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Abstract

Background: Although autogenous bone implantation is considered to be the gold standard for the reconstruction of bone defects, this
approach remains challenging when treating extensive bone defects (EBDs). Therefore, artificial materials (AMs) such as artificial bone
and scaffolds are often used for treating EBDs. Nevertheless, complications such as material failure, foreign body reaction, and in-
fection are common. To overcome these issues, we aimed to develop a new treatment for an EBD using scaffold-free adipose-derived
stromal cells (ADSCs) to fabricate chondrogenic/osteogenic-induced constructs without AMs. Methods: ADSCs were obtained from
the subcutaneous adipose tissue of 8-week-old female Wistar rats (n = 3) and assessed to determine their potential for multilineage
differentiation into adipocytes (Oil Red O staining), chondrocytes (hematoxylin and eosin, Alcian blue, and Safranin O staining), and
osteoblasts (Alizarin red and von Kossa staining). Spheroids (n = 320), each containing 3.0 × 104 ADSCs, were then used to fabricate
scaffold-free cell constructs using a bio-3D printer with a needle array. The spheroids and constructs were stimulated with induction
medium to induce chondrogenic and osteogenic differentiation. The induced cartilage- and bone-like constructs were finally evaluated
using micro-computed tomography (µCT) and histological analysis. Results: The collected ADSCs were capable of trilineage differen-
tiation, and were successfully used to produce scaffold-free constructs. The fabricated constructs (n = 3) exhibited equivalent strength
(load, 195.3 ± 6.1 mN; strength, 39.1 ± 1.2 kPa; and stiffness, 0.09 ± 0.01 N/mm) to that of soft tissues such as the muscles in the
uninduced condition. In chondrogenic induction experiments, Alcian blue and Safranin O staining confirmed the differentiation of the
constructs into cartilage, and cartilage tissue-like structures were produced. In the osteogenic induction experiment, Alizarin Red and
von Kossa staining showed calcium salt deposition, and µCT images confirmed the same calcification level as that of the cortical bone.
Conclusions: Scaffold-free constructs consisting of ADSCs without an AM were fabricated, and cartilage- and bone-like tissues were
successfully generated, demonstrating their potential for bone reconstruction.
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1. Introduction

As part of the skeletal system, the bone plays an im-
portant role in supporting the body. Extensive defects in
the long bones are common orthopedic disorders following
comminuted fractures [1,2]. Such extensive bone defects
(EBDs) are also often observed after surgical resection of
tumors of the maxillofacial bone, as it is necessary to se-
cure a surgical margin to completely remove the tumor [3].
Autogenous bone (AB) implantation is considered to be the
gold standard for the treatment of EBDs [4]. However, this
method is clinically challenging owing to the limitations of
bone fixation methods and its success is dependent on the
size of the bone graft [5]. Therefore, in recent years, ar-
tificial materials (AMs) such as artificial bones and scaf-
folds have been applied to the treatment of EBDs [6–10].
Nevertheless, AMs are sometimes inferior to AB in terms
of strength and integration with the surrounding bone tis-
sue [11]. Additionally, AMs often lead to problems such
as a long-term foreign body reaction after implantation and
biofilm formation following bacterial infection [12]. As

AMs can also obstruct cell–cell adhesion and inhibit self-
organization, it can take a long time to form mature and
healthy bones [13]. A potentially effective and efficient ap-
proach to solve these problems could be to produce three-
dimensional (3D) bone and cartilage-like tissues using only
cells without any AMs.

Many types of stem cells have been studied in parallel
with development of the regenerative medicine field [14,
15]. Mesenchymal stem cells, isolated from various tissues
such as the bone marrow and adipose tissue, exhibit self-
proliferation and multipotency properties [16,17]. Among
them, adipose-derived stromal cells (ADSCs) and stromal
vascular fraction cells (SVFs) can differentiate into various
cell types such as adipocytes, myoblasts, osteoblasts, chon-
drocytes, and neurons [18–27]. Indeed, ADSCs and SVFs
have already been used for regenerative medicine [28,29].
In addition, by combining these cells with various bioma-
terials such as hyaluronic acid, platelet-rich plasma (PRP),
and fat grafts, the range of application has been further ex-
panded, and these cell types are thus expected to have fur-
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Fig. 1. Outline of this study. (A) Adipose tissue collection from rats. (B) Enzymatic treatment of adipose tissue. (C) Trilineage
differentiation of adipose-derived stromal cells (ADSCs). (D) Spheroid formation of ADSCs. (E) Fabrication of a scaffold-free cellular
construct using a 3D bioprinter. (F) Chondrogenic and osteogenic induction of the constructs.

ther application prospects in the future [29–34].
With the aim of developing a new bone reconstruction

method for the treatment of EBDs, in this study, we used
a bio-3D printer with a needle array to fabricate scaffold-
free 3D bone-like and cartilage-like constructs using only
ADSCs without AMs (Fig. 1).

