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Abstract: Objective: To develop an agarose (AG)-based spheroid culture system to enhance the stemness and os-
teogenic potential of human periodontal ligament stem cells (hPDLSCs), addressing limitations of current peri-
odontal tissue engineering approaches. Methods: hPDLSCs were isolated from extracted premolars and cultured
as spheroids in AG-coated 96-well plates. Spheroid formation was optimized by varying cell seeding densities and
culture durations. Monolayer-cultured hPDLSCs served as controls. Stemness was evaluated using RT-gPCR and
immunofluorescence detection of pluripotency markers. Cell migratory capacity was assessed by scratch assays.
Osteogenic differentiation was induced for 10-21 days, and calcium deposition was quantified by Alizarin Red S
staining. Results: Spheroid-derived hPDLSCs showed significantly higher expression of stem cell markers (OCT4 and
NANOG) and greater migratory capacity compared to monolayer-cultured cells. Upon osteogenic induction, spheroid-
derived hPDLSCs exhibited upregulated expression of osteogenesis-related genes (BSP and OPN) and formed more
extensive calcium nodules than their monolayer counterparts. Conclusion: The AG-based spheroid culture system
effectively maintains hPDLSC stemness and enhances their osteogenic differentiation potential. This scalable and
cost-effective platform provides high-quality seed cells for periodontal regeneration and holds promise for improving
clinical outcomes in periodontal therapy.
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Introduction growth factors - have been developed, they still

fall short of fully restoring the structure and

Periodontitis is an inflammatory disease that
damages the four key periodontal supporting
tissues (gingiva, cementum, periodontal liga-
ment, and alveolar bone) [1]. As the disease
advances, it can cause tooth loosening, migra-
tion, and ultimately the loss of affected teeth
[2]. Periodontitis is recognized as the sixth
most prevalent chronic non-communicable dis-
ease globally, affecting approximately 10% of
adults [3]. Its high prevalence imposes sub-
stantial social and economic burdens [4]. Con-
ventional periodontal treatments primarily fo-
cus on controlling local inflammation. Although
newer strategies - such as guided tissue re-
generation, bone grafting, and local delivery of

function of damaged periodontal tissues [5].

To address this challenge, periodontal tissue
engineering has emerged as a promising solu-
tion [6]. This approach combines seed cells,
scaffolds, and growth factors to create an arti-
ficial regenerative microenvironment at the de-
fect site. Among these, the seed cells are cru-
cial, as they differentiate into the target cells
needed to regenerate periodontal tissues. Hu-
man periodontal ligament stem cells (hPDLSCs)
are the most extensively studied and ration-
al seed cells for this purpose. However, obtain-
ing a sufficient number of primary hPDLSCs
remains challenging [7]. Although 2D culture
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techniques can expand hPDLSCs, they fail to
replicate the native cellular processes and sig-
naling pathways, leading to a loss of progenitor
cell characteristics and reduced clinical effica-
cy [8].

In contrast, three-dimensional (3D) cell cultu-
res enhance cell-cell and cell-extracellular ma-
trix (ECM) interactions, better mimicking in vivo
conditions [9]. 3D cultures help preserve and
even enhance the original biological properties
of cells, making them valuable tools for both
basic research and translational applications
[10]. Various methods have been explored to
culture hPDLSCs in 3D, including hanging drop
methods, cell sheets, conical tube pelleting,
bioreactors, 3D printing, and low-adhesion te-
chniques. In the hanging drop method, gravity
promotes cell self-assembly, as cells accumu-
late at the tip of the droplet and spontaneously
form spheroids [11]. However, these spheroids
can quickly disperse, making long-term culture
and scale-up difficult [12]. Cell sheets are gen-
erated by culturing cells to confluence, allowing
them to form a dense endogenous ECM layer
that can be detached. However, this method
can damage cells and often yields variable re-
sults across batches [13]. In 2019, Iwasaki et
al. cultured hPDLSCs in 15 mL polypropylene
conical tubes and formed pellets by centrifuga-
tion at 180xg for five minutes, but the resulting
cellular conditions were suboptimal [14]. Re-
cently, bioreactor and 3D printing technologies
have been applied for 3D culture of hPDLSCs;
however, these methods require specialized
and costly equipment [15, 16].

