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ABSTRACT

Introduction: Cartilage damage is one of the injuries that is difficult for the human body to self-
repair due to the avascular and completely mature tissue with only few stem or progenitor cells
present. Recently, some studies showed that engineered cartilage tissues could be used to treat
or improve this injury. This study aimed to produce the cartilage microtissues from the differentia-
tion of scaffold-free spheroids composed of human adipose-derived stem cells. Methods: Human
adipose-derived stem cells (ADSCs) were isolated and expanded following the previously published
study. They were then cultured in the non-adherent condition to produce spheroids. The spheroids
of the ADSCs were collected and induced into cartilage microtissues in the inducible medium for
21 days. The cartilage microtissue was characterized by some cartilage phenotype markers, includ-
ing the accumulation of extracellular matrix proteins (aggrecan, glycosaminoglycan, and type |l
collagen), and the expression of certain genes specific to chondrocytes (Sox9, Col2, Col1,and Acan).
Results: The results showed that the expression of chondrocyte-specific genes gradually increased
during the 21 days of culture for differentiation. On day 21, the microtissues expressed aggrecan,
glycosaminoglycan, and type Il collagen proteins. Conclusion: This study demonstrated that car-
tilage microtissues could easily be produced from scaffold-free spheroids from ADSCs. Thus, carti-
lage microtissues can be produced in this manner for in vivo transplantation to promote cartilage

regeneration, or to produce cartilage tissues for in vitro studies.
Key words: Adipose tissue-derived mesenchymal stem cells, aggrecan, cartilage, glycosamino-

glycan, microtissue, type Il collagen, spheroid

INTRODUCTION

Cartilage is one of four specialized elastic connective
tissue types in the human body. In the adult body,
cartilage covers the end of bones, and constitutes the
bronchial tubes, rib cage, ear, nose, and intervertebral
disc. Cartilage is composed of chondrocytes and ex-
tracellular matrix (ECM) !, which consists of glyco-
proteins, collagens (collagen type II, IX, and XI), pro-
teoglycans, and hyaluronan (synthesized by chondro-
cytes)>3. Unlike other tissues, chondrocytes are the
only cells found in cartilage. The number of chondro-
cytes usually accounts for 1-5% of the total cartilage
tissue volume*°. The ECM determines the mechan-
ical properties (solidity and elasticity) of cartilage®’.
Moreover, unlike the other connective tissues, carti-
lage tissues do not contain blood vessels and nerves 6
and therefore, utrition is provided to cartilage cells by
diffusion®. That is why this tissue is the most diffi-
cult self-repairing tissue compared to other injured

tissues ©=°.

Currently, there are various strategies to treat dam-
aged cartilage, depending on the condition, location,
and size of the injury. With traditional strategies,
patients may be given medication to control mild
pain or have to undergo surgery in severe cases '°.
In the case of large lesion size, joint replacement
surgery is needed '»!!. However, these strategies ex-
hibit some disadvantages, such as the limited source
of tissue, immune responses, infection, and/or im-

11-13

plant failure , as well as no cartilage regener-

ation. Thus, cartilage regeneration medicine be-
comes a promising strategy. In addition to stem cell
transplantation, transplantation of engineered carti-
lage tissues produced from stem cells (combined with
growth factors), grown on scaffolds, is considered as a
promising approach for the treatment of cartilage de-

ficiency 1014,

Chondrocytes originate from the mesoderm'.

Therefore, mesenchymal stem cells (MSCs) are an

ideal cell source to produce engineered cartilage

16,17

tissues MSCs themselves can form a three-
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dimensional (3D) structure without the support
of a scaffold '8
techniques, MSCs can aggregate to form a 3D

By using non-adhesion culture

structure called a spheroid '°. There are some various
techniques to produce spheroids, including hanging

drop plates 202! 22,23

, spinner flasks , multiple-funnel
cell culture devices (MP device)?*, and AggreWell
plates 2>,

On the other hand, the in vitro spherical structure
may cause some limitations related to the diffusion
of nutrients, such as oxygen into the spheroid and
waste out from the spheroid, especially at the spheroid
core26728  However, the condition of the microenvi-
ronment of cartilage tissue in vivo is somewhat sim-
ilar2? therefore, the use of spheroids to create ‘artifi-
cial’ cartilage tissue may be a favorable and relevant
model for investigations of in vivo cartilage repair.

