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Introduction: Promotion odontogenic differentiation of dental pulp stem cells (DPSCs) is
essential for dentin regeneration. Physical cellular microenvironment is of critical importance for
stem cells differentiation and influences the function of other biological/chemical factors to
differentiation.

Methods: Based on adjusting the mechanical/interfacial properties of hydrogels, multi-
cellular spheroids (MCSs) of DPSCs generated through self-organization. The spheroids
were characterized by immunofluorescent staining and flow cytometry. Quantitative real-
time polymerase chain reaction, alkaline phosphatase (ALP) activity assay, ALP staining and
Alizarin Red S staining were performed to evaluate the osteogenic/odontogenic differentia-
tion of DPSCs with or without magnetic iron oxide nanoparticles (IONPs) induction.
Results: MCSs of DPSCs exhibited a significant upregulation of E-cadherin and N-cadherin and
enriched CD146 positive subpopulation, along with a stronger osteogenic/odontogenic differentia-
tion ability. Moreover, DPSCs spheroids showed more substantial osteogenic differentiation
tendency than the classical two-dimensional cultured DPSCs under the stimulation of magnetic
IONPs.

Conclusion: Three-dimensional spheroids culture of DPSCs based on composite viscoelas-
tic materials combined with mechanical/magnetic stimulation may provide a theoretical basis
for the subsequent development of dentin or bone regeneration technology.

Keywords: tunable mechanical properties, dental pulp stem cells, magnetic nanomaterials,
osteogenic/odontogenic differentiation, multicellular spheroids

Introduction

Dental caries, one of the most common oral diseases globally, is the main reason for dental
hard tissues destruction and pulp exposure.' > To preserve pulp vitality of deep lesion,
pulp capping is currently the only available therapy, which is based on the formation of
tertiary dentin by odontoblasts newly regenerated from dental pulp stem cells (DPSCs).>
However, pulp capping is restricted in capping materials and few chosen cases.* Human
DPSCs, first isolated from human extracted third molars by Gronthos et al in 2000, are
postnatal stem cells with the ability of self-renewal and multipotent differentiation.®
Notably, DPSCs are capable of differentiating into odontoblast-like cells and generating
a dentin/pulp-like complex and thus a promising choice for dentin repair.”* Therefore,

a novel approach based on DPSCs for dentin regeneration is urgently needed.
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Mechanical properties of the cellular microenvironment,
such as viscoelasticity of extracellular matrix (ECM), are
thought to be distinguishing factors that regulate the fate of
stem cells and could affect the cellular response to other
biological/chemical factors.** Recent studies have reported
that biomaterials with specific elasticity and tensile strength
can promote osteogenic/odontogenic differentiation of
DPSCs.'"%!" It was also found that three-dimensional (3D)
spheroids culture of mouse dental papilla cells by anti-
adhesive method could improve osteogenic/odontogenic
differentiation.'? However, conventional 3D culture meth-
ods, such as the hanging drop method, provide insufficient
adhesion sites from environment and thus might triggering
cell necrosis/apoptosis (e.g., anoikis), ultimately widening
the gap between the experiments performed in vitro and
in vivo."> Magnetic iron oxide nanoparticles (IONPs), the
ferrimagnetic class of magnetic materials, applied indepen-
dently or combined with scaffolds and magnetic fields pro-
moted bone and dentin regeneration by delivering dynamic
mechanical stimulation.'*'® Recently, Cijun Shuai et al
reported poly-L-lactide/polyglycolic acid scaffolds incorpo-
rated with IONPs significantly induced bone formation and
vascularization in vivo and in vitro."” In addition, our group
have found that magnetic IONPs have a significant promo-
tion effect on osteogenic differentiation of stem cells in our
preliminary research.? If the mechanical/interfacial proper-
ties of biomaterials for the DPSCs culturing can be adjusted
to form multicellular spheroids (MCSs) while ensuring their
cellular activity, it may be possible to promote the osteo-
genic/odontogenic differentiation ability of DSPCs under
magnetic induction.