A traditional, biomimetic, and more cost-effec-
tive alternative is the use of low-adhesion sur-
faces to promote spontaneous cell aggrega-
tion. AG, extracted from red algae and com-
posed of repeating units of D-galactose and 3,
6-anhydro-L-galactopyranose linked by alter-
nating B-(1, 3) and B-(1, 4) glycosidic bonds
[17], is widely used due to its thermo-reversi-
ble gelation properties [18]. When heated to
90-100°C, AG forms a clear solution as hydro-
gen bonds break; upon cooling to 30-40°C, hy-
drogen bonds reform, producing a tightly pa-
cked double-helix gel structure [17]. The hydro-
philic and electrically neutral nature of AG pre-
vents cell adhesion [19, 20], making it suitable
for 3D cultures. Additionally, the curved AG sur-
face in 96-well plates facilitate cell aggregation
and accelerates spheroid formation [21]. Re-
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cent studies have confirmed that low-adhesion
AG surfaces can induce spontaneous spheroid
formation of mesenchymal stem cells (MSCs)
without external stimuli [22, 23].

In this study, we aimed to develop a cost-eff-
ective and reproducible AG-based spheroid
culture system to enhance the stemness and
osteogenic differentiation potential of hPDL-
SCs. By optimizing spheroid formation condi-
tions and characterizing the biological effects
of this 3D culture method, we sought to estab-
lish a robust platform for producing high-quality
hPDLSCs for periodontal tissue regeneration.
This strategy holds promise for improving clini-
cal outcomes in periodontal therapy and may
have broader applications in regenerative me-
dicine.

Materials and methods
Fabrication of AG low-adhesion plates

The process for fabricating AG low-adhesion
plates is illustrated in Figure 1A. Specifically,
0.67 g of Dulbecco’s Modified Eagle Medium
(DMEM) powder (Gibco, USA) and 0.185 g of
sodium bicarbonate (Sigma, USA) were dis-
solved in 25 mL of sterile water and prewarmed
in a 37°C water bath. The solution was steril-
ized in a biosafety cabinet using a 0.22 ym
filter membrane. Separately, 0.25 g of AG pow-
der (Life Technologies, USA) was dissolved in
25 mL of sterile water and heated to boil in a
microwave oven to ensure complete melting.
The two solutions were then mixed in equal
volumes. Next, 60 uL of the mixture was dis-
pensed into each well of a 96-well plate posi-
tioned at a 45° angle inside a biosafety cabi-
net. The plates were then exposed to UV light
for 2 hours to ensure sterilization. Upon cooling
and solidification, the mixture formed a uniform
low-adhesion surface.

Characterization of AG low-adhesion plates

The surface wettability of AG at different con-
centrations was assessed by measuring the
water contact angle, as previously described
[24]. AG samples were cast into rectangu-
lar pieces (10 mm x 10 mm) and mounted on
glass slides to create flat surfaces. Four sam-
ple types were prepared for comparison: 0.5%
(AG only), 0.25% (AG + DMEM), 0.5% (AG +
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NaHCO, 37°C water bath
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-@- 0.25% (agarose+dmem)
—&— 0.5% (agarose+dmem)
- 1% (agarose+dmem)

Time (min)

Lateral view of an agarose low-adhesion plate

Figure 1. Fabrication and hydrophilicity characteristics of AG low adhesion plates. A. Procedure for the preparation
of AG low adhesion plates. B. The hydrophilic properties of AG surfaces with different formulations at the same time
point ("P < 0.05, P < 0.01) (AG: agarose; DMEM: Dulbecco’s Modified Eagle Medium).

DMEM), and 1% (AG + DMEM). Briefly, AG so-
lutions were prepared by dissolving AG pow-
der in sterile water to final concentrations of
0.25%, 0.5%, or 1% (w/v). Equal volumes of AG
solution and DMEM solution were then mix-
ed to produce AG + DMEM hydrogels. For con-
tact angle measurement, a 2 pL droplet of
deionized water was placed on each surface.
Droplet images were captured every minute,
and contact angles were recorded using a con-
tact angle analyzer (SDC-200S, ShengDing,
China).

The zeta potential of the AG low-adhesion sur-
faces was measured using a Nano ZS-90 Ze-
tasizer (Malvern Instruments, UK). The crystal
structure was characterized by X-ray diffraction
(XRD, Miniflex600, Rigaku, Japan), and func-
tional groups were identified by Fourier trans-
form infrared spectroscopy (FTIR, Nicolet IS5,
Thermo Scientific, USA).