In cartilage tissue engineering, most of the publi-
cations have showed that natural or synthetic poly-
meric materials, or a combination of the two, are
typically used as scaffolds for cell adhesion®0-32,
Moreover, several studies have used scaffold-free ap-
proaches >34, In this study, we aim to use an estab-
lished protocol to produce cartilage microtissues from
the scaffold-free spheroids composed from adipose-

derived stem cells (ADSCs).

METHODS

Expansion of human ADSCs

ADSCs were isolated and cryopreserved according
to a previously published study®>. ADSCs were
thawed and expanded in T-75 flasks (SPL Life Science,
Gyeonggi-do 487 835, Korea) using ADSC-expanding
medium (ADSCCult I medium, Regenmedlab, Ho
Chi Minh City, Viet Nam) at 37°C, 5% CO; condi-
tions. When cell confluency reached approximately
70-80%, ADSCs were sub-cultured with Deattach-
ment reagents (Regenmedlab, Ho Chi Minh City, Viet
Nam).

Characterization of ADSC

ADSCs were characterized according to the minimal
criteria defining MSCs, as suggested by the Interna-
tional Society for Cellular Therapy (ISCT). According
to the ISCT, MSCs adhere to the surface of plastic,
express particular MSC surface markers, and retain a
multipotent differentiation potential *°.

The expression of specific surface markers was de-
tected by flow cytometry. ADSCs were stained
with the following conjugated monoclonal antibodies:
CD14-FITC (Santa Cruz Biotechnology, Dallas, TX),
CD34-FITC (BD Biosciences, San Jose, CA), CD44-
APC (BD Biosciences), CD73-PerCP-CP5.5 (Santa

3698

Cruz Biotechnology), CD90-PE (Santa Cruz Biotech-
nology), CD105-FITC (Santa Cruz Biotechnology),
and HLA-DR-FITC (BD Biosciences). Staining took
place for 15 minutes at room temperature in the dark,
and then cells were washed twice to remove any free
antibodies. Cells were resuspended in 300 uL of
phosphate saline before they were analyzed in a BD
FACSCalibur flow cytometer (BD Biosciences), using
BD CellQuest Pro software (BD Biosciences). Iso-
types were used in all assays.

The in vitro differentiation potential of ADSCs into
adipocytes, osteoblasts, and chondroblasts was as-
sessed using commercial kits StemPro™ Adipoge-
nesis Differentiation Kit, StemPro™ Osteogenesis
Differentiation Kit, and StemPro™ Chondrogene-
sis Differentiation Kit, respectively (Thermo Fisher
Scientific, Waltham, MA). After 14 days of adi-
pogenic differentiation, cells were stained with oil
red dye (Sigma-Aldrich, St. Louis, MO) to detect
lipid droplets within cellular cytosols. For osteogenic
and chondrogenic differentiation, after 21 days of in
vitro differentiation, differentiated cells were stained
with Alizarin red dye (Sigma-Aldrich) to detect the
accumulation of extracellular calcium, or Safranin
O dye (Sigma-Aldrich) to detect glycosaminoglycans
and proteoglycans. Before being stained, cells were
washed twice with PBS and fixed in 4% PFA for 30
minutes. Then, they were dyed for 15 minutes and
washed again gently with PBS.

Spheroid formation using hanging drop
plate

ADSCs were suspended in the culture medium (AD-
SCCult I medium), and then they were seeded in a
96-well hanging drop plate (Perfecta3D” hanging drop
plate; Sigma-Aldrich) with a volume of 50 ul for each
drop of 1,000 cells per well. The plates were incu-
bated at 37°C, 5% CO,, and then the formation of
spheroids was observed after 24-96 hours. The diam-
eter of spheroids was measured every day from day 1
to day 7 under an inverted microscope.

