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Abstract
Human dental follicle cells (HDFCs) are an ideal cell source of stem cells for dental tissue repair and regeneration and they have
great potential for regenerative medicine applications. However, the conventional monolayer culture usually reduces cell pro-
liferation and differentiation potential due to the continuous passage during in vitro expansion. In this study, primary HDFC
spheroids were generated on 1% agarose, and the HDFCs spontaneously formed cell spheroids in the agarose-coated dishes.
Compared with monolayer culture, the spheroid-derived HDFCs exhibited increased proliferative ability for later passage
HDFCs as analysed by Cell Counting Kit-8 (CCK-8). The transcription-quantitative polymerase chain reaction (qRT-PCR),
western blot and immunofluorescence assay showed that the expression of stemness marker genes Sox2, Oct4 and Nanog was
increased significantly in the HDFC spheroids. Furthermore, we found that the odontogenic differentiation capability of HDFCs
was significantly improved by spheroid culture in the agarose-coated dishes. On the other hand, the osteogenic differentiation
capability was weakened compared with monolayer culture. Our results suggest that spheroid formation of HDFCs in agarose-
coated dishes partially restores the proliferative ability of HDFCs at later passages, enhances their stemness and improves
odontogenic differentiation capability in vitro. Therefore, spheroid formation of HDFCs has great therapeutic potential for stem
cell clinical therapy.
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Introduction

Multipotent mesenchymal stromal cells (MSCs) have
been extensively explored as a stem cell source for several
clinical applications, including cancer, graft-versus-host
disease, neurodegenerative disease, perianal fistulas, car-
diac disorders and COVID-19 (Levy, et al. 2020). A large
number of MSCs require in vitro amplification because
the number of cells isolated from tissue is too small for
therapeutic applications (Mushahary, et al. 2018). The
traditional methods for cell culture and amplification are
mainly used two-dimensional culture techniques. It has
been shown that conventional 2D monolayer culture in-
fluences cell behaviour, resulting in cell senescence, loss
of cell proliferation, impaired multipotency and loss of
differentiation potential by continuous passages during
in vitro expansion (Charriere, et al. 2010, McKee and
Chaudhry, 2017a). Therefore, large-scale expansion of
MSCs maintaining the proliferation and stemness
in vitro and identifying optimal culture conditions is es-
sential for clinical therapeutic needs.
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In their tissue microenvironments, stem cells maintain
their stemness properties by biochemical and biophysical
factors collectively termed the stem cell niche, which com-
prises soluble growth factors, cell-cell interactions and
cell-extracellular matrix interactions (Watt and Hogan,
2000, Morrison and Spradling, 2008, Discher, et al.
2009). Compared with conventional monolayer cultures,
three-dimensional (3D) culture methods are a new ap-
proach for the expansion of MSCs and offer a cellular
niche mimicking the in vivo environment (McKee and
Chaudhry, 2017b). Several previous studies have demon-
strated that MSCs cultured in 3D spheroids show enhanced
cell viability, stemness, differentiation potential and anti-
inflammatory properties compared to monolayer cells
(Bartosh, et al. 2010, Huang, et al. 2011, Cheng, et al.
2012). Furthermore, a recent study demonstrated that co-
culture of late passage adipose-derived stem cells (ASCs)
and endothelial colony-forming cells (ECFCs) can restore
native ASC function by reversing cellular senescence
in vitro. When transplanted into mice with ASC/ECFC,
3D spheroids demonstrated to have pro-angiogenic capac-
ity and promote healing (Hu, et al. 2020). Our previous
studies have shown that the rat dental follicle stem cells
(rDFSCs) exhibited spheroid growth in Matrigel 3D cul-
tures and promoted BMP9-induced bone formation (Fu,
et al. 2019). Multicellular spheroid culture is the simplest
3D culture methods, allowing 3D interactions between the
cells and the ECM in the absence of additional substrates
(Baraniak and McDevitt, 2012). Hydrogels such as colla-
gen (Yamada, et al. 2015), Matrigel (Miao, et al. 2014),
chitosan (Fukuda, et al. 2006) and agarose (Kuwashima,
et al. 1993) can be used as bio-mimicking scaffolds for
MCSs to induce cell-matrix interactions in multicellular
spheroids. Agarose is a natural polysaccharide polymer
and particularly attractive as its excellent biocompatibility,
low cost and thermo-reversible gelation behaviour can in-
duce spheroid formation and the spheroids’ stemness ex-
pression increased significantly and enhanced adipogene-
sis and chondrogenesis differentiation potential of human
adipose-derived stem cells (Tsai, et al. 2019). Moreover,
agarose as its permeability character to gas and small bio-
molecules can be applied to evaluate the efficiency of anti-
cancer drugs (Tang, et al. 2016). However, it is unclear
whether the stemness properties and differentiation poten-
tial of HDFCs can be maintained or improved by spheroid
culture.