Isolation and culture of hPDLSCs

This study was approved by the Medical Ethics
Committee of Hunan Xiangya Stomatological
Hospital, Central South University (approval
number: 20220077). Written informed consent
was obtained from all participants, and the
study was conducted in accordance with the
ethical standards of the 1964 Declaration
of Helsinki. Premolar teeth extracted for orth-
odontic purposes were collected and rinsed
five times with pre-cooled phosphate-buffered
saline (PBS; Biosharp, China) containing 100
U/mL penicillin and 100 pg/mL streptomyc-
in (Gibco, USA). Periodontal ligament tissue
was gently scraped from the middle third of the
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root surface and then digested in a solution
containing 3 mg/mL collagenase type | (Solar-
bio, China) and 4 mg/mL dispase Il (Solarbio,
China) mixed at a 1:1 ratio for 30 minutes at
37°C, with gentle agitation every five minutes.

After digestion, the tissue was transferred to
25 cm? culture flasks containing Mesenchymal
Stem Cell Medium (MSCM; Sciencell, USA) and
incubated at 37°C with 5% CO,,. The flasks were
left undisturbed for the first four days. Fresh
medium was added on day five, and thereaf-
ter the medium was changed every four days
until cell colonies formed. When the hPDLSCs
reached 70-80% confluence, they were dissoci-
ated using 0.25% trypsin (Gibco, USA). Cells
were passaged every 2-3 days, and hPDLSCs
at passages 3-6 were used for subsequent
experiments.

Characterization of MSC surface markers and
multilineage differentiation potential

To assess the expression of MSC surface mark-
ers, flow cytometry was performed. Briefly, 1 x
1068 cells were dissociated with 0.25% trypsin
and resuspended in PBS. The cell suspension
was incubated with the following fluorochrome-
conjugated anti-human antibodies: CD34-APC,
CD45-PE, CD73-PE, and CD9O-FITC. Samples
were incubated in the dark at 4 C for 30 min-
utes, washed twice with PBS, and resuspend-
ed in 300 pL PBS for analysis using a flow
cytometer. Data were analyzed using FlowJo
software.

To verify multilineage differentiation potential,
hPDLSCs were subjected to osteogenic, adipo-
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Table 1. Primer sequences for real-time quantitative polymerase

chain reaction (RT-qPCR)

rescence) and dead cells (red
fluorescence) within the sphe-

Forward Primer

Reverse Primer

roids.

Gene . L

Sequence (5°-3) Sequence (3-5) Real-time quantitative poly-
GAPDH GAAGGTGAAGGTCGGAGTC CTTTAGGGTAGTGGTAGAAG merase chain reaction (RT-
OCT4 AGCAAAACCCGGAGGAGT CTATATGTGTCCGGCTACACC gPCR)
NANOG CCCCAGCCTTTACTCTTCCTA CCAGGTTGAATTGTTCCAGGTC

BSP GAACCTCGTGGGGACAATTAC ~ CATCATAGCCATCGTAGCCTTG
OPN GAAGTTTCGCAGACCTGACAT GTATGCACCATTCAACTCCTCG

Total RNA was extracted using
TRIzol reagent (Thermo Fish-

genic, and chondrogenic induction. For osteo-
genesis, cells were cultured for 21 days in me-
dium containing 50 mg/L ascorbic acid, 10 mM
B-glycerophosphate, and 100 nM dexametha-
sone, followed by Alizarin Red S staining to vi-
sualize calcium deposition. For adipogenesis,
cells were cultured for 14 days in medium con-
taining 1 uM dexamethasone, 0.5 mM 3-isobu-
tyl-1-methylxanthine, and 200 uyM indometha-
cin, and intracellular lipid droplets were stained
with Oil Red O. For chondrogenesis, cells we-
re cultured for 28 days in medium supplement-
ed with 10 ng/mL TGF-B3, 50 yg/mL ascorbic
acid, and 1% ITS Premix; sulfated glycosamino-
glycans were detected using 1% Alcian Blue
staining.