Live and dead cell assay

To confirm the cell viability, spheroids were double-
stained with Hoechst 33258 (Sigma-Aldrich) and
propidium iodide (PI) (Thermo Fisher Scientific).
Spheroids were fixed in 4% PFA for 30 minutes then
rinsed in 2X saline sodium citrate buffer (0.3 M NaCl,
0.03 M sodium citrate, pH 7.0; all were purchased
from Sigma-Aldrich), and treated with 50 ul of 100
ug/mL RNase A (Sigma-Aldrich) for 20 minutes at
37°C. Then, spheroids were stained with 50 ul of 1
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ug/mL Hoechst 33258 and 50 ul of 1g/ml PI dye for
5 minutes each at 37°C. Samples were washed three
times in 2X SSC solution and observed under the
ZEISS LSM 880 Confocal Laser Scanning Microscope
(Carl Zeiss, Oberkochen, Germany).

Chondrogenic differentiation of ADSC
spheroids

ADSC spheroids from hanging drop plates were col-
lected and transferred to a 96-well plate coated with
agarose (30 ul of 2% agarose per well) and cultured in
differentiation medium (StemPro™ Chondrogenesis
Differentiation Kit; Thermo Fisher Scientific) to in-
duce chondrogenesis for 21 days. The spheroids were
maintained in a 5% CO,, 37°C incubator (Binder,
Tuttlingen, Germany). The medium was refreshed ev-
ery 5-7 days.

Histological and immunohistological anal-
ysis of differentiated ADSC spheroids

Spheroids were fixed in 4% PFA for 30 minutes, em-
bedded in paraffin, and sectioned into slices of 3 um
thickness. Slices were placed on glass microscope
slides. Samples were deparaffinized twice in xylene,
then rehydrated through a graded series of alcohol
for 5 minutes each. Briefly, sections were stained
with hematoxylin (Sigma-Aldrich) for 5-7 minutes,
followed by eosin (Sigma-Aldrich) staining for 15-30
seconds. Sections were additionally stained with Al-
cian blue (Sigma-Aldrich) and Safranin O/Fast green
(Sigma-Aldrich) to confirm the accumulation of gly-
cosaminoglycans as well as proteoglycans. For Al-
cian blue staining, after the nucleus staining, samples
were stained with Alcian blue for 4-5 minutes, then
quickly washed with 1% alcohol-acetic acid solution
and rewashed with 70% ethanol. For Safranin O/Fast
green staining, slides were stained with 0.05% Fast
green solution for 10 minutes then rinsed quickly with
1% alcohol-acetic acid solution for 15 seconds. After
that, samples were stained in 0.01% Safranin O solu-
tion for 3 minutes and rinsed with 95% ethanol then
distilled water. Histological images were observed
and recorded under the light microscope (Carl Zeiss,
Oberkochen, Germany).

Immunohistology staining was performed to detect
collagen II. After deparaffinization, sections were
placed in Tris-EDTA buffer pH 9.0 at 100°C for 20
minutes then washed under running cold tap water.
Then, slides were washed twice in TBS plus 0.025%
Triton X-100 with gentle agitation for 5 minutes each,
and blocked with 10% goat serum solution (Thermo
Fisher Scientific) for 2 hours at room temperature.

Sections were then stained with Anti-Collagen II pri-
mary antibody (1:50, M2139; Thermo Fisher Scien-
tific) in 1% BSA/TBS at 4°C overnight. Sections then
were stained with secondary antibody rat anti-mouse
IgG1 (17-4015-82; Thermo Fisher Scientific) at 1:50
in 1% BSA/TBS for 60 minutes at room temperature
in the dark. Free antibodies were removed by wash-
ing three times with TBS plus 0.025% Triton X-100
for 5 minutes each. Slides were covered in mounting
medium with DAPI. The result was observed via the
ZEISS LSM 880 Confocal Laser Scanning Microscope
(Carl Zeiss, Oberkochen, Germany).