Hydrogels are promising biomaterials for ECM sub-
stitution, cell culturing and organ regeneration because
of the excellent biocompatibility, and tunable mechanical
properties.> 2> Our previous works were focused on
developing composite hydrogels platform as 3D culture
substrates. By adjusting the composition of this platform,
we designed specific mechanical microenvironments for
a variety of cell types, such as fibroblasts, pancreatic f3-
cells and cancer cells, in order to promote those cells
yielding unique biological output with respect to cellular
function, signal transduction, as well as response to
222427 [ this

designed two types of microenvironments for DPSCs

therapeutic intervention. study, we

with different mechanical properties based on the hydro-
gel platform to form monolayer cells (MLCs) or MCSs.
In each condition, MLCs or MCSs formed as we

expected, and cell morphology, viability, ECM

molecules, surface markers and genes expression related
then
examined with or without mechanical/magnetic stimula-
tion of IONPs. Results demonstrated that DPSCs MCSs
generated on hydrogels with controlled mechanical/inter-

to osteogenic/odontogenic differentiation were

facial properties were inclined to differentiate toward
osteogenesis under stimulation of IONPs, which pro-
vides insights for the subsequent application of compo-
site materials based on the design of cellular physical
microenvironment combined with IONPs in dental

restorations.

Materials and Methods

Preparation of the GelMA/PEGDA
Composite Hydrogel

During the whole experiment, millipore water (18.25
MQ cm') prepared by Milli-Q Plus water system was
used. Poly(ethylene glycol) diacrylate (PEGDA 2000
Mw) was purchased from Sigma-Aldrich Inc. GelMA
with a substitution degree of 20% was purchased from
Tissue Ink Co., Ltd. Lithium phenyl-2.4,6-trimethylben-
zoylphosphinate (LAP) was purchased from StemEasy
Inc. Unless otherwise stated, all other reagents were pur-
chased from Aladdin Industrial Inc.

The hydrogels with different mechanical properties were
prepared by adjusting the formula ratio. The preparation
parameters and methods of the hydrogel were shown as
followings: for hydrogels of culturing MCSs (Gel-MCSs),
PEGDA (100 mg), N, N'-methylene-bis-acrylamide (0.3%
wt.), and GeIMA (50 mg) were added to 1 mL of water and
dissolved at 50 °C for 2 h, while for culturing MLCs(Gel-
MLCs), PEGDA (150 mg), N, N'-methylene-bis-acrylamide
(0.3% wt.), and GeIMA (50 mg) added. Then, LAP (5 mg)
was added to the above mixture respectively and dissolved
for 5 min. Then, the above-mentioned pre-cured gel solu-
tion was injected into a customized cylindrical mold (dia-
meter: 2 cm; thickness: 1 mm) and irradiated under 405 nm
visible light for 10 s to polymerize the GeIMA/PEGDA
hydrogel. The composite hydrogel was immersed in milli-
pore quality water for 3 days and rinsed every 8 h. After
sterilization with ethylene oxide, the hydrogel was used for
cell culture.

Characterization of the Mechanical
Properties of Hydrogels

The mechanical properties of hydrogels, mainly referring
to stress relaxation time and Young’s modulus, were
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characterized by Piuma Nanoindenter (Opticsll,
Amsterdam, Netherlands). The optical probe of the
Nanoindenter is spherical with a stiffness of 40.7 N/m
and a tip radius of 24 um. When measuring Young’s
modulus, the probe was set to press 10 um in 2 s and
unloaded after holding it for 1 s. When measuring the
stress relaxation, the probe was set to press 15 pm in 5
s and unloaded after holding it for 600 s. During this
process, the Piuma Nanoindenter’s software was applied

to collect the data of mechanical properties.

Primary DPSCs Isolation and Culture

Human DPSCs were isolated from the healthy third molars
of 18- to 22-year-old patients which were extracted during
the normal clinical treatment at the affiliated hospital of
Stomatology, Nanjing Medical University. Informed con-
sents were signed with the approval of the Ethics
Committee of the affiliated hospital of Stomatology,
Nanjing Medical University (permit number: PJ2019-
068-001). After rinsing the tooth surfaces in phosphate-
buffered saline (PBS), the pulp tissues were gently isolated
and minced. Then the tissues were taken in the solution of
3 mg/mL of collagenase type I (Sigma-Aldrich, St. Louis,
MO, USA) and digested for 20-30 min at 37°C. Cell
suspension were seeded in culture dishes supplemented
with Minimum Essential Medium o (MEM-a, Gibco;
Thermo Fisher Scientific, Waltham, MA, USA) containing
20% fetal bovine serum (FBS, Gibco; Thermo Fisher
Scientific, Waltham, MA, USA) and 2% penicillin/strepto-
mycin (Gibco; Thermo Fisher Scientific, Waltham, MA,
USA), in a humidified atmosphere of 5% CO, and 95%
air. The medium was replaced every 3 days. DPSCs P4
was taken in the following experiments. The characteriza-
tion of DPSCs was performed via multilinear differentia-

28-30

tion and surface marker identification and the results

were shown in Figure S1.