Spheroids formation

Passage 5 (P5) hPDLSCs were used for 3D
spheroid formation. The cells were dissociat-
ed into a single-cell suspension using trypsin
and seeded into 96-well plates at densities of
5,000, 10,000, or 50,000 cells per well. The
cells were cultured at 37°C in a humidified incu-
bator with 5% CO,, with the plates inclined at
a 45° angle. Notably, hPDLSCs spontaneously
formed spheroids via self-aggregation. A half-
volume medium change was performed on the
second day. Morphology and diameter of the
spheroids were observed and recorded using
an inverted microscope (IX73, Olympus, Japan).

Cell viability assay

After carefully removing the medium, P5 hP-
DLSC spheroids were incubated with Calcein
AM/propidium iodide working solution (Calce-
in AM/PI Cell Viability/Cytotoxicity Assay Kit,
Beyotime, China) for 30 minutes. Stained sam-
ples were visualized and imaged using a fluo-
rescence microscope (IX73, Olympus, Japan)
to simultaneously detect live cells (green fluo-
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er Scientific, USA), and RNA
concentration was determined
with a Nanodrop 2000 spectrophotometer.
Complementary DNA was synthesized using a
PrimeScript RT kit (Perfect Real Time, Takara,
Japan). RT-qPCR was performed with a Hieff
qPCR SYBR Green Master Mix kit (Yeasen, Chi-
na) under the following cycling conditions: 95°C
for 10 minutes; 40 cycles of 95°C for 10 sec-
onds, 55°C for 20 seconds, and 72°C for 20
seconds; followed by a final dissociation step.
Gene-specific primer sequences are listed in
Table 1. Expression levels of target genes were
normalized to GAPDH and calculated using the
2"-AACT method.

Immunofluorescence staining

Spheroids and monolayer cells P5 were seeded
into 96-well plates and cultured for 3 days.
Cells were fixed with 4% paraformaldehyde for
20 minutes at room temperature and permea-
bilized with 0.1% Triton X-100 (Solarbio, China)
for 10 min. After rinsing with PBS, cells were
blocked with 5% fetal bovine serum and incu-
bated overnight at 4°C with primary antibodies
against Oct4 (Abcam, USA; 1:250) and Nanog
(Abcam, USA; 1:250). After washing with PBS,
cells were incubated with Alexa Fluor 488-
conjugated goat anti-rabbit IgG secondary anti-
body (Abcam, USA; 1:500) for 2 hours at room
temperature in the dark. Nuclei were counter-
stained with 4, 6-diamidino-2-phenylindole (DA-
Pl; Biosharp, China) for 5 minutes. The stain-
ed samples were mounted with VECTASHIELD
mounting medium and covered with a cover-
slip. Images were acquired using a fluorescence
microscope (FV1200, Olympus, Japan).

Cell migration assay

A scratch wound healing assay was performed
to evaluate the migration capacity of hPDLSCs
derived from both spheroid and monolayer cul-
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tures. Spheroids and monolayer cells P5 were
dissociated with trypsin and seeded into sterile
6-well plates, allowing them to reach 95-100%
confluence. A sterile P-200 pipette tip was used
to create a scratch in each well. Images were
captured at O, 12, and 24 hours using a phase-
contrast inverted microscope. Wound areas
were analyzed with Imagel) software (National
Institutes of Health, Bethesda, MD, USA). The
relative migration rate (%) was calculated as:
The relative migration rate (%) was calculated
as [(Initial wound area - Wound area at time t)/
Initial wound area] x 100. Each group was eval-
uated in triplicate, and the entire experiment
was repeated 3 times.

Osteogenic differentiation

Spheroids and monolayer cells were dissociat-
ed into single-cell suspensions and seeded in
6-well plates at a density of 1 x 10° cells per
well. The following day, the medium was re-
placed with osteogenic induction medium (DM-
EM supplemented with 10% FBS, 50 mg/L vita-
min C, 10 mM B-sodium glycerophosphate, and
10 nM dexamethasone). Cells were cultured in
this medium for 10-21 days. After fixation with
4% paraformaldehyde for 30 min, cells were
stained with Alizarin Red S (Solarbio, China) for
5 min at room temperature to detect calcium
deposition. Calcium nodules were visualized
using an inverted microscope (ECLIPSE TS100,
Nikon, Japan). For quantification, the calcium
deposits were dissolved with 10% cetylpyridini-
um chloride (Macklin, China) for 30 minutes,
and the absorbance was measured at 562 nm.