Quantitation of chondrocyte-related gene
expression of spheroids

The expression of certain genes related to chon-
drogenesis, including Sox9, Coll, Col2, Acan, and
Runx2, was estimated at day 10 and 21 of induc-
tion. These genes were compared to the housekeep-
ing gene f-actin. RNA was extracted from chondro-
genic spheroids and the control ones by using Easy
Blue Total RNA Extraction Kit (iNtRON Biotech-
nology, Korea) following the manufacturer’s instruc-
tion. Quantitative RT-PCR was performed using 2x
qPCRBIO SyGreen 1-Step Lo-ROX (PCRBIO Sys-
tems, London, UK) following the manufacturer’s in-
structions and using the gene-specific primers de-
signed by PrimerBlast device (NCBI) (Table 1). Run
parameters consisted of a single initial cycle of 45°C
for 10 minutes and 95°C for 2 minutes, followed by
40 cycles of 95°C for 15 seconds, and 59°C for 15
seconds, and then end cycle 72°C for 15 minutes.
The melting curves followed the default process of
the real-time PCR device (Eppendorf, Hamburg, Ger-
many). The expression rate of target genes of the sam-
ple was compared to the control (ADSC spheroid) by
using the method of Livak: R =2744C1 37,

Statistical analysis

Data sets were statistically analyzed by ANOVA test
using GraphPad Prism 8.0 (GraphPad Software, La
Jolla, CA). Differences between all the groups were
considered statistically significant when the p-value
was less than 0.05.

RESULTS

ADSCs displayed the particular mesenchy-
mal stem cell phenotype

ADSCs displayed a particular morphological shape,
which was an elongated shape like fibroblasts, when
cultured in the plastic flasks (Figure 1A). ADSCs
were verified for their differentiation potential to
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Table 1: The primer sequences used for real-time RT-PCR

Gen Primer sequences (5°-3’) Production (bp) Accession numbers

hSox9 F AGG ACC ACC CGG ATT ACA AG 117 M_000346.3
R CCT TGA AGA TGG CGT TGG G

hRunx2 B GGAGTGGACGAGGCAAGAGTTT 133 XM_011514966.2
R AGCTTCTGTCTGTGCCTTCTGG

hAcan F TCGAGGACAGCGAGGCC 85 XM_017021987.1
R TCGAGGGTGTAGCGTGTAGAGA

hCol2al F ATC CGG TAT TAG GGT CGCTTG 115 XM_017018831.1
R GAG GAG CGA CTG GAA GGT TT

hCollal F TGACTGGAAGAGCGGAGAGT 185 XM_005257059.4
R TCTCTCCAAACCAGACGTGC

hB-actin F  AGAGCTACGAGCTGCCTGAC 184 NM_001101.4

R AGCACTGTGTTGGCGTACAG

F: Forward; R: Reverse

mesoderm-derived cells, including osteoblasts, chon-
drocytes and adipocytes. After induction in the
osteogenic medium, ADSCs accumulated calcium
in their extracellular matrix; therefore, these cells
became red when stained with Alizarin red dye
(Figure 1B). In the adipogenic medium, there were
lipid droplets formed in cellular cytosols. These lipid
droplets were stained with Oil Red O that became
red (Figure 1C). Furthermore, in the chondrogenic
medium, ADSCs were successfully differentiated into
chondroblasts which were positive by Alcian staining
assay because of the accumulation of proteoglycans
(Figure 1 D).

The flow cytometry results showed that the obtained
ADSCs expressed high levels of CD44 (Figure 1I),
CD73 (Figure 1J), CD90 (Figure 1K), and CD105
(Figure 1L), with 98.5 £ 0.46%, 98.9 £ 1.2%, 97.7
=+ 2.2%, and 94.9 £ 1.8% cells staining positive, re-
spectively. In contrast, they were virtually negative for
CD14 (Figure 1F), CD34 (Figure 1G), and HLA-DR
(Figure 1 H), with only 0.08 & 0.04%, 0.27 £ 0.24%,
and 0.14 £ 1.0% cells staining positive, respectively.