Spheroids Formation and Monolayer

Cells Culture of DPSCs on the Hydrogels
For the formation of MCSs or MLCs, DPSCs were seeded
onto two different hydrogels at a density of 2x10* cells/
ecm?® and 1x10* cells/cm? in basal MEM-a medium sup-
plemented with 10% FBS and 1% penicillin/streptomycin,
respectively. Traditional two-dimensional (2D) cell culture
with dishes was also applied as a control. A fresh culture
medium replacement was taken every 3 days. DPSCs

spheroids or MLCs were applied in the following studies
after 5 days of culture.

Time-Lapse Microscopy

At 5 days, cells on the hydrogels or dishes were imaged
every 15 min at x10 magnification for 24 h with an
X-living cell workstation (Olympus, Tokyo, Japan).

Live/ Dead Staining

At 5 days of culture, the hydrogels with DPSCs spheroids or
MLCs were transferred to confocal dishes and washed with
PBS. Then DPSCs were stained using the LIVE/DEAD®
Cell Imaging Kit (Invitrogen, Eugene, OR, USA). Cells
were imaged with a laser scanning confocal microscope
(LSM710; Zeiss, Jena, Germany) at a wavelength of 488
nm for living cells and 570 nm for dead cells.

Immunofluorescent Staining
DPSCs cultured on the hydrogels and dishes were rinsed
with PBS, fixed in 4% paraformaldehyde for 15 min at room
temperature (RT). Before immunofluorescence staining,
fixed DPSCs were blocked using 3% BSA supplemented
with 0.3% Triton X-100 for 30 min at RT. Then, cells were
incubated for 2 h with primary antibody and washed twice
with PBS. After secondary antibodies staining for 1 h at RT,
nuclei were stained as the manufacturer’s instruction
(Invitrogen, Thermo Fisher Scientific, Waltham, MA,
USA). Cell imaging was performed with a laser scanning
confocal microscope (LSM710; Zeiss, Jena, Germany).
The primary and secondary antibodies in this examina-
tion mainly included as follows: rabbit anti-Collagen
I antibody (Abcam, MA, USA), rabbit anti-Fibronectin
antibody (Abcam, MA, USA), mouse anti-N Cadherin
antibody (Abcam, MA, USA), mouse anti-E Cadherin
antibody (Cell Signaling Technology, USA), Alexa Fluor
488 Donkey anti-Mouse IgG (Invitrogen, Eugene, OR,
USA) and Alexa Fluor Plus 594 Donkey anti-Rabbit IgG
(Invitrogen, Eugene, OR, USA).

Flow Cytometry Analysis

Single cells were collected with 0.25% trypsin-EDTA
(Gibco, Thermo Fisher Scientific, Inc., Waltham, MA,
USA) then cold PBS at
a concentration of 5x10° cells/mL. Then, the cells were

and resuspended in
incubated in the dark on ice for 30 min using antibodies
including anti-CD29, anti-CD34, anti-CD45, anti-CD73,
anti-CD90, anti-CD105 and anti-CD146. All antibodies
were purchased from BioLegend, Inc. Subsequently, cells
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were twice washed and 500 pL PBS resuspension for each
sample. The study was performed by Becton-Dickinson
Accuri C6 (BD Biosciences, San Jose, CA, USA). FlowJo
(version 10.0.7 r2) was used for the data analysis.