2. Materials and methods
2.1 Animals

Female Wistar rats (8 weeks old, n = 3; Charles River
Laboratories Japan, Inc., Shiga, Japan) with a mean weight
of 230 g (220–240 g) were used for the isolation and expan-
sion of ADSCs (Fig. 1A). All animals were housed under
a 12-h dark–light cycle (light from 08:00 to 20:00) at 23
± 2 ◦C and 50 ± 10% humidity with ad libitum access to
food and water. The rats were kept at a maximum of three
per cage. All procedures were evaluated and approved by
the Institutional Animal Care and Use Committee of Saga
University (application no. A2020-048-0).

2.2 Isolation and expansion of rat ADSCs

Intrascapular adipose tissue (0.5–0.8 g per animal)
was aseptically collected under general anesthesia (in-
duction anesthesia: 5% isoflurane, maintenance anesthe-
sia: 2.5% isoflurane; Fujifilm Wako Pure Chemical In-
dustries, Ltd., Osaka, Japan), minced, and digested for
3 h in phosphate-buffered saline (PBS) containing 0.1%
collagenase (collagenase type I; Worthington Biochemi-
cal Corporation, Lakewood, NJ, USA). The digests were
filtered through sterile gauze and centrifuged at 210 ×g
for 5 min at room temperature. After removing the re-
sulting supernatant, the SVF was resuspended in cell cul-
ture medium (cell-CM) consisting of Dulbecco’s modi-
fied Eagle’s medium (Life Technologies, Carlsbad, CA,
USA), 10% fetal bovine serum (FBS; HyClone: Cytiva,

Tokyo, Japan), and 1% antibiotics (100 U/mL penicillin,
100 µg/mL streptomycin, and 25 µg/mL amphotericin
B; Antibiotic-Antimycotic, Life Technologies). The cells
were centrifuged a second time, resuspended in fresh cell-
CM, and seeded in 75 cm2 culture flasks (Iwaki, Shizuoka,
Japan). Following incubation at 37 ◦C and 5% CO2 for 7
days, adherent cells were washed with PBS and cultured
in fresh cell-CM as passage 0. Seven days after seeding,
the cells were harvested with recombinant trypsin (TrypLE
Select; Life Technologies), diluted with an equal volume
of fresh cell-CM, and centrifuged. After discarding the su-
pernatant, the pellet was rinsed with fresh cell-CM, seeded
at 1.0 × 106 cells per 15-cm dish (Falcon; Corning Inc.,
Corning, NY, USA), and cultured until 90% confluence was
achieved. This process was repeated once more (until pas-
sage 2) to obtain a sufficient number of cells for generating
a scaffold-free 3D ADSC construct (Fig. 1B). For all cell
culturing, the medium was changed every 2 days.

2.3 Trilineage differentiation

ADSCs collected from the subcutaneous adipose tis-
sue of the intrascapular region of rats were differentiated
into adipocytes, chondrocytes, and osteocytes (Fig. 1C).

2.3.1 Adipogenic differentiation of ADSCs

The collected ADSCs were seeded at 2.0 × 105
cells per well in 6-well plates (Nunc Cell-Culture Treated
Multidishes; Thermo Fisher Scientific, Waltham, MA,
USA) and cultured in cell-CM at 37 ◦C and 5% CO2

until reaching 90% confluence. The cell-CM was then
changed to adipogenic induction medium (Lonza, Walk-
ersville, MD, USA), consisting of 4.5 g/L D-glucose, 100
µM indomethacin, 10 µg/mL insulin, 0.5 mM 3-isobutyl-
1-methylxanthine, and 1 µM dexamethasone, and cultured
for another 6 days. The cells were then formalin-fixed and
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stained with Oil red O (Muto Pure Chemicals, Co., Ltd.,
Tokyo, Japan) to assess the production of oil droplets. Cells
cultured in cell-CM for 6 days were used as controls. The
medium was changed every 3 days.