Statistical analysis

All data are presented as mean + standard
deviation (SD) unless otherwise specified. Sta-
tistical comparisons between the two groups
were performed using a two-tailed paired Stu-
dent’st-testin GraphPad Prism 8.0.2 (GraphPad
Software Inc., USA). A p-value < 0.05 was con-
sidered statistically significant, with *, **, **%
and **** indicating P < 0.05, P < 0.01, P <
0.001, and P < 0.0001, respectively.

Results

Fabrication and hydrophilicity characteristics
of AG surfaces

The wettability of AG surfaces prepared at vari-
ous concentrations was evaluated, as surface
wettability is a prerequisite and critical param-
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eter for cell-biomaterial interactions [25]. As
shown in Figure 1B, the 0.5% AG alone and
the 0.5% (AG + DMEM) groups exhibited dis-
tinct initial contact angles, with the 0.5% AG
alone group showing a slightly more hydrophi-
lic surface. However, the contact angles for
both groups decreased over time and intersect-
ed at 3 minutes, indicating comparable hydro-
philic properties. This suggests that the addi-
tion of DMEM to the AG gel did not significantly
affect surface wettability. Additionally, no sig-
nificant differences were observed between
the 0.25% (AG + DMEM) and 0.5% (AG + DMEM)
groups in both initial and late-phase (3-minute)
contact angles (Figure 1B). In contrast, the 1%
(AG + DMEM) group displayed the smallest ini-
tial and 3-minute contact angles, indicating the
highest hydrophilicity.

Characteristics of hPDLSCs

Passage 3 hPDLSCs exhibited fibroblast-like
morphologies (Figure 2A). Flow cytometry con-
firmed that the cells expressed MSC markers
CD73 and CD90 (Figure 2B, 2C), while hemato-
poietic markers CD34 and CD45 were not de-
tected (Figure 2D, 2E). After 21 days of osteo-
genic induction, extensive calcium deposition
was observed, as evidenced by strong Alizarin
Red S staining. Adipogenic differentiation re-
sulted in intracellular lipid droplets stained wi-
th Oil Red O, while chondrogenic pellets devel-
oped a dense ECM rich in glycosaminoglycans,
highlighted by Alcian Blue staining (Figure 2F).
These results collectively demonstrate that the
isolated cells meet the criteria defining MSCs.

Morphologies of characteristics of AG plates

The AG coatings on the plate wells appeared
homogeneous and smooth when viewed from
above, with no visible irregularities (Figure 3A).
Side views revealed that the AG matrix formed
a concave surface, with a smooth curvature
extending from the well edges toward the cen-
ter (Figure 3B). Upon seeding on these AG sur-
faces, hPDLSCs spontaneously aggregated in-
to cell spheroids (Figure 3C, top view; Figure
3D, side view). Among the various formulations
tested, the 1% (AG + DMEM) mixture did not
support spheroid formation, whereas the other
formulations did, with no significant differences
in spheroid morphology observed (Figure 3E).
Considering the enhanced mechanical strength
and stability of higher AG concentrations - and
the fact that a mechanically stronger substrate
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Figure 2. Characteristics of patient-derived hPDLSCs. A. Bright-field morphology of hPDLSCs. B-E. The expression patterns of CD73, CD90, CD34 and CD45. F. Alcian
Blue staining of chondrogenic pellets, Oil Red O staining of adipogenic differentiation, Alizarin Red S staining of osteogenic differentiation.
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Figure 3. Morphologies of AG plates and the formed hPDLSC spheroids. A. Top view of an AG low-adhesion plate.
B. Lateral view of an AG low-adhesion plate. C. Top view of spheroidal morphology of hPDLSCs. D. Lateral view of
spheroidal morphology of hPDLSCs. E. 12-hour morphology of hPDLSCs cultured on different AG formulations. F.
Zeta potential analysis of 0.5% (agarose + DMEM) plates. G. FTIR spectra of 0.5% (agarose + DMEM) plates. H. XRD
patterns of 0.5% (agarose + DMEM) plates (DMEM: Dulbecco’s Modified Eagle Medium).

can minimize external disturbances and main-
tain a stable experimental environment [17] -
the 0.5% (AG + DMEM) formulation was select-
ed for subsequent experiments.

