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This study was aimed at evaluating the effects of transforming growth factor-β on the differentiation and mRNA expression of
organoids made out of human mesenchymal stem cells. Cell organoids composed of gingiva-derived stem cells were cultured
in the presence of transforming growth factor-β1 at concentrations ranging from 0, 1, 10, to 20 ng/ml. Evaluations of the cell
morphology of the organoids were performed on days 7, 9, 11, and 14. Quantitative cellular viability was completed on day 14.
Alkaline phosphatase activity assays were performed to evaluate the differentiation of stem cells on day 14. Real-time polymerase
chain reactions were used to determine the expression levels of TGF-β1, RUNX2, OCN, SOX9, and COL1A1 mRNA on day 14. The
stem cells produced well-formed organoids on day 7, and the addition of transforming growth factor-β1 did not result in relevant
changes in their shape. The organoids grew in size and became more intact with longer incubation times. On day 14, the diameters
were 222:2 ± 9:6, 186:1 ± 4:8, 197:2 ± 9:6, and 211:1 ± 19:2m for transforming growth factor-β1 at final concentrations of 0, 1, 10,
and 20ng/ml, respectively. Quantitative cell viability results from day 14 exhibited no significant difference between the groups
(P > 0:05). There was significantly higher alkaline phosphatase activity with the addition of transforming growth factor-β1 with the
highest value for the 1 ng/ml group (P < 0:05). Real-time polymerase chain reaction results demonstrated that the mRNA expression
levels of RUNX2, OCN, and SOX were higher in 1 ng/ml but did not reach statistical significance. Treatment with 1 ng/ml of
transforming growth factor-β1 significantly increased COL1A1 mRNA expression at day 14. The application of transforming
growth factor-β1 increased differentiation, which was confirmed by alkaline phosphatase activity and mRNA expression while
maintaining cell viability.

1. Introduction

Recent advances have been made in three-dimensional orga-
noids, bioengineering, and organ-on-a-chip technology for
fabricating multicellular tissues [1]. One of the three-
dimensional cultures of spheroids has advantages over
two-dimensional cultures in that it mimics in vivo circum-
stances better with enhanced cell-to-cell interactions and
regeneration capabilities [2]. Cells can also grow in size
and can interact with their surroundings [3]. In a previous
report, hybrid spheroids were fabricated through the fusion
progenitor cell spheroids, endothelial cell spheroids, and

supporting stem cells to achieve increased differentiation
[4]. More recently, cellular self-assembly has led to the mim-
icry of the complexity of organ structures producing orga-
noids including the intestine and brain [5]. Organoids can
be fabricated from stem cells or progenitor cells through
self-organization [6]. Organoid models have been applied
for modeling human diseases, drug screening, and designing
drug therapy [7]. Organoids made from human teeth dem-
onstrated epithelial stemness phenotypes and differentiation
potential with long-term expandability [8]. Organoids pos-
sess cellular structures which maintain and provide stability
to the key characteristics of the targeted organs [9].
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Historically, dentin-pulp-like organoids displaying stem cell-
like and odontoblastic characteristics have been developed
and have been tested for tooth regeneration [10]. Further-
more, organoid models for the regeneration of the periodon-
tal ligament have been developed in vitro [11]. Bone
organoids exhibit the features of microvessel formation
and osteogenesis [12]. Similarly, cartilage organoids present
evidence of cartilage development and maturation of the tis-
sue [12]. Efforts have been made in organoid technology to
reach similarities in matrix context and structure to native
tissue [13].

Mesenchymal stem cells have been chosen as candidates
in regenerative medicine because of their high proliferation
and multilineage potential [2, 14]. Mesenchymal stem cells
have been isolated and characterized from the waste of var-
ious dental tissues [15–19]. Various active molecules includ-
ing transforming growth factor-β1 have been reported to be
involved in tissue differentiation and repair [20]. Bone
marrow-derived mesenchymal stem cells overexpressing
transforming growth factor-β1 enhanced new bone forma-
tion and bone-related markers in animal model [21]. Trans-
forming growth factor-β1 was reported to be involved in
dynamic interaction with dentin sialophosphoprotein found
in odontoblasts, dentin, and dental pulp [22]. Laser-
activated transforming growth factor-β1 was reported to
differentiate dental stem cells, which can be applied for
regenerative purposes [23]. This study was aimed at evaluat-
ing the effects of transforming growth factor-β1 on the
differentiation and mRNA expression of organoids made
out of human mesenchymal stem cells.