2.3.2 Chondrogenic differentiation of ADSC spheroids

Cell suspensions of 2.5 × 104 ADSCs were prepared
in 15-mL tubes (Falcon; Corning Inc.) and centrifuged at
210 ×g for 5 min at room temperature, after which the su-
pernatant was removed. Subsequently, ADSCs were sus-
pended in 1 mL of chondrogenic induction medium (CIM;
Differentiation Basal Medium-Chondrogenic, Lonza) con-
taining 4.5 g/L D-glucose, 350 µM L-proline, 100 nM dex-
amethasone, 10 ng/mL transforming growth factor beta 3
(TGF-β3), and 500 ng/mL bone morphogenetic protein
(BMP)-2, followed by centrifugation at 210 ×g for 5 min
at room temperature and incubation at 37 ◦C and 5% CO2

for 28 days. The medium was changed every 3 days. Af-
ter induction, frozen sections (7 µm thick) (Leica CM1950;
Leica Biosystems, Nussloch, Germany) were prepared fol-
lowing formalin fixation and then stained with hematoxylin
and eosin (HE; Muto Pure Chemicals, Co., Ltd.), Alcian
blue (Fujifilm Wako Pure Chemical Industries, Ltd.), and
Safranin O (Muto Pure Chemicals, Co., Ltd.). Cells cul-
tured in construct culture medium [construct-CM: 1:1 mix-
ture of endothelial cell growth medium (EGM™-2 Bul-
letKit™, Lonza) and fibroblast growth medium (FGM™-
2 BulletKit™, Lonza)] for 28 days were used as controls.
Endothelial cell growth medium is comprised of endothe-
lial basal medium (Lonza) containing vascular endothe-
lial growth factor, human epidermal growth factor, argi-
nine 3-insulin-like growth factor-1, ascorbic acid, hydro-
cortisone, basic human fibroblast growth factor-β, heparin,
FBS, and GA-1000 (gentamicin and amphotericin B). Fi-
broblast growth medium is comprised of fibroblast basal
medium (Lonza) containing insulin, recombinant human
basic fibroblast growth factor, GA-100, and FBS. The con-
centrations of the additive factors for endothelial cell and
fibroblast growth media are not known because they were
not disclosed by the manufacturer.

2.3.3 Osteogenic differentiation of ADSCs

For osteogenic differentiation, ADSCs were seeded
in a 6-well plate (Thermo Fisher Scientific) with cell-
CM at an initial density of 3.0 × 104 cells/well. At
80% confluence, the medium was replaced with osteogenic
induction medium (OIM; Differentiation Basal Medium-
Osteogenic, Lonza) containing 100 µM ascorbic acid, 10
mM β-glycerophosphate, and 1 µM dexamethasone, and
cultured for 28 days. The medium was changed every 3
days. After formalin fixation, the samples were stainedwith
Alizarin red (Wako Pure Chemical Industries, Ltd., Osaka,
Japan) to assess calcium deposition. Cells cultured in 6-
well plates with cell-CM for 28 days were used as controls.

2.3.4 Osteogenic differentiation of ADSC spheroids

Two cell suspensions of 2.5 × 104 ADSCs in 15-mL
tubes (Falcon®; Corning Inc.) were centrifuged at 210 ×g
for 5 min at room temperature, and then the supernatants
were discarded. Subsequently, OIM with and without addi-
tional factors (500 ng/mL BMP-2, 10 ng/mL TGF-β3) were
prepared, and ADSCs were suspended in the respective me-
dia. The cells were then centrifuged at 210 ×g for 5 min at
room temperature to form a spheroid and incubated at 37 ◦C
and 5% CO2 for 28 days; the medium was changed every
3 days. Micro-computed tomography (µCT) imaging (de-
scribed below) was performed after incubation, followed
by formalin fixation and staining of frozen sections (7 µm
thick) with Alizarin red and von Kossa stain. Spheroids in-
cubated with the cell-CM construct for 28 days were used
as controls.