Morphology of scaffold-free spheroids
composed of ADSCs

ADSC spheroids were formed at a dose of 1,000
cells/drop. One day after seeding, the cells settled
at the bottom of the drop by the influence of grav-
ity and tended to clump together to form a cell mass
(Figure 2), compared to the first day (Figure 2A). The
masses in the hanging drops were heterogeneous in
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shape, and the irregular and incomplete fringe con-
stituted a unified mass due to a few outside discrete
cell clusters. However, from day 3 to day 7 (Figure 2
C-D), the fringe of the cell mass was more uniform
with a rounded shape.

The bar chart in Figure 2 E compared the size of the
spheroids between day 1 and day 7. According to the
data, the diameter of spheroids significantly decreased
from 252.8 £ 5.6 pm at day 1 to 234.0 £ 4.4 pum at day
2,and 210.3 £ 3.3 um at day 3, respectively (p < 0.05).
On the third day, the cell mass remained spherical and
considerably expanded to 220.2 £ 3.1 umatday 6 (p <
0.05) and 242.7 4+ 2.7 um at day 7 (p < 0.05). In sum-
mary, the ADSC-derived cell masses on the third day
of formation were the smallest and densest spheroids
compared with those on the other days.

Structures of the ADSC spheroids

Based on the spheroid size changes within seven days,
the spheroids were stable in structure and showed
signs of proliferation starting on the third day. There-
fore, the assessment of cell viability and cell death was
carried out on day 3 and day 7. Spheroids at each time
point were distinguished between live and dead cells
by the blue color of Hoechst 33258 and the red color of
PL. The pictures showed that there was an accumula-
tion of live cells only, as illustrated by the distribution
of the blue signal in the spheroids on day 3 (Figure 3A
and C). Additionally, there was almost no visible red
signal representing dead cells in the spheroid image
on day 3 (Figure 3), but a large red signal area ap-
peared in the center of the spheroid on day 7 (Figure 3
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Figure 1: Results of morphology, differentiation ability, and surface marker analysis of ADSCs. ADSCs ex-
hibited several characteristics of MSC recommended by ISCT, including elongated, spindle-shape morphology,
and plastic adherence (A). ADSCs maintained the potential to differentiate into osteoblasts (B), adipocytes (C),
and chondrocytes (D). Pictures from E to L demonstrate flow cytometry results. ADSC population (E) was positive
with CD44 (1), CD73 (J), CD90 (K); CD105 (L) while negative with CD14 (F), CD34 (G), HLA-DR (H).
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Figure 2: The shape and size of spheroids for seven days. (A) ADSCs in hanging drops immediately after
seeding; (B) ADSC spheroids were observed at day 1; (C) day three and (D) day 7. (E) Spheroid diameter decreased
from day 1 to day three and tended to increase again from day 3 to day 7. (*p < 0.05)
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F). In the merged images, the necrotic core noticeably
appeared on spheroids on day 7, in contrast to the ap-
pearance of the core on day 3.

Hematoxylin and Eosin (H&E) staining of sections of
ADSC spheroids on day 3 and day 7 provided similar
conclusions as the results of the viability assessment
above of the ADSC spheroids (Figure 4). The mor-
phological features of spheroid sections differed from
day 3 to day 7. On the third day, cells were evenly
distributed throughout the spheroid. On the seventh
day, cells mostly assembled in the outer layer of the
spheroid, while in the central region the cells and their
nuclei were swelling with pale eosinophilic cytoplasm.
These results demonstrate that necrosis occurred in
the core of the spheroid.

Chondrogenic-induced spheroids com-
posed of ADSCs displayed cartilage pheno-

type
Histological analysis

Histological analysis results showed that differen-
tiated spheroids displayed the cartilage phenotype.
These spheroids were positive with Alcian blue and
Safranin O/Fast green (Figure 5). The spheroids posi-
tive with Alcian blue staining assay demonstrated that
stem cells inside spheroids successfully accumulated
sulfated glycosaminoglycans (GAGs) of cartilage. In-
deed, non-inducible spheroids were negative with this
assay.