2. Materials and Methods

2.1. Study Design. The Institutional Review Board of Seoul
St. Mary’s Hospital, College of Medicine, The Catholic Uni-
versity of Korea, approved the protocol of the present study
after reviewing the documentation (KC21SASE0473;
approval date 6 July 2021). Gingiva-derived mesenchymal
stem cells (GMSCs) were obtained and characterized based
on the previous publications [24]. The epithelium of the gin-
giva was removed from the participant. The tissue was cut in
small pieces and enzymes were applied afterwards. The
obtained stem cells were placed on a culture plate, and the
media were replaced every two to three days.

2.2. Fabrication of the Stem Cell Organoids. The dome
method was performed by thawing the basement membrane
matrix (phenol red-free, lactose dehydrogenase elevating
virus-free, Matrigel®, Corning, NY, USA) for organoid cul-
turing (Figure 1). The vials of the basement membrane
matrix (Matrigel®) were submerged in ice. Once the base-
ment membrane matrix (Matrigel®) was thawed, the mate-
rial was pipetted up and down to ensure even dispersion.
The thawed basement membrane matrix (Matrigel®) for
organoid culturing was placed in a sterile culture plate that
had been sprayed with 70% ethanol and air dried. The
culture plate was placed in a 37°C environment overnight.
A dry bath set at 37°C was used so that the temperature of
the plate was consistent during the procedure.

Carefully dispensed droplets of the basement membrane
matrix (Matrigel®) were applied into the middle of the wells,
and the plate was set on a dry bath for at least ten minutes
until the domes were polymerized. After the domes were
fully polymerized, growth cell culture media were carefully
added to the wells so as not to disturb the basement
membrane matrix (Matrigel®) dome. The final concentrations
of recombinant human transforming growth factor-β1
(ab50036, Abcam, Cambridge, United Kingdom) were 0, 1,
10, and 20ng/ml. After full polymerization of the domes, the
plate was placed into an incubator.

2.3. Harvesting of the Organoids. On days 7, 9, 11, and 14,
cell culture medium from the culture plate was removed as
much as possible without disturbing the cells. Prechilled cell
recovery solution (Product Number 354253, Corning),
which is recommended for the recovery of cells cultured
on the basement membrane matrix (Matrigel®) for subse-
quent analyses with a volume greater than twice the base-
ment membrane matrix (Matrigel®) volume, was added.
The solution was pipetted up and down gently using wide
orifice tips in order to break the basement membrane matrix
(Matrigel®) without damaging the three-dimensional cul-
tures. The cultures were then incubated with cell recovery
solution (Corning) at 4°C for approximately 20 minutes.

The cultures were visualized under a microscope to
determine if the basement membrane matrix (Matrigel®)
had been fully depolymerized and three-dimensional cul-
tures floating freely from the basement membrane matrix
(Matrigel®). The cell recovery solution was removed and
reapplied in order to repeat the process.

The cultures were briefly centrifuged to separate the struc-
tures from the solution after the three-dimensional cultures
were freed from the basement membrane matrix (Matrigel®).
The cell recovery solution (Corning) was then removed, and
the cultures were washed with cold phosphate-buffered saline
(LB 004-02, Welgene, Gyeongsan-si, Gyeongsangbuk-do,
Republic of Korea) several times.

After removing the phosphate-buffered saline (Welgene),
1ml of TRIzol reagent (TR 118, TRI Reagent®, Molecular
Research Center, Inc., Cincinnati, OH, USA) was immediately
added, and the solution was stored at 4°C for approximately 2
minutes and then pipetted before the samples were collected
in 1.5ml tubes and stored at -80°C.

2.4. Quantitative Determination of Cell Viability Using
Spectrometric Analyses. Cell Counting Kit-8 (CK04-11,
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Figure 1: Schematic overview of the present study’s design.
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Dojindo, Tokyo, Japan) was used for the analysis of quanti-
tative cell viability of the cell organoids on day 14 [25]. After
adding tetrazolium and monosodium salt, the cell organoids
were cultured for 60 minutes at 37°C. Absorbance was mea-
sured at 450nm.

2.5. Evaluation of the Activity of Alkaline Phosphatase. The
activity of alkaline phosphatase, which is based on para-
nitrophenylphosphate, was used to evaluate the osteogenic
differentiation of stem cell organoids on days 7, 9, 11, and
14 using commercially available kits (AS-72146, SensoLyte
pNPP Alkaline Phosphatase Assay Kit, Anaspec Inc., Free-
mont, CA, USA) [26]. Colorimetric reaction was analyzed
at room temperature for 30 minutes, and the absorbance
was measured at 405nm.