2.4 Fabrication of a scaffold-free 3D ADSC construct

At least 9.6 × 106 cells were used to fabricate
each construct with a bio-3D printer (Regenova; Cyfuse
Biomedical K.K., Tokyo, Japan) and a needle array (hollow
9 × 9 Kenzan; Cyfuse Biomedical K.K.) (Fig. 2). Briefly,
cells (3.0 × 104 cells/well) were inoculated into four 96-
well non-adhesion plates (PrimeSurface 96U Plate; Sumit-
omo Bakelite, Tokyo, Japan) and cultured in construct-CM.
After incubation for 48 h, the cells formed spheroids with
diameters of approximately 550 µm. The spheroids were
then arranged on a Kenzan using the bio-3D printer and
printed according to a pre-made design using B3D designer
software (Cyfuse Biomedical K.K.; Fig. 1F), as previously
reported [35]. The process took approximately 1.5 h.

Fig. 2. Bio-3D printer with a needle array (Kenzan). (A) Bio-
3D printer. (B) Hollow 9 × 9 needle array (Kenzan).

2.5 Maturation of the ADSC construct

The Kenzan was placed in an original perfusion cham-
ber, which can directly supply the hollow structure with
medium, and then cultured with the spheroids at 37 ◦C and
5% CO2 for 5 days to fuse them together. On the fifth
day after printing, a construct with a diameter of 3 mm and
height of 3 mm was obtained and removed from the Ken-
zan. Another construct was also obtained through the same
process above, the two constructs were placed side by side
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on a plastic tube to allow them to fuse together (Fig. 3), and
then they were cultured in construct-CM for 10 days. Thus,
the total culture period was 15 days, including 5 days on
Kenzan and 10 days on the plastic tube. Subsequently, a
connected ADSC construct was subjected to a tensile test.

Fig. 3. Fusion of two ADSC constructs. Two constructs were
cultured side by side on a plastic tube to facilitate fusion.

2.6 Mechanical properties of the ADSC constructs
Tensile tests were performed using a Tissue Puller™

device (DMT, Ann Arbor, MI, USA) for three fused ADSC
constructs. Small stainless pins served as grips for the in-
dividual structures, after which the constructs were pulled
in tension to failure at a rate of 50 µm/s (Supplementary
data 1). The load (mN) was defined as the load applied to
the construct at the time of rupture; the strength was cal-
culated as the load per unit area by calculating the contact
area between two pins: load (mN)/[width of construct (mm)
× thickness of construct (mm) × 2], and the stiffness was
calculated as the load per unit length based on the degree of
extension until the construct ruptured: load (mN)/extension
of the construct to the point of rupture (mm).

2.7 Fabrication of a scaffold-free chondrogenic-induced
construct

The prepared ADSC constructs were divided into a
chondrogenic induction group and a control group. The
induction group comprised two subgroups: one in which
induction with CIM was started immediately after printing
and another in which induction was started when the con-
struct was removed from the Kenzan 4 days after printing.
The control group was cultured in construct-CM. Culturing
was performed in the original bioreactor at 37 ◦C and 5%
CO2 for 28 days at a perfusion flow rate of approximately
6 mL/min. The culture medium was changed every 3 days.

2.8 Fabrication of a scaffold-free osteogenic-induced
construct

The prepared ADSC constructs were divided into an
osteogenic induction group and a control group. The induc-
tion group comprised two subgroups: one in which induc-
tion with OIM was started immediately after printing and
another in which induction was started when the construct
was removed from the Kenzan 4 days after printing. The
OIM was supplemented with additional factors (10 ng/mL
TGF-β3, 500 ng/mL BMP-2, and 2.4 mM PBS, pH 7.4).
The cultures were perfused in the original perfusion cham-
ber at 37 ◦C and 5% CO2 at a flow rate of approximately
6 mL/min. After 14 days of culture in OIM, 1 µg/mL
of calcitonin and 1 µg/mL of insulin-like growth factor-1
were added to both induction subgroups [36], which were
then cultured for a further 14 days. The control group was
cultured in construct-CM for 28 days. The medium was
changed every 3 days.

2.9 µCT
The fabricated spheroids and constructs were imaged

in 96-well plates using µCT (3D Micro X-ray CT Lab
GX130; Rigaku Corporation, Yamanashi, Japan) with the
following parameters: tube voltage, 90 kV; tube current, 61
µA; field of view, 72 mm; and high resolution (9 µm/pixel).
The images were taken at a speed of one revolution around
the sample in 4 min. A rat femur cut into 5-mm lengths
and uninduced control constructs were used as controls. For
the spheroid, 3D images were acquired only for structures
with CT values greater than or equal to the CT value that
clearly showed only the rat femur fragment (CT value = 775
Hounsfield Unit (HU)). The 3D images of the constructs
were acquired in the same way (CT value = 1069 HU), and
the CT values of the depicted structures were determined
by setting the lower limit for obtaining 3D images in the
CT Lab GX130 system used for imaging (CT values of the
bones ranged from 100 to 1000 HU). The CT values were
acquired with the calibration settings of –1000 HU for air
and 20 HU for acrylic plate according to the instructions of
CT Lab GX130.