In the present study, we employed an agarose culture meth-
od that is easy and effective to produce spontaneous spheroid
in vitro. We assessed whether the proliferative activity and
stemness properties of 3D spheroid HDFCs are improved than
those of 2D monolayer HDFCs. In addition, we further exam-
ined the odonto/osteogenic differentiation potential of 3D
spheroid HDFCs in vitro.

Materials and methods

Isolation and culture of HDFCs Primary human HDFCs were
isolated from third molars of dental follicle tissue obtained
during surgical extracted wisdom teeth as previously de-
scribed. The Ethics Committee approved all procedures of
Chongqing Medical University, and all samples were collect-
ed with informed consents. Dental follicle tissue was cut into
small pieces and vibrated for 30min in an enzyme solution
containing collagenase I (1 mg/mL) that degrades the extra-
cellular matrix at 37°C. The suspension was collected by cen-
trifugation at 1000 rpm, and the single cells and tissue pieces
transferred to α-modified Eagle’s medium (α-MEM, (Gibco,
Grand Island, NY) supplemented with 10% FBS (Gibco) and
1% penicillin-streptomycin (Gibco) in a humidified incubator
at 37°C with 5% CO2 for 72 h. For differentiation, cells were
grown to confluence and induced with differentiation medium
(10 mM β-glycerophosphate, 100 nM dexamethasone and 50
μg/mL ascorbic acid).

Flow cytometric For flow cytometry analysis, HDFCs were
harvested at passage 2, 106 suspended cells were washed and
stained by incubation with the following antibodies and cor-
responding isotype controls: FITC-conjugated mouse antihu-
man CD34 (BD Biosciences, San Diego, CA), FITC-
conjugated mouse antihuman CD45 (BD Biosciences),
FITC-conjugated mouse antihuman CD90 (BD Biosciences)
and FITC-conjugated mouse antihuman CD105 (BD
Biosciences), and after 30 min of incubation and washing
twice with PBS subsequently centrifuged for 5 min at 250g,
and cells were resuspended in 500 mL PBS and filtered
through a 100-μm strainer. Samples and controls were mea-
sured by a BD Flow Cytometer (BD Biosciences), and data
analysed using FlowJo 7.6.1 software.

Spheroid culture To prepare 1% (w/v) agarose-coated dish,
a g a r o s e p u r i f i e d p owd e r (B IOWEST , GENE
COMPANYLTD, Hongkong, China) was dissolved into
phosphate-buffered saline (PBS, Beyotime, Beijing, China).
After high-pressure sterilisation, 3 mL of the agarose solution
was added to each 10 cm culture dish, with gelation at room
temperature. For spheroid formation, HDFCs at passage 3 or
continuous passage 12 cells in vitro grown as monolayer were
dissociated into single cells and seeded into agarose-coated
dish at a cell density of approximately 100,000 cells/cm2,
and then incubated at 37°C with 5% CO2 for 4 d. Images of
the HDFC spheroids were photographed by phase-contrast
microscopy on cultured days 0, 2 and 4, and the diameters
of spheroids were measured using ImageJ.