2.6. Total RNA Extraction and Quantification of TGF-β1,
RUNX2, OCN, SOX9, and COL1A1 mRNA by Real-Time
Quantitative Polymerase Chain Reactions (qPCRs). Total
RNA extraction was performed using commercially available
kits (Thermo Fisher Scientific, Inc., Waltham, MA, USA)
according to the manufacturer’s instructions on day 14
[27]. mRNA expression was detected by qPCR on day 14.
We used GenBank to design the sense and antisense primers
for PCR assays. The primer sequences were as follows: TGF-
β1 (accession no.: NM_000660.7, forward primer 5′-GAGC
CTGAGGCCGACTACTA-3′, reverse primer 5′-AGATTT
CGTTGTGGGTTTCC-3′), RUNX2 (accession no.: NM_
001015051.3, forward primer 5′-CAGTTCCCAAGCATTT
CATCC-3′, reverse primer 5′-AGGTGGCTGGATAGTG
CATT-3′), OCN (accession no.: NM_199173.6, forward primer
5′-GGTGCAGAGTCCAGCAAAGG-3′, reverse primer 5′-
GCGCCTGGGTCTCTTCACTA-3′), SOX9 (accession no.:
NM_000346.4, forward primer 5′-CTGGGAACAACCCGTC
TACA-3′, reverse primer 5′-GGATCATCTCGGCCATCTT
C-3′), and COL1A1 (accession no.: NM_000088.4, forward
primer, 5′-TACCCCACTCAGCCCAGTGT-3′, reverse primer
5′-CCGAACCAGACATGCCTCTT-3′).

2.7. Statistical Analysis. The data were presented as the mean
of the experiments plus the standard error of the mean. A
test of normality and the equality of variances in the samples
were conducted. A two-way analysis of variance with post
hoc analysis was used to assess the effects of concentrations
and time. A one-way analysis of variance was performed
with post hoc analysis for evaluation of the effects of loading
concentration applying a commercially available program
(SPSS 12 for Windows, SPSS Inc., Chicago, IL, USA) with
a level of significance at 0.05. For each analysis, three exper-
imental replicates were examined.

3. Results

3.1. Evaluation of Cell Morphology. The morphology of the
organoids treated with transforming growth factor-β1 at
final concentrations of 1, 10, and 20ng/ml on day 7 is shown
in Figure 2. The organoids grew larger and were more intact
with longer incubation times. On day 7, the diameters were

113:2 ± 24:7, 129:7 ± 10:4, 142:2 ± 21:5, and 166:2 ± 42:3
μm for transforming growth factor-β1 at final concentra-
tions of 0, 1, 10, and 20ng/ml, respectively (P > 0:05). On
day 14, the diameters were 222:2 ± 9:6, 186:1 ± 4:8, 197:2
± 9:6, and 211:1 ± 19:2m for transforming growth factor-
β1 at final concentrations of 0, 1, 10, and 20ng/ml, respec-
tively (P < 0:05) (Figure 3).

3.2. Determination of Quantitative Cellular Viability. The
quantitative values for cellular viability on day 14 are shown
in Figure 4. The relative values for transforming growth
factor-β1 at concentrations 1, 10, and 20ng/ml were
98:7% ± 5:6%, 101:5% ± 9:4%, and 105:5% ± 8:3%, respec-
tively, when the control was considered 100% (100:0% ± 9:6%)
(P > 0:05).

3.3. Alkaline Phosphatase Activity Assays. The alkaline phos-
phatase activity treated with transforming growth factor-β1
on days 7, 9, 11, and 14 is shown in Figure 5. The relative
values for transforming growth factor-β1 at concentrations
1, 10, and 20ng/ml on day 7 were 84:3% ± 5:7%, 132:2% ±
17:3%, and 110:6% ± 3:3%, respectively, when the control
was considered 100% (100:0% ± 26:7%) (P < 0:05). The rela-
tive values for transforming growth factor-β1 at concentra-
tions 1, 10, and 20ng/ml on day 14 were 511:5% ± 9:0%,
489:4% ± 17:6%, and 495:7% ± 23:0%, respectively, when
the control was considered 100% (440:7% ± 10:9%)
(P < 0:05).