Quantitative Reverse Transcription—

Polymerase Chain Reaction

After reaching 60% - 70% confluency, cells derived from
MLCs
DPSCs osteogenic differentiation medium (Cyagen, Santa
Clara, CA, USA). The total RNA of cells was extracted with
RNAprep pure Cell/Bacteria Kit (Tiangen Biotech Co., Ltd.,
Beijing, China) at 7 days and 14 days of differentiation. cDNA
was reversed-transcribed from 1 pg total RNA (Takara, Shiga,

spheroids  or were cultured in  human

Japan). Quantitative reverse transcription—polymerase chain
reaction (qQRT-PCR) was performed using TB Green PCR
Premix Ex Taq (Takara, Shiga, Japan) in the QuantStudio 7
Flex (Applied Biosystems, Foster City, CA, USA). The pAACt
method was used to evaluate the relative expression of
genes. Primer sequences were listed in Table S1.

Alkaline Phosphatase Assay

At 7 and 14 days after osteogenic differentiation, alkaline
phosphatase (ALP) activity kit (catalog no. A059-2,
Jiancheng, Nanjing, China) and BCIP/NBT ALP Color
C3206,
Shanghai, China) were applied to evaluate the ALP activ-

Development Kit (catalog no. Beyotime,
ity, which was normalized by total protein of each sample.
The optical density was measured at 520 nm with
a Multiskan Go Spectrophotometer (Spectramax M2e,

Molecular Devices, San Jose, CA, USA).

Synthesis and Characterization of IONPs
The magnetic IONPs of y-Fe,O;@PSC were synthesized
according to the previous protocols.>' To promote cellular
uptake of IONPs, poly-L-lysine (PLL) was used to modify
the y-Fe,O;@PSC by mixing 10 g/mL PLL (Sigma-
Aldrich, St. Louis, MO, USA) with 5 mg/mL y-Fe,O;
@PSC and sonicating for at least 3 h.

The morphology and hydrodynamic diameter of
v-Fe,O;@PSC and y-Fe,O;@PSC /PLL were character-
ized by TEM (FEI Tecnai G2 F30, Hillsboro, USA) and
dynamic light scattering (DLS) using a (-potential laser
particle size analyzer (Litesizer 500, Anton Paar, Graz,
Austria), respectively.

Prussian Blue (PB) Staining

v-Fe;O;@PSC or y-Fe,O3@PSC/PLL were added into the
complete MEM-a medium with a concentration of 200 pg/
mL, respectively. To reveal the cellular uptake of IONPs in
MLCs and spheroids, PB staining was performed at 5 days
of cell culture by a Prussian Blue Iron Stain Kit (Solarbio,
Beijing, China). Cells derived from spheroids were also
subjected to PB staining after seeding on the culture plates
for 24 h.

Alizarin Red S (ARS) Staining

At day 21 days after differentiation, cells were fixed in 4%
paraformaldehyde for 30 min at RT. Then, 1% alizarin red
S solution (pH 4.2, Leagene, Beijing, China) was added.
After incubation at RT for 5 min, cells were rinsed with
PBS and imaged.

Statistical Analysis

Data are shown as mean = SD acquired from at least
three independent experiments. SPSS 25.0.0 (IBM Corp,
Chicago, IL, USA) was used to analyze statistical sig-
nificance. Student’s ¢-test was performed for statistical
comparison with a statistical significance level of
P < 0.05.

Results
Tunable Mechanical Properties of
Hydrogels for Monolayer and

Multicellular Spheroids

Two types of hydrogels were fabricated by adjusting the
formula ratio between GelMA and PEGDA (Figure 1A),
and their mechanical properties represented by stress relaxa-
tion and Young’s modulus, were first compared. The stress
relaxation tests showed that the average half-relaxation time
(ti2) of the hydrogel for Gel-MCSs group was ~ 2.13 s,
confirming its more rapid stress relaxation than the hydrogel
for MLCs with an average half-relaxation time (t;,) for
~155.06 s (Figures 1B—C). Similarly, Young’s modulus of
hydrogel for spheroids formation was 214.3 kPa, two-folds
lower than the hydrogel for MLCs (Figures 1D-E). These
results indicated the significant distinction of the mechanical
properties between the two types of hydrogels, which might
result in distinguished microenvironments for cells and mod-
ulate cellular fate further.
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Figure | Preparation and characterization of the hydrogel and the schematic of DPSCs spheroids formation on the hydrogel with IONPs.(A) Schematic of the preparation
of the GeIMA/PEGDA composite hydrogel. Firstly, PEGDA and GelMA were mixed with N, N'-methylene-bis-acrylamide and LAP. Then the mixture was irradiated under
405 nm blue light to polymerize the hydrogel. Stress relaxation tests (B, C) and elasticity tests (D, E) of the 2 types of hydrogels. ***P<0.001(Student's t test). Data are
shown as mean + SD(n23). (F) Schematic of DPSCs spheroids formation on the hydrogel with IONPs.
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Morphology and Viability of DPSCs
Cultured on Hydrogels