Similarly, the double-staining of Safranin O/Fast
Green dyes also showed that the control sample ap-
peared only green in color. The green of the Fast
green dye is typical for non-cartilage ingredients.
Meanwhile, the 21-day differentiated spheroids were
positive with safranin O (Figure 5 D), and hence,
spheroids were dyed red. This is the sign of changes in
the substrate composition of non-cartilage tissue into
cartilage tissue.

Expression of type Il collagen

There was a significant difference in type II colla-
gen expression between the control (Figure 6A-D)
and the induction sample (Figure 6E-H). Immunoflu-
orescence analysis of the chondrocyte spheroids re-
vealed the formation of type II collagen on day 21.
Meanwhile, there was no sign of type II collagen ex-
pression in the control group. These result are similar
to those of previously published studies (Figure 6 I-
K).
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Cartilage-specific gene expressions

The chart of the expression of genes, including Sox9,
Coll, Col2, Runx2 and Acan, which are all involved in
chondrogenesis and cartilage formation, is shown in
Figure 7. Briefly, all genes mentioned above were up-
regulated during the induction spheroids compared to
the control spheroids. In the early stage (day 10), the
expression levels of Sox9, coll, col2, acan, and Runx2
were upregulated by 17.8 6.8, 8.3 +3.7,16.2 + 5.3,
6.9 + 1.4, and 4.8 + 0.3-fold, respectively, though
the levels were not significantly (p > 0.05) different
compared to ADSC spheroids. In the later stage (day
21), the expression levels of Sox9, Coll, Col2, and
Acan were remarkably increased in the chondrogenic-
induced ADSC spheroids (p < 0.05), compared to the
control spheoids, reaching an increase of 35.1 + 8.6,
42.4 £ 6.0, to 25.3 £ 0.01, and 40.0 + 1.5-fold, re-
spectively, despite the negligible increase of Runx 2 (p
> 0.05).

DISCUSSION

Currently, there are many ways to repair cartilage
damage, depending on the location and severity of the
damage, age, and pathological state8. With a large
area of cartilage tissue, cartilage tissue and cell trans-
plantation are greatly effective solutions. However,
these methods are limited because of dependence on
tissue sources and donated cells, and donated sources
are not sufficient to supply the transplanting needs.
Therefore, the development of tissue engineering has
brought about a promising solution combining the
potential of stem cells and 3D culture to create car-
tilage microtissue towards regenerating tissue to re-
spond to transplant needs to overcome the damage.
In this study, we evaluated the induced, chondrogenic
differentiation microtissue with respect to these char-
acteristics: structure, matrix components, proteins,
and gene expression.

In the first experiment, ADSCs were expanded and
characterized. The results showed that the ADSC
population possessed three characteristics of mes-
enchymal stem cells, following the minimal criteria
and standards for defining multipotent mesenchymal
stromal cells by the International Society for Cellu-
lar Therapy (ISCT), initially proposed by Dominici
et al. (2006)%°. Firstly, ADSC adhered on plastic
when maintained in standard culture conditions. Sec-
ondly, ADSCs showed positive expression of CD44,
CD73, CD90, and CD105; moreover, they were neg-
ative for CD14, CD34, and HLA-DR. Thirdly, the
ADSC were capable of differentiating into mesenchy-
mal functional cell lineages (adipocytes, osteocytes,
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White light

Day 3

Day 7

Figure 3: Hoechst and Pl double staining for ADSC spheroid, acquisition by the confocal microscope. Blue:
Live cells stained with Hoechst; Red: Dead cells stained with PI. There was no sign of dead cells within the spheroid
atthe 3-day time point (A-D). The dead cells then accumulated in the necrotic center of the spheroid at day 7 (E-H).
Viable cells, in contrast, gathered around the spheroid. Scale bar: 20 um.