3.4. Total RNA Extraction and Quantification of TGF-β1,
RUNX2, OCN, SOX9, and COL1A1 mRNA by qPCR. qPCR
revealed that the mRNA levels of TGF-β1 for transforming
growth factor-β1 at concentrations 0, 1, 10, and 20ng/ml
on day 14 were 1:001 ± 0:058, 1:384 ± 0:864, 1:761 ± 0:527,
and 2:030 ± 0:382, respectively, on day 14 (P > 0:05)
(Figure 6(a)). qPCR revealed that the mRNA levels of
RUNX2 for transforming growth factor-β1 at concentra-
tions 0, 1, 10, and 20ng/ml on day 14 were 1:044 ± 0:394,
1:504 ± 0:520, 1:294 ± 0:527, and 0:755 ± 0:212, respectively,
on day 14 (P > 0:05) (Figure 6(b)). qPCR revealed that the

Day 7

Day 9

0 ng/ml 10 ng/ml1 ng/ml 20 ng/ml

Day 11

Day 14

Figure 2: Evaluation of cell morphology on days 7, 9, 11, and 14 using
inverted microscopy following treatment with different concentrations
of transforming growth factor-β at final concentrations of 1, 10, and
20ng/ml in osteogenic media (original magnification ×200). The bar
indicates 100μm.
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mRNA levels of OCN for transforming growth factor-β1 at
concentrations 0, 1, 10, and 20ng/ml on day 14 were 1:004
± 0:118, 2:502 ± 1:191, 1:286 ± 0:475, and 0:974 ± 0:132,
respectively, on day 14 (P > 0:05) (Figure 6(c)). qPCR
revealed that the mRNA levels of SOX9 for transforming
growth factor-β1 at concentrations 0, 1, 10, and 20ng/ml
on day 14 were 1:053 ± 0:387, 1:666 ± 0:470, 1:228 ± 0:603,
and 1:220 ± 0:297, respectively, on day 14 (P > 0:05)
(Figure 6(d)). qPCR revealed that the mRNA levels of
COL1A1 for transforming growth factor-β1 at concentra-
tions 0, 1, 10, and 20ng/ml on day 14 were 1:001 ± 0:050,
1:656 ± 0:218, 1:509 ± 0:043, and 1:167 ± 0:177, respectively,
on day 14 (P > 0:05) (Figure 6(e)).

4. Discussion

This study tested the effects of transforming growth factor-
β1 on cellular viability and osteogenic differentiation using
cell organoids made out of stem cells. The use of transform-
ing growth factor-β1 increased differentiation, which was
confirmed by alkaline phosphatase activity and mRNA
expression while maintaining cell viability.

The important key factors for tissue engineering includes
cells, growth factors, and scaffolds [28]. In a previous report,
the combination of bone marrow-derived stem cells and
periodontal ligament cells leading to multiphasic constructs
produced superior results when compared with gingiva-
derived cell sheets [29]. Gingiva-derived stem cells originate
from the neural crest, and they have been actively applied in
the field of dentistry for tissue regeneration [30–32].
Gingiva-derived stem cells have great advantage that they
can be obtained during routine procedures under local anes-
thesia with easy accessibility and less morbidity [24]. Para-
crine effects were higher in the three-dimensional cultures
fabricated with gingiva-derived stem cells when compared
with two-dimensional cultures [33]. Moreover, various
agents have been applied to increase the functionality of
stem cells composed of gingiva-derived stem cells with
higher efficacy from the combination approach [31, 34].

To overcome bony deformities in the oral and maxillofa-
cial region, autogenous, allogenic, or xenogenic bone grafts
have been used for bone regeneration [35]. This approach
can be considered as an attractive and reproducible
approach [36]. However, various methods have been sug-
gested such as cell therapy using viable cells including stem
cells that have been proposed as an improved method to
enhance biologic responses [37]. The advantage of the orga-
noid model is the application of stem cells without the use of
scaffolds [38]. Organoids can be fabricated from participants
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Figure 4: Cellular viability using the CCK-8 assay on day 14. The
application did not produce significant changes in cellular
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Figure 6: Continued.