Cell proliferation assay The proliferation of spheroid culture
and monolayer culture for later passage (P12) HDFCs was
investigated. Spheroids that after 4 d of culture on 1%
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agarose–coated dishes were dissociated by trypsin/EDTA,
monolayer and spheroid-derived HDFCs were seeded at a
density of 2000 cells per well in 96-well plates. Monolayer
culture early passage (P3) was a control group. The cell num-
ber was measured at 550 nm by EnSpire Multimode Plate
Reader (PerkinElmer, Waltham, MA) every day lasting for 7
d using the Cell Counting Kit-8 (Beyotime, Beijing, China)
according to the manufacturer’s instruction.

Real-time PCR Total RNA from monolayer cells or spheroid
was extracted using RNAiso Plus reagent (TaKaRa, Shiga,
Japan) according to the manufacturer’s instructions. First-
strand cDNA was synthesised by PrimeScript™ RT Master
Mix (TaKaRa) according to the manufacturer’s protocol.
Real-time PCR was performed using a TB Green® Premix
Ex Taq™ II (TaKaRa). CFX Connect Real-time PCR
Detection System (BIO-RAD, Hercules, CA) was used to per-
form and quantify relative amounts of target genes mRNA
with glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
as an internal control. A primer list used in this study is pro-
vided in Table 1.

Western blot The protein expression was determined by west-
ern blot. Monolayer and spheroid HDFCs were resuspended
in RIPA lysis buffer (Beyotime) and sonicated. After centri-
fugation, the protein content was determined in the superna-
tants by a BCA Kit (Beyotime). A total of 30 μg of proteins
from spheroids or monolayer cells was added and separated
by sodium dodecyl sulfate-polyacrylamide gel electrophore-
sis, and then blotted onto polyvinylidene difluoride mem-
branes. Western blot was performed using anti-Oct4
(1:1000, Cell Signaling Technology, Danvers, MA), anti-
Sox2 (1:1000, Cell Signaling Technology), anti-Nanog
(1:1000, Cell Signaling Technology), anti-ALP (1:200,
Santa Cruz Biotechnology, Santa Cruz, CA), anti-OPN
(1:200, Santa Cruz Biotechnology), anti-ON (1:200, Santa
Cruz Biotechnology), anti-BSP (1:200, Santa Cruz

Bio technology) , an t i -DSPP (1 :200, San ta Cruz
Biotechnology), anti-DMP-1 (1:200, Abcam, Cambridge,
MA) and anti-GAPDH (1:2000, Santa Cruz Biotechnology).
The membranes were incubated with the primary antibodies
overnight at 4°C. After extensive washing, the membranes
were further incubated with horseradish peroxidase–
conjugated secondary antibodies (1:4000, Abcam) for 1 h.
The blots were visualised using an enhanced chemilumines-
cence BeyoECL star detection kit (Beyotime) and
ChemiDoc™ Imaging System quantified band intensities.

Immunofluorescence stainingAfter 4 d, spheroid formation or
monolayer on slides was washed with PBS and fixed in 4%
paraformaldehyde at room temperature for 10 min, after three
times washed with PBST, and permeabilised with 0.1%Triton
X-100 solution for 15 min at room temperature. Then, washed
with PBST, primary antibodies were then incubated with sam-
ples overnight at 4°C: anti-Oct4 (1:200, Cell Signaling
Technology), anti-Sox 2(1:200, Cell Signaling Technology),
anti-Nanog (1:200, Cell Signaling Technology), anti-CK14
(1:200, ZSGB-BIO, Beijing, China), anti-Vimentin (1:200,
ZSGB-BIO), anti-DSPP (1:100, Santa Cruz Biotechnology)
and anti-DMP-1 (1:100, Abcam). After incubation with pri-
mary antibodies, samples were washed with PBST and then
incubated with goat anti-rabbit IgG/RBITC or goat anti-
mouse IgG/RBITC (1:100, Solarbio Life Science, Beijing,
China) for 1 h at room temperature. For nuclear DNA dye,
the samples were mounted with DAPI. Images were captured
using the Leica TCS SP8 laser scanning confocal microscopy
system.