The zeta potential of the 0.5% (AG + DMEM)
surface was measured at -4.97 + 5.89 mV
(Figure 3F), indicating that the AG hydrogel is
hydrophilic with a relatively negative surface
charge, which may hinder hPDLSC adhesion.
FTIR analysis confirmed that the coating was
composed of biocompatible components - AG,
sodium bicarbonate, and DMEM. AG display-
ed characteristic peaks near 1050 cm?, 1600
cm?, and 3400 cm™, corresponding to the st-
retching vibrations of C-0, O-H, N-H,and C=C
bonds, respectively (Figure 3G) [26]. Sodium
bicarbonate exhibited peaks near 1923 cm™
and 1000 cm™ (Figure 3G) [27]. These peaks
were also detected in the mixture. Because
DMEM is itself a complex mixture, it lacks a
single distinctive FTIR peak; therefore, X-ray dif-
fraction was performed to supplement the FTIR
data. The diffraction patterns confirmed that
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the characteristic phase peaks of DMEM were
preserved in the mixture (Figure 3H). No signifi-
cant peak shifts were observed, indicating th-
at the structural integrity of DMEM was main-
tained during fabrication. In summary, the hy-
drogel consisted solely of AG, sodium bicarbon-
ate, and DMEM, with no chemical reactions
occurring on the hydrophilic surface. This mix-
ture effectively promoted hPDLSC spheroid for-
mation.

Formation of hPDLSC spheroids

To investigate how initial cell number affects
the morphology, diameter, and circularity of hP-
DLSC spheroids, 5,000, 10,000, and 50,000
cells were seeded onto 0.5% (AG + DMEM) sur-
faces and cultured for 5 days. As shown in
Figure 4A, spheroid diameters decreased ov-
er time across all groups, indicating enhanced
cell-cell interactions during spheroid matura-
tion. The diameter declined notably within the
first three days and then stabilized (Figure 4B).
The initial cell number strongly influenced sp-

Am J Transl Res 2025;17(7):5257-5270
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Figure 4. Formation of hPDLSC spheroids. A. Morphological changes of spheroids with cell numbers of 5,000,
10,000, and 50,000, respectively, over culture time. B. Changes in diameter of spheroids with cell numbers of
5,000, 10,000, 50,000 over culture time. C. Change in Circularity of spheroids with cell numbers of 5,000, 10,000,
and 50,000 over culture time. D. Calcein AM/PI cell activity assay of hPDLSC spheroids over culture time. Live cells
were stained green, and dead cells were stained red.

heroid size: spheroids formed from 5,000 cells nutrient and oxygen supply limitations in larger
measured 300-450 pm, those from 10,000 spheroids, this study selected spheroids for-
cells measured 350-450 ym, and those from med from 10,000 cells for subsequent assays
50,000 cells measured 600-800 um (Figure to balance biological performance and ease of
4B). handling.

Circularity remained relatively stable from day A live/dead assay confirmed that most cells
1 onward and was not significantly affected by within the spheroids remained viable after 5
the initial cell number (Figure 4C). Prior studies days (Figure 4D). While spheroid size continued
have shown that spheroid size affects MSC bio- to decrease over time, the fluorescence inten-
logical properties: smaller spheroids generally sity of Calcein AM also gradually diminished,
display greater resistance to senescence and consistent with observations from other 3D cul-
higher differentiation potential [28]. Considering ture studies [29]. It is well known that cell death
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can occur in spheroid cores due to restricted
nutrient diffusion, oxygen depletion, and meta-
bolite accumulation [30, 31]. Based on these
findings, 10,000 cells per spheroid and a 3-day
culture period were selected for subsequent
experiments.

Effect of spheroid culture on viability and
migratory capacity of hPDLSCs

Cell viability in spheroids was further evaluat-
ed and compared to monolayer cultures using
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Figure 5. Assessment of the effects of spheroid culture on the
viability and migratory capacity of hPDLSCs. A. Representative
live/dead images of hPDLSC spheroids. B. Microscopic images
of migrating hPDLSCs derived from 3-day two-dimensional and
spheroid cultures at O h, 12 h, and 24 h, respectively. C. Quantita-
tive analysis of hPDLSCs migration rate between monolayer and
spheroid cultures group at the same time point ("*P < 0.001). ns:
no significance.

Calcein AM/PI staining. As shown in Figure 5A,
monolayer-cultured hPDLSCs showed robust
viability with minimal cell death, while spher-
oids exhibited only minor cell death at the sp-
heroid core.

