted with bio 3D printed constructs (a, c, and e) or untreated (b, d, and f). The enlargement of solid squares in a, d, and g are b,
e and h, respectively. The enlargement of dotted squares in a, d, and g are c, f and i, respectively. Scale bars in a, d, and g ¼ 1 mm. Scale bars in b, c, e, f, h, and i ¼ 200 mm.

Fig. 7. Observation of bone and cartilage healing by CT and MR imaging. (a and b)
Representative CT images of defects treated with bio 3D printed constructs and un-
treated defects. (c and d) Representative MR images of treated and untreated defects.
Scale bars ¼ 2 mm.
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repair osteochondral defects. Thus, implantation of these scaffold-
free constructs shows promise as a strategy for the regeneration
of hyaline cartilage and subchondral bone lost to osteoarthritis.

In particular, MR imaging demonstrated that the double layer of
superficial and deep cartilage was nearly restored to normal in
treated defects. However, modified 2D-MOCART scores were
comparable with those of control animals in all outcome measures
(Fig. 8). Thus, these results indicate that while MR imaging may not
replace arthroscopy as the gold standard for evaluating cartilage, it
may prove a powerful complementary, non-invasive tool not only
for assessing injury and matrix degradation due to osteoarthritis
[28], but also for assessing bone and cartilage repair after implan-
tation of scaffold-free 3D constructs.

The therapeutic effects of the bio 3D-printed constructs were
confirmed by gross examination, upon which implanted defects
were found to be abundantly covered with cartilaginous white
tissue (Fig. 9a). In contrast, untreated defects remained largely open
and barely healed (Fig. 9b). In addition, gross pathology scores for
cartilage cover, color, defect margins, and surface smoothness were
higher in the former than in the latter (Fig. 10). Indeed, the average
ICRS score was significantly higher in treated than in control ani-
mals. Collectively, these results indicate that the constructs facili-
tated repair of osteochondral defects.

Histological features were summarized in Table 4. Formation of
cartilage and subchondral bone was observed by microscopic
evaluation of defects treated with the bio 3D-printed constructs
(Fig. 11a, c, and e). In contrast, less bone formation, deeply recessed
surfaces, and fibrous tissue unstained by safranin O were observed
in untreated animals (Fig. 11b, d, and f). Accordingly, ICRS histologic
scores for all features except cartilagemineralizationwere higher in



Fig. 8. Modified 2D-MOCART scores of osteochondral defects. There were not significant differences in the outcome measures. P < 0.05 was considered to be statistically significant.

Fig. 9. Gross pathology. Representative gross images of defects treated with bio 3D-
printed constructs and untreated defects. Scale bars ¼ 3 mm.

Fig. 10. Macroscopic gross ICRS scores of implanted and control groups with gross ICRS sc
defect margin and average scores. P < 0.05 was considered statistically significant.
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the former than in latter (Fig. 12). In particular, matrix and cell
distribution scores were significantly different between the two
groups, although the average ICRS histopathological scores were
comparable.

However, the formation of subchondral bone is inadequate, and
which is reflected in the results of subchondral bone on the ICRS
histopathological scores with no significant difference. In our pre-
vious report in which a cell construct consisted of AT-MSCs and
made using a mold was implanted into osteochondral defects at
knee joint in a pig, the construct was firstly differentiated into
cartilage, and then the deep layer differentiated into bone under-
going the process of endochondral ossification [23,24]. Accordingly,
it can be considered that deep layer of the thick cartilage filling the
defect will subsequently differentiate into bone tissue (Fig. 11a, c,
and e). Three months may have been insufficient for AT-MSCs
construct to progress to endochondral ossification after
implantation.

We note, furthermore, that themodified 2D-MOCARTscores and
histopathological examinations were based only on single 2D sec-
tions of 3D tissue. Therefore, cartilage regeneration should be
evaluated in three-dimensionally in future experiments, perhaps
by 3D-MR imaging as described in previous reports [29,30]. Further,
we note that the significant difference in the average ICRS gross
ores. Gross pathology in the implanted group showed significantly (asterisks) higher



Fig. 11. Microscopic histopathology. Representative histopathology of osteochondral defects, as assessed by hematoxylin & eosin (a and b), safranin O (c and d), and immuno-
histochemistry for type II collagen (e and f). The defects were implanted with bio 3D printed constructs (a, c, and e) or untreated (b, d, and f). Scale bars ¼ 1 mm.

Fig. 12. Microscopic histological ICRS scores of implanted and control groups. Scores of histological outcome measures, such as matrix and cell distribution, were significantly
(asterisks) higher in the implanted group than in the control group. P < 0.05 was considered statistically significant.

Table 4
Summary of histological features.

Tissue/group name Bio 3D Printer group Control group

Cartilage Surface Smooth Irregularity
Matrix Mixture; hyaline/fibrocartilage (Transformation) Fibrocartilage and/or Fibrous tissue

Subchondral bone Increased remodeling Bone necrosis and/or Detached
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scores definitively demonstrates that scaffold-free 3D construct of
AT-MSCs promoted cartilage regeneration (Fig. 10).

Thus far, AT-MSC transplantation for cartilage regeneration has
been carried out by intra-articular injection [31,32]. Full-thickness
regeneration of articular cartilage and subchondral bone defects
has not been reported. The methods in the present study regen-
erated tissue in defects nearly to the levels of surrounding normal
tissue; however, our study was limited by its small number of an-
imal subjects, which affected statistical analysis. Additionally, we
only evaluated osteochondral defects at one point during 12-week
follow-up period after implantation. CT, MR, and pathological
evaluations at 4, 8, 12, 16, or 24-week time points would better
track the process of osteochondral regeneration.

The modified 2D-MOCART total scores (Fig. 8) and average ICRS
histopathological scores (Fig. 12) in the untreated rabbits were
somewhat better than expected. However, the capacity to repair
bone persists through life in Rodentia (mice and rats) and lago-
morpha (rabbits), but not in humans or other experimental ani-
mals, such as pigs, dogs, and horses. Therefore, we speculate that
osteochondral defects are more easily repaired in similar rabbits,
ultimately resulting in similar modified 2D-MOCART total scores
and average ICRS histopathology scores for treated and untreated
defects. Therefore, the ability of the scaffold-free bio 3D printed
constructs of AT-MSCs to regenerate articular cartilage and sub-
chondral bone should be examined in other experimental animals,
such as dogs, pigs, or horses.

5. Conclusions

This is the first report demonstrating that autologous implan-
tation of scaffold-free bio 3D-printed construct into an osteo-
chondral defect regenerates native cartilage and subchondral bone
within three months in rabbit.
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