Alizarin red staining and quantification of calcification After
21 d of induction culture, cells from each group were
rinsed three times with PBS, fixed in 4% paraformalde-
hyde solution at room temperature for 15 min and
washed three times with distilled water. Then, the cells
were incubated with 0.2% Alizarin red solution

Table 1 Sequences of primers used for qRT-PCR in this study

Gene Forward Reverse

Sox2 5′-TCAGGAGTTGTCAAGGCAGAGAAG-3′ 5′-GCCGCCGCCGATGATTGTTATTAT-3′

Oct4 5′-GATGGCGTACTGTGGGCCC-3′ 5′-CAAAACCCGGAGGAGTCCCA-3′

Nanog 5′-AACGGCCTGACTCAGAAGGGCT-3′ 5′-AAGGTTTCCAGACGCGTTCATCA-3′

ALP 5′-TAAGGACATCGCCTACCAGCTC-3′ 5′-TCTTCCAGGTGTCAACGAGGT-3′-3′

DSPP 5′-CTGTTGGGAAGAGCCAAGATAAG-3′ 5′-CCAAGATCATTCCATGTTGTCCT-3′

DMP-1 5′-GTGAGTGAGTCCAGGGGAGATAA-3′ 5′-TTTTGAGTGGGAGAGTGTGTGC-3′

ON 5′-CCCATTGGCGAGTTTGAGAAG-3′ 5′-CAAGGCCCGATGTAGTCCA-3′

OPN 5′-CAGTTGTCCCCACAGTAGACAC-3′ 5′-GTGATGTCCTCGTCTGTAGCATC-3′

BSP 5′-GATTTCCAGTTCAGGGCAGTAG-3′ 5′-CCCAGTGTTGTAGCAGAAAGTG-3′

GAPDH 5′-TGCACCACCAACTGCTTAGC-3′ 5′-GGCATGGACTGTGGTCATGAG-3′
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(Solarbio, Beijing, China) for 30 min at room tempera-
ture, removing dye solution, and washed with deionised
water three times. Images were taken by a microscope, to
quantify the degree of calcification by using ImageJ
software.

Statistical analysisAll measurements are presented asmeans ±
SD. Statistical significance was evaluated using an
independent-samples Student t test; two-tailed Student’s t test
was used to detect the differences between the groups. All
statistical analyses were performed using Graph Pad Prism
5. Statistically significant values were defined as *p < 0.05
and **p < 0.01.

Results

Isolation and identification of HDFCs The primary HDFCs
were isolated and cultured; the adherent cells exhibited
MSC typical spindle-shaped and fibroblast-like morpholo-
gy (Fig. 1A–C). The immunofluorescence staining results
exhibited positively expressed mesenchymal cell marker

vimentin but no expression of the epithelial cell marker
CK14 (Fig. 1D). The surface marker expression character-
istics were also analysed using flow cytometry, as the re-
sults demonstrated that HDFCs showed positive expres-
sion of the mesenchymal surface markers CD90 and
CD105 but lacked expression of CD34 and CD45, suggest-
ing HDFCs lack haematopoietic lineages (Fig. 1E). These
results indicate that HDFCs retain mesenchymal pheno-
types and mesenchymal stem cell characteristics.