To assess the impact of spheroid culture on
migratory ability, scratch wound healing assays
were performed. The migration rates of spher-
oid-derived hPDLSCs were significantly higher
than those of monolayer-derived cells at the
same passage (Figure 5B, 5C).
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Figure 6. Enhancement of stemness of hPDLSC in cell spheroids. A. mMRNA expression ofOCT4 in hPDLSCs from
monolayers and spheroids (P < 0.001). B. OCT4 protein expression in hPDLSCs in monolayer and spheroid cul-
tures. C. mRNA expression of NANOG in hPDLSCs from monolayers and spheroids (“"P < 0.01). D. NANOG protein
expression in hPDLSCs in monolayer and spheroid cultures (DAPI: 4’, 6-diamidino-2-phenylindole).

Enhancement of cell stemness in spheroids

hPDLSCs were cultured under monolayer and
spheroid conditions for 3 days to evaluate
stemness. RT-qPCR and immunofluorescence
staining were conducted to compare the ex-
pression of stemness markers between groups.
As shown in Figure 6A, 6C, the mRNA levels of
OCT4 and NANOG were significantly higher in
spheroid-cultured cells than in monolayer cul-
tures. At the protein level, monolayer hPDLSCs
displayed weak OCT4 expression and undetect-
able NANOG expression (Figure 6B, 6D). In con-
trast, spheroid-cultured cells exhibited robust
expression of both markers. These findings in-
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dicate that spheroid culture significantly en-
hances the stemness of hPDLSCs compared to
conventional monolayer culture.

Enhancement of osteogenic differentiation
potential in spheroids

To investigate osteogenic potential, the expres-
sion of osteogenesis-related genes was ana-
lyzed by RT-gPCR after 10 days of osteogen-
ic induction. The expression levels were sig-
nificantly higher in spheroid-derived hPDLSCs
compared to monolayer-derived cells (Figure
7A, 7B). Alizarin Red S staining further con-
firmed enhanced mineral nodule formation in
spheroid-derived cells (Figure 7C), and semi-
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Additionally, MSCs must be
capable of differentiating into
osteogenic, adipogenic, and
chondrogenic lineages in vitro.
The periodontal ligament-de-
rived cells used in this study
exhibited morphological char-
acteristics consistent with pre-
viously reported hPDLSCs [33]
and satisfied established cri-
teria.

Fo-

Currently, spheroid culture mo-
dels are broadly categorized

._
%
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N
1

Absorvance (562nm)

._.
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1.2

3D as scaffold-based or scaffold-

free. Scaffold-based models

rely on selecting appropriate
o scaffolds tailored to the tar-
get cell type [34]. These scaf-
folds mimic the ECM, promot-
ing cell-cell and cell-ECM in-
teractions and signaling. By
contrast, scaffold-free appro-
aches - including low-adhesion
culture plates, hanging drop
cultures, and rotating biore-
actors - enable cells to self-
aggregate into spheroids while

Figure 7. Enhancement of osteogenic differentiation potential of hPDLSCs
derived from spheroids. A, B. mRNA expression of BSP and OPN in hPDLSCs
from monolayers and spheroids after 10 days of osteogenic differentiation
(*P < 0.05, P < 0.0001). C. Alizarin Red S staining of calcium nodules
after 21 days of osteogenic differentiation. D. Quantification of calcium of
hPDLSCs from monolayers and spheroids after 21 days of osteogenic dif-

ferentiation (""P < 0.0001).

quantitative analysis of calcium content show-
ed consistent results (Figure 7D). Notably, even
after dissociation by trypsin, spheroid-derived
hPDLSCs retained higher osteogenic differenti-
ation capacity than monolayer-derived cells at
the same passage, suggesting that spheroid
culture not only enhances stemness but also
sustains it over time.

Discussion

In 2006, Dominici et al. proposed minimum cri-
teria for defining MSCs), including their ability
to adhere to plastic surfaces, express specific
markers (CD105, CD73, and CD90), and lack
expression of hematopoietic markers (CD45,
CD34, CD14, CD79a, or HLA-class Il) [32].
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2D

I preserving their native proper-
3D ties [11-14, 34]. In this study,
considering factors such as
cost-effectiveness, mechani-
cal stability, environmental su-
stainability, and biocompatibil-
ity, we employed AG-coated 96-
well plates combined with an
inclined culture setup to create
alow-adhesion, hydrophilic sur-
face that promotes the spontaneous aggrega-
tion of hPDLSCs into spheroids.