2.10 Histological analysis of the ADSC constructs and the
chondrogenic- and osteogenic-induced constructs

Constructs were fixed in 10% neutral-buffered forma-
lin for 15 days and embedded in paraffin. Serial sections
(7 µm thick) were then obtained and placed on glass slides
for staining with HE, Alcian blue, Safranin O, Alizarin red,
and von Kossa stains. Histological sections were prepared
and stained by Advantec Co., Ltd. (Tokyo, Japan).

3. Results
3.1 Trilineage differentiation of ADSCs

Oil red O staining of the adipogenic-induced AD-
SCs showed reddish oil droplets in a greatly expanded cy-
toplasm (Fig. 4A). The cells differentiated very quickly
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Fig. 4. Adipogenic, chondrogenic, and osteogenic differentiation of ADSCs. (A,B) Oil red O staining of induced (A) and uninduced
control (B) ADSCs. Scale bar = 50 µm. (C–H) Chondrogenic differentiation of ADSC spheroids. HE, Alcian blue, and Safranin O
staining of induced (C–E) and uninduced control (F–H) spheroids. Scale bar = 200 µm and 100 µm (magnified image). (I–P) Osteogenic
differentiation of ADSCs. Alizarin red staining of induced (I) and uninduced control (J) ADSCs. Scale bar = 200 µm and 1 cm (for the
whole image). (K–P) Osteogenic differentiation of ADSC spheroids. HE, Alizarin red, and von Kossa staining of induced (K–M) and
uninduced control (N–P) spheroids. Scale bar = 200 µm (K–M) and 100 µm (N–P).
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Fig. 5. Fabrication of fused ADSC constructs. (A) The spheroids were arranged on the needles of the Kenzan as per the computer
design (day 0). (B) After 5 days of incubation, the spheroids fused together to form a single construct (day 5). (C) The two constructs
were removed from the Kenzan and placed side by side on a plastic tube (day 5). (D) Two constructs fused together in maturation culture
(day 15; 5 days on Kenzan and 10 days on the plastic tube). (E) Constructs that have undergone further incubation in the maturation
culture (day 28; 5 days on Kenzan and 23 days on the plastic tube). Scale bar = 1 mm.

(within 6 days) and produced oil droplets. The production
of oil droplets indicates that the ADSCs differentiated into
adipocytes. In uninduced ADSCs, no oil droplet production
was observed and staining was negative (Fig. 4B).

After chondrogenic induction of ADSC spheroids,
large oval cells were observed with an Alcian blue- and
Safranin O-stained cartilage matrix surrounding the cells
(Fig. 4C–E). In contrast, the uninduced spheroids showed
no large oval cells and the staining was negative (Fig. 4F–
H).

For osteogenic induction of ADSCs, the entire basal
surface of the well surrounding the cells was strongly
stained with Alizarin red (Fig. 4I), whereas uninduced AD-
SCs were negative for Alizarin red staining (Fig. 4J). Af-
ter osteogenic induction and staining of spheroids, whole
spheroids were found to be positively stained with Alizarin
red (Fig. 4L), while von Kossa staining confirmed the pres-
ence of calcium throughout the spheroid (Fig. 4M); in con-
trast, the uninduced spheroids were negative for Alizarin
red and von Kossa staining (Fig. 4O,P).

3.2 Tensile strength of the ADSC constructs
The load, strength, and stiffness of the three fused

ADSC constructs were measured (Fig. 5). The calcu-
lated values were as follows: load, 195.3 ± 6.1 mN
(Supplementary data 2–4); strength, 39.1 ± 1.2 kPa; and
stiffness, 0.09 ± 0.01 N/mm. The fabricated constructs
had the strength to withstand these values. However, as

shown in the supplemental data, there are slight individual
differences in the ADSC constructs, which may result in
non-uniform tensile loading. Therefore, the values obtained
from these measurements were used only as estimates for
the strength evaluation of the constructs.