Spheroid culture of HDFCs can partially restore the activity of
later passage cell proliferation HDFC primary clusters were
seeded to 1% agarose–coated dishes and cultured to form
HDFC spheroid (Fig. 2A). HDFCs plated on the 1%
agarose–coated dishes did not attach to the dish surface but
formed spheroids; field microscopy observes showed that
small spheroids with different sizes close to the shape of a
sphere formed at day 2, and the diameter of HDFC spheroid
expanded to 20 to 150 μm after 4 d (Fig. 2B). In addition, we
found that those HDFCs expanding continuously for 12 gen-
erations showed an ageing phenotype and were challenging to
expand, but the 3 passages of HDFCs maintained high cell

Fig. 1. Isolation and characterisation of human dental follicle cells. (A)
Isolated third molars and dental follicles (arrow). (B, C) Representative
morphology images of HDFC passage 1 and passage 3. (D)

Immunocytofluorescence staining for vimentin and CK14 at passage 3.
(E) Representative flow cytometry analysis of HDFCs for surface
markers CD90, CD105, CD34 and CD45.
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viability. However, those cells derived from late passage
HDFC spheroids (P12-spheroids) can restore proliferation
(Fig. 2C). Moreover, the CCK-8 cell proliferation assay ob-
served that spheroid culture conditions significantly restored
the viability of the later passages of HDFCs and promoted
their proliferation but exhibited decreased viability compared
to the early passage cells (Fig. 2D). Our results suggest that the
HDFCs from spheroid suspension culture can partially restore
the proliferation ability of later passages of HDFCs.

Enhancement of stemness in HDFCs under spheroid culture
Sox2, Oct4 and Nanog are important transcription

factors for maintaining the pluripotency and stemness
of stem cells. The qRT-PCR analysis showed that the
mRNA levels of pluripotency genes Sox2, Nanog and
Oct4 in HDFC spheroids cultured were significantly
higher than those in the monolayer-cultured group
(Fig. 3A). The protein level analysed by western blot
showed that Sox2, Oct4 and Nanog protein level was
higher in spheroids than those cells in the monolayer
culture (Fig. 3B). Immunofluorescence staining also
showed that the HDFC spheroids were positive for
Sox2, Oct4 and Nanog, whereas monolayer culture
showed lower or no expression for these markers (Fig.

Fig. 2. Characteristics of HDFC spheroid formation and HDFC
proliferative ability of early passage or derived from late passage
spheroids. (A) The technology used for the generation of HDFC
spheroids. (B) The growing process captured for morphology of
spheroid culture formation was observed at day 0, day 2 and day 4. The
scale bar is 100 mm. (C) The morphology of HDFCs grown in

monolayer culture at passage 3 (P3) and passage 12 (P12) or the
HDFCs derived from spheroid formation from passage 12 cultures
(P12-spheroids). Scale bar: 100 μm. (D) Growth curves of HDFCs de-
rived from monolayer and spheroid cultures at the initial seeding density
of 5 × 104 cells/mL.
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3C). These data indicate that HDFC spheroid culture
can promote the expression of pluripotent markers and
enhance stemness properties compared with monolayer
culture.

Odonto/osteogenic differentiation of cells from DFSCs spher-
oid In order to compare odonto/osteogenic differentiation po-
tential, we seeded DFSC spheroids or monolayer-cultured
DFSCs on culture plates in odonto/osteogenic induction me-
dium. DFSC spheroid adhered and grew into monolayers.
After 14 d of culture in induction medium, compared with
monolayer HDFCs, the qRT-PCR analysis showed that the
odontogenic differentiation–related genes significantly in-
creased and osteogenic marker genes decreased in HDFC
spheroids (Fig. 4A). Western blot analysis also revealed a high
expression of odontogenic differentiationmarkers DMP-1 and
DSPP, whereas the osteogenic markers ALP, BSP, ON and
OPN in HDFC spheroids induced by odonto/osteogenic

induction medium were weakly expressed (Fig. 4B). In addi-
tion, immunofluorescence staining demonstrated that the
odontogenic differentiation–related genes DMP-1 and DSPP
were positive and more expressed in HDFC spheroids of dif-
ferentiation with odonto/osteogenic induction medium (Fig.
4C). After 21 d of culture in odonto/osteogenic induction me-
dium, mineralised nodules were detected by Alizarin red S
staining. Alizarin red mineralised nodules were markedly in-
creased in the HDFC spheroids compared with those from
monolayer culture (Fig. 4D). These data demonstrate that
HDFC spheroids significantly promoted odontogenic differ-
entiation and prevented osteogenic induction in vitro.