Figure 1F showed the schematic of DPSCs isolation and
spheroids formation process on the hydrogel. DPSCs
were cultured on two types of hydrogels and conven-
tional polystyrene cell-culture plates. At 24 h of culture,
as we expected, cellular monolayer formed on polystyr-
ene plates and 2D cell culture hydrogels, while spheroids
formed on 3D cell culture hydrogel, respectively. In both

Control

Gel-MLCs

Gel-MCSs

hydrogel conditions, cells were well adhering on the
substrates and no substantial apoptosis was observed
(Figure 2B). We next performed the time-lapse images
every 15 min at x10 magnification for 24 h to visualiza-
tion the process of MLCs and MCSs formation. As
observed in images, cells on the 2D plates or 2D culture
hydrogels spread, migrated, and proliferated, and cells on
3D culture hydrogels aggregated initially, then merged

and compacted (Figure 2A).

Figure 2 DPSCs motility and morphology of monolayer cells and spheroids. (A) Time-lapse microscope images of DPSCs cultured on cell-culture plates and hydrogels
lasting for nearly 24 h after seeding. Arrows indicate the formation process of monolayer and spheroids by migration, proliferation and mergence. Scale bar : 200 um.

(B) Morphology of DPSCs after | day culture. Scale bar: 100 um.

https://doi.org/10.2147/JN.S318991
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Control

Gel-MLCs

Gel-MCSs

Figure 3 DPSCs viability of monolayer cells and spheroids. At 5 days, DPSCs cultured on cell-culture plates and hydrogels for Gel-MLCs and Gel-MCSs were subjected to

live/dead staining. Live: green, dead: red. Scale bar: 50 pum.

After 5 days of culture, live/ dead staining was per-
formed to evaluate the viability of DPSCs in 3 groups. No
substantial cell death was observed when cells cultured on
the plates or 2D culture hydrogels. A small number of
dead cells were found in the core of spheroids on the 3D
culture hydrogels (Figure 3). This is expected and reported
in the literature that some cells in the central region of well
formed MCSs were of lower viability compared to those in
the peripheral regions, which due to the barrier functions
formed in the periphery that limited the accessibility of
nutrients and oxygen by cells in central region from

environment. '

Fibronectin (FN), Collagen | (Col-I), E-
and N-Cadherin (E-Cad and N-Cad)
Expressions in DPSCs by

Immunofluorescence Staining
FN, Col-I, E- and N-cad are proteins expressing on cell
membrane and play important roles in mediating cell-cell/

cell-matrix interaction. Thus, we evaluated the expression
of these four proteins by immunofluorescence staining at 5
days of culture. Higher expression of E- and N-cad were
found in Gel-MCSs group than the control and Gel-MLC
s group, in which E- and N-cad were rarely observed. FN
and Col-I were found expressing in each condition
(Figure 4). The results indicated the upregulation of E-
and N-cad in response to mechanical microenvironmental
stimuli might be one of the upstream regulators of spher-
oids formation, considering the prominent role of E- and
N-cad in the process of spheroids formation.

Expression of Pluripotency and Surface
Markers of DPSCs

The mRNA expression levels of pluripotency markers,
including Nanog, OCT4 and SOX2 genes, were also eval-
uated at 5 days of culture. The Gel-MCSs group exhibited
significantly higher expressions of Nanog, OCT4 and
SOX2 than the control and Gel-MLCs group, while no
significant differences were found between the control and
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Col-I

Control

Gel-MLCs

Gel-MCSs

Control

Gel-MLCs

Gel-MCSs

E-Cad

DAPI Merge

Figure 4 Expression of the ECM related molecules. At 5 days, ECM related molecules of DPSCs from the cell-culture plates and hydrogels of Gel-MLCs and Gel-MCSs,
including Col-I and E-cad (A), FN and N-cad (B), were evaluated by immunofluorescence staining. Scale bar: 50 um.

the Gel-MLCs group. These results suggested cells main-
tained on the 3D culture hydrogels acquired better self-
renew properties compared to the other conditions
(Figure 5A). Raw data see Table S2.