3.3 µCT of osteogenic-induced spheroids

Osteogenic-induced spheroids were subjected to µCT
imaging. Only the spheroids induced in OIM with addi-
tional factors showed CT values (CT value = 775 HU) com-
parable to those of bone (The range of CT values for bone is
100–1000 HU [37].) (Fig. 6B-ⅲ). Spheroids induced only
by OIM were visible when the lower limit of the CT value
was set to 353 but became invisible when the lower limit of
the CT value was increased to 775 (Fig. 6A-ii).

3.4 µCT of osteogenic-induced constructs

The two induced and control constructs were sub-
jected to µCT imaging analysis (Fig. 7A,B). They showed
comparable CT values to those of bone (CT value = 1069
HU). Calcification was detected for both groups of induced
constructs; however, when the CT value was adjusted to
be around 1000, which is the CT value of bone, it was not
depicted in the Day 0 constructs. In the case of the day 4
constructs, calcification was observed, but only a part of the
constructs exhibited CT values comparable to those of the
rat femur (Fig. 7C,D).
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Fig. 6. µCT images of osteogenic-induced spheroids. (A)Wide-
window level 3D CT image. The lower limit of the CT value used
for 3D image construction was 353 HU. (B) Adjusted window
level to the cortical bone. The lower limit of the CT value used
for 3D image construction was 775 HU. (ⅰ) Uninduced spheroid.
(ⅱ) Induced with only OIM. (ⅲ) Induced spheroid with OIM sup-
plemented with BMP-2 and TGF-β3. (ⅳ) Finely ground rat femur
bone fragment. The yellow arrowheads indicate spheroids (A-ⅱ,
A-ⅲ, B-iii) and the bone fragment (A-ⅳ, B-iv).

3.5 Histology of the ADSC constructs

HE staining of the uninduced constructs showed that
the boundaries between the spheroids were blurred and that
the spheroids were fused into a single construct. In addi-
tion, nuclei were found distributed throughout the structure,
confirming that the cells were evenly distributed (Fig. 8A).
Alcian blue, Alizarin red, von Kossa, and Safranin O stain-
ing were negative, and no cartilage matrix was observed
(Fig. 8B–E).

3.6 Histology of the chondrogenic-induced constructs

For both the day 0 and day 4 chondrogenic-induced
constructs, large oval cells were observed whose nuclei
were strongly stained with HE, similar to the results of the
chondrogenic-induced spheroids (Fig. 8F,K). Alcian blue
staining indicated the presence of an abundant cartilage ma-
trix around the cells (Fig. 8G,L), which was also positively

stained with Safranin O (Fig. 8H,M). The constructs were
negative for Alizarin red and von Kossa staining, and no
calcium production was observed (Fig. 8I,J,N,O). In the day
0 construct, chondrogenic differentiationwas uniformly ob-
served along the periphery of the constructs, and a layered
structure was formed (Fig. 8F,G,H). In contrast, the day 4
structures showed no regularity in the areas of chondrogenic
differentiation and fewer areas were stained more darkly
with Alcian blue and Safranin O compared with the stain-
ing of the day 0 construct (Fig. 8L,M). Thus, the day 0 con-
struct showed more pronounced chondrogenic differentia-
tion than the day 4 construct. In common with both the day
0 and day 4 structures, chondrogenic differentiationwas rel-
atively poor inside the structures in contact with the plastic
tube.

3.7 Histology of the osteogenic-induced constructs
Histological specimens of the osteogenic-induced

constructs showed areas that were simultaneously stained
with HE, Alizarin red, and von Kossa, indicating calcium
deposition (Fig. 8P,S,T,U,X,Y). In contrast, Alcian blue and
Safranin O staining were negative (Fig. 8Q,R,V,W), and
no cartilage matrix was observed. There was no substan-
tial difference noted in the areas stained with Alizarin red
and von Kossa stain between the day 0 and day 4 con-
structs. With respect to the distribution of calcified areas,
most of the intensely stained areas in the day 0 constructs
were found inside the constructs, whereas most of these ar-
eas were observed at the periphery of the day 4 constructs.