Discussion

Traditionally, bone marrow (BM) has been the prevailing
source of MSC in humans. Cells from the BM can be

Fig. 3. Enhanced expression of stemness markers in HDFC spheroids.
(A) The mRNA expression analysis via qRT-PCR for pluripotency mark-
er genes in HDFC spheroids after 4 d of culture on 1% agarose–coated
dishes (**p < 0.01, unpaired Student’s t test, n = 3). (B) Western blot

assays of the protein level for pluripotency factors in HDFC spheroids
and monolayer. (C) Representative images of phenotype by immunoflu-
orescence staining in HDFC spheroids.
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i nduced to mul t i l i neage inc lud ing os t eogen ic ,
chondrogenic and adipogenic differentiation potential
(Pittenger, et al. 1999). However, commonly and tradition-
ally isolated MSCs from bone marrow, adipose tissue and
umbilical cord blood can present many practical limita-
tions, including the difficulty and the invasiveness of the
isolation procedures (Berebichez-Fridman and Montero-
Olvera, 2018). Dental MSCs, which share properties with
MSCs, can be isolated with ease from distinct dental/oral
tissues, making them an attractive source of autologous
stem cells for broad application in regenerative medicine
(Volponi and Sharpe, 2013). These dental MSCs can be
obtained from different dental tissues, such as the

periapical cyst, exfoliated deciduous teeth (Miura, et al.
2003), dental follicle (Morsczeck, et al. 2005), periodontal
ligament (Seo, et al. 2004), root apical papilla (Sonoyama,
et al. 2008) and dental pulp (Gronthos, et al. 2000). Dental
MSCs have been found to have easy accessibility, genomic
stability, immunomodulatory features and multilineage dif-
ferentiation capacities; all these characteristics of dental
MSCs make them as a precious stem cell source for regen-
erative medicine and stem cell–based therapy (Andrukhov,
et al. 2019, Gan, et al. 2020). Among the dental tissues, the
dental follicle surrounds the tooth germ and can be easily
separated from extracted wisdom teeth. The stem cells
from this tissue (DFCs) comprise a cell mixture of

Fig. 4. Enhancement of odontogenic differentiation in HDFCs from
spheroid culture in vitro. (A) Quantitative RT-PCR analysis of odonto/
osteogenic differentiation marker gene expression levels after induction
for 14 d. (B) Expression of odonto/osteogenic differentiationmarker gene
in spheroid and monolayer HDFCs analysed by western blot after induc-
tion for 14 d. (C) Immunofluorescence staining of odontogenic

differentiation maker genes DSPP and DMP-1. (D) Microscopic images
of monolayer and spheroid-derived HDFCs cultured in osteogenic induc-
tion media for 21 d. Calcified nodule formation was stained with Alizarin
red, and quantification analyses of Alizarin red were performed. Scale
bars = 100μm. *p < 0.05, **p < 0.01.
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heterogeneous populations of stem cells and progenitor
cells for cementoblasts, periodontal ligament cells and os-
teoblasts (Morsczeck, et al. 2005). It is believed that
HDFCs with multiple differentiation potential have great
potential for both dentin formation and regeneration.
However, maintaining the stemness properties and enhanc-
ing the therapeutic potential of HDFCs during traditional
adherent culture are still challenging.