To characterize the immunophenotype difference, stem
cell surface antigens were examined by flow cytometry

at day 5. Cells from each group had high percentages of
positive CD29, CD73, CD90 and CD105 expression, and
extremely low percentages of CD34 and CD45. These results
indicated that DPSCs maintained their specific immunophe-
notypes under 2D/3D culture systems on the hydrogels
(Figure S2). Notably, the number of CD146 cells from
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Figure 5 mRNA expression of pluripotency markers and the flow cytometry results of CD146" subpopulation. (A) Relative mRNA expression of pluripotency markers,
including Nanog, SOX2 and OCT4, at 5 days culture on cell-culture plates and hydrogels. **P<0.01, ***P<0.001 (Student's t test). Data are shown as mean * SD(n23). (B-D)
CD146, a cell adhesion molecule, was detected by flow cytometry. Other surface markers for stem cells (CD29, CD34, CD45, CD73, CD90, CD105) were also evaluated

(Figure S2).

spheroids was strikingly higher compared to the control and
Gel-MLCs, suggesting the CD146" cells were enriched on
3D cell culture hydrogels (Figures 5B-D).

Osteogenic/Odontogenic Differentiation
of DPSCs

To evaluate the osteogenic/odontogenic differentiation capa-
city of DPSCs, cells were cultured in osteogenic differentiation
medium. After 7 days and 14 days of induction, DPSCs
deprived from spheroids expressed the highest levels of osteo-
genic/odontogenic related genes, including ALP, runt-related
transcription factor 2 (RUNX2), osteocalcin (OCN), bone
morphogenetic protein 2 (BMP2), dentin sialophosphoprotein
(DSPP), compared to cells from 2D plates and 2D culture
hydrogels (Figures 6A-B). Raw data see Tables S3 and
Table S4.

ALP activity measurement was also performed at day 7
and 14. While the ALP activity of Gel-MLCs group was
slightly decreased compared to the control, it was signifi-
cantly elevated in the Gel-MCSs group. Raw data are
shown in Table S5. Similar results ALP staining for 7
days and ARS staining for 21 days were obtained
(Figures 6C-D). These data demonstrated that the ability
of osteogenic differentiation was strengthened for cells
derived from DPSCs spheroids.

Characterization and Cellular Uptake of
IONPs

TEM images revealed the uniformed particle size of
v-Fe,O3;@PSC and y-Fe,O3@PSC/PLL and their mean
hydrodynamic

diameter measured by DLS were

~38.45nm and ~246.16nm, respectively (Figures 7A-—
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Figure 6 Osteogenic/odontogenic differentiation of DPSCs. The mRNA expression levels of osteogenic/odontogenic differentiation markers in different groups were
measured at 7 days (A) and 14 days (B) of culturing in osteogenic differentiation medium, respectively. *P<0.05, **P<0.01 and ***P<0.001 (Student's t test). Data are shown
as mean * SD(n23). (C) ALP staining at 7 days and ALP activity at day 7 and 14. ***P<0.001 (Student's t test). Data are shown as mean * SD (n23). (D) Images of ARS

staining at 2| days of induction. Scale bar: 200 pm.

B). PB staining of MLCs showed visibly intracytoplas-
mic blue particles in DPSCs with y-Fe,O;@PSC/PLL
nanoparticles in contrast to DPSCs with y-Fe,O;@PSC
nanoparticles. For MCSs, the PB staining image for
DPSCs with y-Fe,O3;@PSC nanoparticles revealed that
blue particles only located in the spheroids core,
whereas royal blue suffused the whole spheroids with
v-Fe,O3;@PSC/PLL (Figure 7C). The results demon-
strated it was y-Fe,O3@PSC/PLL, rather than y-Fe,03
@PSC, uptake by DPSCs. This was further confirmed
by PB staining of cells derived from spheroids in 2D
cell culture. Moreover, it also indicated that a number of
v-Fe;O3@PSC nanoparticles were encapsulated in the
spheroids without cellular uptake during the process of
their generation.