5BioMed Research International



with healthy or diseased conditions and can mimic individ-
ual conditions [9]. Lineage-specific organoids have been fab-
ricated and tested for cardiac regeneration [39]. Organoid
models for bone regeneration are being tested, and the pro-
tocol needs to be further developed for the maturation of the
organoids performed in vitro [40]. A previous report dem-
onstrated that cartilaginous organoids made out of pluripo-
tent stem cell-derived promoted the scaffold-free healing of
long bone defects with critical size [35]. Furthermore, the
development of blood vessels and communication with sur-
rounding tissue can lead to greater development and more
wide use of the organoids in bone regeneration [41]. The
control of the coating material for the culturing dish and
loading density of the cells may influence the characteristics
of the organoids [42]. This study showed that the soundness
of differentiation potential develops better with longer incu-
bation times.

Transforming growth factor-β signaling has been shown
to regulate osteogenic differentiation through Wnt signaling
[43]. Moreover, transforming growth factor-β signaling is
known to be involved in the differentiation of odontoblasts
[44]. Transforming growth factor-β can be released during
caries development and is reported to be involved in the
repair of dentin [45]. Two receptor types for transforming
growth factor-β have been implicated in transforming
growth factor-β-induced signaling [46]. The expression level
of transforming growth factor-β receptor type 1 was higher
in reparative dentin when compared with normal dentin
[47]. Animal models with the deletion of transforming
growth factor-β receptor type 2 in bone-producing mesen-

chyme led to an alteration in osteoblast organization [48].
Similarly, the deletion of transforming growth factor-β
receptor type 2 in odontoblastic precursor cells resulted in
the abnormal development of osteodentin [49].

In this study, we fabricated organoids from a single cell
type of gingiva-derived stem cells [50]. Cellular viability
was tested using various methods [51, 52]. Propidium iodide
was used due to the characteristics of labeling dead cells [51].
The 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide assay evaluated the activity of mitochondrial
enzymes [52]. Quantitative cell viability test was conducted
using the Cell Counting Kit-8 (Dojindo, Tokyo, Japan)
which is based on the use of a water-soluble tetrazolium
salt-8 solution [53]. Alkaline phosphatase activity was used
to evaluate the differentiation of stem cells using p-
nitrophenyl phosphate as a phosphatase substrate [26].
The specific osteogenic markers (RUNX2, OCN, and
COL1A1) and the chondrogenic marker (SOX9) were com-
pared with the quantification of expression by real-time
polymerase chain reactions. RUNX2 is essential for osteo-
genesis and osteoblast maturation and is an important regu-
lator of the ALP, COL1A1, and OCN genes. ALP and
COL1A1 are matrix-mineralizing proteins, and their expres-
sion is important for bone matrix assembly. TGF-β1,
RUNX2, OCN, SOX9, and COL1A1 are also considered cru-
cial for odontoblast differentiation and are related with
tooth-related gene expressions [54]. Osteocalcin is consid-
ered as an odontogenic gene marker [55]. The role of the
SOX9 gene in biological processes includes organogenesis
and tooth development [56]. COL1A1 is associated with
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Figure 6: Quantification of the expression of mRNA by real-time polymerase chain reactions on day 14. (a) Quantification of the expression
of TGF-βmRNA by real-time polymerase chain reactions on day 14. No statistically significant differences were noted when compared with
the 0 ng/ml group (P > 0:05). (b) Quantification of the expression of RUNX2 mRNA by real-time polymerase chain reactions on day 14. No
statistically significant differences were noted when compared with the 0 ng/ml group (P > 0:05). (c) Quantification of the expression of
OCN mRNA by real-time polymerase chain reactions on day 14. No statistically significant differences were noted when compared with
the 0 ng/ml group (P > 0:05). (d) Quantification of the expression of SOX9 mRNA by real-time polymerase chain reactions on day 14.
No statistically significant differences were noted when compared with the 0 ng/ml group (P > 0:05). (e) Quantification of the expression
of COL1A1 mRNA by real-time polymerase chain reactions on day 14. Statistically significant differences were found, when compared to
the 0 ng/ml group (P < 0:05).
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tooth regeneration, and the patterns of expression of
COL1A1-GFP transgenes during odontoblast differentiation
correlate with the expression of DSPP [57]. Although RUNX2,
OCN, and COL1A1 expression did not exhibit statistically sig-
nificant differences compared with the 0ng/mL group, an
enhancement of ALP activity was observed. As expected,
SOX9 (a chondrogenic marker) expression was unaffected.

5. Conclusions

The application of transforming growth factor-β1 increased
differentiation, which was confirmed by alkaline phospha-
tase activity and mRNA expression, while maintaining cell
viability. Based on these findings, we concluded that trans-
forming growth factor-β1 could be applied for the enhanced
differentiation of cell organoids.
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