Our spheroid culture system used well-defined
components - AG, sodium bicarbonate, and
DMEM - though slight concentration variations
may occur during preparation. To ensure mate-
rial purity and consistency, we validated the
composition using FTIR and XRD analyses,
enhancing the reproducibility and reliability of
our results. Additionally, because material mix-
tures can affect physicochemical properties,
we measured the zeta potential to characteri-
ze surface charge. These steps collectively en-
sured experimental consistency, which is vital
for studying spheroid effects on hPDLSC behav-
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ior, including adhesion, proliferation, and differ-
entiation.

The biological properties of hPDLSCs - particu-
larly cell viability and migration - are critical for
effective periodontal regeneration. Our results
demonstrated that spheroid-cultured hPDLSCs
exhibited superior migration ability compared
to monolayer-cultured cells, consistent with
previous studies [35]. Within spheroids, gradi-
ents of oxygen and nutrients form: the outer
layer has high oxygen and proliferation rates,
the middle zone contains quiescent cells, and
the core often becomes hypoxic, leading to
necrosis and apoptosis [36]. Spheroid size cri-
tically influences these gradients and, con-
sequently, cell survival. However, hypoxia is not
entirely detrimental; in fact, low oxygen levels
(2%) can enhance the expression of stemness
markers such as SOX2, OCT4, and c-Myc, and
increase the multipotency of dental-derived
stem cells [37]. Our findings showed a direct
correlation between initial cell number and sp-
heroid diameter, aligning with previous reports
[28, 29]. Moreover, spheroids formed with a
given cell number showed minimal diameter
changes over time, suggesting stable cell-cell
interactions once aggregation occurs. This sta-
bility likely results from rapid ECM formation
within the spheroid core, which limits further
compaction. Accordingly, we optimized the sp-
heroid diameter to approximately 300 ym to
balance ECM-mediated structural integrity and
minimize central necrosis due to limited nutri-
ent and oxygen diffusion. This optimization sup-
ports both enhanced stemness and impro-
ved migration while mitigating hypoxia-induced
apoptosis.

OCT4 and NANOG are well-established tran-
scription factors that indicate stemness and
pluripotency in MSCs [38]. This study confirmed
that spheroid-cultured hPDLSCs exhibited sig-
nificantly higher OCT4 and NANOG expression
at both mRNA and protein levels compared to
monolayercultures,corroboratingreportsthatsp-
heroid systems enhance stemness [39, 40].
However, discrepancies exist in the literature
regarding spheroid effects on hPDLSC stem-
ness [14], possibly due to differences in spher-
oid formation methods. Importantly, our study
did not explore the precise mechanisms by
which spheroid culture maintains stemness in
vitro - a limitation that should be addressed in
future research.

5268

We further evaluated the osteogenic differen-
tiation capacity of spheroid-derived versus mo-
nolayer-derived hPDLSCs. Given that hPDLSCs
originate from the periodontium, their osteo-
genic potential holds particular clinical rele-
vance. Our findings showed that spheroid-de-
rived hPDLSCs exhibited markedly enhanced
osteogenic differentiation at both genetic and
cellular levels, in line with previous studies hi-
ghlighting the osteo-inductive advantage of
spheroid culture [41]. A limitation of this work is
the lack of in vivo validation, which will be criti-
cal for confirming the translational potential
of these findings.

In summary, we developed a spheroid culture
system that enhances the stemness and osteo-
genic differentiation of hPDLSCs compared to
conventional monolayer cultures. By seeding
10,000 cells per well onto a 0.5% (AG + DMEM)
hydrogel and culturing for 3 days, we generated
robust, viable spheroids. Evaluations of cell vi-
ability, stemness markers, migration capacity,
and osteogenic differentiation confirmed that
spheroid culture confers significant advantages
over monolayer culture. While slight reductions
in viability within spheroids were observed, the
overall gains in stemness and osteogenic po-
tential outweigh this minor drawback.

In conclusion, this study presents an AG-based
spheroid culture method for hPDLSCs. The
0.5% (AG + DMEM) hydrogel surface effectively
induces the formation of hPDLSC spheroids
that retain higher stemness and osteogenic dif-
ferentiation capacity than cells maintained in
monolayer culture. These spheroid-derived hP-
DLSCs hold promise for advancing clinical st-
rategies to repair and regenerate periodontal
tissues.
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