In this study, the HDFCs were separated from impacted
third molars, and the fibroblast-like and spindle-shaped mor-
phology was observed and similar to previous reports.
Immunofluorescence staining showed the positive expression
of the mesenchymal cell marker vimentin, flow cytometry
analysis showed that HDFCs displayed expression of the mes-
enchymal stem cell markers CD146 and CD90, but did not
express the haematopoietic lineage markers CD34 and CD45.
Our observations showed that HDFCs have high proliferative
activity, but cell proliferation decreased significantly. In addi-
tion, cells were challenging to be subcultured after 12 contin-
uous passages in vitro. The later passage HDFCs exhibited
secrete senescence-associated secretory phenotype (SASP),
which is a characteristic of cellular senescence (Malaquin,
et al. 2016). During in vitro expansion on two-dimensional
(2D) plastic culture plates, MSC proliferation is limited by the
cellular senescence and lose their stemness properties and dif-
ferentiation capacity. Cells usually require biological signals
from the cellular niches, encouraging proliferation and en-
hancing cellular viability (Cui, et al. 2017, Ryu, et al. 2019).

To overcome the limitations associatedwith 2D culture, 3D
cell culture models were developed to create tissue-like struc-
tures and recreate a more physiologically relevant environ-
ment (Abbott 2003, Knight and Przyborski, 2015). So far,
numerous 3D in vitro models have been developed, such as
cellular organoids (Kratochvil, et al. 2019), spheroids (Lee,
et al. 2018), cell-laden biomimetic constructs (Koo, et al.
2018) and mini-organs (Noor, et al. 2019). Spheroids are
formed via one or more cell types proliferating, differentiating
and self-organising within close proximity to one another.
Compared with traditional monolayer culture system, 3D
spheroids maintain their intrinsic phenotypic properties by
cell-extracellular matrix interactions, and this technique is a
promising three-dimensional cell culture method showing ap-
plicability in various fields such as cancer research, stem cell
biology and regenerative medicine (Cesarz and Tamama,
2016. Previous reports have established forming hepatocyte
spheroids by using agarose-coated dishes (Hasebe, et al.
2005). In this study, agarose was used as biomaterial to con-
struct a 3D structure of HDFC spheroids as it is natural, low
cost and non-toxic. We applied the agarose culture method to
HDFC spheroid formation for the first time. The HDFCs plat-
ed on 1% agarose–coated dish rapidly self-assembled to form
a cubical morphology, and then, formed spheroids have dif-
ferent sizes; the diameter of the sphere is between 20 and 150

microns (Fig. 2). A recent study used agarose for a microwell-
based approach to prepare size-controlled and highly viable
glioma spheroids, and the final size of these homogeneous
spheroids depended on cell seeding density and microwell
size (Mirab, et al. 2019). Together, these results demonstrate
that agarose is a practical material for 3D cell culture for
HDFC spheroid formation and has therapeutic potential for
tissue engineering.

HDFCs are regarded as the ideal cell source for tissue re-
generation and regenerative medicine due to it being easily
isolated from discarded teeth. A previous study showed that
DFCs could easily be cultured for more than 6 passage
(Morsczeck, et al. 2005). However, after long-term culture
in vitro, cell proliferation decreased significantly and finally
stopped (Morsczeck, et al. 2019). Therefore, cell senescence
and loss of differentiation potentials compromised HDFC
clinical application. In this study, our results show that
HDFCs within spheroids can be further expanded in mono-
layer culture.

Moreover, another interesting feature of HDFC spheroids
is that spheroidal formation can restore cell senescence prop-
erties of late passage (passage 12) of HDFCs in vitro.
Spheroid-derived late passage HDFCs exhibited significantly
increased proliferation ability (Fig. 2), consistently with pre-
vious studies. A study showed that senescence was signifi-
cantly decreased in spheroid culture of adipose-derived stem
cells in vitro, compared with monolayer cells (Cheng, et al.
2013). A recent study demonstrated that late passage ASC
cellular senescence can be reversed through co-culture with
ECFCs in vitro (Hu, et al. 2020). In addition, proliferation
comparison of late passage HDFC spheroid-derived cells
and early passage HDFCs demonstrated that HDFCs derived
from spheroid formation by passage 12 displayed lower pro-
liferation than passage 3. This suggests that cell senescence is
caused by long-term culture in vitro and that it is an irrevers-
ible process.