4. Discussion
In this study, we successfully fabricated the first

scaffold-free bone-like constructs and cartilage-like con-
structs using rat ADSCs. In particular, reconstruction of
the bone tissue with sufficient strength in vitro has not been
achieved to date. Therefore, we believe that one effective
approach would be to implant our scaffold-free ADSC con-
structs in an uninduced state and allow them to mature into
bone tissue in vivo. Furthermore, we confirmed that the
two constructs could fuse together. By fusing constructs,
the size and shape of the constructs that can be fabricated
becomes more diverse. The results of the trilineage differ-
entiation experiments indicated that ADSCs have the abil-
ity to differentiate not only into adipose tissue but also into
bone and cartilage.

The strength test showed similar results (39.1 ± 1.2
kPa) for all three fused constructs, indicating that they were
fabricated with comparable quality. According to a previ-
ous report [38], the ADSC constructs can be considered to
be as strong as the muscle tissue and thyroid gland based
on the estimated strength measured in this study. Unfortu-
nately, we were unable to induce sufficient calcification of
the constructs in this study; therefore, we could not test the
strength of the osteogenic-induced structures with a com-
pression test, which is considered to be the most appropriate

7

https://www.imrpress.com


Fig. 7. Macroscopic and µCT images. (A) Side view. (B) Top view. (C) Side view. (D) Top view. (ⅰ) A part of the rat femur. (ⅱ)
Uninduced construct. Construct induced on day 0 (ⅲ) and day 4 (ⅳ) after printing. The lower limit of the CT value used for 3D image
construction was 1069 HU.

Fig. 8. Histology of the uninduced and induced constructs. (A–E) HE, Alcian blue, Safranin O, Alizarin red, and von Kossa staining
of the uninduced constructs. HE, Alcian blue, Safranin O, Alizarin red, and von Kossa staining of the day 0 (F–J) and day 4 (K–O)
chondrogenic-induced constructs. HE, Alcian blue, Safranin O, Alizarin red, and von Kossa staining of the day 0 (P–T) and day 4 (U–Y)
osteogenic-induced constructs. Scale bar = 500 µm.

test given the mechanical properties of bone. However, if
a certain level of strength is not obtained in a compression
test, the results will be too noisy for accurate interpretation.
Therefore, compression tests could not be performed in this
study. However, based on our results, we consider that the
induced constructs are at least as strong as the uninduced
constructs.

Notably, there was a marked difference in the
µCT imaging results in the osteogenic induction experi-
ments. The results of µCT imaging of osteogenic-induced
spheroids suggest that during the osteogenic induction of
ADSCs, TGF-β3, BMP-2, and phosphates are required to
produce calcification that is comparable to that of the cor-
tical bone. Furthermore, the µCT results of the osteogenic-
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induced constructs suggested that not only the presence of
additional factors but also the timing of the initiation of in-
duction had a significant effect on calcification. Bone tissue
that has undergone normal development is formed by the
deposition of calcium phosphate on type I collagen fibers
arranged in a certain direction [39,40]. The difference in
calcification between the day 0 and day 4 constructs may
be due to the extracellular matrix (ECM) component, which
includes type I collagen. In the day 4 constructs, sufficient
ECM production and the generation of oriented type I col-
lagen fibers prior to calcium salt deposition occurred. Sub-
sequent deposition of calcium salts along the oriented col-
lagen fibers is thought to have resulted in the construction
of a dense, regularly aligned crystal structure. In the day
0 constructs, ECM production and calcium salt deposition
occurred simultaneously, and the type I collagen fiber ori-
entation did not form; consequently, dense calcified struc-
tures such as cortical bone did not form, and the constructs
may not have been visible on CT. Thus, to efficiently and
densely retain the calcium secreted by osteoblasts in the
constructs, it is necessary to optimize the timing of the ini-
tiation of osteogenesis induction and to further investigate
approaches for regulating the production and orientation of
the ECM.

Comparison of the histological evaluation of unin-
duced, chondrogenic-induced, and osteogenic-induced
constructs showed that ADSCs maintain their differenti-
ation potential after forming constructs. Chondrogenic-
induced constructs showed more pronounced chondrogenic
differentiation at day 0 compared with that of the day 4 con-
structs. The cartilage matrix is produced by chondrocytes
and is rich in type II collagen fibers [41]. It is presumed that
chondrogenic differentiation is promoted by starting the in-
duction process immediately after printing, which results
in the production of a large amount of ECM around the
cells, as a characteristic of cartilage tissue such as type Ⅱ
collagen fibers. It is possible that during spheroid fusion—
before induction—of the day 4 constructs, cellular adhesion
was instead enhanced, and the ECM components specific
to the cartilage tissue, such as proteoglycans, could not be
produced around the cells, or other types of collagen fibers
such as type I collagen, which is not specific to cartilage
tissue, were produced. This is consistent with our previous
study on cartilage constructs using induced pluripotent stem
cells (iPSCs), which showed that the timing of additive fac-
tors for induction is very important [41]. The scaffold-free
ADSC constructs prepared in this study were found to be as
strong as soft tissues such as the muscle tissue and thyroid
gland in the uninduced state, and we assume that the in-
duced constructs have the same or greater strength. To our
knowledge, there are no reports of scaffold-free 3D carti-
lage constructs fabricated using only ADSCs, which have
advantages over smaller constructs such as micromasses or
spheroids. This is one of the main new achievements in this
study. In our previous study, we found that both bone and