The Influence of IONPs on Osteogenic
Differentiation of DPSCs

To evaluate the influence of IONPs on osteogenic differ-
entiation of DPSCs, genes expression of osteogenic mar-
kers at 7 and 14 days induction were analyzed. The
expression of RUNX2, OCN and BMP2 was significantly
increased in MLCs with y-Fe,O3;@PSC/PLL, compared to
MLCs with y-Fe,O;@PSC. A similar tendency was also
shown in cells from MCSs . Expression of ALP also
upregulated, but the difference was significant only in
MLCs (Figures 8A-B). Raw data see Tables S6 and
Table S7. ALP activity of cells with y-Fe,O;@PSC/PLL
at 7 days was also elevated (Figure 8D). Raw data are
shown in Table S8. Moreover, ALP staining at day 7
(Figure 8C) and ARS staining at day 21 (Figure 8E)
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Figure 7 Characterization of IONPs and their cellular uptake. (A-B) Characterization of IONPs. Scale bar: 20 nm. (C) PB staining of MLCs and MCSs. Scale bar: 100 um.

further confirmed an enhanced osteogenic differentiation
with y-Fe,O3@PSC/PLL both in MLCs and MCSs, which
demonstrated the cellular uptake of IONPs played predo-
minant roles in modulating stem cells fate.

Discussion
In the present study, 3D cell-culture platform for human
DPSCs was established based on hydrogels with tunable
mechanical properties by changing the ratio of GeIMA and
PEGDA, the main composition of the hydrogel platform.
DPSCs spheroids generated by self-assembly on the
hydrogels exhibited enhanced osteogenic/odontogenic dif-
ferentiation with or without IONPs.

Stem cells are susceptible to mechanical cues, and cell
fate be
interaction.>**> Compared to 2D cell culture, cell spher-

can regulated by cell-cell/cell-matrix

oids with differential cell-cell/cell-matrix interactions
similarly to the in vivo, are pivotal materials for regenera-

tive medicine>* Based on our previous studies,
MCSs formation depended on the density and distribution
of cell adhesive sites.”*>> GelMA ratio not only affected
the adhesion, but also altered the hydrogel mechanical

properties.>* We previously developed 3D culture systems

for pancreatic B cells and cancer cells by adjusting
mechanical properties of hydrogels.*****® Based on
these results, culture platforms specifically for DPSCs
monolayer and spheroids were established in this study.
The shorter stress relaxation time and lower Young’s mod-
ulus of hydrogel for spheroids formation indicated it was
viscoelastic and soft, while the hydrogel was more elastic
and rigid for MLCs formation, supported by longer stress
relaxation time and higher Young’s modulus.
Viscoelasticity is an intrinsic property of natural ECM,
which is particularly crucial for cell spreading, prolifera-
tion, differentiation, and organoid formation.**>* Thus,
we speculated that the hydrogel of the Gel-MCSs group
provided microenvironment for DPSCs that better mimic
the ECM viscoelasticity in vivo compared to the 2D con-
trol and Gel-MLCs group.

The interactions of cell-cell/cell-matrix in 2D and
3D cell culture platform were next examined. E-cad and
N-cad are two prominent transmembrane adhesion mole-
cules and both of them are essential for solid tissues
formation.>® E-cad has been recognized as a primary
molecule for aggregation of mesenchymal stem cells

(MSCs) and its absence could lead to the transformation
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Figure 8 Effects of IONPs on osteogenic differentiation of DPSCs. The mRNA expression levels osteogenic differentiation markers were measured at 7 days (A) and 14
days (B) of culturing in osteogenic differentiation medium, respectively. *P<0.05, **P<0.01 and ***P<0.001 (Student's t test). Data are shown as mean + SD (n23). (C) ALP
staining at day 7. (D) ALP activity at 7 days. *P<0.05, **P<0.0 (Student's t test). Data are shown as mean * SD(n23). (E) Images of ARS staining at 2| days of osteogenic

differentiation induction. Scale bar: 200 pm.

related 40,41

of  pluripotency signal  pathways.
Importantly, recent studies reported N-cad could regu-
late the mechanosensing ability of stem cells to micro-
environment in addition to E-cad, which indicated its
important functions on stem cells self-renew.*'** The
immunofluorescence staining results in the present study
were well consistent with that E-cad and N-cad pro-
moted MCSs formation. FN and Col-I, structural con-
stitutes of ECM, were observed in each group, which
were different from our previous observation on pan-
creatic B-cells.”* Mechanisms underlying this distinction
is not clear, but likely due to the difference between cell
types, which we believe warrants an in-depth investiga-
tion in the further studies.