Several recent reports have demonstrated an increased
stemness property by spheroid formation culture. The 3D
spheroid MSC culture dramatically upregulates stemness
markers compared with the 2D monolayer MSC culture and
contributes to a shorter regenerative healing process, includ-
ing new bone formation (Imamura, et al. 2020). Consistent
with previous studies, this study also shows the spheroidal
formation increased gene expression of pluripotency marker
genes such as Nanog, Sox2 and Oct4. To explore the role of
spheroid culture methods in the odontogenic differentiation of
HDFCs, we examined the gene expression of ALP, ON, OPN
and BSP as osteogenic differentiation markers, and DSPP and
DMP-1 as odontogenic differentiation markers. DSPP and
DMP1 play an important role during early odontoblastic dif-
ferentiation and late dentin mineralization, and high levels of
expression of ALP, OPN and ON regard to early/late osteo-
blastic differentiation (Ching, et al. 2017). The formation of
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calcified nodules was also examined. It is now obviously ac-
cepted that ALP, DSPP and DMP-1 play important roles in
hard tissue mineralization (Suzuki, et al. 2012, Schutte, et al.
2013). Previous studies have indicated that DSPP is a down-
stream effector molecule of DMP1 and is essential for dentin
formation (George, et al. 1993, Gibson, et al. 2013). DFCs, as
a prospective seeding cell, exhibited strong osteogenesis and
adipogenesis capacities (Yang, et al. 2019). This study found
that the expression levels of odontogenic-related genes DSPP
and DMP1were significantly increased in the spheroid culture
HDFC group. Compared with monolayer-cultured HDFCs,
the expression of osteogenesis-related genes ALP, ON, OPN
and BSP was significantly downregulated in HDFC spher-
oids. Contrary to previous studies, spheroid culture is reported
to enhance osteogenic differentiation potential such as peri-
odontal ligament mesenchymal stem cells (Moritani, et al.
2018) and mesenchymal stem cells (Ho, et al. 2018). These
results suggest that spheroid cell culture positively affects the
odontogenic differentiation of HDFCs in vitro. Further re-
search is needed to explore the mechanisms of how the spher-
oid culture reverses late passage HDFC senescence and pro-
motes odontogenic differentiation. This study highlights the
importance of maintaining stemness and enhanced
odontogenic differentiation through spheroid culture by aga-
rose in vitro.

We also found the more calcification in spheroid-cultured
HDFCs during mineralization-inducing medium in vitro,
while lower ALP expression compared to monolayer-
cultured HDFC cells. ALP plays a role in hydrolyses pyro-
phosphate and supplies adequate inorganic phosphate to en-
hance mineralization. The in vitro study suggested that DSPP
induces organised mineralization of collagen fibrils and DMP-
1 induces the deposition of organised mineral bundles
(Deshpande, et al. 2011). Previous reports also disclosed that
NIH3T3 cells over-expressing PP (dentin phosphoprotein or
phosphophoryn) showed extensive mineral deposition after
culture in mineralization-inducing medium (Sfeir, et al.
2011). These results indicate that the function of DSPP and
DMP-1 was an inducer of mineralization. One possible expla-
nation is that the biomineralization in the odontoblast differ-
entiation more depended on DSPP and DMP-1 expression
rather than ALP in spheroid-cultured HDFCs. However, fur-
ther analysis is required to determine the molecular mecha-
nisms that DSPP and DMP-1 play in biomineralization of
spheroid-cultured HDFCs. Further study should also analyse
whether this biomineralization process requires the involve-
ment of ALP in odontoblast cell differentiation.

Conclusion

In summary, we report a simple method to produce HDFC
spheroid. HDFC spheroid–derived cells also exhibit a partial

restored proliferative activity of late passage senescent cells
in vitro. The stemness properties were enhanced by the spher-
oid formation of HDFCs in agarose. Moreover, HDFC spher-
oids significantly promoted odontogenic differentiation
in vitro. Our results demonstrated that HDFC spheroid–
derived cells might be a valuable resource for application in
tooth regeneration.
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