20pm

Figure 4: Histological structure of spheroid by H& E staining. (A) Spheroid slices at day 3, scale bar: 50 um;
and (B) at day 7, scale bar: 20 um. Dark blue/Purple: cell nuclei stained with Hematoxylin; Pink: cell cytoplasm
stained with Eosin. On the third day, the spheroid structure was firmly constructed, with cells allocated evenly all

over the spheroid. At day 7, cells mainly concentrated on the fringe of the sphere with a necrotic core.

and chondrocytes). Therefore, the ADSCs were qual-
ified for further experiments.

Before cartilage microtissues were created, the AD-
SCs were cultured in non-adhesive surfaces using the
hanging-drop method to form spheroids. After 24
hours, the cells came together and tended to form
spheroids. However, the connection between cells
was not tight such that the cell clump size mass was
somewhat large. Over time, this interaction became
tighter, compressing the cell mass to gradually form
a uniform spherical shape, and thus leading to a de-
crease in size. The compression of the spheroids cre-
ated an environment in which nutrient composition,
oxygen concentration, and ability to transport nutri-
ents to cells, even deep within cells, were lower than
in monolayer culture. However, it did not reduce the
survival of MSCs, cells that usually reside in places

with lower oxygen levels than even liver or cancer
cells . Specifically, the spheroid size increased from
day 3 to 7, showing signs of spheroid proliferation.
However, on day 7, there were a great number of dead
cells in the spheroid core; this was demonstrated by
images of the spheroid sections after Hoechst and PI
double-staining and H&E staining on day 7. PIis a
fluorescent dye specific for double-stranded nucleic
acids in apoptosis, necrosis, and fixed cells. It cannot
enter normal living cell. The red color of PI dye iden-
tifie dead cells while the purple-blue color of Hoechst
identifie the DNA of living and dead cells®.

Since diffusion of nutrients and metabolism de-
creased from the outside to the inside, the increase in
size led to a nutritional deficiency within the core of
the spheroid, causing cell death. Cell death occurred
in increasing direction deep into the central spheroid,
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Figure 5: Histological morphology of chondrocyte spheroid after 21 days of differentiation induction. ADSC
spheroid (A, €) and chondrogenic-induced ADSC spheroid (B, D) were stained with Alcian Blue (A, B) and Safranin

O/Fast Green (C, D). Scale bar: 50 um

forming a necrotic core. Notably, this has been men-
tioned in a study by Murphy et al. (2017) in which
it was observed that expression levels of enzymes in-
volved in apoptosis increased as the spheroid size in-
creased . Furthermore, the limited diffuse range of
small molecules, such as oxygen, is in the range of
150-200 um from the outside to the inside?’. An-
other study showed that smaller sized spheroids had
better metabolic activity and proliferation*!. There-
fore, the 200 um-size spheroid at day 3 is better for
the exchange and transport of oxygen, as well as nu-
trients, than the bigger size.

In the process of cartilage formation, the cells were
induced to produce a variety of proteins that make
up extracellular-specific cartilage matrix, including
GAGs and aggrecan*>~**, Aggrecan is an important
proteoglycan of cartilage tissue by forming a gel struc-
ture that plays an intermediary role in the interaction
between cartilage cells and between cartilage cells and
ECM,; therefore, aggrecan plays a role in tissue load ca-
pacity*®, osmotic swelling pressure *?, hydraulic per-
meability, and deformation*®%”. In cartilage, aggre-
can is a proteoglycan that accounts for a high propor-
tion #4849 Both aggrecan and GAG are molecules
that are expressed in the early differentiation process
and play a particularly important role in determin-
ing the stiffness and tolerance of cartilage tissue, typ-
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ically articular cartilage tissue*>**. In a publication
from Li et al. (2018)°°, the accumulation of GAG
in human bone marrow derived stem cells (BMSCs)
was very high, although the pellet size was larger than
those seen in our study. In another study published by
Futrega et al. (2015) 5 GAG expression was higher
in smaller- sized BMSC pellet (about 200 tm), com-
pared to bigger ones. In the study of Futrega et al.,
with the same method to detect aggrecan, the accu-
mulation showed similar results after staining of mi-
crotissue with Alcian blue*>°°2, Safranin O and Al-
cian blue are dye specific for proteoglycans 3. In our
study, the presence of proteoglycan was detected by
the red color after Safranin O/Fast green staining and
the blue color after Alcian blue staining. The results
of the double staining with Safranin O/Fast Green did
not show the color of Fast Green, which is character-
istic for mineralization. This indicates that on the 21*
day of differentiation, there was no hypertrophy or os-
sification. Therefore, the accumulation of GAG in 200
um-sized ADSC spheroids is a good indicator of the
ability of ADSCs to differentiate into cartilage tissue.