CD146 is a transmembrane adhesion molecule belong-

ing to the immunoglobulin superfamily. It plays an

important role in the interactions of cell-cell/ cell-matrix
and involved in cell cycle, cell migration, signaling trans-
duction, stem cells self-renewal and angiogenesis.*>** The
subpopulation of CD146 was reduced with the senescence
of MSCs in vitro.*® CD146" MSCs showed not only a more
prominent capability of cartilage and bone regeneration but

also a better 4749

inflammation-modulating property.
Proportion of CD146" subpopulation varies resulted from
the heterogeneity of primary DPSCs.®*° It has been found
that CD146" DPSCs promote odontogenic differentiation
capabilities.’’ CD146" DPSCs were enriched on the 3D
cell culture platform of hydrogel, which may be attributed
to adhesion ligand density alteration of hydrogels.

The osteogenic/odontogenic differentiation of DPSCs on
this 3D cell-culture platform was enhanced. One reason

resulted in this finding may be that the 3D cell-culture
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platform based on hydrogel provides a microenvironment
with specific mechanical properties and cell adhesion ligand
density that is closed to nature dental pulp tissues. On the
contrary, the cell-cell/cell-matrix interaction and monolayer
growth in monolayer culture is distinctive from the manner
in vivo, therefore result in the relatively low level of miner-
alization. It should be noticed that the mRNA expression of
BMP2 was significantly more highly expressed compared to
other osteogenic differentiation markers in hydrogel groups,
especially in the Gel-MCSs group with nearly 7 folds upre-
gulation at 14 days. BMP2, a member of BMPs superfamily,
is a ligand of TGF-B/Smad signaling pathway, which is
essential for self-renewal of stem cells and able to direct

osteogenic/adipogenic  differentiation.>* >

In addition,
TGF-B/Smad signaling pathway sustains cross-talking with
other pathways, such as phosphoinositide 3-kinase-Akt,
mitogen-activated protein kinase, Wnt, Hippo and nuclear
factor kB.> Thus, we speculate that the TGF-p/Smad signal-
ing pathways of the cells derived from the group of hydrogels
were activated and sequentially affecting other different
pathways. Further studies to elucidate the definite mechan-
ism underlined the impact of hydrogels on DPSCs are
required.

In the past decades, IONPs have been widely applied in
biomedicine and bioengineering such as drug delivery,
imaging and cancer therapy.'>”>® Ferumoxytol, com-
posed by an iron oxide core and a dextran (PSC) shell, is
the only inorganic nanodrug approved by Food and Drug
Administration (FDA) for clinical application in vivo.*!
Previously, we found that IONPs y-Fe,O;@PSC with cel-
lular uptake promoted the osteogenic differentiation of
human bone-derived MSCs on the 2D cell culture
platform.?>>”  Additionally, we previously developed
a 3D culture plate for several cell lines by assembling
this IONPs into hydrogels.***> However, it is not unclear
whether IONPs y-Fe,O;@PSC retain the promotion ability
of osteogenic differentiation without assembly and cellular
uptake in 3D cell culture platform. The present data initi-
ally addressed this issue that revealed cellular uptake was
necessary for IONPs functioned to cells and controllable
assembly was preliminarily crucial to alter hydrogel
mechanical property.

Conclusion

In summary, we developed a tunable hydrogel for 3D
culture of DPSCs, by which DPSCs aggregated and gen-
erated spheroids with subpopulation of CDI146" cells
enrichment and osteogenic/odontogenic differentiation

promotion. Cells derived from the DPSCs spheroids also
exhibited enhanced ability for osteogenic differentiation
with IONPs. Thus, this 3D cell-culture platform based on
hydrogels along with IONPs may be a promising thera-
peutic for dentin regeneration.
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