cartilage were regenerated after implantation of ADSC con-
structs into osteochondral defects in the knee joints [42,43].
Another report demonstrated the formation of hyaline carti-
lage after subcutaneous implantation of fabricated cartilage
pellets, although these were derived from iPSCs [44]. Our
cartilage-like construct is expected to have application in
the reconstruction of bone defects through the process of
endochondral ossification after implantation.

Histological evaluation of the osteogenic-induced
constructs showed strong staining with Alizarin Red and
von Kossa, which was inconsistent with the results of CT
imaging, indicating that calcium salt deposition by tissue
staining does not correlate with CT imaging results. For
histological evaluation of bone-like constructs, the pres-
ence of calcification alone is not sufficient. However, if the
construct can be detected in CT images, it can be assumed
that the crystal structure is at least sufficiently dense to not
be penetrated by X-rays. There have been several reports
on the fabrication of bone-like constructs using scaffolds
[36,45,46]; however, producing calcified scaffold-free 3D
constructs with CT values comparable to those of normal
cortical bone in vitro is unprecedented. Furthermore, there
is no previous description of the strength of bone-like tis-
sue constructs fabricated using existing scaffolds, and it re-
mains questionable whether structures with strength com-
parable to that of bone tissue can be fabricated. Based on
existing reports, the fabrication of bone-like constructs in
vitro remains a very challenging task. Moreover, we were
unable to perform compression tests in this study because
we could not achieve calcification of the entire structure;
nevertheless, the fact that we were able to produce calcified
3D constructs with CT values comparable to cortical bone
using only ADSCs is considered to be a major achievement.
The final goal of this study was to develop an alternative
clinical technique for AB implantation. For this purpose, it
was necessary to fabricate strong constructs. It has been re-
ported that osteogenesis of the bone tissue is accelerated by
mechanical stimulation [47]; however, we did not mechan-
ically stimulate the constructs, as we only employed perfu-
sion culture. It is thus possible that the lack of mechanical
stimulation may have contributed to the partial calcifica-
tion and insufficient construct strength. In the future, the
effects of incubation with mechanical loading should also
be investigated.

There are also reports of improved wound healing
[31,32] and accelerated angiogenesis [33] when ADSCs
were used in combination with hyaluronic acid or PRP;
thus, these biological materials are expected to be applied
to the fabrication of similar new constructs for applications
in various fields other than bone and cartilage regeneration.
Finally, it is possible that human ADSCs would behave dif-
ferently from rat ADSCs under the same experimental con-
ditions adopted in this study; therefore, it is necessary to
study larger animals and cells from animal species that are
more similar to humans. In addition, the larger the animal,
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the larger the constructs that need to be fabricated. As the
calcification of larger construct is expected to be more dif-
ficult from the viewpoint of nutrient supply, improvement
of the method of construct preparation and culture for such
scale-up remains an important issue for future investigation.

5. Conclusions
In this study, we fabricated scaffold-free bone- and

cartilage-like constructs consisting of ADSCs without
AMs. This is the first study to show that scaffold-free AD-
SCs can maintain their 3D structure and produce the same
CT values as the cortical bone without the use of scaffolds
or any AMs. Moreover, the chondrogenic-induced con-
structs are expected to differentiate into bone tissue through
endochondral ossification after implantation, and we be-
lieve that they can also be applied for cartilage regeneration
by ADSCs, similar to our previous findings on cartilage re-
generation using iPSCs [41]. As there are no previous re-
ports of scaffold-free bone-like and cartilage-like constructs
using ADSCs in vitro, our results highlight the potential of
ADSCs for bone and cartilage reconstruction.
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