The cartilage differentiation process is regulated by
transcription regulatory factors, namely Sox9, to-
gether with Sox5 and Sox6, to activate and regulate
the synthesis of extracellular matrix proteins, such as
collagen I, collagen II, aggrecan, and GAG**. During
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Figure 6: Representative immunohistology for type Il c ollagen expression in chondrocyte spheroid. ADSC
spheroids (A-D) and chondrogenic-induced ADSC spheroid (E-H) were observed under the white light (A, E),
stained with DAPI dye (B, F) and Col2 (C, G) Merged images (D, H). Scale bar: 50 um. (I-K) Immunostaining of
type Il collagen Il in pellet by Li et al. (2018), green is type Il collagen, and blue is nuclear DNA, scale bar: 100 um.

the differentiation induction process, the increased
expression of Sox9 results in the expression of genes,
including Coll, Col2, and Acan. Coll is strongly ex-
pressed at the beginning of cartilage differentiation,
The
strong expression of collagen I shows the presence of

in particular, in the cell aggregation stage'”.

chondroblasts 4. Type II collagen is expressed very
early, right at the later stage of cell aggregation, and
this expression can increase over time and through-
out the differentiation process!”. In fact, Type II col-
lagen makes up the highest proportion of collagen in
cartilage tissue (about 85-90%), and is synthesized by
chondrocytes . The study of Li et al. (2018) !° on the
expression of type II collagen also showed that colla-
gen expression was high, as characterized by the colla-
gen II antibody staining in the blue fluorescent pellets
(Figure 6K). In our study, after 21 days of differenti-
ation, the induced-MSC spheroids showed a high ex-
pression of type II collagen as well. In summary, the
high expression of these molecules in ADSC spheroid
after 21 days of differentiation shows that the cartilage
microtissue was created with an extracellular matrix
component similar to articular cartilage tissue.

CONCLUSION

In this research study, cartilage microtissue was suc-
cessfully generated from spheroids composed of AD-
SCs.
spheroid reached a diameter of about 200 um. Af-

After three days of hanging drop culture, the

ter 21 days of differentiation, cartilage microtissue ex-
pressed several particular features of cartilage tissue,
including accumulation of aggrecan, GAG, and type I
collagen, as well as enhanced expression of Sox9, Col2,
and Acan genes. These evidence support that the mi-
crotissue can be considered as a cartilage tissue that
has potential applications in cartilage implants.

ABBREVIATIONS

3D: three-dimensional

Acan: Aggrecan

ADSC: Adipose derived stem cells
CD: Cluster of differentiation

Col: Collagen

ECM: Extracellular matrix

GAGs: Glycosaminoglycans
H&E: Hematoxylin and Eosin
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Figure 7: The chondrogenic-related gene expression after ten days and 21 days of differentiation. The ex-
pression rate of Sox9, Col1, Col2, Acan, and Runx2 were upregulated during the induction period compared to
the control one. On day 10, the expression of all genes mentioned was not statistically significant. On day 21, the
expression of Sox9, Col1, Col2, Acan were significantly increased at differentiated samples compared with undiffer-
entiated samples (p < 0.05) while the expression of the Runx2 gene had a slight increase, but it was not statistically

significant compared to the control sample. (*p < 0.05)
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